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ABSTRACT.

The Surfeit locus describes a compact cluster of six sequence-unrelated housekeeping
genes (Surf-1to Surf-6). It has been postulated that the unique organisation of the cluster
may underlie regulatory interactions between the genes. The Surfeit locus is conserved
between human, mouse and chicken, but Surfeit genes are widely distributed in some
invertebrate genomes. Linkage of the Surfeit genes in the genome of the puffer fish Fugu
rubripes has been investigated in this study to assess whether clustering of the genes is
conserved in lower vertebrates. The six genes are located in three distinct regions of the
Fugu genome and, excepting the Surf-1-Surf-3/rpL7a linkage, the relative order and/or
orientation of linked Fugu Surfeit genes is different to that in higher vertebrates. Additional
gene order differences within regions of conserved synteny between Fugu and human
chromosome band 9934 have been found following comparative mapping of seven other
genes that are linked to the Surfeit genes in the Fugu genome. Of the thirteen genes that
have been comparatively mapped, conserved gene order spanning three genes is not found
and some genes that are closely linked in Fugu are separated by at least 2-4 Mb in human. It
is hypothesised that these differences are probably largely due to extensive intra-
chromosomal rearrangements. The utility of Fugu to facilitate human disease gene
identification by comparative positional cloning is also questioned in light of these results.
More specifically, these results suggest that the Surfeit locus probably arose during a
restricted vertebrate lineage and that any biological significance associated with Surfeit gene
clustering is restricted to higher vertebrates.

In addition, two small nucleolar RNA species, U24 and U36, have been identified as
being encoded within introns of the Surf-3/rpL7a gene in vertebrates and characterisation of
a Saccharomyces cerevisiae Surf-4 gene homologue and its encoded product has been
initiated.
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Abbreviations and Nomenclature.

DNA
RNA
mRNA
cDNA
bp

kb

Mb

nt

ORF
EST
PCR
snoRNA
FISH
SINE
LINE
kDa

Ip
N-terminus
C-terminus
TMD
mAb
IgG

ER

hr(s)
min(s)
sec(s)
O/N

rpm

g

RT

viv

w/v
HGMP-RC

deoxyribonucleic acid.
ribonucleic acid.
messenger RNA.
complementary DNA.
base pair.

kilobase (one thousand bp).
Megabase (one million bp).
nucleotide.

open reading frame.
expressed sequence tag.
polymerase chain reaction.
small nucleolar RNA.
fluorescence in situ hybridisation.
short interspersed element.
long interspersed element.
kiloDalton (10° Daltons).
ribosomal protein.
amino-terminus.
carboxyl-terminus.
transmembrane domain.
monoclonal antibody.
immunoglobulin G.
endoplasmic reticulum.
hour(s).

minute(s).

second(s).

overnight.

revolutions per minute.
relative centrifugal force.
room temperature.

volume per volume.
weight per volume.

the U. K. Human Genome Mapping Project Resource Centre.
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Nucleotides in DNA or RNA sequences are represented by the common single letter
abbreviations of the base components (either upper or lowercase) which are:

A - adenine.

C - cytosine.

G - guanine.

T - thymine.

U - uricil.

N - any base (i.e. sequence ambiguities).

Amino acids will generally be referred to by their single letter code:

A - Alanine. G - Glycine. M - Methionine. S - Serine.

C - Cysteine. H - Histidine. N - Asparagine. T - Threonine.
D - Aspartic acid. I - Isoleucine. P - Proline. V - Valine.

E - Glutamic acid. K - Lysine. Q - Glutamine. W - Tryptophan.
F - Phenylalanine. L - Leucine. R - Arginine. Y - Tyrosine.

Gene nomenclature. Throughout this work the Surfeit genes will be referred to by their
historical symbols - Surf-1, Surf-2, Surf-3/rpL7a, Surf-4, Surf-5, Surf-6 - for consistency
when comparing Surfeit gene homologues in different species. The Human Gene
Nomenclature Committee-approved symbols for the human genes are SURF1, SURF2,
SURF3/RPL7A, SURF4, SURF5 and SURF6 and the MGD-Mouse Nomenclature
Committee-approved symbols for the mouse genes are Surfl, Surf2, Surf3/rpL7a, Surf4,
Surf5 and Surf6. S. cerevisiae homologues of the Surfeit genes are referred to by symbols
that are consistent with the universally accepted S. cerevisiae genetic nomenclature.
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CHAPTER 1.
General introduction.

1.1 Vertebrate genome organisation.

The organisation of vertebrate genomes, and those of eukaryotic genomes in general, is
relatively poorly understood when compared to our knowledge of prokaryotic genomes.
Genome sequencing projects have resulted in the determination of the complete sequence of
a significant number of prokaryotic genomes of varying sizes, including those of
Mpycoplasma genitalium - 0.6 Mb (Fraser et al., 1995), Haemophilus influenzae - 1.8 Mb
(Fleischmann et al., 1995), and Escherichia coli - 4.6 Mb (Blattner et al., 1997) among
others. This has provided great insights into the organisation of prokaryotic genomes,
especially regarding the numbers and distribution of genes. To date, only the ~14.5 Mb
genome of a simple unicellular eukaryote, the yeast Saccharomyces cerevisiae (Goffeau et
al., 1996) has been completely sequenced, with sequencing of the 100 Mb genome of the
nematode worm Caenorhabditis elegans nearing completion (Blumenthal and Speith,
1996). Genomic sequencing data from these model organisms is highly informative
regarding the types of genome organisation that can exist in eukaryotes but it seems that
they are unlikely to be representative of eukaryotic genomes as a whole and, more
specifically, vertebrate genomes. Whilst increasing amounts of human and other vertebrate
genomic sequence data is becoming available as a result of the Human Genome Project and
other genome projects, it is still too limited to give a clear indication of overall comparative
genome organisation. At present, much of our understanding of vertebrate genome
organisation is based on more indirect observations. Discussion in this Section will focus
mainly upon gene distribution.

1.1.1 Gene number and genome size variation.

It is evident from the accumulated data that all prokaryotic genomes are very compact.
Functional open reading frames (ORFs) constitute the vast majority of DNA, intergenic
distances are consistently very small and genes are not interrupted by introns. Consequently
there is a direct correlation between genome size and gene number in prokaryotes: the larger
the genome, the greater the genetic complexity (number of genes). Such a correlation is not
apparent among the eukaryotes.

It is generally accepted that the biological complexity of an organism reflects its genetic
complexity. The increase in cellular complexity that was associated with the transition from
prokaryote to eukaryote should therefore reflect a similar increase in genetic complexity. In
addition, further increases in cellular and organismal complexity within the eukaryotes
should likewise reflect additional increases in genetic complexity. This is largely supported
by gene number estimates in various eukaryotic organisms. Apparently simple eukaryotic
organisms such as the budding yeast Saccharomyces cerevisiae possess about 1.5 times
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more genes than complex prokaryotes such as E. coli (6000 compared to 4300 functional
ORFs - Goffeau et al., 1996; Blattner et al., 1997). Estimates for more complex multi-
cellular invertebrates indicate a further significant increase. C. elegans is accurately
predicted to possess ~14,000 genes (based on comparisons between genomic and cDNA
sequence data - Blumenthal and Speith, 1996), a number which is in general agreement
with less accurate predictions (mainly based on RNA-DNA reassociation data) of 12,000-
16,000 for the fruit fly Drosophila melanogaster (Levy and Manning, 1981; Bossy et al.,
1984) and <25,000 for the sea-urchin Strongylocentrotus puropuratus (Galau et al., 1976;
Bird, 1995). Estimated gene numbers in vertebrates are much greater still. It has recently
been estimated, based on a variety of methods, that humans possess in the region of
60,000-70,000 genes (Fields et al., 1994).

Therefore, whilst gene number appears to correlate with organismal complexity, a
relationship between gene number and genome size (often measured in pg of DNA and
called the C-value) is not evident among eukaryotes as a whole. This is apparent at two
levels. Firstly, although genomes do show a generalised increase in size as gene number
increases, the increase in genome size is disproportionately large (i.e. there is a general
trend towards lower average gene density as genetic complexity increases). For example,
average gene density (based on the gene numbers and genome sizes above) is
approximately one gene every 1.1 kb in E. coli, one gene every 2 kb in S. cerevisiae, one
gene every 7 kb in C. elegans and one gene every 40-50 kb in human. Secondly, genome
sizes are not consistent within, or between, different eukaryotic classes. Organisms from
the same eukaryotic phylum/sub-phylum which are expected to possess a similar genetic
complexity do not necessarily possess similar sized genomes. For example, Drosophila and
the locust Schistocerca gregaria both belong to the same class (insects) but their genomes
display a 50-fold variation in size (180 Mb compared to 9,300 Mb respectively) (Li, 1997).
In addition, although there is a general trend of greater genetic complexity equating to
greater genome size among eukaryotes, there are many examples where apparently less
complex organisms (e.g. some amoebae) have genomes far larger (up to 200 times) than
those that are more complex (e.g. mammals) (Li, 1997).

In agreement with eukaryotes in general, vertebrates display a similarly inconsistent
relationship between gene number and genome size. Vertebrates all share many anatomical,
physiological and other biological characteristics which suggest that they might also
possess similar gene complements (excluding those that are tetraploid). Predictions for
mammals are consistently within the range 50,000 to 100,000 which corresponds well with
the recent prediction for human (Fields et al., 1994). Accurate gene number predictions for
non-mammalian vertebrates are more scarce. The best indication that other vertebrates
possess a similar gene complement to mammals comes from the puffer fish Fugu rubripes
(Brenner et al., 1993). Whilst the Fugu genome has been shown to be 7.5 times smaller
than the human genome, it was also demonstrated that random Fugu genomic sequences
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were ~7.5 times more likely to be coding than random human genomic sequences. This
suggests that puffer fish and mammals are likely to have approximately the same coding
potential, and therefore approximately the same number of genes. Other support comes
from measurements of the polysomal RNA complexities in different tissues of various
vertebrate organisms which also suggest a similar coding capacity among vertebrates (Li,
1997). Despite this presumed similarity in genetic complexity of all vertebrate classes,
genome sizes can vary significantly and, as can be seen in Table 1.1, this genome size
variation is not consistent among different vertebrate classes. Whereas mammals, birds and
reptiles display only a ~2 to 4-fold variation in genome sizes, amphibians and bony fish
(Osteichthyes) display much greater variation (~90-fold and ~350-fold respectively). The
apparent propensity of amphibians and fish to undergo tetraploidisation (many closely
related fish and amphibian species having been found to differ in their genome sizes by a
factor of two) may underlie some of this large variation, but is unlikely to account for it all
since very small genome sizes are in evidence in both classes. It is therefore conceivable

that genome organisation among lower vertebrates is more variable than that among higher

vertebrates.
Class Genome size range (kb) Ratio (high/low)
Agnathes 637,000 - 2,790,000 4
Chondrichthyes 1,470,000 - 15,800,000 11
Osteichthyes 382,000 - 139,000,000 364
Amphibia 931,000 - 84,300,000 91
Reptilia 1,670,000 - 5,340,000 4
Aves 1,200,000 - 2,250,000 2
Mammalia 1,420,000 - 5,680,000 4

(Adapted from Li, 1997 and other sources).

Table 1.1. Range of genome sizes among different vertebrate groups.

If all vertebrates possess a similar coding potential, it is therefore clear that the observed
differences in genome sizes must be due to relative amounts of non-coding DNA (excluding
tetraploid species). Differences in the proportions of coding to non-coding DNA in different
vertebrate genomes might therefore underlie significant differences in genome organisation.

1.1.2 Non-coding DNA - the basis of genome size variation.

The non-coding DNA component of vertebrate genomes can largely be split between that
constituting introns and that constituting intergenic DNA. It can therefore be assumed that
differences in intron numbers and size, and differences in the size of intergenic regions
must largely account for the differences in genome sizes observed among vertebrates.

It is clear from studies in other non-vertebrate eukaryotes that intron numbers can vary
significantly between different eukaryotic organisms. For example, only 4.5% of genes in
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S. cerevisiae possess introns (partly accounting for the prokaryote-like high gene density in
the S. cerevisiae genome) (Goffeau et al., 1996), whereas genes in the majority of other
eukaryotes often possess multiple introns. Indeed, among eukaryotes as a whole, there
appears to be a general trend towards more introns as organismal complexity increases.
Whilst vertebrates appear to possess the most introns of any eukaryotic phylum, it is
evident from characterisation of gene homologues from different species in different
vertebrate classes that there has been little variation in intron numbers within the vertebrate
lineage itself. It therefore follows that genome size variation in vertebrates, if not due to
differences in intron numbers, must be due to the size of introns and/or intergenic regions.

Whilst a general correlation between intron number and phylogenetic position exists for
eukaryotes, a similar correlation with intron size is not apparent. Although data regarding
intron sizes in eukaryotic organisms with different genome sizes is limited, it is
nevertheless clear from that which is available that introns are on average smaller in
organisms with relatively small genomes. For example, introns in Drosophila and C.
elegans which have genome sizes of ~100 and ~180 Mb respectively are, on average,
considerably shorter than those in mammals. In one study tabulating the sizes of 209
completely sequenced Drosophila introns, more than half were found to be shorter than 80
bp (Mount et al., 1992). Consistent with its smaller genome size, C. elegans introns (those
that undergo cis-splicing) are even smaller, with most falling between 40-60 bp
(Blumenthal and Speith, 1996). Such short introns are very rare in mammals (Hawkins,
1988). A similar relationship between genome size and intron size also exists among
vertebrates. The best evidence for this again comes from Fugu. Consistent with puffer fish
(family Tetraodontiformes) possessing the smallest known genomes of any vertebrates
(~400 Mb) is the finding that intron sizes are also generally small compared to mammals
(which possess genomes on average 8-fold larger), the majority of Fugu introns falling
within the range 60 to 150 bp (Elgar et al., 1996).

Information regarding intergenic distance variation among vertebrates is even more
scarce. Genes are often identified and isolated independently by researchers and the
genomic relationship of the gene being studied to neighbouring genes is often not
considered. Intergenic distances will only be accurately determined by generation of large
sequence contigs and the identification of all genes within them. Sequence contigs are
becoming available as a result of the Human Genome Project, but these are biased towards
regions of high gene density that provide a good return of genes per kb sequenced and
therefore may not be representative of the human genome as a whole. The most informative
data regarding intergenic distance variation again comes from non-vertebrate eukaryotes,
particularly C. elegans. Even though relatively compact, it is nevertheless evident that genes
are not evenly distributed within the C. elegans genome but that there exist regions of
densely packed genes and regions containing genes separated by large distances
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(Blumenthal and Speith, 1996). This variation might be predicted to be more profound in
vertebrate genomes because of their generally increased size.

At this stage it is briefly worth considering what type of sequences constitute the non-
coding fraction of vertebrate genomes and how they might underlie the observed variation
in genome sizes. Classical studies of the DNA reassociation kinetics of heat-denatured
genomic DNA (Ct curves - see Lewin, 1997) reveal that the genomes of eukaryotes can be
divided into three general DNA fractions - a highly repetitive fraction, a moderately
repetitive fraction and a non-repetitive fraction. The non-repetitive fraction consists of DNA
sequences present only once or relatively infrequently in the genome whereas the
moderately repetitive and highly repetitive fractions consist of sequences (either identical or
very similar in sequence) that are repeated in the genome tens to thousands or thousands to
millions of times respectively (the moderately repetitive fraction generally consisting of
smaller repeated elements). Non-coding DNA is comprised of each of these fractions.

Repetitive DNA falls into two main classes - those that are repeated in tandem arrays, and
those that are dispersed throughout the genome (Li, 1997). Repetitive elements found in
tandem arrays include microsatellites, minisatellites, short-tandem repeats (STRs) and
satellites (Table 1.2). Tandem duplicated genes such as the TRNA genes (~350 copies in
humans located in the nucleolar organiser regions of the acrocentric chromosomes 13, 14,
15, 21 and 22) and the tRNA genes (~1300 genes in humans) can also be included in this
class. There are two main kinds of dispersed highly repetitive sequences - the short
(hundreds of bp) and the long (a few to several kb) interspersed repetitive elements (SINES
and LINES) usually present as several thousand to several hundred thousand copies per
genome. Pseudogenes, present only in mammals, might be classed as dispersed moderately
repetitive sequences. Genetic mechanisms such as replication slippage (microsatellites and
STRs), unequal sister-chromatid exchange (minisatellites), rolling-circle amplification
(satellites), and transposition and retroposition (SINES and LINES) exist by which each
type of element can expand in array length or number (reviewed by Smit, 1996; Li, 1997).
Turnover of moderately and highly repetitive DNA might therefore account for a large
proportion of the genome size differences seen among eukaryotes.

Class Repeat size Array size Genomic distribution
Satellites 2-100s bp 21000s units Centromeric/heterochromatic
Minisatellites 9-100 bp 10-100 units Dispersed/sub-telomeric
STRs® 3-5bp 10-100 units Dispersed

Microsatellites 1-2bp 10-100 units Dispersed

Table 1.2. Classes of simple tandem repetitive sequence elements.
Adapted from Li, 1997. * Short tandem repeats.
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Class Representative species C value (pg) % scDNA

Pisces Scyliorhinus stellatus 6.0 39
Leuascus cephalus 5.4 44
Raja montagui 3.3 47
Fugu rubripes * 0.4 92
Amphibia Necturus masculosus 81.3 12
Bufo bufo 6.9 20
Triturus cristatus 20.6 47
Xenopus laevis 3.0 75
Reptilia Natrix natrix 2.5 47
Terrapene carolina 4.0 54
Caiman crocodylus 2.6 66
Python reticulatis 1.7 71
Aves Gallus domesticus 1.2 80
Mammalia Homo sapiens 3.4 64
Mus musculus 3.4 70

Table 1.3. C values and the proportion of single-copy DNA in vertebrates.

Adapted from Li, 1997 and (John and Miklos, 1988) except * which is taken from Brenner
et al., 1993. The C value is measured in pg and 1 pg = ~10° bp. Single-copy DNA
(scDNA) is the non-repetitive fraction as determined by reassociation kinetics.

The proportion of vertebrate genomes that constitute repetitive sequences can vary
enormously. This can be seen in Table 1.3 which compares the proportions of single copy
DNA (scDNA) in a number of different vertebrate genomes of varying sizes. Simple
arithmetic suggests that different amounts of highly or moderately repetitive DNA cannot
alone account for the observed variation in genome sizes (although it does constitute a fair
proportion of difference in some cases). For example, if the difference in the sizes of the
Fugu and human genomes were entirely attributable to highly or moderately repetitive DNA
then more than 90% of the human genome (~2600 Mb) would be expected to consist of
highly or moderately repetitive DNA elements with less than 10% being single-copy DNA
(rather than the 64% observed). Non-repetitive, or possibly relatively infrequently repeated
elements must therefore account for a large proportion of the differences seen. Such
elements could result from the duplication of unique sequence elements or chromosomal
segments, extensive divergence of members of the different classes of dispersed repetitive
elements, or even the existence of large tandemly-repeated locus-specific elements (e.g. the
human DXZ4 locus - Giacalone ef al., 1992) that might, because of their size and only
moderate level of reiteration, act like non-repetitive DNA in reassociation assays.

1.1.3 Chromosome banding, isochore organisation and gene distribution.

That genes are not uniformly distributed in vertebrate genomes is evident from studies
which have shown a relationship between the differential staining of mammalian
chromosomes, the heterogeneity in base composition of vertebrate chromosomes
(particularly those of warm-blooded vertebrates) and variations in gene density.
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Staining of metaphase chromosomes has been an important cytogenetic tool in the
analysis of mammalian chromosomes and gave one of the first indications that mammalian
euchromatin (non-satellite DNA) is heterogeneous in composition. Following specific
treatments and staining, highly specific patterns of transverse bands can be observed on
metaphase chromosomes (reviewed by Bickmore and Sumner, 1989). The most common
banding techniques for cytogenetic identification and analysis of mammalian chromosomes
are G-banding and R-banding (reverse to G). G-banding involves proteolytic digestion of
chromatin with trypsin followed by Giemsa staining of chromosomes to produce a pattern
of dark (G-bands) and light bands. R-banding involves heat denaturation of chromosomes
followed by Giemsa staining to produce the reverse pattern of staining to G-banding, with
dark bands representing the R-bands. R-banding is thought to result from the preferential
denaturation of AT-rich DNA regions and the subsequent staining of less denatured GC-
rich regions. An extension of R-banding is T-banding, which involves a longer heat
denaturation of chromosomes to identify only the most intensely staining R-bands which
are presumably the most GC-rich (hence most resistant to heat denaturation). These are
mostly located at the telomeres of human chromosomes (hence the name) but show a less
specific distribution in mouse. The relationship between these banding patterns and base
composition is further supported by the clear correlation between G- and R-banding and the
chromosome banding observed with AT and GC-specific fluorochromes.

As well as differing in base composition, studies have shown that G- and R- bands
possess other particular properties that are often interdependent. Many of these are
summarised (for human) in Table 1.4. I will, however, largely restrict the following
discussion to the observed differences in gene distribution between different band types.

G-bands R-bands

ATrich GC rich

Gene rich Gene poor

Replicate late Replicate early

LINE-rich Alu-rich

Meiotic chromomeres Inter-chromomere DNA

DNase insensitive DNase sensitive

Few breakpoints or rearrangements Most breakpoints or rearrangements

Table 1.4. Properties of human Giemsa (G-) and Reverse (R-) bands.

Taken from (Gardiner, 1995). See below or (Holmquist, 1992; Craig and Bickmore, 1993;
Gardiner, 1995) for discussion. Other properties will be revealed below. T-bands generally
possess the same, but more extreme, properties of R-bands.

Early in situ hybridisation of poly(A) RNA to human chromosomes suggested that ~75%
of genes localised to R-bands (Yunis and Tsai, 1978), R-bands having been estimated to
constitute less than half of the total enchromatic DNA in the genome. More recent analyses
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of the distribution of 1000 and 1302 human genes that have been mapped to single
metaphase chromosome bands have revealed similar ratios of approximately 80% in R-
bands and 20% in G-bands (Craig and Bickmore, 1993; Saccone et al., 1996). Gene
distribution among R-bands themselves was found to vary significantly with 58% of R-
band genes being found to map to T-bands, which constitute only 37% of total R-band
DNA. Craig and Bickmore (1993) interpreted data presented by Larsen et al. (1992) to
highlight a correlation between R-bands, housekeeping genes and CpG islands. 56 out of
97 of the listed genes that had been mapped were predicted to be associated with CpG
islands, of which 26 were classified as housekeeping genes (based on their being widely
expressed). 51 of the CpG island genes, including 25 of the 26 housekeeping genes,
mapped to R-bands indicating that almost all CpG islands and housekeeping genes map to
R-bands (as well a majority of the tissue-specific genes). This relationship between CpG
islands, genes and R-bands is not surprising since all housekeeping genes and ~40% of
tissue-specific genes appear to be associated with CpG islands (Larsen et al., 1992).
Further correlation between high CpG island density and R-bands was later demonstrated
by fluorescence in situ hybridisation (FISH) using genomic DNA fractions representing
different sized inter-island fragments to probe metaphase chromosomes (Craig and
Bickmore, 1994). Particularly high concentrations of CpG islands were found in T-bands.
A similar study in mouse, using a library of mouse whole CpG islands as the probe,
revealed that the highest densities of CpG islands are again found in R-bands but that the
overall distribution is more uniform (Cross et al., 1997).

Whilst the relationship between gene distribution and chromosome bands is highly
informative, a problem of resolution exists. Band resolution attainable during chromosomal
banding is variable and is dependent upon the extent to which chromosomes have
condensed. Up to 2000 bands have been delineated at prophase (Yunis, 1981) but only
300-800 bands are usually resolved using standard banding techniques involving arresting
cells in metaphase. This suggests that some of the heterogeneity of mammalian
chromosome bands disappears as a result of band fusion during the progression from
prophase to metaphase, with fused bands taking on the appearance of the type of band that
is predominant (Craig and Bickmore, 1993). Since most of the above data was accumulated
for metaphase chromosomes at ~400 band resolution, some of the heterogeneity in the
distribution of genes along mammalian chromosomes might have been lost. This is
particularly apparent for R- and T-bands at low band resolution which are frequently
fusions of multiple high resolution G- and R-bands. Consideration of Bernardi's isochore
model of the genome largely bypasses this problem (Bernardi, 1989) and has an additional
advantage over banding in that it is also applicable to the genomes of cold-blooded
vertebrates for which G-banding is either absent or weak and for which R-banding is
absent (Bernardi, 1993b and references therein).
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The isochore model describes patterns in base composition within vertebrate genomes
(and those other eukaryotes). Isochores are long DNA segments (several hundred kb in
length) which are homogeneous in base composition and can be sub-divided into a number
of families that are characterised by different GC content. These are determined
experimentally by differential CsCl buoyant density of fragmented (30-100 kb) genomic
DNA (Bernardi, 1989). Satellite DNAs are generally excluded from the model.

The human genome, which is representative of most mammalian genomes (but notably
not rodent genomes which are more homogeneous in base composition - a feature that may
underlie the more uniform distribution of CpG islands in mouse), is characterised by the
presence of five isochore families varying in their GC-richness (Bernardi, 1993b). The two
major GC-poor families L1 and L2 constitute about 62-63% of the genome, two GC-rich
families H1 and H2 constitute about 31-32 % of the genome and the most GC-rich family
H3 constitutes less than 5 % of the genome with satellite DNA and other minor components
comprise the remaining portion (Mouchiroud et al., 1991; Zoubak et al., 1996). The
preponderance of the GC-poor isochores is consistent with the overall GC-content of the
human genome being ~40%. Since chromosomal banding reflects general patterns in base
composition, it is not surprising that a correlation between the isochore organisation of the
human genome and G- and R- banding patterns exists (Saccone et al., 1992; Saccone et al.,
1993; Saccone et al., 1996). Of particular note is the highly restricted distribution of the H3
family mainly within T-bands and the fact that G-bands consist almost entirely of the L1
and L2 families. R-bands (excluding T-bands) are more heterogeneous in the types of
family they are composed of (Saccone et al., 1996), supporting the observation that 400
band resolution R-bands are often composed of a mixture of smaller R and G-bands (it has
been suggested that isochores might even correspond to prophase bands (Holmquist,
1992)). The genomes of birds attain even higher GC values than mammals (Bernardi,
1993b) whereas the isochore families in cold-blooded vertebrates are more homogeneous in
composition and never reach the highest GC levels seen in the genomes of warm-blooded
vertebrates (Bernardi and Bernardi, 1990a; Bemnardi and Bernardi, 1990b). This
homogeneity and GC-poorness probably underlies the limited success of banding,
particularly R-banding, of the chromosomes of cold-blooded vertebrates.

Studies of gene densities within the different isochore families have further highlighted
the non-random distribution of genes in mammalian genomes, revealing it to be even more
asymmetric than predicted from chromosomal band gene densities (Bernardi, 1989;
Mouchiroud et al., 1991; Zoubak et al., 1996). The estimated densities of genes in the
different human isochore families based on the most recent study is shown in Table 1.5.
The GC-poor isochores together contain the minority of genes (22.0%) with the GC-rich
isochores containing the majority (78.0%). What is most striking, however, is the
observation that the most GC-rich family, the H3 isochore family, which constitutes less
than 5% of the genome, contains ~28% of the genes (Mouchiroud et al., 1991; Zoubak et
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GC Genome DNA Genes Gene density

Isochore (%) (%)  (Mb) (%) _ (50,000) (100,000)
= > 632 1900 220  1per170kb 1 per85kb
H1 44 244 730 23.7 l1per60kb 1 per30kb
H2 49 7.6 230 261  1per18kb 1per9kb
H3 53 4.8 140 282  1per10kb  1per5kb

Table 1.5. Gene content of the different human isochore families.

Percentages of the genome constituting each isochore family and percentages of genes
within each family are from (Zoubak et al., 1996). The data are used to calculate the amount
of the genome (Mb DNA) comprising each family assuming a genome size of 3000 Mb,
and corresponding gene densities assuming 50,000 and 100,000 genes. Similar data from
(Mouchiroud et al., 1991) suggests similar densities.

al., 1996). Based on outside estimates of human gene numbers (50,000 and 100,000) and
a genome size of 3000 Mb, the H3 isochore gene density approximates to 1 gene every ~5-
10 kb, some 17 times higher than that predicted for the L1 and L2 families combined (1
gene every 85-170 kb). The H1 and H2 families display intermediate densities, with H2
more gene dense than H1. Because of their association with H3 isochores and predicted
high gene densities, T-bands have been preferentially targeted for genomic sequencing and
gene identification (Martin-Gallardo et al., 1992; McCombie et al., 1992; Ansari-Lari et al.,
1997; Ansari-Lari et al., 1998). As expected, CpG island distribution within the different
isochore families mirrors that of genes (Aissani and Bernardi, 1991).

It might therefore be assumed that the H3 isochore family contains small genes (possibly
as the result of fewer or smaller introns) that are highly clustered as a result of small
intergenic distances and genes might be predicted to be larger and more widely spaced in
other isochores, particularly the GC-poor L1 and L2 families (corresponding to G-bands).
A study of AT-rich and GC-rich genes from warm-blooded vertebrates seems to partially
support this notion with AT-rich genes (40% GC) containing introns totalling more than 3
times the length of those in GC-rich genes (Duret et al., 1995). Since large introns are often
not characterised completely, this is very likely to be an underestimate.

But what of gene distribution in the genomes of other vertebrates? The GC-richest human
isochores show homology to both the GC-richest isochores of other mammals and also
birds (Caccio et al., 1994), suggesting that the highly asymmetrical gene distribution seen
in the human genome is consistent among warm-blooded vertebrates. A similar situation
may also exist in cold-blooded vertebrates (Bernardi, 1993b). However, the extent to
which non-random gene distribution is affected by genome size - for example has genome
expansion (or contraction) be uniform throughout vertebrate genomes or has it
preferentially occurred in specific regions/isochores - is still relatively poorly understood.
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It is next worth considering another facet of vertebrate genome organisation - the extent to
which the genomes of organisms from different vertebrate classes are similar to one another
with respect to the physical linkage and order of specific groups of homologous genes
within particular chromosome segments.

1.1.4 Conservation of synteny and gene linkage.

Before discussing the relationship between vertebrate genomes in the context of specific
groupings of genes, it is necessary to clarify a few of the terms that I will use in this and
subsequent Chapters (after Eppig and Nadeau, 1995). Genes that are syntenic are located
on the same chromosome in a single species and conserved synteny therefore refers to two
or more homologous genes that are located on the same chromosome in different species.
In contrast, gene linkage refers to the order of adjacent genes relative to one another on a
chromosome. Hence, a conserved (gene) linkage refers to two or more homologous genes
that are found in the same chromosomal order in different species. Gene orientation should
theoretically also be considered as part of the definition of gene linkage but is often not
determined in comparative studies and is therefore often not included. In some instances,
therefore, the singular use of the terms conserved gene order and conserved gene
orientation is preferable to that of conserved (gene) linkage.

The extent to which the genomes of different species have been rearranged since
divergence from their common ancestor can be assessed by studying the extent to which
synteny and gene linkage are conserved. Whereas inter-chromosomal rearrangements (e.g.
translocations) result in disruption of both synteny and gene linkage, intra-chromosomal
rearrangements (e.g. inversions) only result in disruption of gene linkage.

It is clear from comparative mapping of homologous genes in different mammalian
species that, among mammals at least, there exists a fair degree of conserved synteny and
gene linkage. The most extensive mammalian comparative map involves the human and
mouse genomes. The most recently published reports (now fairly dated) indicated the
existence of almost 200 conserved linkage groups among a smaller number of conserved
syntenies for approximately 2000 genes mapped in both species (DeBry and Seldin, 1996;
Carver and Stubbs, 1997). Other than the human-mouse map, comparative maps of human
and mouse with other mammalian species such as rat, cattle, sheep, pig and cat (among
many others) also exist (Johansson et al., 1995; Womack and Kata, 1995; Andersson et
al., 1996; Eppig, 1996; O'Brien et al., 1997). Although these maps are far less informative
than the human-mouse map due to the smaller number of genes mapped to them, they
nevertheless support the existence of significant stretches of conserved synteny and gene
linkage among mammals. Comparative painting of mammalian chromosomes by FISH
using whole chromosome probes further supports that conserved synteny among mammals
is extensive (Wienberg and Stanyon, 1995).

25



The present state of the human-mouse map (and other mammalian comparative maps)
therefore suggests that the mammalian genome has undergone less rearrangement than
might have been predicted from the large variation in mammalian karyotypes (Andersson ez
al., 1996). This conclusion must, however, be treated with caution. Human genes are
frequently mapped cytogenetically, with regional assignments often spanning several
chromosome bands. Therefore, even if assigned to a single band, this only places the gene
within a 5-10 Mb region (depending on band resolution). Where groups of genes have only
been mapped at this resolution in one or both species, the extent to which gene linkage has
been conserved cannot be determined. In light of several recent reports that have
demonstrated the existence of intra-chromosomal rearrangements within regions of
conserved synteny between the human and mouse genomes following high resolution
mapping of genes within these regions (Stubbs et al., 1994; Pilz et al., 1996; Blaschke and
Rappold, 1997; Puech et al., 1997; Watkins-Chow et al., 1997), it is possible that more
rearrangement  than  previously expected (particularly small intra-chromosomal
rearrangements in the kb to Mb range) might be exposed.

The extent to which synteny and gene linkage are conserved over larger evolutionary
distances within the vertebrate lineage is presently not clear, mostly due to the paucity in the
number of syntenies and gene linkages established in the genomes of lower vertebrates.
What can, however, be reasonably assumed is that chromosomal rearrangement is a
function of time. Therefore, the greater the evolutionary distance separating two species,
the smaller the average lengths of conserved syntenies and linkages.

Clear examples of conserved synteny between the genomes of mammals and chicken
(their independent lineages having diverged ~300 million years ago) have been reported but
are limited in length (Burt et al., 1995; Klein et al., 1996; Shaper et al., 1997). Whilst the
regions may be syntenic with some mammalian genomes, it is clear that in some cases they
are not syntenic in others. For example the PGM2, ALB and GC genes are syntenic in
human, mouse, cow and sheep but apparently not in rat or pig (Burt et al., 1995). In
addition, disruption of a conserved synteny found in mammals is observed between the
chicken FASN and ACACA genes (Pitel ez al., 1998).

The extent of conservation of synteny between mammals and fish (sharing a common
ancestor ~450 million years ago) has also not been clearly established. Based on the
observed rates of gene linkage and synteny disruption in the mammalian lineage, it has been
suggested that conserved synteny and gene linkage many extend over extensive, possibly
Mb-sized, regions (Koop and Nadeau, 1996). This could, however, be a high overestimate
for the reasons discussed above. One fish species for which extensive mapping data has
recently been obtained is the zebrafish Danio rario (144 mapped genes) (Postlethwait et al.,
1998). Extensive syntenies appear to exist between the zebrafish and human genomes but it
is difficult to interpret their true significance because few of the genes are closely linked in
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either genome (Aparicio, 1998; Postlethwait et al., 1998). Clearly conservation of synteny
is evident (although the conserved syntenies reported may be fragmented), but conservation
of gene linkage might be more limited. (Recent human-Fugu comparative mapping data will
be discussed later in the context of results reported herein).

1.2 The significance of gene clustering.

From the above discussion of vertebrate genome organisation, it is clear that gene
distribution within vertebrate genomes is non-random and that in some regions (the GC-
richest isochores) genes are predicted to be highly clustered. Could the high gene density in
these regions underlie functional or regulatory requirements dictating that particular groups
of genes be clustered, or that genes be arranged in close proximity to one another in a
particular order and/or orientation? In this context it is worth considering the organisation of
the bacterial operon and the existence of operons/operon-like units in eukaryotic genomes.

Bacterial operons are highly specialised, co-ordinately regulated units of gene expression
in which genes encoding products involved in the same biological process are clustered and
transcribed together from a common promoter as a single polycistronic message (Lewin,
1997). Because transcription is polycistronic, the shared promoter provides a vehicle
through which co-ordinate regulation of the individual cistrons can be mediated (sometimes
by a regulator encoded by an independent monocistronic gene located just 5' to the operon).
Temporal and spatial coupling of transcription and translation in prokaryotes additionally
results in localised high concentrations of potentially interacting proteins (which may
facilitate formation of protein complexes) or high concentrations of the regulator protein at
its site of action (the operon promoter). This highly ordered genomic organisation clearly
provides bacteria with the means to respond rapidly and efficiently to changes in
environment through co-ordinated expression of functionally-related proteins. But are
similar units found in eukaryotes, and more specifically vertebrates?

Polycistronic transcription of protein-coding genes appears to be very rare in eukaryotes
in general. Only in primitive parasitic protists, the trypanosomes, and various nematode
worms have groups of protein-coding genes so far been found to be co-transcribed as
polycistronic primary messages from 'operons' (Spieth et al., 1993; Zorio et al., 1994,
Blumenthal, 1995; Evans et al., 1997). C. elegans is probably the best characterised of
these eukaryotes and it has been calculated that up to 25% of its ~14,000 genes are
organised into 'operons' containing between 2-6 genes (Zorio et al., 1994; Blumenthal and
Speith, 1996). These differ from true prokaryotic operons in two key respects. Firstly,
whereas prokaryotic operons produce polycistronic mRNAs from which individual cistrons
are directly translated, the primary polycistronic transcripts of C. elegans operons are
processed (by 3' end formation and frans-splicing) into monocistronic mRNAs which are
exported to the cytoplasm before translation can occur (Spieth et al., 1993; Blumenthal,
1995). Secondly, most of the individual C. elegans cistrons also contain introns that have
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to be removed by cis-splicing prior to export from the nucleus (Blumenthal, 1995). In spite
of these differences, the general principle of bacterial operons - initial transcription of each
of the individual genes in the form of a polycistronic message from a common promoter -
still holds true. It is, however, still not clear whether the genes within C. elegans
‘operons’, like those in bacterial operons, encode products with related cellular roles. To
date, due to limited functional data, only a few C. elegans 'operons’' have been found to
contain functionally-related genes. These include 'operons' containing (i) the lin-15a and
lin-15b genes (both involved in vulval determination) (Huang et al., 1994)) (ii) the genes
encoding ribosomal protein S16 and the nucleolar protein fibrillarin (involved in ribosome
biogenesis) (Zorio et al., 1994), (iii) the mai-I gene encoding an ATPase inhibitor and two
genes encoding the glycolysis enzyme GAPDH (Spieth et al., 1993), (iv) two genes
encoding products that function sequentially in the post-translational processing of collagen
(Blumenthal and Speith, 1996), and (v) the deg-3 gene and another gene which probably
encode subunits of the same acetylcholine receptor (Blumenthal and Speith, 1996). In many
cases the genes within individual operons are expressed ubiquitously and it is possible that,
rather than facilitating co-ordinated expression of functionally-related genes, C. elegans
'operons’ may simply reflect its need for efficient use of genomic space or cellular
resources due to a strong selective pressure for a small genome (Zorio et al., 1994).

Although eukaryotic 'operons' appear rare and limited in phylogenetic distribution, there
are nevertheless transcriptional units in all eukaryotes that are operon-like. For example, the
genes encoding the 1885, 5.8S and 28S rRNAs are co-transcribed as single precursor RNAs
which are processed to release the individual rRNA species. Additionally, genes encoding
small nucleolar RNAs (snoRNAs) are often processed from the intronic sequences of the
primary transcripts of protein-coding genes (Bachellerie et al., 1995b). These snoRNAs are
involved in maturation of rRNA during ribosome biogenesis and it has been noted that they
are often encoded within the introns of genes encoding ribosomal proteins or proteins with
a nucleolar function (see Chapter 5). It has therefore been suggested that this relationship
might allow expression of components involved in ribosome synthesis to be co-regulated.
Despite these examples of co-transcribed functional RNAs, transcription of protein-coding
genes in the vast majority of eukaryotes is monocistronic - each gene being transcribed as
an independent RNA. This has possible benefits over polycistronic transcription (at least in
eukaryotes where efficient use of resources is less critical) since it might allow a finer level
of transcriptional control over individual genes than is possible when genes are transcribed
together as a single message.

Whilst it is clear from the above discussion that gene clustering in vertebrate genomes
does not reflect the organisation of protein-coding genes into polycistronic transcription
units, it is worth considering possible benefits of clustering of independent vertebrate genes
in the context of the bacterial operon. Even though they are individually-transcribed,
clustering of functionally-related vertebrate genes could facilitate the sharing of regulatory
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elements (e.g. promoter elements or enhancer elements) providing a means by which their
expression might be co-ordinately regulated at the level of transcription. This concept is
presently not particularly popular for two reasons. Firstly, it is clear from transfection
studies and transgenic experiments that many eukaryotic genes show normal patterns of
expression in many different genomic contexts if only a few kb of flanking genomic DNA
are included. Secondly, it is evident that clustering is not a prerequisite for co-ordinated
regulation of genes whose products are functionally-related or required at the same time in
the cell cycle since many such genes are located in disparate chromosomal locations in
vertebrate genomes. Nevertheless, clusters of functionally-related genes have been
identified in vertebrate (and other eukaryotic)genomes for which clustering is, or is likely to
be, biologically significant.

1.3 Clusters of functionally-related vertebrate genes.

As more and more genes have been identified and mapped in vertebrate, and in particular
mammalian, genomes, it has become clear that clusters of functionally-related genes are not
uncommon. These can be classed as one of two (not exclusively independent) types: those
that contain genes that have all been derived from a common ancestral gene by gene
duplication and those that have not. In only a few cases have regulatory elements been
identified that influence the expression of more than one gene in the cluster, however the
biological significance of many other clusters can nevertheless be speculated upon in light
of supportive data. The extent to which a gene cluster is evolutionarily conserved has
generally been accepted as providing an indication of its biological significance. This
follows the premise that the larger the evolutionary distance, the more likely it is that a
particular gene association will have been challenged with rearrangement (see Section
1.1.4). If a gene association is conserved in a background of rearrangement, then it might
be assumed that there is a specific requirement for that particular association. Of course,
results are often difficult to interpret since the extent to which synteny and linkage are
conserved between many vertebrate classes (and beyond) is not yet clear and conserved
association may simply reflect a slow rate of chromosomal rearrangement.

1.3.1 Clusters resulting from gene duplication.

Gene duplication has been a common feature of vertebrate (and eukaryote) genome
evolution. As a result of mutation, duplicated genes can acquire new or slightly modified
biological properties (if changes occur within the coding region) or altered patterns of
expression (if changes occur within regulatory regions). Genes that are derived by
duplication from the same ancestral gene are members of the same gene family and
sometimes the genes become non-functional pseudogenes. Gene duplication in vertebrates
in particular, but also throughout eukaryotic evolution, has frequently resulted in clustering
of related genes which can usually be recognised as being duplicated through their
homology at the DNA and/or amino acid sequence levels. However, occasionally
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homology can only be seen at the protein structural level if the duplication was ancient. The
generation and expansion (or contraction) of clusters of duplicated genes is thought to be
mediated by unequal crossing-over (Lewin, 1997).

There are an abundance of examples of this type of cluster but I will restrict discussion to
those that are best characterised and/or most informative. Two points are worth considering
beforehand. Firstly, before duplicated genes diverge they will not only encode identical
proteins, but will also share identical regulatory elements and will therefore have identical
patterns of expression. In clusters that have arisen recently, co-ordinated expression of the
genes might simply reflect this fact. Secondly, members of gene families are also frequently
found in dispersed locations in vertebrate genomes, presumably as the result of
chromosomal rearrangements, indicating that in many cases there is no absolute
requirement that duplicated genes remain clustered.

The globin gene clusters.

The two globin gene clusters have been studied extensively. The human o-globin gene
cluster spans 28 kb, is located in a GC-rich isochore near the telomere on the short arm of
chromosome 16, and consists of three functional genes arranged in the order 5'-{-a2-al-
3' and four pseudogenes (W¢, two ya and 6) (Vyas et al., 1992 and references therein).
The less compact human [3-globin gene cluster spans ~50 kb, is located on the short arm of
chromosome 11 (in a GC-poor isochore - Bernardi and Bernardi, 1990b), and consists of
five functional genes arranged in the order 5'-£-°y4y-8-B-3' and a single pseudogene (yf3)
(Dillon and Grosveld, 1993). The genes in both clusters are arranged in tandem in their
temporal order of expression, with those that are expressed earliest in development located
5' to the adult genes. The genes are only expressed in erythroid cells and expression of the
o-like and B-like globin genes at the different loci has to be co-ordinated to ensure
equivalent production of each of the a-like and B-like polypeptide chains that constitute the
globin tetramer. Although the number and type of functional genes and pseudogenes varies
in other higher vertebrates, the overall organisation of the clusters is conserved with one
exception: in chicken the embryonic € gene is located 3' to the adult genes (Dodgson et al.,
1979). Clustering of a-like and B-like globin genes at two separate loci is, however, not
conserved in lower vertebrates. The salmon Salmo salar and the clawed toad Xenopus
laevis possess linked o and B-globin genes (Xenopus possessing two identical loci due to
tetraploidy) and primitive fish such as hagfish and lampreys possess only a single globin
gene (Wagner et al., 1994; Lewin, 1997). This suggests that a single ancestral globin gene
was duplicated early in the vertebrate lineage and that the two dispersed clusters in higher
vertebrate genomes resulted from disruption of the linkage between the o and 3 globin
genes prior to the divergence of the mammalian and avian lineages ~300 million years ago,
followed by further gene duplication at each of the separated loci.
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The control of ot and B-globin gene expression in higher vertebrates has been studied
extensively. Cis-acting elements have been identified in the close vicinity of both the o and
f3-globin clusters in human which appear to have a regulatory influence upon all the genes
within the associated cluster. These are the o and B-globin Locus Control Regions (LCRs).

The B-LCR is the best characterised of the two and consists of five erythroid-specific
DNase I hypersensitive sites (representing regions of chromatin from which nucleosomes
are excluded and to which multiple trans-acting factors can bind) located 6-22 kb upstream
of the most 5' B-like gene (&) (Grosveld et al., 1987). Whilst gene-proximal elements
(promoters or enhancers) are sufficient to promote erythroid-specific expression in an
integration site-dependent manner in transgenic experiments, the §-LCR confers high level
tissue-specific and integration site-independent expression on the linked genes (in their
normal genomic context the genes are not expressed when the 3-LCR is deleted). The B-
LCR therefore appears to have enhancer activity and the ability to remodel chromatin into a
transcriptionally accessible open structure or domain in erythroid cells (as evidenced by
DNase I hypersensitivity) (Ellis et al., 1996). Chromatin is not remodelled in other tissue
types and genes are silent. The B-LCR may also play a role in the developmental regulation
of the B-like globin genes. Whilst there is evidence to suggest that some of this differential
regulation occurs at the level of the promoter, polar competition between the individual gene
promoters for activation by the LCR may also exist. In a theoretical model, the nearest
transcriptionally competent promoter is preferentially activated by the LCR, inactivation of
more proximal promoters enabling activation of more distal promoters (reviewed by Dillon
and Grosveld, 1993; Martin et al., 1996). This would be consistent with conservation of
the specific organisation of the B-globin gene cluster in higher vertebrates.

Like the B-LCR, the o-LCR is characterised by a number of erythroid-specific DNase I
hypersensitive sites located 0-40 kb upstream of the most 5' a-like gene in the cluster (&)
(Higgs et al., 1990). Only one of these sites (HS-40), located some 40 kb upstream of the
{-globin gene (within the intron of another gene), appears to have a significant regulatory
effect upon o-like gene expression (Sharpe et al., 1993). The whole a-globin locus differs
significantly from the B-globin locus in that it resides in a region containing stretches of
constitutively open chromatin (rather than exclusively being open in erythroid cells) and is
therefore likely to represent a different type of regulatory domain (Vyas et al., 1992). This
is probably due to the association of the o-like genes with CpG islands (Shewchuk and
Hardison, 1997) which possess a more open chromatin structure compared to surrounding
DNA (Tazi and Bird, 1990). Therefore the o.-LCR, unlike the B-LCR, probably does not
require chromatin-opening properties due to its different genomic environment (Vyas et al.,
1992).
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The Hox gene clusters.

The majority of vertebrates studied to date have been found to possess four Hox gene
clusters (Hoxa to Hoxd) located in dispersed chromosomal locations and containing
between five and eleven Hox genes (Krumlauf, 1994; Aparicio et al., 1997). These appear
to be complete duplications of a single ancestral cluster containing thirteen genes (possibly
the result of two rounds of whole genome duplication during early vertebrate evolution -
Sidow, 1996) followed by selective gene loss (Holland, 1997). The existence of a single
cluster in the cephalochordate amphioxus (a prototypical vertebrate) supports this
hypothesis (Garcia-Fernandez and Holland, 1994; Carroll, 1995). Variations in the number
of clusters in different vertebrates have been reported (from 7 in zebrafish to a possible 3 in
lamprey) but these are likely to be the results of possible genome duplication (zebrafish)
and/or cluster loss (Ruddle, 1997; Vogel, 1998).

The clustered Hox genes are members of the diverse homeobox gene family which
encode transcription factors that are key control factors in axial pattern formation during
early development. Like many other gene families, some members of the homeobox gene
family are also found at dispersed genomic locations. The homeodomain (the DNA binding
domain) and other motifs are conserved between members of the homeobox gene family
indicating that the genes most likely evolved by gene duplication. Since homologous genes
are similarly clustered in insect and nematode genomes (split between two complexes -
ANT-C/BX-C {HOM-C} - in Drosophila), it is widely held that the Hox gene clusters
probably arose by early duplication of a single Hox gene to form a single cluster and
subsequently the whole cluster was duplicated in vertebrates (as postulated above). These
are thought to have been pivotal events during the morphological evolution of invertebrate
and vertebrate animals (Carroll, 1995; Holland, 1997). Although differences in gene
complement among homologous clusters in different species do exist (Aparicio et al., 1997,
Holland, 1997), the overall organisation of the vertebrate and invertebrate Hox clusters is
conserved. Like the clustered globin genes, the clustered Hox genes are all arranged in the
same direction of transcription and there similarly exists a correlation between the
chromosomal order of the genes and the temporal and spatial expression of the genes in the
developing animal (termed spatial and temporal colinearity). Genes at the most 3' end of the
cluster are expressed earliest during development as well as having the most anterior
expression boundaries along the anterior-posterior axis in the developing embryo (reviewed
by Gaunt, 1991; Krumlauf, 1994; Carroll, 1995).

Conservation of the overall organisation of the Hox gene clusters throughout the whole of
vertebrate evolution, and at least a significant part of invertebrate evolution, suggests that
the order of the genes is likely to be critical for their proper regulation and expression.
Whilst some individual Hox genes still display the correct patterns of expression when
removed from their clustered organisation with only the flanking intergenic regions (i.e.
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with respect to timing, tissue-specificity and spatial localisation) (Whiting et al., 1991;
Marshall et al., 1994), others do not (Whiting et al., 1991; Sham et al., 1992). In light of
this it has been postulated that many of the Hox genes might be controlled by regulatory
elements (specifically enhancers) which overlap with those of neighbouring genes or are
even contained within neighbouring genes (e.g. Hoxb-7 can be regulated by elements from
the adjacent Hoxb-8) and that this might provide the selective pressure that underlies the
strict conservation of Hox cluster organisation (Whiting et al., 1991; Sham et al., 1992).

Additional examples.

The functional significance of clustering of other groups of duplicated genes is not so
apparent due to a lack of experimental or evolutionary data, but a few examples of other
clusters that illustrate some interesting points warrant a brief mention.

Very extensive clusters of duplicated genes have been found, a good example of which is
the human type I interferon gene cluster located at chromosome band 9p21-p22. This
cluster spans 450 kb and consists of 13 interferon o genes, 1 interferon B gene, 1
interferon ® gene and 10 interferon pseudogenes (6 w pseudogenes and 4 unclassified
pseudogenes) (Diaz et al., 1994). All the genes are intron-less and their coding regions
display 80-90% sequence homology. This high degree of sequence homology suggests that
the series of gene duplications resulting in the cluster might have occurred relatively
recently and as such the gene associations may not yet have been significantly challenged
by rearrangement, making it difficult to assess the importance of the clustering. There is
currently no evidence to suggest that clustering is important for co-regulation of the genes.

Duplicated genes have also been identified that are no longer adjacent to each other but are
nevertheless still clustered at the same chromosomal location. An example of this type is the
localisation of the human cytokine-encoding interleukin-3 (IL3), IL4, IL5, IL13 and
granulocyte-macrophage colony-stimulating factor (GM-CSF) genes within a 680 kb region
of human chromosome band 5931 (Saltman et al., 1993; Frazer et al., 1997). The
relatedness of these five genes is restricted to similarities in the secondary and tertiary
structure of the proteins they encode. They might therefore have arisen as the result of
relatively ancient duplication events. If so, the fact that the genes are not adjacent (the genes
are often separated from each other by unrelated genes) presumably reflects that intra-
chromosomal rearrangement has occurred in this region. They have nevertheless remained
clustered in the same genomic location and it is therefore possible that the region might
represent some sort of co-regulatory domain (it will be interesting to discover whether there
is any link between the expression of the cytokine genes and other genes in the region).
Evolutionary data is limited and only some aspects of the cluster have so far been shown to
be conserved in mouse (DeBry and Seldin, 1996; Frazer et al., 1997).

In addition to the globin gene clusters, LCRs have also been identified in proximity to
other clusters, although the extent of their regulatory influence is not so clear. The five
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members of the human growth hormone (hGH) gene family - GHI, CSHL1, CSH1, GH2
and CSH2 - are found in a cluster spanning 48 kb at chromosome band 17q22-q24 (Chen
et al., 1989). The genes are arranged in the same transcriptional orientation, are highly
homologous at the DNA sequence level (80-90% homology), and have been predicted to
have evolved via recent duplication in primates. The genes are expressed in a tissue-specific
fashion - GHI in the pituitary gland and the other four genes in placenta - with the pituitary-
specific expression of GHI (the most 5' gene) having been shown to be regulated by four
DNase I hypersensitive sites (present in pituitary DNA) within an LCR ~15-30 kb 5' of it
(Jones et al., 1995). Although the influence of this LCR on the four placenta-expressed
genes in the cluster is undetermined, it is worth noting that two of the above DNase I
hypersensitive sites are also present in placenta and a fifth site within the LCR is placenta-
specific (Jones et al., 1995), suggesting that the LCR may have wider influence.

Whilst it is possible that co-regulation of a significant number of clusters of duplicated
genes might occur in the genomes of vertebrates (and other eukaryotes), it is also likely, in
light of some of the above examples, that in many cases clustering is not functionally
significant but simply reflects that the genes have recently been duplicated and therefore
have not been in existence for long enough to have undergone rearrangement.

1.3.2 Clusters of non-duplicated but functionally-related genes.

Clusters of functionally-related genes that have arisen by gene duplication are far more
common than clusters of functionally-related genes that appear not to be derived from the
same ancestral gene. Indeed, duplicated genes are often found in the latter type of clusters
interspersed among the sequence-unrelated genes. The best examples of clusters that
contain (at least some) non-homologous, functionally-related genes are the Major
Histocompatability Complex (MHC), the histone gene clusters and a number of pairs of
adjacent genes. At present, possible reasons for the association of the sequence-unrelated
genes within these clusters can largely only be speculated upon, however, this type of
cluster is very intriguing from an evolutionary perspective. Either the genes have been
linked over extensive evolutionary distances, or they have been shuffled together during
evolution either as the result of random chromosomal rearrangements or via the action of
directed mechanisms which might preferentially associate certain types of genes.

The major histocompatability complex.

The MHC is possibly the best described region of the human and mouse genomes both
regarding organisation and function (reviewed by Trowsdale, 1993). The human MHC
spans ~4 Mb of chromosome band 6p21.3 (a T-band) and is composed of class I and class
IT gene regions separated by a class III region. In contrast, the mouse MHC (located on
mouse chromosome 17) possesses a slightly different organisation (the class I region is
split), possesses a different complement of class II genes, and spans only ~2 Mb (Hanson
and Trowsdale, 1991; Amadou et al., 1995; Peelman et al., 1996). Over 80 genes have
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been identified within the mammalian MHC and gene densities within the class II and III
regions are high (a gene every 30 kb and every 10 kb in the human and mouse class IT
regions respectively and a gene every 20 kb in the human and mouse class III regions).

The class I and II regions contain clusters of class I and class II gene family members
(generated by duplication) involved in the presentation of processed antigen to T cells,
interspersed with sequence-unrelated genes. The class III region contains a more
heterogeneous mixture of genes, many of which have unknown functions. Even though
they are not homologous to the class I and II genes, several of the genes interspersed
among the class I and II genes, in addition to some located within the class III region,
appear to perform supportive roles in antigen presentation (Trowsdale, 1993). These
include the TAPI, TAP2, LMP2 and LMP7 genes (class II region) and the TNFo and
TNF B genes (class III region). The LMP genes encode subunits of the proteasome which
may be involved in processing of intracellular antigens, the TAP genes encode ER peptide
transporters involved in transporting peptide (possibly a product of the proteasome) to
maturing class I antigen-presenting molecules in the ER, and the TNF genes encode
cytokines that are involved in the up-regulation of many immune system-related genes. The
reason for the clustering of these functionally-related but non-homologous genes within the
MHC is not yet clear but it is possible that clustering may underlie some regional co-
regulatory influence. Support for this is currently limited to the identification of an LCR
upstream of the mouse class II Ea gene (the extent of its influence being unclear at present)
and the sharing of cis-acting promoter elements by the TAPI and LMP2 genes (discussed
below) (Carson and Wiles, 1993; Wright et al., 1995). It will be interesting to discover
whether other genes located within the MHC also have immune system-related functions.

The histone gene clusters.

Five classes of highly conserved histone protein are involved in packaging of DNA into
chromatin - H1 and the four core histones H2A, H2B, H3 and H4. These five different
histones are highly conserved through evolution but are not homologous to each other.
Multiple genes encoding each of the histones (often consisting of multiple variants) exist in
the genomes of mammals and the majority of these are grouped together in large, complex
clusters. Whilst the many genes encoding each type of histone are the result of gene
duplication, the genes encoding the different histone types are not sequence-related.

Histone gene clusters are located on chromosomes 3 and 13 in mouse, and chromosomes
1 and 6 (close to the MHC) in humans. The human chromosome 1 locus appears to be
homologous to that on mouse chromosome 3 (Wang et al., 1996b; Albig and Doenecke,
1997), each containing only a moderate number of genes (10 genes in 55 kb in mouse and
~6 genes in human) and encoding only the core histones (H2A, H2B, H3 and H4).
Similarly the human chromosome 6 locus appears to be homologous to that on mouse
chromosome 13. 48 genes (exclusive of pseudogenes) have been identified at the human
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chromosome 6 locus and 45 at the homologous mouse locus and in each species the genes
are found in three ‘patches' (containing 32, 3 and 16 genes in human and 15, 18 and 12
genes in mouse) separated by varying distances (Wang et al., 1996a; Albig and Doenecke,
1997). Gene densities within each of these 'patches’ are very high, being in the range of
one gene every 5-8 kb. Histone genes are also clustered in chicken and amphibians as well
as in invertebrates where the five distinct genes are often found as multiple tandem repeats
(Maxon et al., 1983).

The mechanism for processing of the mRNAs of the clustered histone genes is unique
among metazoans and could explain the requirement for histone gene clustering. Cis-
splicing of the pre-RNAs of the clustered histone genes is not required since they all lack
introns and, more importantly, their 3' ends are not formed by polyadenylation but are
formed instead by a cleavage reaction involving the U7 small ribonucleoprotein (U7
snRNP) (Marzluff, 1992). Clustering could underlie the possibility that this processing is
closely linked to transcription and takes place in discrete subnuclear structures consisting of
chromosomal regions containing the histone gene clusters and factors involved in histone
pre-RNA processing (analogous, but on a much smaller scale, to the nucleolus). In support
of this there is some evidence to suggest that such subnuclear structures containing U7
snRNP are located near the histone genes (Frey and Matera, 1995). Alternatively, or
additionally, clustering may facilitate co-ordinated S phase-specific expression of these
histone genes (see below). Dispersal of some of the histone genes is not incompatible with
both of these explanations since the dispersed genes generally contain introns, are
polyadenylated and, almost exclusively, encode replacement histones that are expressed
throughout the cell cycle or in non-dividing cells (Albig and Doenecke, 1997).

Pairs of adjacent genes.

In addition to the above examples of large gene clusters, there are also several reports of
pairs of functionally-related and apparently non-homologous genes being closely linked in
vertebrate genomes. One such example is that of the Recombination Activating Genes
RAGI and RAG?2. These genes are separated by only 6-9 kb and are convergently
transcribed in the genomes of mammals, chicken, Xenopus and zebrafish (Oettinger et al.,
1990; Carlson et al., 1991; Greenhalgh er al., 1993; Willett et al., 1997). Both genes
encode components of the recombinase involved in the process of V(D)J recombination
during the assembly of immunoglobulin and T-cell receptor genes in B and T lymphocyte
development (reviewed by Ramsden et al., 1997) and both are expressed concordantly in
maturing B and T lymphocytes. Whilst their related functions, their conserved relative
genomic organisation and their concordant expression patterns suggest some form of co-
regulatory interaction, no specific shared regulatory elements have yet been identified.

The potential for co-regulation of other pairs of functionally-related but non-homologous
genes, for example the chicken GPAT and AIRC genes (Gavalas and Zalkin, 1995), is
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more clear-cut. These genes are divergently transcribed from common promoter regions
consisting of only a few hundred bp containing promoter elements that possess bi-
directional properties. Since these elements influence transcription in both directions, they
thereby provide a potential means by which expression of the divergent genes might be co-
ordinately regulated. The chicken GPAT and AIRC genes both encode enzymes catalysing
steps in the same biochemical pathway (de novo purine nucleotide synthesis) and therefore
their co-regulation could provide a means to control one or more rate-limiting steps in the
pathway (all the other genes involved in the pathway are dispersed throughout the genome)
(Gavalas and Zalkin, 1995). Whilst bi-directional elements have been identified that can
drive transcription of both of these genes, there is as yet no definite evidence that the genes
are specifically co-ordinately regulated. Conservation of this gene arrangement between
human and chicken does, however support the notion that it is biologically significant.

Other examples of non-homologous, functionally-related genes sharing bi-directional
promoters are found for pairs of histone genes - between the chicken H2A and H2B genes
and the rat testis-specific TH2A and TH2B genes (Sturm et al., 1988; Huh et al., 1991),
and within the MHC - between the TAPI and LMP2 genes (see above) (Wright et al.,
1995). In these cases, co-ordinated induction of gene expression has been observed in
response to specific factors or cellular stimuli and thus provides supportive evidence that bi-
directional promoters can facilitate co-regulation of the genes with which they are
associated. The relationship between bi-directional promoters and functionally-related genes
is therefore clearly important in these cases. A bi-directional promoter has also been
identified between the human COL4AI and COL4A2 genes (Heikkila et al., 1993; Schmidt
et al., 1993) which encode subunits of the heterotrimeric collagen type IV complex and
probably arose as a result of gene duplication. This organisation is conserved in mouse.
Regulation of the bi-directional promoter could facilitate the production of specific amounts
of each subunit, although this has not been demonstrated.

Several other examples of confirmed or putative bi-directional promoters that promote
expression of genes for which no clear functional relationship has yet been established have
been reported in the literature. Some examples of these are listed in Table 1.6 along with the
examples described above (the list is not exhaustive - see Section 1.5.3). Whether any of
these will also eventually be found to promote and co-ordinately regulate transcription of
functionally-related genes will be of great interest but an intriguing feature of many of these
bi-directional promoters is their location within CpG islands. These are often rich in GC
boxes which are DNA elements to which the ubiquitous SP1 transcription factor can
potentially bind (Kadonaga et al., 1986). Despite the asymmetry of its binding site, SP1
can activate transcription in either direction (Kadonaga et al., 1986) and it is therefore not
surprising that many of the bi-directional elements identified in the promoters listed in Table
1.6 are GC boxes. In light of these observations it has been suggested that bi-directionality
may be a common property of promoters located in CpG islands (Lavia et al., 1987).
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1.4 Are there other types of gene cluster?

The above examples indicate that functionally-related genes are sometimes clustered in the
genomes of vertebrates (and other eukaryotes) and that the association of these genes and/or
their specific ordering within the cluster is (in some cases at least) likely to be, or has been
proven to be, required for the normal regulation of their expression (often their tissue-
specific or temporal expression) or for the normal synthesis and processing of their
transcripts (or both). However, largely due to a paucity of functional and genomic data, the
extent to which functionally-related genes are clustered into co-regulated/ functionally-
significant units, particularly those that are not the result of gene duplication, is not clear at
present. Consequently, the extent to which high gene density is a result of this phenomenon
is also not clear. At this time, it is also difficult to assess whether this might also extend to
unrelated genes that have no obvious functional relationship.

Although several regions of the human genome and other vertebrate genomes have been
identified as possessing a high gene density, data regarding the regulation or function of the
genes located in these regions is often scarce. There are, however, a number of examples of
clusters of sequence-unrelated genes (for which no functional link has yet been established)
whose unusual, and often highly specific, relative gene arrangements might underlie some
degree of co-regulatory interaction mediated through the sharing of proximal or more distal
regulatory elements (promoter or enhancer elements) or via the effects that transcription of
one gene has on neighbouring (or overlapping) genes. There exist a number of reports of
interesting clusters of this type, including a compact cluster of five genes in 40 kb located at
human chromosome band 16q22.1 (containing a pair of tandemly arranged genes separated
by only 199 bp and a pair of overlapping genes that overlap by 109 bp - Larsen et al.,
1993) and the presence of (nested) genes within introns of the neurofibromatosis type I
gene (NF1I) and human factor VIII genes (Levinson et al., 1990; Cawthon et al., 1991,
Levinson et al., 1992). However, probably the most exceptional and most extensively
studied cluster of this type is the Surfeit locus. |

1.5 The Surfeit locus.

1.5.1 Organisation of the mouse Surfeit locus.

The mouse Surfeit locus was originally identified as the result of an experiment designed
to identify sequences with the properties of enhancers (Fried et al., 1983; Williams and
Fried, 1986a). It consists of a cluster of six genes (originally named Surf-1 to -6) and a
partial processed pseudogene within approximately 45 kb of genomic sequence on the
proximal arm of mouse chromosome 2 (Williams ef al., 1988; Huxley and Fried, 1990b;
Stubbs et al., 1990; Garson et al., 1995). Because it was later shown to encode the
ribosomal protein L7a (rpL7a) (Giallongo et al., 1989), the Surf-3 gene will hereafter be
referred to as the Surf-3/rpL7a gene. The relative spatial organisation and very tight
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clustering of the genes was found to be particularly unusual and is so far unique (Fig.
1.1A). The direction of transcription of the Surf-1, to Surf-5 genes alternate with respect to
their immediate neighbours, and the maximum distance separating any two of these five
genes is 159 bp. Unusually, the 3' ends of the Surf-2 and Surf-4 genes overlap by 133 bp.
Although the mouse Surf-6 gene appears more peripheral to these five central genes and is
transcribed in the same direction as the Surf-5 gene, the identification of a partial processed
pseudogene within the ~2.4 kb intergenic region between the Surf-6 and Surf-5 genes
maintains the complexity of the region and the alternating direction of the genes (Garson et
al., 1995).

The 5' ends of each of the Surfeit genes are associated with CpG islands (Fig. 1.1A) and
are expressed in all tissue types tested (Williams et al., 1988; Garson et al., 1996;
Magoulas and Fried, 1996). These features are consistent with the Surfeit genes being
housekeeping genes. Like many other housekeeping genes, the promoters of all six Surfeit
genes do not contain a TATA box element (which determines the single transcriptional start
site of many genes) and consequently they mostly possess multiple transcriptional start sites
(Williams and Fried, 1986a; Huxley and Fried, 1990b; Huxley and Fried, 1990a; Garson et
al., 1995). An exception is the Surf-6 gene for which only a single transcriptional start site
has so far been identified (Magoulas and Fried, 1996). This may be due to the presence of a
possible TdT initiator element within its promoter region.

Whilst CpG islands are clustered within the Surfeit locus, the neighbouring island on the
Surf-6 side is located some S00 kb distant and that on the Surf-4 side some 100 kb distant
(Huxley and Fried, 1990b). Since CpG islands are often associated with the 5' ends of
genes (Bird, 1987; Cross and Bird, 1995), it might be assumed that these islands mark the
5' end of one or more genes. These putative genes, unless large, would probably be too
distant to represent additional members of the Surfeit locus. The possibility that tissue-
specific genes not associated with CpG islands are present between these flanking CpG
islands and the Surfeit locus cannot, however, be ruled out.

Sequence comparisons between each of the six Surfeit genes and their conceptual or
characterised protein products have revealed that they are not related at the DNA or amino
acid sequence level. Additionally, their products, although of comparable sizes, appear not
to be related at the level of predicted secondary or tertiary protein structure. It is therefore
predicted that the Surfeit locus did not arise by gene duplication. Searches of the public
~ DNA and protein databases have additionally revealed that they are not homologous to any
other currently known genes (other than their own gene homologues in other species).

1.5.2 Conservation of the Surfeit locus in higher vertebrates.

The organisation of the Surfeit locus is completely conserved in human (Fig. 1.1B) with
the relative spatial arrangement of all six human Surfeit genes and their associations with
CpG islands being identical to those of the mouse genes (Duhig et al., 1998). Intergenic
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distances within the human Surfeit locus are also similar to those in mouse, but there is no
overlap between the human Surf-4 and Surf-2 genes. As in mouse, a processed
pseudogene is located between the Surf-5 and Surf-6 genes in human, but the human
pseudogene (a partial processed pseudogene of the ribosomal protein L21 gene) is not
related to the mouse pseudogene located in the comparable position (C. Magoulas -
personal communication). The human Surfeit locus has been mapped by FISH distal
(telomeric) to the human c-abl (ABLI) and can (CAN) oncogenes at chromosome band
9q34.1 (Yon et al., 1993). The ABO locus is located approximately 40 kb centromeric to
the Surfeit locus (Duhig et al., 1998). Conserved clustering of three of the Surfeit genes
(Surf-1, Surf-2 and Surf-4) in other mammals (African green monkey and rat) has also
been demonstrated by genomic Southern blot analysis (Williams et al., 1988).

Several aspects of Surfeit locus structure have also been shown to be conserved in
chicken (Fig. 1.1C) (Colombo et al., 1992). The clustering and order of five of the Surfeit
genes (Surf-1 to Surf-5) is conserved in the chicken genome with the orientation of four of
the genes (Surf-1, Surf-2, Surf-3/rpL7a and Surf-5) additionally having been shown to be
conserved. The orientation of the chicken Surf-4 gene was not determined and the presence
of a chicken Surf-6 gene was not investigated. Association of the 5' ends of each of the
identified chicken Surfeit genes with a CpG island was also confirmed. Maximum distances
separating the chicken Surfeit genes were estimated by PCR and are comparable to those
separating the homologous human and mouse Surfeit genes.

Since the lineages giving rise to mammals on the one hand, and birds on the other,
diverged from their common reptilian ancestor approximately 300 million years ago, the
overall organisation of the Surfeit locus appears to have been conserved over 600 million
years of divergent evolution (Colombo et al., 1992). Although, as indicated above, little is
known about the extent to which synteny and gene linkage are conserved between
mammals and birds, conservation of locus structure over this evolutionary period has been
tentatively interpreted as providing possible evidence that the overall clustering of the
Surfeit genes and/or the specific order and orientation of the genes within the cluster is
biologically significant among higher vertebrates at least. In light of the known examples of
conserved gene clusters, conserved clustering of the Surfeit genes could reflect that they are
functionally-related and/or that the specific organisation of the genes within the Surfeit
locus might enable their expression to be co-regulated.

1.5.3 Do the Surfeit genes encode functionally-related proteins?

Since their initial identification as transcripts associated with CpG islands, the mammalian
Surfeit genes have been thoroughly characterised and characterisation of some of their
encoded products is well advanced. The known characteristics of each Surfeit gene product
are summarised below.
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Surf-1: The product of the major Surf-I transcript (mouse Surf-I primary transcripts
undergo alternative splicing - Williams and Fried, 1986a) had not been characterised
extensively when this project was initiated. Recently a Surf-I gene homologue has been
identified in S. cerevisiae that has been shown to encode a mitochondrial inner membrane
protein involved in respiration (Mashkevich et al., 1997). This will be discussed in more
detail in Chapter 6.

Surf-2: The product of the major Surf-2 transcript (mouse Surf-2 primary transcripts
undergo alternative splicing near their 5' end - Williams and Fried, 1986a) has not been
characterised extensively but may be cytoplasmic and may associate with multiple other
proteins (A. Giallongo - personal communication).

Surf-3/rpL7a: The Surf-3/rpL7a gene, as previously mentioned, encodes the ribosomal
protein L7a (rpL7a) (Giallongo et al., 1989) and is the single expressed intron-containing
member of a gene family consisting predominantly (or possibly wholly) of multiple (15-30)
processed pseudogenes (Huxley et al., 1988; Davies et al., 1989). The gene is highly
expressed and its transcripts constitute ~0.1% of total poly(A) mRNA (Williams et al.,
1988). More recently it has been reported that rpL7a inhibits transactivation by the thyroid
hormone receptor and retinoic acid receptor by interfering with their abilities to interact with
their DNA response elements (Burris et al., 1995). This represents a putative extra-
ribosomal function of rpL7a - a feature not uncommon among ribosomal proteins (Wool,
1996).

Surf-4: The Surf-4 gene encodes a highly conserved polytopic integral membrane protein
which has been predicted to possess 7 transmembrane domains. Immunofluorescence
assays suggest that the Surf-4 protein may reside in the endoplasmic reticulum (ER)
(Reeves and Fried, 1995). Conservation of a C-terminal di-lysine ER-retrieval motif
(KKXX) (Teasdale and Jackson, 1996) supports this localisation even though the motif
might be redundant in the mouse protein (Reeves and Fried, 1995). The function of the
protein is not known.

Surf-5: Two Surf-5 mRNAs are produced as a result of differential splicing of the primary
transcripts of the Surf-5 gene in mouse and human (Garson et al., 1995; Garson et al.,
1996). The longer transcript is ubiquitous and encodes a highly conserved acidic 140 amino
acid protein - Surf-5. The smaller transcript displays a more restricted tissue distribution, is
less well conserved, and encodes a 200 amino acid protein - Surf-5b. The two proteins are
identical over their first 137 amino acids and both proteins have been shown to reside in the
cytoplasm (Garson et al., 1995; Garson et al., 1996). Recent work, however, suggests that
this may not be their exclusive localisation. Western blot analysis appears to indicate that a
fraction of each protein may also localise to the nucleus (J. Gilley - unpublished results). A
two-hybrid screen has been performed for the Surf-5/Surf-5b proteins but has failed to
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identify any interacting proteins due to an inherent ability of the proteins (or fragments of
them) to act as transcriptional activators in the screen (J. Gilley - unpublished results).

Surf-6: The mouse Surf-6 gene encodes a novel 355 amino acid protein that displays an
exclusively nucleolar localisation, predominantly in the granular component involved with
ribosome maturation (Magoulas and Fried, 1996). This predicts a nucleolar function.
Additional work has additionally revealed that the protein is a component of the nucleolar
matrix and has a strong affinity for nucleic acids in vitro (Magoulas et al., 1998). This is a
property shared with many other nucleolar proteins. Whether this capacity is also
significant in vivo is not known. It has been suggested that the Surf-6 protein might be a
structural protein or a protein that associates with other nucleolar matrix structural elements
and could interact with rRNA or other nucleolar RNAs (Magoulas et al., 1998).

Whilst many of the Surfeit proteins have been characterised fairly extensively, data
regarding cellular function is still scarce. It is therefore difficult to assess whether most of
the genes are functionally-related or not (especially if the relationship is subtle), although it
is now seems clear that the Surf-3/rpL7a and Surf-1 genes do not encode functionally-
related products. The only suggestion of a functional link involves the Surf-3/rpL7a and
Surf-6 genes. The Surf-6 protein is likely to function within the nucleolus which is the site
of ribosome biogenesis (rpL7a being a component of the ribosome). Any interaction
between the Surf-6 protein and rpL7a might, however, be expected to be very transient.

It is obvious that further functional analysis is required, and for this reason homologues
are being sought in lower organisms, such as S. cerevisiae, that are amenable to genetic and
biochemical manipulation which should theoretically facilitate functional analysis.

1.5.4 Does Surfeit gene clustering underlie regulatory interactions between
the genes?

The presence of a possible LCR-like element within the Surfeit locus might be predicted
to be unlikely. All the LCRs found in the gene clusters described above (Sections 1.3.1 and
1.3.2) confer tissue-specific expression upon the clustered genes by remodelling chromatin
to a more open and transcriptionally-accessible form only in those tissues in which the
genes are expressed. The Surfeit genes all appear to be ubiquitously expressed, suggesting
that chromatin surrounding the genomic region containing the Surfeit locus is constitutively
accessible to the transcriptional machinery (possibly due to the high density of CpG islands
and their associated more open chromatin structure - Tazi and Bird, 1990). Inspection of
the specific gene organisation within the Surfeit locus, specifically the small intergenic
distances and the alternating direction of transcription of the genes, suggests that possible
co-regulation of their expression could be mediated by more localised molecular interactions
between the genes. As a consequence of the Surfeit genes being housekeeping genes and
there being no evidence that their expression is differentially regulated through the cell cycle
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(Huxley, 1989), such interaction might only be expected to influence the relative expression
levels of the genes.

Bi-directional promoters.

Two pairs of Surfeit genes, the Surf-5 and Surf-3/rpL7a genes and the Surf-1 and Surf-2
genes, are divergently transcribed with their 5' ends being separated by less than 159 bp in
both mouse and human and similar distances in chicken (Fig 1.1 - Huxley and Fried,
1990b; Colombo et al., 1992; Duhig et al., 1998). These regions also each reside within a
CpG island. For these reasons the intergenic regions between these genes were therefore
seen as potentially containing bi-directional promoters (see Section 1.3.2).

Extensive characterisation of the region between the mouse and human Surf-1 and Surf-2
genes has identified multiple bi-directional, cis-acting elements which confirms its status as
a bone fide bi-directional promoter (Lennard and Fried, 1991; Gaston and Fried, 1994;
Lennard et al., 1994; Gaston and Fried, 1995a; Gaston and Fried, 1995b). Three cis-acting
elements with bi-directional properties that bind ubiquitous cellular factors have been
identified in mouse and human, although only two of the elements are conserved between
the two species and the third is different. Only one of these elements is an SP1 binding site
and this is found exclusively in human. A fourth element within the Surf-1-Surf-2
intergenic region is predominantly Surf-I-specific. The regulatory influence of this bi-
directional promoter on expression of the Surf-1 and Surf-2 genes has been difficult to
assess as a result of their being housekeeping genes and the fact that the bi-directional
elements bind ubiquitous factors. No obvious co-ordinated induction or repression has
been observed.

Similar characterisation of the region between the mouse and human Surf-3/rpL7a and
Surf-5 genes has failed to confirm the existence of bi-directional elements and it is therefore
possible that the region between these genes contains two essentially independent
promoters that are in extremely close proximity to one another or that might overlap to some
degree but nevertheless have still retained their gene-specificity (C. Owen - personal
communication). It therefore may not represent a bone fide bi-directional promoter.

Transcriptional interference.

Transcriptional interference can possibly occur at two levels. In the first instance,
elongating RNA polymerase II complexes simultaneously transcribing two convergent
genes might destabilise each other and result in a reduction or total inhibition of
transcription in one or both directions. Secondly, in a phenomenon commonly known as
promoter occlusion, progression of an elongating RNA polymerase II complex through the
promoter region of another gene results in its inhibition by displacing the bound
transcription complex assembled at that promoter. The very close proximity of the
convergent Surf-1 and Surf-3/rpL7a genes and Surf-2 and Surf-4 genes (overlapping in
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mouse - Fig 1.1) combined with the small size of the Surf-I1, Surf-2 and Surf-3/rpL7a
genes (each being ~2.5-4 kb) suggests that both forms of transcriptional interference could
occur in the mouse Surfeit locus.

Destabilisation of converging RNA polymerase I complexes is most likely and might be
particularly relevant between the Surf-3/rpL7a and Surf-1 genes due to the presumed
different strengths of their promoters (Surf-3/rpL7a transcripts represent ~0.1% of total
cellular poly(A) mRNA as measured by Northern blot analysis whereas Surf-1 transcripts
constitute only ~0.005-0.01% - Williams ef al., 1988). It is therefore conceivable that
positioning of Surf-1 downstream of the highly transcribed Surf-3/rpL7a gene enables
Surf-1 transcription to be maintained at low levels. A similar phenomenon may also occur
between the Surf-2 and Surf-4 genes although their transcript levels (0.02 and 0.005-0.01
respectively) do not vary as much. That promoter occlusion might occur in the Surfeit locus
is less likely but nevertheless possible. Promoter occlusion has only so far been
demonstrated between adjacent independent promoters of the same gene (Adhya and
Gottesman, 1982; Corbin and Maniatis, 1989) or at promoters immediately 3' to an
upstream transcription unit (Cullen et al., 1984; Greger et al., 1998). For promoter
occlusion to occur in the Surfeit locus, the RNA polymerase II complexes transcribing one
gene will have to run on through the complete length of the adjacent, convergently
transcribed gene to have such an effect.

In the case of the Surfeit genes, both phenomena rely upon the RNA polymerase II
complexes continuing elongation for significant distances 3' to the polyadenylation signals
of the genes. Whilst this has been shown to occur for some genes (Proudfoot, 1989), it has
also been shown that strong poly(A) signals or transcriptional pause sites can very
efficiently terminate transcription (Enriquez-Harris ef al., 1991; Eggermont and Proudfoot,
1993). If such elements are present at the 3' ends of the convergent Surfeit genes then both
types of transcriptional interference might be prevented. The regulatory influence of these
phenomena are likely to be more relevant in the case of nested genes or other intimate gene
arrangements (e.g. at the human locus encoding p16 and p19*** - Haber, 1997).

Antisense regulation.

In mouse, the transcription units of the Surf-4 and Surf-2 genes overlap by 133 bp. The
most 3' 133 nucleotides of the longest and most abundant poly(A)-tailed Surf-4 mRNA (the
different sized mRNAs being the result of alternative polyadenylation signal usage - Huxley
and Fried, 1990b) can therefore potentially form an RNA duplex with the most 3' 133
nucleotides of the mature transcripts of the Surf-2 gene (Williams and Fried, 1986b).
Whilst this overlap is not conserved in human, similar duplexes might form between the
overlapping 3' ends of their unprocessed primary transcripts if transcription of each gene
continues past its poly(A) signal (see above). This might also occur between the
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unprocessed primary transcripts of the mammalian (and possibly chicken) Surf-1 and Surf-
3/rpL7a genes.

Regulation of gene expression by production of antisense RNAs is common in
prokaryotes (Green et al., 1986) and viral genomes (Michael et al., 1994; Prang et al.,
1995). In each of these cases antisense RNAs down-regulate expression of the sense
transcript. Production of antisense RNAs is now a common method for inhibiting the
activity of a gene in eukaryotic tissue culture cells following the early demonstration of its
effectiveness (Izant and Weintraub, 1984) and recently several examples of naturally
occurring antisense RNA transcripts have been reported in eukaryotes that can have
regulatory effects on gene expression at many levels (reviewed by Vanhee-Brossollet and
Vaquero, 1998). It is therefore possible that formation of double-stranded RNA between
mature or unprocessed Surfeit gene transcripts might influence gene expression via a
number of mechanisms including, altering the stability of the RNAs, affecting their
transport from the nucleus, or modulating their translation.

In addition to the mouse Surf-2 and Surf-4 genes, there are several other examples of
overlapping transcription units in eukaryotic (including vertebrate) genomes. These include
the homologous human ERCC-1 and yeast RADI0 loci (van Duin et al., 1989), the
Drosophila dopa decarboxylase locus (Spencer et al., 1986), the rat thyroid/steroid
hormone locus (Lazar et al., 1989), a locus adjacent to the a-globin locus (Vyas et al.,
1992), and overlap between genes encoding a human protease and a protein serine kinase at
the chromosome 16 locus mentioned above (Larsen et al., 1993). It might therefore be
possible that such a gene organisation provides a regulatory or functional advantage. It
should, however, be noted that, with the exception of the thyroid/steroid hormone locus
where the genes are the result of a duplication, there is no evidence that this arrangement is
common among functionally-related genes. Regulatory significance of the overlapping
transcripts at the Drosophila dopa decarboxylase locus has been implied based on the
observation that high levels of each of the overlapping transcripts never occur together in
the same tissue type in the mature adult (Spencer et al., 1986). In addition, it has been
postulated that overlapping transcription at the rat thyroid/steroid hormone locus could be
important in the alternative processing of the primary transcripts of one of the genes (Lazar
et al., 1989). Similar effects are not apparent in the Surfeit locus as there is neither an
obvious negative correlation between high levels of Surf-2 and Surf-4 transcripts (or Surf-1
and Surf-3/rpL7a transcripts) in different cell types, nor of the relative proportions of
alternatively processed transcripts (Williams and Fried, 1986b).

To date, therefore, the only proven example of regulatory interaction between genes in the
Surfeit locus involves the sharing of bi-directional promoter elements by the Surf-I and
Surf-2 genes. In other cases, the particular gene arrangements might underlie further
positive (sharing of regulatory elements) or negative (transcriptional interference or
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antisense regulation) regulatory interaction, but this has yet to be proven. Other, as yet, not A
understood regulatory events might also be involved. The existence of such regulatory
interactions would, however, be consistent with the evolutionary conservation of the
specific organisation of the genes within the locus (even in the absence of functional
relationships) since disruption of the specific gene linkages might have a deleterious effect
upon expression of one or both genes (either as a result of up or down-regulation).

1.5.5 The Surfeit genes are not clustered in Drosophila and C. elegans.

Whilst Surfeit locus organisation has been shown to be conserved among higher
vertebrate species, more recent investigations have revealed that the Surfeit genes are
dispersed in two invertebrate genomes (Armes, 1995; Armes and Fried, 1995; Armes and
Fried, 1996). To date homologues of four of the Surfeit genes have been identified in
Drosophila (Surf-1, Surf-3/rpL7a, Surf-4 and Surf-5) and homologues of all but one (Surf-
2) have been identified in C. elegans, either as the result of experimental work or database
homology searching. There is additionally some evidence for the existence of two closely
linked Surf-3/rpL7a gene homologues (Armes and Fried, 1996) and two dispersed Surf-4
gene homologues in the C. elegans genome. All the genes that have currently been assigned
a genomic location map to different chromosomes (Armes and Fried, 1996).

These results suggest that Surfeit gene clustering is not an absolute requirement in
invertebrate species and that the completed Surfeit locus may have formed at some stage
during vertebrate evolution. Whilst this indicates that the Surfeit locus is not an example of
a very highly conserved gene cluster like the Hox gene clusters or the histone gene clusters,
it does not necessarily imply that clustering of the Surfeit genes in vertebrates is not
biologically significant and does not provide a selective advantage.

1.6 The initial aim of this study.

The initial aim of this study was to extend the evolutionary analysis of the Surfeit locus
(in light of the invertebrate analysis) to a vertebrate species more distantly related to
mammals than are birds. In this way it was hoped that the significance of Surfeit gene
clustering in vertebrates could be further assessed and the origins of the cluster could be
better understood. The Japanese puffer fish Fugu rubripes was chosen for the analysis for
the reasons outlined in Chapter 2. This thesis describes the results of this analysis and a
number of additional investigations that evolved from it.

Attempts to elucidate the cellular role of the Surf-4 gene by analysis of its S. cerevisiae
gene homologue are also described.
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CHAPTER 2.

Analysis of the Surfeit genes in the genome of Fugu rubripes.

2.1 Introduction.

As outlined in Chapter 1, previous evolutionary studies have shown that the highly
ordered clustering of the Surfeit genes found in mouse (Huxley and Fried, 1990b) is also
conserved in human and chicken (Colombo et al., 1992; Yon et al., 1993) but is not
conserved in the invertebrates Drosophila and C. elegans (Armes and Fried, 1995; Armes
and Fried, 1996). The aim of this chapter is to extend this evolutionary analysis by
identifying Surfeit gene homologues in the genome of the Japanese puffer fish Fugu
rubripes and investigating their relative linkage relationships. This should be highly
informative as far as linkage of the Surfeit genes is concerned because the lineage giving
rise to tetraodontoid fish (such as Fugu) diverged from the mammalian and avian lineages
approximately 450 million years ago (Powers, 1991), a point mid-way between the
divergence of the mammalian and avian lineages some 300 million years ago and the
divergence of the vertebrate lineage from the invertebrate lineage some 600 million years
ago (Strickberger, 1989).

Fugu was chosen ahead of other fish species for this analysis due to a number of reported
characteristics of its genome that make it an ideal vertebrate species for comparative
genomic studies (Brenner et al., 1993). At 400 Mb its genome represents one of the
smallest vertebrate genomes characterised to date (some 7.5 times smaller than the ~3000
Mb human genome) but it is nevertheless predicted to possess a complement of genes that
is similar to that of other vertebrates. The reduced size of the Fugu genome is primarily
attributable to the presence of less repetitive DNA (especially dispersed repetitive DNA
elements) and much smaller average intron sizes compared to other vertebrates.
Additionally, reports at the time suggested that the intron/exon organisation of homologous
Fugu and mammalian genes might generally be conserved (Baxendale et al., 1995). All
these features should greatly simplify the identification and subsequent analysis of Fugu
genes.

Some of the work in this Chapter was performed in collaboration with a previous student
in the laboratory, Niall Armes. In particular, Niall performed many of the initial library
screens, much of the analysis of the Fugu Surf-4 gene and part of the analysis of the Fugu
Surf-5 gene (Armes, 1995). The Fugu Surf-2 and Surf-6 genes were identified by myself
after Niall had left the laboratory.

2.2 Screening of a Fugu cosmid library with Surfeit gene probes.

A robotically spotted cosmid library of Fugu genomic DNA sufficiently complex to cover
four genomes (representing an early subset of the HGMP-RC Fugu cosmid library used in
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later screenings - see Materials and Methods) was screened with radioactively-labelled
cDNA inserts of the six mouse and/or human Surfeit genes at reduced stringency (58°C,
washed to 0.8 x SCC, 0.1% SDS). Each of the six mammalian Surfeit gene probes
hybridised to several cosmid clones. All clones (excluding known contaminants) were
picked and subjected to a secondary screen (using colony blotting - see Materials and
Methods). Clones that did not grow, or failed to hybridise to the probe during the
secondary screen (possible spotting or picking errors), were not pursued further.

It was initially noted that none of the cosmid clones had hybridised to more than one of
the Surfeit gene probes during the initial library screen. Before conclusions about the
linkage status of the Surfeit genes in the Fugu genome could be drawn from this result, it
was first necessary to determine whether the cosmids contained true Surfeit gene
homologues rather than spurious cross-hybridising sequences, and then to determine
whether any cosmids contained additional Surfeit gene homologues which were not picked
up during the initial library hybridisation due to poor DNA sequence conservation.

2.3 Southern blot analysis of candidate cosmid clones.

Candidate cosmid DNAs were isolated, digested with selected restriction endonucleases,
separated on 1% agarose gels, and their restriction patterns compared. No two cosmids that
were isolated with different Surfeit probes produced similar restriction patterns. A similarity
between the restriction patterns of two candidate Surf-6 cosmids indicated that they
probably contained overlapping inserts. Southern blots of the digested cosmid DNAs were
subsequently hybridised to the Surfeit probe with which they had initially been identified.
Hybridisation and subsequent washing of blots was performed as for the initial library
screen and secondary screens. Results of these Southern blot analyses are shown in Fig.
2.1A. Hybridising fragments were cloned and sequenced in their entirety following
additional subcloning, or by designing insert-specific oligonucleotide sequencing primers
from previously obtained sequence (see Appendices A-C).

The Fugu cosmids in this study are all named using the nomencalture suggested for the
expanded HGMP-RC Fugu cosmid library. Cosmids constituting the early library have a 1
prefix and those added to make the expanded library generally have a O prefix (see below).

2.3.1 Candidate Surf-1, Surf-2 and Surf-6 cosmids.

Blots of candidate Surf-1, Surf-2 and Surf-6 cosmids were probed with full-length
mouse Surf-1, Surf-2 and Surf-6 cDNAs respectively and hybridising restriction fragments
cloned and sequenced. These were a 2.1 kb Pstl/EcoRI fragment of cosmid 117J22 (Surf-
1), a 1.9 kb PstI fragment of cosmid 118E08 (Surf-2), and a 1.3 kb PstI fragment common
to both 134D10 and 192F22 (Surf-6) (Fig. 2.1A). Sequences were identified in each clone
that displayed enough homology to the probes used to account for the hybridisation signals
observed (~20-30 bp of near identity in each case with the 28 bp Surf-2 probe homology

50



>6J7

KL

D +

Ko
Lrrrr i

+KC7

$J

<,9 TM9
DN+

9@9 OJP

-0

-0E #Q@ >
D +
[>,9 =WW
>0

F$
AN+
D + K#65R#

#

KT U DH+
D +

09 OI%
-00

8$
DV9 K +°
D +

>0F

M/,9 [M9
D+
[6P,9"=jW[!
F ow

< PO

-~ O =

3w

9 >
‘@9

[+
&5

# 9
# D



repeated >5 times in the cosmid 118E08 subclone). These did not represent true homology
to the gene of interest and therefore these cosmids were not analysed further.

2.3.2 Candidate Surf-3/rpL7a cosmids 186H17 and 194D10.

186H17 was the only cosmid clone to produce a positive signal with a full-length mouse
Surf-3/rpL7a cDNA probe during the initial library screens. In both the initial library screen
and secondary screen the hybridisation signal produced by this cosmid was noted to be
extremely weak. This was initially somewhat discouraging since the Surf-3/rpL7a gene is
very highly conserved. Furthermore, whilst the mouse Surf-3/rpL7a probe hybridised to
specific restriction fragments in each of the four different digests on the blot of cosmid
186H17 DNA (Fig. 2.1A), these did not correspond to any of the bands seen on the
ethidium bromide-stained agarose gel prior to blotting. Re-isolation of cosmid 186H17
revealed that the well from which it had originally been picked contained a mixture of two
cosmids, of which the cosmid accounting for the hybridisation signal was in the minority,
suggesting that the bacterial colony initially chosen for analysis was most probably a mixed
colony containing both cosmids. A second Fugu cosmid (194D10) that hybridised to the
Surf-3/rpL7a probe was identified during the re-isolation of cosmid 186H17. Restriction
digests suggest that cosmids 186H17 and 194D10 overlap by 15-20 kb (see below).

Positively hybridising 1.7 kb and 3.2 kb EcoRl/BamHI restriction fragments (Fig. 2.1A)
of the re-isolated cosmid 186H17 were cloned and sequenced in their entirety. Combined,
these two subclones were shown to contain sequences that are highly homologous to the
whole Surf-3/rpL7a gene with the exception of the small first exon. The 3.2 kb subclone
was additionally shown to contain sequences homologous to the last 7 exons (exons 3 to 9)
of the Surf-1 gene.

2.3.3 Candidate Surf-4 cosmid 139G11.

A full-length mouse Surf-4 cDNA clone was used to probe the blot of candidate Surf-4
cosmid 139G11. The probe hybridised strongly to a single 3.2 kb Spel restriction fragment
(Fig. 2.1A) which was cloned and sequenced in its entirety. This subclone was shown to
contain sequences that are highly homologous to the last 5 exons (2-6) of the Surf-4 gene.

2.3.4 Candidate Surf-5 cosmid 177E10.

The 3' end of a human Surf-5 cDNA clone was used to probe the blot of candidate Surf-5
cosmid clone 177E10. The probe hybridised to a single restriction fragment in each of the
four digests (Fig. 2.1A). The 750 bp PstI fragment was cloned and sequenced in its
entirety and was shown to contain sequences that are homologous to the 3' portion of exon
1, the whole of exon 2, and the 5' portion of exon 3 of the Surf-5 gene.
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2.3.5 Additional analysis of cosmids 139G11, 177E10 and 186H17.

The blots of the cosmids containing true Surfeit gene homologues were next screened
with all of the other Surfeit gene probes to determine whether these cosmids contained
additional Surfeit gene homologues that had not been picked up during the initial library
screens or subsequent analyses. Positive results of these screens are shown in Fig. 2.1B. A
mouse Surf-2 cDNA probe hybridises to several restriction fragments on a blot of Psfl
digested cosmid 139G11 DNA (Fig. 2.1B). The strongest hybridising band, a 520 bp Psfl
fragment, was cloned and sequenced in its entirety and was shown to contain sequences
that were homologous to part of exon 2 and the whole of exon 3 of the mouse Surf-2 gene.
In addition, a mouse Surf-6 cDNA probe hybridises to one or more restriction fragments in
each lane on a blot of cosmid 186H17 DNA (Fig. 2.1B). The strongly hybridising 1.8 kb
HindIll fragment was cloned and sequenced in its entirety and was shown to contain
sequences that were homologous to the last two exons (exons 4 and 5) of the mouse Surf-6
gene.

2.4 Structure of the Fugu Surfeit genes.

In order to determine the complete coding sequence of each of the six Fugu Surfeit gene
homologues, additional sequence was sought upstream and downstream of that identified
above by performing additional Southern blot analysis and subcloning of cosmids 139G11,
177E10 and 186H17 (subclones generated throughout the analysis of these cosmids are
illustrated in Appendix A, B and C; sequencing primers used are also shown and are listed
in Appendix G). The putative intron/exon organisation of each of the six Fugu Surfeit gene
homologues within their coding regions was initially deduced by comparing Fugu
sequences with the corresponding mammalian Surfeit genes and their translation products.
Where poor conservation made prediction of gene structure difficult or impossible, exon
boundaries were determined by comparison with regions of Fugu Surfeit gene cDNAs
amplified by PCR from a pre-made Fugu 5'-STRETCH PLUS cDNA library (Clontech)
using a gene-specific primer (see below) with the library vector-specific primer CDNASI1
for the amplification of the 5' ends of clones and CDNAS?2 for amplification of the 3' ends
of clones (primers are listed in Appendix G). Small poly(A)-tailed cDNAs isolated for some
of the Fugu Surfeit genes during the cDNA enrichment procedure described in Chapter 3
allowed additional confirmation of gene structure over the 3' ends of some of the genes.

2.4.1 The Fugu Surf-1 gene.

The complete sequence of the Fugu Surf-1 gene is shown in Fig. 2.2. Comparison with
the mouse and human Surf-1 genes suggests that the Fugu Surf-I gene possesses an
identical intron/exon structure to its mammalian counterparts from a position corresponding
to the middle of the third mammalian exon to the termination codon. No homology to the
mouse Surf-1 gene was evident by comparison prior to this position. PCR amplification of
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gtgaacgagtcttaaaggggcggacgtcgaggcaccggaagaagtaacttcaaaaacattcccececctgttgacecggtggggt
gttatgta | 90
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CAGGAGGACTCTGCTGTCGAGAGTGACGGGATTCAAACGAACAGAAG
R R T L L 8 R V T G F K R T E
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tgcaggttactattttaataacgacacaaataaagggttaaaaatggaataatacaaacagaatgtaggaacagccagaatcacgtcate 450
atcatcatactttacgtactagcttgtctgatgtgattttttttttaatgtgatgtataaaaaaaatataagtcttcatgaattatttgt 540
actgtgagttaacag
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gtaagtatgtatcacactttgggtggatagtggattatacaaagaaataagcagaattata 900
tcccagcaaatgattaaggtctatcacctaaatgtgaatattttaagtttaatgccatattaactgaactgaagaageccttctggataga 990
aggcgaaacgtcttcaaagagaagaaacacagtccagttgacagagaaaactaccttggaaatgtcattgtcaagaaaatcattatatac 1080
agtgcgtgtatagttgacgcataacactaatgtacaggecctgecttgtcacccttctetttgaatectag
TCCTGCTGAGCTTAGCAGCTT | 1170
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GGAGTACAGAAGGGTGAAAATGCGTGGAAAATACGATCACTCCAAGGAGCTGTACATTCTGCCCCGCTCACCAGTCGACCCTGAGAAAGA | 1260
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GGCCAGGGAGGCGGGCAGATTGTCTTCAAGTGGAGAGACTGGTGCCAATGTCATCACTCCATTCCACGTCACTGATCTGGG
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gtaagaggg 1350
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taatcaaatggcattcttgatccttaaagcaaacggtctccaatgaatacagcagttacaattacagtagacctacagagagcttctcta 1710
ttgtgcag
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GCAGCACAGTTCCTGGTGGCCCCATTGGAGGACAGACCAGGGTCACACTGAGGAACGAACACATGCAGTACATAGTAACATG | 2070
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attgaacattttggtgggatgtcttgtgttgte 2250

Fig. 2.2. Nucleotide sequence of the Fugu Surf-1 gene.

The locations of intron/exon boundaries were initially deduced from splice site consensus
sequences and the structure of the mammalian Surf-1 genes. Exons are boxed and putative
coding sequences are shown in uppercase letters. All other sequence is shown in lowercase.
Conceptual translation of the exon coding sequences is given in single letter code (bold
typeface) below the sequence (* represents translation termination). The 5' end of the first
exon was determined from a PCR-amplified cDNA fragment which also confirmed the
exon boundaries flanking the first seven introns (see text). The position and orientation of
the gene-specific primer FISHSU1SEQCH used to generate this PCR fragment is depicted
by an arrow below nucleotides 2015-2033 in this sequence. The 3' end of the gene was
determined from three short poly(A)-tailed cDNA clones isolated in Chapter 3 which also
confirmed the exon boundaries flanking the last intron (the 5' end of the longest of these
cDNAs corresponds to nucleotide 1428). Two near-consensus overlapping polyadenylation
signals located 4-10 nt 5' of the termination codon are boxed and shaded.
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the 5' end of a potentially full-length Fugu Surf-1 cDNA, from a primer located within the
putative Fugu exon corresponding to mouse exon 8 (see Fig. 2.2) to its extreme 5' end,
subsequently allowed identification of the 5' end of the gene. Like the mammalian Surf-1
genes, the Fugu Surf-1 gene is predicted to possess 9 coding exons. The PCR-generated
cDNA clone also confirmed intron/exon boundaries up to the eighth exon. The first two and
half exons of the Fugu Surf-1 gene are so dissimilar to those of the mammalian genes that it
is difficult to directly compare the positions of the first two introns but they do occur in the
same codon position (phase) in all the species.

The theoretical translation product of the Fugu Surf-1 gene is predicted to start at the ATG
codon shown in Fig. 2.2 because it encodes the first methionine 24 bp downstream of an
in-frame termination codon in the PCR-derived Fugu Surf-1 cDNA clone described above.
Three short poly(A)-tailed Fugu Surf-I cDNA clones (Chapter 3) confirm the exon
boundaries flanking the last intron and indicate that one (or both) of two overlapping near-
consensus polyadenylation signals 4-10 bp 5' of its termination codon are used by the gene
(Fig. 2.2). The Fugu Surf-1 transcript is polyadenylated 19 or 20 nts 3' to these signals.

Fig. 2.3 shows an amino acid sequence alignment between the conceptual Fugu, mouse
and human Surf-1 proteins. Whereas most of the protein is very highly conserved between
mammals and Fugu, the region corresponding to exons 1 and 2 is highly diverged and
therefore may not be functionally important.

2.4.2 The Fugu Surf-2 gene.

The complete sequence of the Fugu Surf-2 gene is shown in Fig. 2.4. The Fugu Surf-2
gene was predicted, by comparison with the mouse and human Surf-2 genes, to possess an
intron/exon structure that is identical to its mammalian counterparts spanning all six coding
exons. PCR amplification of the 3' end of a Fugu Surf-2 cDNA, from a primer located
within the fifth Fugu Surf-2 coding exon to its poly(A) tail (see Fig. 2.4), confirms the
exon boundaries flanking the last intron (which were difficult to predict by comparison) and
indicates that the gene might use any one of three near-consensus polyadenylation signals
located 12-29 bp 5' to the site of poly(A) addition. The Fugu Surf-2 gene is the least
conserved of the Fugu Surfeit genes at the DNA level, which probably accounts for the
initial difficulty in detecting the gene by hybridisation.

Fig. 2.5 shows an amino acid sequence alignment between the conceptual Fugu, mouse
and human Surf-2 proteins. The C-terminal region is least well conserved.

2.4.3 The Fugu Surf-3/rpL7a gene.

The complete sequence of the Fugu Surf-3/rpL7a gene is shown in Fig. 2.6. The Surf-
3/rpL7a gene is the most highly conserved Surfeit gene and it is therefore not surprising
that the structure of the Fugu Surf-3/rpL7a gene can be predicted entirely by comparison
with that of the other vertebrate homologues. Gene structure is conserved.
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gatttttttaagtctaagattgtgagttgtcatatgacctcagtcagtcagctgactgaaagcaatgtagaatcttgagaagattaaaat 90
cactacgtggacgaaaattatataattttgttatttagtatgacatgtattttataggacaaatgtgctgattagaataccgatcttgtt 180
tcctcactttgaccagtggagggcgtgcagacaacaaccatttccagctaaacgcacgtgtggacacatcctggactaaaatggtgtcat 270
tgacgagctgaaaaccccaaattttaagaa
ATGGACGAGTTACCCGTGGATCTTAAAGCTT TTCTCCTTAACCACCCTTTCCTTCAGCTT | 360
M D EL PV DL KAVP L L NHPUPF L QUL

ACAGATGGCAAAAAG
T D G K K

gttagcagattacagccgtaaatgagctacgtgatgctageccgtggtgectacttacttcaggaaccgagcaacga 450
ccctgtcaatgattgctagttttaatgectgcacggggectgaatcacgcaagtcatcatgttaaacgagccacgtttgtgecgttgttgtt 540
tccag

ATCAAGTGCACGCTAAACGGCCACGAGTTTCCGTGCAACCTGCAGGAGCTTGAGAAGT TCACTCAAGGGAAGAAGTATGAGAAGC | 630

I XK C TL NGHEUPFUPCNILUGQETLTZEIXKU FTOQGI KT K Y E K
TGAGGCCTGCTGCAGACTTCAACTACAGACAGTATGAGCCACATATCGTGGCAAGCACCAAGCAGCC
L R P A A D P N Y R Q Y E P H I V A 8 T K Q P

gtaagagctactgttccctattt 720
gcacggggggggggggggggcagacacctgtaattgtgtegtttgtttetecag

CAACCAGCTCTTCTGTAAACTGACCCTGAGACACCT | 810
N Q L P ¢ XL TLRUHL
CAACCGGCAGCCACATCACGTCCTGCGACATATTCACGGGAAACGTTTCAAGAAAGCCCTCTCCAAGT
N R Q P H HV L R HIHGXU RUPFI KUK ATL 8 K

gtcagtattgaaccagcagctt 900
cttattagaaatacccatcttactattttacggtaagttgtggtgtgcgtaggacgecccggegggactcgatgcaccttggeggcagggt 990
gctgttgectgcatcacaacattcactgggectggatectgaggatctgagcagacaggtgatctcacggcacctttgeccaattatggege 1080
tctccactaaacccagttgagctgagccatgagecggetccagtectccagtecctecagtcacgegacatcgeccagecetgecageggte 1170
gtagggctctggcagecgectecccaatgacagaaatgageccgttectggtecctgetgetggtttggtgecaggtctgetctgaatcctggeca 1260
tcagcgcatgttctagggtetectgtgggacccgactgaggttgtgggaacaaaaacacaaccgttggcaagggaaatccaacctgetgt 1350
cgtttttectecgecagetatttcatecctggecacttgtgcaactggttgacgggtectcatttectgetttag
ATGAGGACTGCGTGCAGAA | 1440

Y E D C V Q K
AGGGATTGAATTCATCCCAGCTCGACTCATGCAGAAGAGGCCCAAAGACGCCAGGGAGGAAGTCAGTCGGGGGAGGACCTCGAAGCAGGG | 1530
G I B * I P A RL M Q KR P X DARETETV S8 R GRT S8 K QG
CAACGGCACGTGGGCGCCCTCTTCGAGCGAGGAGGACGGCGACTCGGAGGACAGCATGAGTGACCTCTACCCCT
N @G T W A P 8 8 8 £E E D G D 8 E D 8 M 8 DL Y P

gtcagtcgctctaatt 1620
ccaagcaaacgcatcagtttaccgegtgttccggttcatttttggaacgttgtgctcccacag

CCCACCTATTCACGCTAAAAAGCCCCA | 1710

- 8 HL F T L K 8 P

CAGAAGCGACCACGGGGGGCGACGGGAATCAGGAGGAGGACGACTTCCACACGGACGATGGCGAGGACATGGAGGTGGACACGCCGGCGCT | 1800

T E A TT GG D GG NOQUZEZEDDUPF¥ HTD D GEDMMZEVYV DT P A
TGCAGAAACGCAAAAAA
L Q K R XK K

gtgcgcgtgagattgatcaacgttcactttgacggecggggggggggggattegeccgggaccececectgattgaat 1890
aacctgtaataacttgttgcag

GCGCAGGGTGGCGGAACGCAGAAGAAATTCCGAAATAACCACTGGAAATCTGGGCGGAAGAAACGTGG | 1980

A Q G G G T Q K K P R NNUHWIKXGS8GURIKI KT R G

GAGTGTGAAGTGAacgcctgaaaagcagtttgaggtggtgttgeccgtgtctaagectaacgaaagtttgtgtaaggaaccgtgttcaggee | 2070
8 v K *

gttcgtgtttectggttggtgttgagagaagttgtattttctgaccaagageccchatatadagaaafatacatcatagactee

actgag 2160
cctgtgttcctttattagcatggacagtatggatggttettttttagattectgtatattttagaaagtggettttccagttgetetgta 2250

Fig. 2.4. Nucleotide sequence of the Fugu Surf-2 gene.

The locations of intron/exon boundaries were initially deduced from splice site consensus
sequences and the structure of the mammalian Surf-2 genes. Exons are boxed and putative
coding sequences are shown in uppercase letters. All other sequence is shown in
lowercase. Conceptual translation of the exon coding sequences is given in single letter
code (bold typeface) below the sequence (* represents translation termination). The 5' end
of the first coding exon has not been determined and is shown only from the putative
ATG initiator codon. The 3' end of the gene was determined from a poly(A)-tailed PCR-
amplified cDNA fragment which also confirmed the exon boundaries flanking the last
intron. The position and orientation of the gene-specific primer FS2SEQI11 used to
generate this PCR fragment is depicted by an arrow above nucleotides 1741-1759 in this
sequence. Three near-consensus polyadenylation signals (two of which overlap) located
133-150 nts 3' of the termination codon are boxed and shaded.
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gctgtaagaatgagtaattatttctgagaaaaaagaataaacacaggccagegtttcactggeggttactgattccagaccggcaaaage 90
tacgtaaccacgttgcaggcagageggtatttcecgetacccagaatgecttolEECEtectLtcthcctgaaccgac
- ATG
M

gtgggtacata 180
ggatactttcctctegattttttgaagectgttttatctecttteccatecttgtgetgcagcaaagtcttgagtcagatattcgaccagatt 270
atttttagactgttgtttcaacgtgtaatgttaatattgtcagccgatcttgttcttttatgggataaaacttggttgtagtgacattag 360
cttagccggtetggatgcagtggagectgteggaagetagtgetagetggataaacgtgettgaattegegagttetttcagetttattt 450
gcgtegtttttggttgaatgtgaaatcattectatcaccttaacacaattgtggttgatatagtgacgectgtaaacatcgcatgtaaggg 540
tgtctgccagaggggttaatgcgatcataactagccggectaacatggaagttacttetgttetgtcgaatgtegtacgtgtagttgetgt 630
taagattttgttaatcaaagacgtgtctaatgcgaatttaaaatattacaaagcattgataagggactcatgccgtctttatagetectta 720
gaacatttaaatgcagtttgcctcatttattgtggegtacatttaacagaagggctataatgttcattttttattettgataaatacgtg 810
tttattggaccaattcagggaaatcagaataaataatccgagttgcttccaagcataagatgectaaaccaaggaatattcttgaattgtt 900
tcatgcaaatggcctaacttcacaagtttaccttaaatgactaaggaattgtgataaatgttgatgecttttcttcacag

CCCAAGGGAAA | 990

P XK G K
GAAGGCTAAGGGGAAGAAGGTGGCACCTGCCCCTTCTGTGGCCAAAAAACATGAGGCCAAAAAGGTGGTCAACCCCCTGTTTGAGAAAAG | 1080
K A K G K KV A P AP S8 V A K K- HE AT KI KV YVNUZPULUFEFUZEITIKR
GCCGAAGAATTTTGGCATCG
P K N F G I

gtaagttctcttcagttgtagagagacttaaagtgcatatgatgtaaacgaatatttgctatcttaatga 1170
cgatgatgacaatatcccaccaagatcgctgatgcacttcaggcttaaaagcagacagattgtcatatttgatatgatcactcectttgttg 1260
atgaattgctttttgcttttegag

GCCAGGATATTCAGCCAAAGCGTGATTTAACGCGCTTTGTCAAATGGCCTCGTTACATACGCCTGC | 1350
G Q DI Q P K RDILTURUPFV KWUPIRYTIURIL
AGAGGCAGCGCTCCATCCTCTACAAGCGTCTGAAGGTTCCCCCTGCAATCAACCAGTTTACCCAGGCTCTGGACCGCCAGACTG
Q R Q R 8 I L ¥ K R L K Vv P P A I NQ F T Q A L DU RIOQT

gtaatt 1440
ttaaaacgagtaatagggagactgaatttaattttaaatgttgcatttttgcaatttagttaatgggagatttatgttaacagctatgca 1530
accatatatttttttttaacttttattcgagattacaattctttgattatttttctggtttaaccaattgcacataacagctggatgggt 1620
tttaaccttattctttgatgttcag

CCACACAGCTGTTCAAGCTTGCCCACAAGTACAGACCAGAAACCAAGCAGGAGAARAAGARGAGG | 1710
ATQLPFKXKLAHEHEKTYRTPETZ KT QZET KT KK KR
CTACTGGCCCGTGCTGAGCAAAAAGCAGCTGGAAAGGGAGATGCTCCTACCARGAGGCCCCCTGTTCTCCGTGCAG
L L A RAEQKAAGTEKGDATPTUEK®REPPUVLRA

gttagttatacata 1800
agcctggtattgtattaatgtcaatgatggtaactcaacctcatctttactgtagtgatattgttgccatcatgtaatgtectttttccaa 1890
tgacgtactgattagtggtagatcataacttcatggccataatgcagtgatgacttgaatttcttcacctgaaaccttcagtgatgettt 1980
ttgagctttttaaccctgagcattggcccaaacccatgtaaaagccaagaaatatttggtctatgatgtctgaagagtgttgtectetet 2070
gtag

GTGTGAACACCATCACTTCACTGGTGGAAAACAAGAAGGCCCAGCTGGTCGTCATTGCCCATGATGTGGATCCCATCGAA
G vV N T I T 8 L VvV E N K KA QUL VvV v I A HD YV D P I E

gtatga 2160
agctttatttcagtgcaaatgaagtagttgaatttagaaaagcggtacctggcaatgatgtttgaatttcttcacctgaagtectctatgt 2250
agatcaaaacagacgcgcetttttaaccctgagcaggcaccaaagttcaagtettttecatcagtttgtectgttcaactactcacacttt 2340
catttttctgctttttcag

CTTGICATTTTCCTGCCAGCTTTGTGTCGTAAGATGGGTGTCCCATACTGTATCGTCAAAGGCAAGGCTAG | 2430
L VIPFLZPALTGCRIEKMGTYT®P?PZYCGCCTIUVEKTGTZ KA ATR
ACTGGGCAGACTGGTGCACAGGAAGACATGCACTTCCGTTGCCTTCACACAGACAAACCE
L GR LV ERJKTTCT SV APFT QTN P

gtaagtttacggtcaacgtgctaatactac 2520
agcatgatactgttgtgctaagaattatccatgggcaaaataacatttgtcattggggaattgatgtgtttcatcttggtttctgetgtt 2610
gacgagctttgttctttcag

TGAGGATAAAGGTGCACTTGCCAAGCTTGTGGAAGCCATCAAGACAAACTACAATGACAGATATGAGGAG | 2700
E D X G A L A KL V E AI XK TNJZYNUDURYTZETZE
gttggcactttcattctaactgatggtgaaacatttgcaacaagatggatcattctaactcttgattcttttttcag

ATCCGTCGTCACT | 2790
I R R H
GGGGTGGTGGCATCCTGGGTCCCAAATCCACAGCTCGTATCAACAAGCTTGAGAAGGCAAAAGCCAAGGAACTGGCAACTAAGCTTGGAT {2880
W 6 GG GG I L GG P XK 8 T A R INIKIULTEIZK AI KA AT KTETL AT KTLG
AhattgtttggRataaahaaatgtatcctaactg
*

agcaagtgtcttcattgccatatttatgtagtacatttgtatttgagtaattttgt 2970

Fig. 2.6. Nucleotide sequence of the Fugu Surf-3/rpL7a gene.

The locations of intron/exon boundaries were initially deduced from splice site consensus
sequences and the structure of other vertebrate Surf-3/rpL7a genes. Exons are boxed and
putative coding sequences are shown in uppercase letters. All other sequence is shown in
lowercase. Conceptual translation of the exon coding sequences is given in single letter
code (bold typeface) below the sequence (* represents translation termination). The 5' end
of the first coding exon has not been determined and only the ATG initiator codon is
shown. A polypyrimidine tract (boxed and shaded) located just upstream of this codon may
contain the transcription start site (see text). The 3' end of the gene was determined from
the longest of 14 short poly(A)-tailed Surf-3/rpL7a cDNA clones isolated in Chapter 3
which also confirmed the exon boundaries flanking the last two introns (the 5' end of the
longest of these cDNAs corresponds to nucleotide 2438 in this sequence). A consensus
polyadenylation signal 10-15 nts after the termination codon is boxed and shaded. 59



In human (Colombo et al., 1991), mouse (Huxley and Fried, 1990a), and chicken
(Maeda et al., 1993), the short first exon of the Surf-3/rpL7a gene consists of a
polypyrimidine tract located 10-14 bp upstream of the codon specifying the initiator
methionine. This is immediately followed by the splice donor site of the first intron
(ATGIGT). Using these characteristic features it was possible to identify the probable first
exon of the Fugu Surf-3/rpL7a gene consisting of a polypyrimidine tract located 12 bp
upstream of the sequence ATGIGT. The transcriptional start sites of all the characterised
vertebrate and invertebrate Surf-3/rpL7a genes are located within their polypyrimidine tracts
(Huxley and Fried, 1990a; Colombo ef al., 1991; Maeda et al., 1993; Armes and Fried,
1995), suggesting that the transcriptional start site(s) of the Fugu Surf-3/rpL7a gene might
also be located within its polypyrimidine tract. PCR amplification of the 5' ends of Fugu
Surf-3/rpL7a cDNAs failed to produce any products that included sequences from the first
exon. The sequences of 14 short poly(A)-tailed Fugu Surf-3/rpL7a cDNA clones (Chapter
3) indicate that polyadenylation of the Fugu Surf-3/rpL7a transcript occurs at two sites 13
and 18 nt downstream of a single consensus polyadenylation signal located 10-15 bp 3' to
the termination codon (Fig. 2.6) and also confirm the exon boundaries flanking the last two
introns.

Fig. 2.7 shows an amino acid sequence alignment between the deduced product of
the Fugu Surf-3/rpL7a gene and human, mouse and chicken rpL7a.

2.4.4 The Fugu Surf-4 gene.

The complete sequence of the Fugu Surf-4 gene is shown in Fig. 2.8. The Surf-4 gene is
also highly conserved and it was therefore easy to predict the structure of the Fugu Surf-4
gene by comparison with the mouse gene. The intron/exon boundaries of all six coding
exons are conserved. PCR amplification of Fugu Surf-4 cDNAs was not achieved, but a
small poly(A)-tailed cDNA was isolated (Chapter 3) spanning part of the putative last
coding exon only (Fig. 2.8). Since no consensus or near-consensus polyadenylation
signals are found in more than 100 bp of sequence upstream of the poly(A) tail in this
clone, it is unlikely that this represents a true site of poly(A) addition (92 bp 3' of the
predicted Fugu Surf-4 termination codon).

Fig. 2.9 shows an amino acid sequence alignment between the deduced product of the
Fugu Surf-4 gene and the human and mouse Surf-4 proteins. A C-terminal di-lysine ER-
retrieval motif (KKXX) is conserved in the conceptual Fugu Surf-4 protein.

2.4.5 The Fugu Surf-5 gene.

The complete sequence of the Fugu Surf-5 gene is shown in Fig. 2.10. The mouse Surf-
5 gene specifies two proteins as a result of differential splicing (Garson et al., 1995). A
ubiquitous 3.5 kb mRNA specifies an 140 amino acid protein - Surf-5 - and a tissue-
specific 1.5 kb mRNA specifies a 200 amino acid protein - Surf-5b. The mature 3.5 kb
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ggtaaaaaaaaacaacaaggccatgtgcacaggegtgtgecttgttgacatgectaaaagecttteggagegettecttggatecggtectacg 90
tggcatgcagcggttgcagctccgeggagggggetetgtteegetegtecaaatcgeggggeattgtgggecggagacggccgaggaacagt 180
gcgaggccagcectgcegaagagaaaaccccaacacgcacaaactgggtegegttgagectdaactaccattaaacgecgaaccgecacgaac 270

ATGGGGCAGGAAGACCTGATGAACAGGGCCGAAGACdEGGCGGACCAG
M G Q E D L M N R A E D V A D Q
gtaagttcgattttcacttgttagctttagcggctgttagca 360

tgctagctgctaactagtttctctgetggggggggggagaagaaaaaagtaacgggggcactttttttagttaceccecgttattgagttg 450
ggttcggttattgttgettegtcaggagctaccatgacgcgacattctcgtaaaacttttgggggttttaatagectgectgettgtgtea 540
tgtgtctgcagatctgttagcatcggtegecttacagetgacgtetetttggaaagectgegatecgaccgetttaacagggggggatttgg 630
ggcagttgctttggggggcatctegetggegteccggectgttaagaatgaatcagecggaggacagacagtcccagacagtgttgggaaa 720
ttccttaagcccggtetgectegetgetageggtgattagtcacattgggttttagegacceggttggtgectcegatttggggteeggtt 810
tcacaagatattccaagacagaatcgcccccccacctttgtttttgtggttgectcaatacgttggtgtegaggtgeggecgtgtttctaa 900
tattgggtcaacctgggggcatttttgaagccatttccaggaaggtaaagtgggattatgtggtggtttcgaagecttgetggeggttectg 990
aacacacagacccgttgttaacaagceccacctcacagatggagtatgetetgegtttaggtccaaagatggaatgatgeggategggggt 1080
gtttctaaagaaatgctccagaagttaatggggctcgaacttataagttagccgacaaaatggtetatttegaggetgetgaagectect 1170
cgggcttgtteggattggetctggetgettecattecatgeccegecataggeteggtgggggggggggtggaccgtgataggetgetgggg 1260
cctgacagtgctgatgtggcccgectgaggaggcgtgacagecgggcaggtegeggtcatcaccgtcactggtgcaggtggagagaaaagag 1350
gatgttcgacgttcttctcactttatatgttgtcacatttaaggggggggggcgcagttttcacacttagcacctcagaatcgecgtecee 1440
gttccacctgtctgececctgatgtgatgatgtteccttgtttctectetettgeccag

— TTCCTGCGGGTAACCAAACAGTACCTACCCCACT | 1530

P L R V T K Q ¥ L P H

TGGCNCGCCTGTGCCTCATTAGCACCTTTCTGGAAGATGGCATCCGCATGTGGTTCCAGTGGAACGAGCAGAGAGACTACATCGAGGCTA 1620
L A RL CUL I 8 T UPF L EDGTIRMUWUYPYFQWNUEU QR RUDTYTIZE A
CCTGGAGCTGCGGCTACTTTCTGGCTACGTGCTTCGTGCTGCTTAACCTCATAGGACAGCTGG
T W 8 C @ ¥ F L A T C F V L L NL I G Q L

gtgcgtggacatgtctgectecgggttta 1710
tggcgaaggacgggagaggaagtgcatgttgacagtaatgacagacagctgactgcacaattactctgtatttgctttaaaaacggegte 1800
gataaatgtcagaacttccecgttggecggtggagtgtaaacgetgegtctgtttectcacag

GIGGTTGCGTCCTCATCCTCAGTAGAAA | 1890
G 6 C VL I L 8 R

TTTTGTACAGTACGCCTGCTTTGGATTATTCGGCATCATAGCTCTACAG
N F V Q Y A C PP G L ¥ G I I A L Q

gtcagacaccccccctgttgtgttcctaaattatcacagga 1980

aatgtgtttgattgtggtctgaaaactcctcctcttectecaccag

ACTGTCGCATACAGCATTTTATGGGACCTTAAATTTCTGATGAG |} 2070

T V A Y 8 I L W DL K F L M R
gtaggtgtcagcaattcggcctgatgacgtgcaggecccgtcececccgctaacccgecacgecaccctctecececctcacccag

GAACCTCGCCCT | 2160
N L AL
CGGGGGCGGCCTGCTCCTGCTGCTGGCCGAGTCCCGATCGGAAGGGAAGAGCATGTTCGCCGGAGTCCCGTCCATGGGGGAGAGCTCGCC § 2250
G 6 6L L L L L AETST® RSTETG GTZ K SSMTFAGTYVT PSHMGETSS P
CAAGCAGTACATGCAGCTGGGCGGCCGAGTGCTGCTGGTGCTCATGTTCATGACTCTGCTGCACT TTGACTTCAATT TCTTCTCT
X Q Y M QL 6 @RV LILVULMTPFMNTTILTLTEHTYTDTFTNTETFES

gtgag 2340
tcccgacagecgagteggecceccgtttaacaacagataacagacgttgcagaacattcactgtatctcggcaaaccatcagetgecttee 2430
agtgtttatcagcacttccctggtagatagatctgctatttectgtgageccacttaataccttctacccaggtcacgggtgcatcaatte 2520
agatgtaacggagccggactagctaagctaacggectgatgectaatttatcagccagagatgagacgattttaagaagttctagtcattga 2610
taaatacatttaatttctcagattctcatttctttattcatttctaagtgtgcagctcactgttgatctcatcctectgaccgtacccece 2700
ccacag

ATCCTCCAGAACCTGGTCGGGACTGCGCTCATCATCCTGGTTGCCATCGGCTTCAAAACCAAACTTGCAGCGTTGACCCTGGTIC | 2790
I L Q N L V T A UL I I L V A I GG F KT KL A AL T UL V
CTGTGGCTCCTGGTCATCAACGTCTACTTCAACGCCTTCTGGACCATCCCCGCCTACAAGCCCATGCACGATTTCCTCAAATACGACTTC | 2880
L WL L V I NV Y F N A F WTT1IPAYXKXKUPM EHEDU?PFrILI XK YODFT?T
TTCCAGACGACCTCTGTCATCGGCGGCCTGCTGCTGGTGGTGGCTCTGGGCCCCGGCGGCGTGTCGATGGATGAGAAGAAGAAGGAGTGG | 2970
¥F Qq TT S8 vVIG GG LL L VYV AL GP GGV 8 MDUZEIJKI KT KTEW
TAGgcagtgagcggtaagattcgaggaacgccactaacttcccacaaagaccgggacacaaagaccctctetgtectectgtegtectec | 3060
*

[efe]e]e]

aacacagtccgcettattttccaaattcatccacggactttttatttgtattacttttttttttttttttttttaaatctgtaaaga 3150
aaacggtcaaaaagcccctttttggettttttgttttttgtttttgacaaacataagaggtgtttcaaaatgatactttaagatccacaa 3240
gatttgttttgtgtacgaggggggggaacaaaagtaatttattgtattttatgggtgtcgcaccataagttataatagattaatgttcat 3330

Fig. 2.8. Nucleotide sequence of the Fugu Surf-4 gene.

The locations of intron/exon boundaries were deduced from splice site consensus
sequences and the structure of the mammalian Surf-4 genes. Exons are boxed and putative
coding sequences are shown in uppercase letters. All other sequence is shown in
lowercase. Conceptual translation of the exon coding sequences is given in single letter
code (bold typeface) below the sequence (* represents translation termination). The 5' end
of the first coding exon has not been determined and is shown only from the putative ATG
initiator codon. The 3' end of the last coding exon was determined from a small cDNA
clone isolated in Chapter 3 spanning only part of this exon (its 5' end corresponds to
nucleotide 2784 in this sequence), but this probably does not represent the true 3' end of
the gene (see text). No consensus or near-consensus polyadenylation signals are located
proximal to this position.
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aattatttaagactaacattttaatctatgactaaaacgtgatttatggtgtagtgtctggttatgectttgttggggcgctaaactagaa 90
gttagtatgagtaaaagtcacgaagaagcgcgaagatcteccgttttgtgcattteccggggaagggagtatagtaattcagaatatgtttt 180
ggaacattttcaaaataatacagattcagtccacttaagggaaggcgtttcccatatatatagacaactaactacttaaataggttaatt 270
agattatatatgctcaggtaacggtcagtgttctgeccattccgagcacyg
ATGGCTACTCAGAGAGTCCTCCCTCAGAGTARAGAGACACT | 360
M A T Q R VL P Q 8 K E T L
M A T Q RV L P Q 8 K E T L
CCTGCAGTCCTATAACAAGAGACTGAAAGATGATATCAAGTCCATCCTGGAAAACTTTACTGAAATCATCAAAACCGCARAG
L Q 8 YN KRUL XK DDTII K S ITUL ENUPFTUETITIIZ KTATK
L Q 8 Y N X R L K DD IX 8 I L ENUPF TE I I K T A K

gtatgttg 450
agccactgtcctecctggecttgattcttaatatttaaatttgtectectttgetttgagtattgtccaggacaacggtacgtecgettcattt 540
tcctetgtgetttctecccaacattttaatgttaaagaaaaggaaaacatgttctttgtgecag

ATAGAGGATGAGACGCAGGTTTCCCGA | 630
I E D ETQ V S8 R
I E D E T Q V 8 R

CCAGCCCAAGCAGAACAGGACCATTATGAGATGCACGTTAGAGCTGCCAACATT
P A Q A E Q D HYEMU HVYVRAANI
P A Q A E 0 D HY E M HVRAANTI

gtatgtatataccacaatttagtcagaggcgatatt 720
aaagatgtgcttcaaaataatttgaaataccgtaagctcttgaataacgataattccacaatccttgaattgttgtcatcttgettgtte 810
accggttatttatgagggttgtaaatgttaccaaaatatcaacgcecctgectttgtctttaatagttactccaaaattttagtttgaagt 900
ttgcagctaatcagaattgatattgccagagcggttgtgttctaccgctatttctattccattagctgaaacttaaaaaagaaagaagta 990
attgttctttaaatccaattttgtttaactgtgctgtag

GTACGAGCTGGTGAATCTCIGATGAAGC TGGIGTCAGATCTGAAGCAGTTC | 1080
VRAGE S SLMEKTLTYS8DILI KTGQTEF
V RAGE SLMEKTLVYVSDILTE KT@QT F
CTGATTCTGAATGACTTTCCCTCAGTGAACGATGCCATARGICTCCAARACCAACAGCTCAGGTCACTGCAGGAAGAGTGCGACAAGAAG | 1170
L I L NDF PSSV NDA ATIS SBTILON QO QLR RTSTILAOQTETETCTDTEK K
L I L NDF PGSV NDA ATIS STILOQNO QO Q@LRZSILOQETETCTDTE KK
CTTATCTCACTCCGTGATGAGATTGCTATTGACCTGTATGAGTTAGAAGAAGAATATTACTCCTCCAGETACAAGTAG

L I 8L RDETIATILIDTILTYTETLTETETETYTYSSRTYTZK *

L I 8 L R D E I A I DL Y ELETETETY Y S S 8

actcacaactgg 11260
catttcatctcccatctcaccctgeccgttgttgtccaacgctcagcaccatgcattttctecaccatttactgetgagcatgtaccagtt 1350
atgtctgtcatcatcaaaacatcaacctaatcatgtgggttgaatttagaccatcaacatatccagtaacactagagtacagcattatta 1440
|aaaggtgatgtaatgtagctttcctcacatagtgacttgtattgtcattggcttgtgcctttgtgtttttctgctaattgttatgtgtag|1530

agctgcagtactgcaagtttgtaagggggaaattgcatcatgtatcgtggggectetgatgectgtatttatagtttgagtaattatgeta 1620
gcaagcttccctgctaagcttcagggctttatttectgattagacaatttectggttgcagtatgtttaagaggtaaacacaccagtgatg 1710
|ttcaggttggtgatttgtaagtaaatatggcatttgagttcttttaaatttatcatattttatttgtgtttgatcagagctttacagaca|1800
aatgagttcccttcagaggaagaaattttgtcaatgttatattttttaaatataatatttaattcttaatgtggcatgttcaatttcaag 1890
ttaatttgaaagtccaattgatacatgctaagatttgtatgtaaatcatctgctaatttaattggtttgtccttttaaccacaagcaact 1980
‘aaggctgtaattctatgcaccaccaccgtgtggttcttcatgtatccgtttgtgccagctttttcagcacaatcagaatgaagaaataaa|207O
aatagagatacaaatctgcaggagtttgtcttattttatgctgagtatgctgttagttgtggaccacttcatctegetgcatgectecttg 2160
ctttcttctecatcagcaactaatcagacacatttgtctgtcacggtggaagagtcacgectcactgecttaatgectctggctaaactga 2250
latgtttccatgtacccaagtcttttgctgtatgaatgtgcttattttgacctactgcttttttctgctcctttctgttctgcatctgata|2340
cttttgactctggcggtttctgectgcacaaag

CTACAGTCAGTGGGACACTGACCTGCCACTGTGTGAGGCCTACCACCGAGTGGACAAC | 2430

Y 8 Q WDTDULUPIULTCUEA ATYUHR RV DN
TGGGCTTCCCCCAGCAGCAGCTCCAGCTCTACACAGGGAGACCAGGAGGAGGTGGAGATTCTCCCGTCGCAGGAGACAGAGCCACAACAT | 2520
W A 8 P 8 8 8 8 8 8 T Q G D Q2 R V E I L P 8 Q E T2 P QH
CACCTCAATGGACAAGGGACCTCATCGTTGGAGAAAATGTGAtgatgcttggacttacttgattacgtectgttttggaaacttaaaatgt | 2610
H L N G Q G T 8 8 L E K M *
gtaaaatctaga

Fig. 2.10. Nucleotide sequence of the Fugu Surf-5 gene.

The locations of intron/exon boundaries were deduced from splice site consensus
sequences and the structure of the mammalian Surf-5 gene. Exons are boxed and putative
coding sequences are shown in uppercase letters. All other sequence is shogn in lowercase.
Conceptual translation of the exon coding sequences of Surf-5 and Surf-5b (the alternative
spliced variant - see text) is given in single letter code (bold typeface) below the sequence
(* represents translation termination). The amino acid sequence of the alternative splice
form Surf-5b is given below the Surf-5 sequence over their region of overlap (only the
Surf-5b coding region extends to the fourth exon). The 5' end of the first coding exon has
not been determined and is shown only from the putative ATG initiator codon. The 3' end
of the last coding exon shown represents the 3' end of a small Surf-5 cDNA clone isolated
in Chapter 3 and the 3' end of a PCR-amplified Surf-5b cDNA fragment and does not
represent the true 3' end (see text). The position and orientation of the gene-specific primer
SFISH2 used to generate the Surf-5b cDNA PCR fragment is depicted by an arrow above
nucleotides 1105-1126 in this sequence. The sequence between the Surf-5b-specific
consensus donor splice site at nucleotide 1238 (boxed and shaded) and the last boxed exon
has been spliced out in the Surf-5b cDNA. The 5' end of the Surf-5 cDNA corresponds to
nucleotide 2334 which is located within this region. This region is therefore predicted to be
contained within the mature Surf-5 mRNA (surrounded by a dashed box).
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transcript is generated by removal of two introns. In addition to these two introns, a third
intron, encompassing 2 kb of the 3’ tail of the 3.5 kb message, is removed in generating the
1.5 kb transcript. Splicing of this intron occurs from a splice donor site located within
codon 138 of the Surf-5 ORF to a splice acceptor site located in the 3' tail of the 3.5 kb
transcript. Removal of this intron results in extension of the Surf-5 ORF by 187 bp. Only
the 63 amino acids encoded by this additional exon are specific to the Surf-5b protein.
Similar alternative splicing of the human Surf-5 gene also occurs (Garson et al., 1996).

The three coding exons corresponding to the longer mammalian transcript encoding the
140 amino acid Surf-5 protein were easily identifiable for the Fugu Surf-5 gene by
comparison with the mammalian genes. Intron/exon boundaries for these exons are all
conserved. In addition, the splice donor site for the additional intron removed during the
generation of the shorter mammalian transcripts was also found to be conserved (Fig.
2.10). A search of 1.5 kb of sequence obtained downstream of the termination codon of the
conceptual 140 amino acid Fugu protein revealed the presence of an 187 bp OREF,
immediately following a putative splice acceptor site, which displays some homology to the
OREF specifying the last 63 amino acids of the Surf-5b protein in mammals. Amplification
of the 3' end of a Fugu Surf-5 cDNA, from a primer located within the third coding exon of
the gene (see Fig. 2.10), confirmed that this third intron is sometimes spliced out in Fugu
resulting in the use of 3' ORF as a fourth coding exon. Generation of a smaller transcript
specifying the Surf-5b protein is therefore predicted to occur in Fugu. A small Fugu Surf-5
cDNA was also identified (Chapter 3) representing the 3' end of a transcript containing part
of this third intron (Fig. 2.10). This probably represents the 3' end of a longer transcript
specifying the Fugu Surf-5 protein. None of the Fugu Surf-5 cDNAs were poly(A)-tailed
due to the presence of an Xbal restriction site 55 bp 3' of the predicted Fugu Surf-5b ORF
termination codon - Xbal sites being used to define the 3' ends of the clones during
construction of the cDNA library.

Fig. 2.11 shows an amino acid sequence alignment between the conceptual Fugu Surf-5
and Surf-5b proteins and the human and mouse Surf-5 and Surf-5b proteins. The
conceptual Fugu Surf-5b protein can be seen to be highly diverged from the mammalian
proteins over the region corresponding to the additional fourth exon.

2.4.6 The Fugu Surf-6 gene.

The compete sequence of the Fugu Surf-6 gene is shown in Fig. 2.12. The Fugu Surf-6
gene displays the least gene structure conservation of any of the Fugu Surfeit genes even
though the intron/exon structure of the whole Fugu gene could be predicted by comparison
with the mouse and human genes. Whereas the mammalian Surf-6 genes possess four
introns within their coding regions, the Fugu Surf-6 gene possesses only three. The first
and third of the three Fugu introns are found in identical positions to the first and third

introns in the mammalian genes. The second intron in Fugu is located in a similar, but not
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ttctteccggtgectcgacgtececgeccetttaagactegttcacgtgtgttgagaaatgtgecactaaatattatttaaaaattagaatte 90
ctggctcgattagtctgttttaa
ATGGATCTCGCATCTAAGGACTCGTACATCCAAAGACTCGCAAGTAAAGTGATTTCCCAACCGGATC
M D L A 8 KD 8 ¥ I Q R L A 8 K V I 8 Q P D
AGGAGCGAAAGAAGAAACAATTTG
Q E R KK K Q F

180

gtaaagttagcctgaatcttgegtgttgcagetgettgtatcgettttatagtgtacgtgcaaata 270
ttttcagctgaagaaatgtgttttttatgtgaaatatattattggccattgctgggcctaatctectagaacgtaggagaggttttcaaa 360
ttagccattgcccacagaaaatcatcaactctatataaaatatgtgattgaaaatgcatgatgtaaaattgttggttttectttatgecag 450

[ CTTACCCACAGGGCARGAGATATAATGGTCCGCTGAACAACAACAAGARAAAGGGTAACAGAAAGTCTTITARAGAAARAGACACTCGGG | 540
A Y P Q G K R Y NG PLNINUD NI KUK KGN RIKS8SU©P?PIKUZ EI KXDTR
GGAAGACCCCTGGATTTCCAAAAAAGTCTTTGTCATCAATACAACCAACACAAAAAGGTGCTGCAAACAAGAATGGGCAGAAAGCTCAGA 630
G K T P G F P K K S8 L 8 8 I Q PT QK G AANIKNUGU G QI KA ADQ
CTCAGAGCATAAATGGATCATCGACACAAGCTTTAGAAG

T Q 8 I N G 8 8 T Q A L E

gtgaatcctgcatgagtatttggttccacctgetgttagttatttatttet 720
acactttaatagagaaactttcttaattgttttttttecttgtctacaatatactgtatatatatataaatatatatttttttctttttaa 810
ag

GAGGAAATGAATCCAAATTCAGCACAGTGGATATCCTACGCAAGAGACTGCATGAGAAGATTGAAGAATCCAGAGGGCAG
G G N E 8 X F 8 T V DI L R KU RYULHEEUIKTIUZEWTZES ST RUGQ

gtctgtag 900
ggtgttatagagttcatatttttcttttataaattataagagtttttatacatcacctgtgtttggtttaatgtgaaatttggaatgatg 990
gattaaggattaattatgtagcttcgttcaggtttaagatatggacccagagtcttgactgatttatggaattttaaaatgtgaattace 1080
atctgtttgatgggcatagtgactgtctagtaagctaacaaggttttgtcctgtctgtcag

GGAGCTCCAAAGGATGCTTTATCTGAAGC | 1170
G A P XK D AL 8 E A
AGTCCAGGCTAAACGGGCAAAAAGGAAGCTTGAGCGGGAGCGCAAGAAGAGAAAGAGGAAAGAGTTTCGGATGAAGGAGCTGGCGCAACA 1260
V Q A K R A KRIKUILUZEREUZRIKIKRT R RIKT R RIKEUPFIRMTE KETLWH AUGQZOQ
AAATGTCGAAGAGCAGCAACCAGAACTAARACCAAAAGCAGTGTGTGAATCAGCTGCAACGAAAAGARATGTACAAGCCATTATTTTTAA | 1350
N V E E Q Q P E L K P K A V C E 8 A AT X RNV QA I I Fr N
CAAGGTTGAGATGGTGGAAGAGGGCTACGTGGATAAAGTCCAGAAAAAGAAGAACAAGAAACAGAGCATGAAGGGCAACATAACACCACT | 1440
K vV E M V £ E G ¥ V D K V 0 K K K NIE KIKUG QSN K GNTITU?PIL
GACGGGGAAAAACTACAAGCAGCTGCTGAGTCGCGTGGAGGCTCGAARATGCCAAGCTGGAAGGGCTGCGGGAGAAGGATGAGGCAARAGC | 1530
T @G K N ¥ K Q LL L 8 R V E A RN AIKULUZEGTULURUEI KDTEAITZ KA
CCGCGACCTTGAAGAGAAGATCAAGTGGACCAACCTGCTTTATAAGGCAGAGGGCATCAAAATTAAAGATGACGAGGAAATGCTGCGCAC | 1620
R D L E E K I K WTNULIULYXAZEUGTII KTII KDUDTETEMJ N TLURT
TGCGTTGAAAAAGAAGGAGCAAAAACGCGCTCAGAGGAAGAAGARATGGGCTGAACTCAGTGGAAACCTCGCAGAGAAGATGCAGCAGCG | 1710
A L K K K E Q KR AQRUIKIKI K WA AZETLS8SGNIULATEI KMEMGOQU QTR
CCAGGACAAGAGAACGAGGAACATCCAAAAACGCAAGCAGTTGAAAACGGAGAAGAAGAAAAACAAGGCCCGGAAGAAAGGAAGAGTGCT | 1800
Q D XK R T R NTI Q K RXK QUL K TUEIKIKI KNI KW ARIKIKUGT RV L
GCCAGAGGACTTGAAAAAAGCTGCCGTTTAA
P E D L XK X A A V *

gcaatgtttgtactgattatgtgacagttccccagtctaaataagtaaatcagtaatat 1890
aacaacatgctctttcaaatgcattttaaagagacgaatgattacagatggccttgegcaccctttgaatgtctgtaacctctgtttaac 1980
aatatcgaatagttttaacatttttagcaaatgtttcagaacacttgactgtgcaaaccacagtaacaatggttttgatcttgetgtcac 2070
aggctcttaagaaataacaagtaataatacaataaagaactgtgaccagccataagaggtgcaccaaaaagaattgcaaaatattctact 2160

Fig. 2.12. Nucleotide sequence of the Fugu Surf-6 gene.

The locations of intron/exon boundaries were deduced from splice site consensus
sequences and the structure of the mammalian Surf-6 genes. The last intron is not present
in the Fugu gene. Exons are boxed and putative coding sequences are shown in uppercase
letters. All other sequence is shown in lowercase. Conceptual translation of the exon
coding sequences is given in single letter code (bold typeface) below the sequence (*
represents translation termination). The 5' end of the first coding exon has not been
determined and is shown only from the putative ATG initiator codon. The 5' end of the
longest PCR-amplified cDNA fragment obtained during the analysis of this gene
corresponds to nucleotide 517 in this sequence. The position and orientation of the gene-
specific primer FS6H3B used to generate this clone is depicted by an arrow below
nucleotides 1298-1318. The 3' end of the last coding exon has not been determined and is
shown up to the termination codon. A number of consensus and near-consensus
polyadenylation signals are present in the sequence 3' of this exon (not highlighted).
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identical position to the second mammalian intron (although the intron phase is the same).
The fourth mammalian intron is not present in the Fugu Surf-6 gene. PCR amplification of
a Surf-6 cDNA clone, from a primer located within the fourth coding exon (see Fig. 2.12)
to its 5' end, has confirmed the exon boundaries flanking the second and third introns. The
5' end of this cDNA clone corresponds to a position near to the start of the second exon
predicted for this gene. No clones were identified by PCR that extend more 5' to this
position and no Fugu Surf-6 clones extending to the 3' end of the gene were obtained.

Fig. 2.13 shows an amino acid alignment between the deduced product of the Fugu Surf-
6 gene and the human and mouse Surf-6 proteins. The proteins are poorly conserved over
their N-terminal regions.

2.5 Intron size and gene size variation between Fugu and mammals.

Table 2.1 shows a comparison between the sizes of introns within the homologous Fugu,
mouse and human Surfeit genes. Differences in the sizes of the comparable introns in
Fugu, mouse and human vary considerably, ranging from intron 1 of the Fugu Surf-
3/rpL7a gene (810 bp) being 4.7 times larger than the corresponding mouse intron (174
bp), to intron 5 of the human Surf-1 gene being 13 times larger than the corresponding
Fugu intron (75 bp). Even more extreme is the possibility that intron 2 of mouse Surf-6
gene (~8000 bp) might be up to 55 times larger than the corresponding Fugu intron (143
bp), although the sizes of the mouse Surf-6 introns are only estimated (it is noted that intron
2 of the human Surf-6 gene is only 4 times larger than the corresponding Fugu intron).
Although the Fugu intron sizes determined in this study are mostly small (64-250 bp), each
Fugu Surfeit gene, with the exception of Surf-6, possesses an intron of 300 bp or larger.

More revealing is a comparison between the genomic distance separating the initiator
codon (ATG) and termination codon (STOP) of each of the Fugu, mouse and human
Surfeit gene homologues (also shown in Table 2.1). This distance gives an indication of
gene size in the absence of knowing the precise 5' and 3' ends of some of the Fugu Surfeit
genes. There appears to be a heterogeneity in the extent to which the mammalian genes are
expanded with respect to Fugu (or the Fugu genes are contracted with respect to the
mammalian genes). The Fugu Surf-4, Surf-5 and Surf-6 genes are between 2.5 and 7 times
smaller than their mouse and human homologues, the Fugu Surf-1 and Surf-2 genes are
between 1.4 and 2.2 smaller, and the Fugu Surf-3/rpL7a gene is slightly larger than the
mouse Surf-3/rpL7a gene but slightly smaller than the human Surf-3/rpL7a gene. Each of
these differences reflects the extent to which introns of each respective gene have become
expanded or contracted during the evolutionary time separating Fugu and mammals. In
general, the Surfeit genes that are a similar size in Fugu, mouse and human (Surf-1, Surf-2
and Surf-3/rpL7a) generally possess small introns in all three species (the Fugu Surf-
3/rpL7a gene is larger than the mouse Surf-3/rpL7a gene almost entirely due to its large first
intron). In contrast those Surfeit genes that are much smaller in Fugu (Surf-4, Surf-5 and
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Surf-1 Intron 1 64 250 86
Intron 2 238 222 1311

Intron 3 79 81 82

Intron 4 310 536 718

Intron 5 75 ~480 982

Intron 6 229 99 85

Intron 7 107 ~280 303

Intron 8 68 71 78

Gene size 2079 ~2940 4548

Surf-2 Intron 1 170 201 243
Intron 2 77 567 642

Intron 3 543 1348 ND

Intron 4 79 136 ND

Intron 5 95 368 ND

Gene size 1693 3394 ND

Surf-3 Intron 1 810 174 675
/rpL7a Intron 2 180 295 508
Intron 3 211 445 211

Intron 4 288 205 187

Intron 5 205 225 277

Intron 6 140 186 274

Intron 7 77 126 190

Gene size 2712 2455 3123

Surf-4 Intron 1 1178 ~6000 ND
Intron 2 179 ~1100 ND

Intron 3 87 ~200 ND

Intron 4 78 ~100 ND

Intron 5 371 ~2500 ND

Gene size 2703 ~11000 ND

Surf-5 Intron 1 161 ~1200 1287
Intron 2 345 ~670 838

(Intron 3) (1134) (2095) (2430)

Gene size 929 ~2300 2548

(Surf-5b) (2243) (4300) (5158)

Surf-6 Intron 1 246 ~2400 1437
Intron 2 143 ~8000? 585

Intron 3 249 ~150 957

Intron 4 - ~200 199

Gene size 1718 ~12000 4264

Table 2.1. Variation in the intron and gene sizes of the Fugu, mouse and
human Surfeit genes.

Sizes of introns and genes are in base pairs (bp). Gene size represents the distance between
the ATG initiator codon and termination codon of each gene (rather than from the 5' end to
the 3' end which has not specifically been determined for the Fugu genes). ND = not
determined.
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Surf-6) generally possess one or more large introns (between 1 and 8 kb) in both
mammalian species. The difference in the size of the human and mouse Surf-6 genes shows
that great size variation can also exist between mammalian gene homologues.

2.6 The relative linkage relationships of the Fugu Surfeit genes.

Fig. 2.14 shows the positions of the six Fugu Surfeit genes in cosmids 139Gll1,
177E10, 186H17 and 194D10. Generation of large sequence contigs (Appendices A, B, C
and D) enabled the relative order and orientation of the Surf-1, Surf-3/rpL7a and Surf-6
genes in cosmid 186H17 and 194D10 and the Surf-2 and Surf-4 genes in cosmid 139G11
to be determined. No other Fugu Surfeit genes are contained within these cosmids. In
addition, long-range restriction mapping, PCR analysis and Southern blot analysis using
vector-derived probes and probes derived from the regions containing Surfeit genes enabled
the positions of the Fugu Surfeit genes within each Fugu cosmid to be determined.
Additional data accumulated in the additional analysis of the cosmids in Chapter 3 was also
used to help refine the restriction maps of these cosmids.

The Fugu Surf-2 and Surf-4 genes are found to be arranged in tandem within cosmid
139G11, with the 3' end of the Surf-2 gene being located 1457 bp upstream of the ATG
initiator codon of the Surf-4 gene. This arrangement contrasts that found in higher
vertebrates where the Surf-2 and Surf-4 transcription units are convergent (tail to tail),
overlapping by 133 bp in mouse and separated by 307 bp in human (Fig. 1.1).

The relative genomic organisation of the Fugu Surf-1 and Surf-3/rpL7a genes within
cosmids 186H17 and 194D10 is identical to that found in higher vertebrates, with the
transcription units of the two genes being convergent. The intergenic region between the
Fugu Surf-1 and Surf-3/rpL7a genes is shown in detail in Fig. 2.15A. The sites
corresponding to polyadenylation of the transcripts of these two Fugu genes (see above) are
separated by a minimum of 184 bp. This compares with the 70 bp that separates the
convergent Surf-3/rpL7a and Surf-1 transcription units in mouse and the 374 bp that
separates the homologous human transcription units.

The Fugu Surf-6 gene is also contained within cosmids 186H17 and 194D10 and is
found to be located immediately 5' to the Fugu Surf-1 gene with the two transcription units
being divergent. The intergenic region between the Fugu Surf-1 and Surf-6 genes is shown
in detail in Fig. 2.15B. Two possible transcritpion factor binding sites are highlighted. The
predicted ATG initiator codon of the Fugu Surf-6 gene is located 152 bp 5' to the 5' end of
the Fugu Surf-1 cDNA clone obtained by PCR. The position of the Fugu Surf-6 gene in
relation to the Surf-3/rpL7a-Surf-1 gene pair is different to that found in mouse and human
where the Surf-6 gene is located several kb 5' to the Surf-3/rpL7a gene and is separated
from it by the Surf-5 gene and a pseudogene. The Fugu Surf-6 gene occupies a position
comparable to that of the Surf-2 gene in higher vertebrates (Fig. 1.1).
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Fig. 2.14. Restriction maps of Fugu cosmids 139G11, 177E10, 186H17 and
194D10.

Each map is labelled with the name of the cosmid it represents. Cloned cosmid inserts
are depicted by thick continuous lines and Lawrist 4 cosmid vector by a shaded box at
each end. The restriction sites of selected restriction endonucleases are shown below.
Only those Clal sites that can be cleaved (i.e. not dam methylated) are shown. Distances
between adjacent restriction sites are shown in kb. The T7 and SP6 promoter/primer
sequences in Lawrist 4 flanking the cosmid insert are shown to indicate orientation of
insert in relation to vector. The positions and orientations of the Fugu Surfeit genes
within these cosmids are illustrated by arrows and the extent of the sequence contigs
generated in their analysis are represented by shaded bars beneath. Intron/exon structure
of the genes is not shown. These maps are the products of extensive Southern blot
analyses, restriction digest analyses, PCR analyses using insert-specific and vector-
specific primers (specifically to determine the proximity of Surf-5 in cosmid 177E10 and
Surf-6 in cosmid 194D10 to the vector arms), subcloning and sequence contig formation
performed not only in this Chapter but also in Chapter 3. Complete information
regarding subcloning and the extent of the sequence contigs generated can be found in
Appendices A-D.
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Surf-3/rpL7a Exon 8 =

L A T KL G * G!
TGGCAACTAAGCTTGGATAAATTGTTTGGAATAAAAAAATGTATCCTAACTGAGCAAGTG 60
ACCGTTGATTCGAACCTATTTAACAAACCTTATTTTTTTACATAGGATTGACTCGTTCAC

TCTTCATTGCCATATTTATGTAGTACATTTGTATTTGAGTAATTTTGTGCCTTCAAGTGA 120
AGAAGTAACGGTATAAATACATCATGTAAACATAAACTCATTAAAACACGGAAGTTCACT

CTACAATAGACTAAAGTCTTAAACGATCTTTGAGGCTGACAAATTTTGATTGTAAAAAGT 180
GATGTTATCTGATTTCAGAATTTGCTAGAAACTCCGACTGTTTAAAACTAACATTTTTCA

TAGCATTCTTATTTAATGCAACTTGACAACACAAGACATCCCACCAAAATGTTCAATACA 240
ATCGTAAGAATAAATTACGTTGAACTGTTGTGTTCTGTAGGGTGGTTTTACAAGTTxTGT

TTCGCAAAAATCAGACTTTAATTTTCTTGATGAACTTGGCAAACCACATGTAAGAGGTTG 300
AAGCGTTTTTAGTCTGAAATTAAAAGAACTACTTGAACCGTTTGGTGTACATTCTCCAAC
* ¥y KR I K K I F K A F WM Y S T a

~—Surf-1 Exon 9

-}~ Surf-1 Exon 1

TGGACTAGTGCAGACTTTAGAGAAACCATCGTAAGAGAACCAATGAAATTCAACTACATG 60
ACCTGATCACGTCTGAAATCTCTTTGGTAGCATTCTCTTGGTTACTTTAAGTTGATGTAC
H V L A S KL S8 V M

AP-2
ACAACTACATAACNmTCMCAGGGGGGAATGTTTTTGAAGTTACTTCTTCCG 120
TGTTGATGTATTET TGGACAGTTGTCCCCCCTTACAAAAACTTCAATGAAGAAGGC

GTGCCTCGACGTC?GCQCC TTAAGACTCGTTCACGTGTGTTGAGAAATGTGCCACTARAA 180
CACGGAGCTGCAGGCGGG TTCTGAGCAAGTGCACACAACTCTTTACACGGTGATTT

SP1

M D L A S
TATTATTTAAAAATTAGAATTCCTGGCTCGATTAGTCTGTTTTAAATGGATCTCGCATCT 240
ATAATAAATTTTTAATCTTAAGGACCGAGCTAATCAGACAAAATTTACCTAGAGCGTAGA

Surf-6 Exon 1 =

Fig. 2.15. The Fugu Surf-3/rpL7a-Surf-1 and Surf-1-Surf-6 intergenic regions.

The DNA sequence of the intergenic regions between the Fugu Surf-3/rpL7a and Surf-1
genes (A) and the Fugu Surf-1 and Surf-6 genes (B) is shown double-stranded. The
relevant ends of each of the genes are also shown with the direction of transcription
being indicated by an arrow and sequences present in identified cDNA clones shown in
bold (the Surf-6 gene is shown only from its conceptual ATG initiator codon since no
additional cDNA data was obtained). Conceptual translation products of coding regions
are given in single letter code either above (Surf-3/rpL7a and Surf-6) or below (Surf-1)
the DNA sequence. A. Vertical arrowheads above (Surf-3/rpL7a) and below (Surf-I) the
DNA sequence mark known positions of poly(A)-tail addition in the cDNA clones
isolated to date (see Sections 2.4.1 and 2.4.3). Probable polyadenylation signals for each
gene are boxed and shaded upstream of the sites of poly(A)-addition. B. The 5' end of a
PCR-amplified Surf-I cDNA fragment (see Section 2.4.1) is indicated by a vertical
arrowhead below the sequence. Potential transcription factor binding sites are boxed
and shaded - their significance in this region is not known.
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By determining the relative position of the Fugu Surfeit genes within the cloned insert of
each cosmid (Fig. 2.14), it has been possible to assess the possibility that Surfeit genes in
any two of these cosmids might be artificially separated by vector sequences which would
result in the true linkage relationships of the Surfeit genes in Fugu being misrepresented.
Approximately 12-13 kb of cloned Fugu genomic DNA lies 5' of the Surf-2 gene and
approximately 23 kb lies 3' of the Fugu Surf-4 gene in cosmid 139G11. In cosmid 177E10
only about 3 kb of cloned Fugu genomic DNA lies 5' of the Fugu Surf-5 gene but
approximately 31 kb lies 3' of it. Finally, it can be seen that approximately 25 kb of cloned
Fugu genomic DNA lies 3' of the Fugu Surf-6 gene in cosmid 186H17 and approximately
35 kb of cloned Fugu genomic DNA lies 5' of the Fugu Surf-3/rpL7a gene in cosmid
194D10. From these positions, the minimum distances separating any of the three Fugu
loci containing Surfeit genes can be deduced. It is particularly noted that, whereas the 5'
ends of the human and mouse Surf-5 and Surf-3/rpL7a genes are very closely linked (112
bp and 159 bp respectively - Fig. 1.1), the Fugu Surf-5 and Surf-3/rpL7a genes are
separated by at least 38 kb (35 kb 5' of the Fugu Surf-3/rpL7a gene plus 3 kb 5' of the
Fugu Surf-5 gene).

2.7 Integrity of Fugu cosmids 139G11, 186H17 and 194D10.

Southern blot analysis of restriction digests of cosmid and Fugu genomic DNA was
performed to confirm that the cosmids isolated in this study are not rearranged with respect
to the true genomic organisation of the regions encompassing the Fugu Surfeit genes. In
this way it could be determined whether the linkage relationships of the Surf-2 and Surf-4
genes in cosmids 139G11 and the Surf-3/rpL7a, Surf-1 and Surf-6 genes in cosmids
186H17 and 194D10 faithfully represent those found in native genomic DNA. Integrity of
cosmid 177E10 was not assessed because it contains only a single Fugu Surfeit gene
homologue (Surf-5). Blots were probed with radiolabelled restriction fragments spanning
the genomic regions containing these Fugu Surfeit genes. The results of this analysis are
shown in Fig. 2.16. Cosmid DNAs and Fugu genomic DNA were each digested with the
restriction enzymes Hindlll, Spel and Xbal. HindIll represents a relatively frequent cutter
and Spel and Xbal represent less frequent cutters and were used so that the results could be
compared to the long range restriction maps already generated for each cosmid (Fig. 2.14).

Fig. 2.16A shows the results of simultaneous hybridisation of probes encompassing the
whole of the Fugu Surf-2 and Surf-4 genes and flanking regions to blots of cosmid
139G11 and Fugu genomic DNA restriction digests. The probes hybridise to identical sized
bands in each of the lanes representing comparable digests of cosmid and Fugu genomic
DNA and the sizes of the fragments to which the probes hybridise are as predicted from the
sequence contigs and long-range restriction maps generated for this cosmid (Appendix A
and Fig. 2.14). These results indicate that cosmid 139G11 is not rearranged in the region
containing the Fugu Surf-2 and Surf-4 genes.
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Fig. 2.16B shows the results of simultaneous hybridisation of probes encompassing the
whole of the Fugu Surf-1 and Surf-6 genes and all but the first exon of the Fugu Surf-
3/rpL7a gene to blots of cosmid 186H17 and 194D10 and Fugu genomic DNA restriction
digests. The probes hybridise to identical sized bands in the lanes representing HindIll and
Xbal digests of both cosmid and Fugu genomic DNA, but one of the two bands in each of
the lanes representing Spel digests of cosmids 186H17 and 194D10 are different to those
found in the lane representing a Spel digest of Fugu genomic DNA. The ~8 kb cosmid
186H17 Spel band (predicted to be that encompassing the Fugu Surf-6 gene and more 3'
sequence - Fig. 2.14) and the ~14 kb cosmid 194D10 Spel band (predicted to be that
encompassing the Fugu Surf-1 and Surf-3/rpL7a genes and sequence 5' to the Fugu Surf-
3/rpL7a gene - Fig. 2.14) are thought to correspond to the bands observed in the Fugu
genomic DNA lane. The ~21 kb cosmid 186H17 Spel band and the ~16 kb cosmid 194D10
Spel bands are different sizes to those seen for Fugu genomic DNA because they are
predicted to traverse the ends of the cloned cosmid insert and include cosmid vector
sequence (Fig. 2.14). The sizes of all the cosmid and genomic fragments to which the
probes hybridise are exactly those predicted from the sequence contigs and long-range
restriction maps generated for cosmids 186H17 and 194D10 (Fig. 2.14 and Appendix C
and D) indicating that these two cosmids are not rearranged in the region containing the
Fugu Surf-3/rpL7a, Surf-1 and Surf-6 genes.

Longer exposures of these genomic Southern blots did not reveal any additional bands
suggesting that no highly conserved Surfeit gene paralogues are present in the Fugu
genome. This was also apparent for the Fugu Surf-5 gene by probing the blot of Fugu
genomic DNA digests with a radiolabelled 2.7 kb Xbal restriction fragment encompassing
the entire Fugu Surf-5 gene. The probe only hybridised to restriction fragments of the sizes
predicted. The possibility that more diverged paralogues of one or more of the Surfeit genes
might be present in the Fugu genome cannot be ruled out.

2.8 Assembly of cosmid contigs spanning the Fugu Surfeit gene loci.

Cosmid contigs encompassing each of the three regions containing Fugu Surfeit genes
were assembled in order to further investigate their separation in the Fugu genome.
Cosmids spanning each region were initially identified by screening the HGMP-RC Fugu
cosmid library with the four cosmids identified above as containing Fugu Surfeit genes -
139G11, 177E10, 186H17 and 194D 10 (whole radiolabelled cosmids were used as probes
throughout the analysis unless otherwise stated). A secondary screen identified true
positives and a combination of Southern blot analysis, PCR analysis and informative
restriction endonuclease digests were used to assemble the cosmids into contigs spanning
each region (sequence and restriction data generated for these cosmids in Chapter 3 was
also used to refine the positions of the cosmids in these contigs - see Appendices A-D).
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2.8.1 Assembly of a contig spanning the Fugu Surf-2 and Surf-4 genes.

Fig. 2.17 shows the key experiments performed in assembling the cosmid contig,
consisting of nine cosmids, encompassing the region containing the Fugu Surf-2 and Surf-
4 genes. The results are combined in Fig. 2.17D to show the relative positions of the
relevant ends of the most informative cosmids within the contig.

Fig. 2.17A shows the results of hybridising radiolabelled cosmid 139G11 DNA to
HindIll digests of these nine cosmids. Cosmid 139G11 hybridises to two or more
restriction fragments in each lane that are identical in size to those of cosmid 139G11 itself.
This not only suggests that these cosmids do indeed overlap with 139G11, but also gives a
rough estimate of the extent to which they overlap. Non-identical sized HindIII restriction
fragments are predicted to be due to the presence of vector sequences (Lawrist 4 contains
one Hindlll recognition site). The presence or absence of specific HindIIl restriction
fragments whose sizes are known from the Surf-2-Surf-4 sequence contig generated for
cosmid 139G11 (Appendix A) also helped to refine the extent of overlap. Particularly
useful in this analysis was the 2.1 kb Hindlll fragment that is located just 5' to the Fugu
Surf-2 gene (not present in cosmids 084H09, 137L19 and 183B03), the 900 bp HindIIl
fragment that encompasses the first exon of the Fugu Surf-4 gene (not present in cosmids
137L19 and 183B03), and the 600 and 650 bp HindIII fragments that are located 2 kb 3' to
the Fugu Surf-4 gene (not present in cosmid 137L19).

Xhol restriction digests of the same cosmids are shown in Fig. 2.17B. Restriction
mapping of cosmid 139G11 (Fig. 2.14) predicts that a 3.2 kb Xhol restriction fragment is
located approximately 4 kb 5' to the Fugu Surf-2 gene and that a 5 kb Xhol restriction
fragment is located approximately 8 kb 3' to the Fugu Surf-4 gene. Cosmids 028B15 and
137L.19 both possess the 3.2 kb fragment but not the 5 kb fragment indicating that the
majority of both their inserts must lie 5' to the Fugu Surf-2 gene. Cosmids 084H09 and
183B03, on the other hand, possess the 5 kb fragment but not the 3.2 kb fragment
indicating that the majority of both their inserts must lie 3' to the Fugu Surf-4 gene. All
other cosmids possess both fragments.

Finally the PCR analysis displayed in Fig. 2.17C, using primers located just 3' to the
termination codon of the Fugu Surf-2 gene, indicates that all the cosmids except 137L19
and 183B03 contain the Fugu Surf-2/Surf-4 intergenic region.

2.8.2 Assembly of a contig spanning the Fugu Surf-3/rpL7a, Surf-1 and
Surf-6 genes.

Fig. 2.18 likewise shows the key experiments performed in assembling a cosmid contig,
containing 16 cosmids (13 that hybridise strongly to cosmid 186H17 and three that
hybridise strongly to cosmid 194D10), encompassing the Fugu region containing the Surf-
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