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Abstract

As the human genome project nears completion, there is a need to identify and accurately
annotate the genes contained within the genomic sequence. The next challenge is the functional
analysis of these genes. The aim of this project was to utilise and evaluate different approaches
to human gene annotation through analysis of a region of the genomic sequence of human

chromosome 22 and then to carry out initial functional studies of the genes identified.

The thesis describes the assembly of a transcript map across a 3.4 Mb region of human
chromosome 22 (22q13.31). Candidate gene structures were identified from publicly available
expressed sequence evidence and ab initio gene predictions, then experimentally verified and
extended. This analysis resulted in the annotation of 39 gene and 17 pseudogene structures.
Expression of the annotated genes was investigated by Northern blot analysis and RT-PCR
screening of RNA isolated from 32 human tissues. The tissue distribution of EST hits to the
cDNA sequences were also analysed. The majority of genes demonstrated expression in a wide
range of tissues, but the expression of four genes was shown to be limited to reproductive tissues
only. Computational analysis of transcription and translation start sites, splice sites and
polyadenylation signals showed strong conservation of the sequence contexts necessary for
correct transcription and translation. One exception was noted in the gene NUP50, whose

features do not correlate with those required by the scanning model of translation initiation.

The contribution that mouse genomic sequence can make, both to human gene annotation and
understanding of genome evolution, was evaluated through the construction of bacterial clone

maps across a region of mouse chromosome 15, orthologous to human chromosome 22q13.31
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and also across a nearby conserved synteny breakpoint between human chromosome 22 and
mouse chromosomes 15 and 8. Comparison of available mouse sequence from the mapped
clones to the orthologous human regions showed strong conservation of gene order and content,
but no conservation of human pseudogenes was noted within the mouse sequence. The analysis
of the mouse genomic sequence did not result in extension of the annotation of22q13.31, but
enabled finer mapping of the synteny breakpoint from a 160 kb region on human chromosome

22, to one of 50 kb flanked by adjacent conserved genes.

Functional characterisation was carried out using BLASTP searches to identify protein
homologues. The Interpro database was searched to identify protein domains within the amino
acid sequences. These results allowed preliminary functional categorisation of the proteins. The
localisation of 16 gene products was experimentally determined, by cloning the genes and
expressing the encoded proteins in mammalian cells in conjunction with a short peptide tag that
conferred antibody specificity. Both N- and C- terminals of each protein were individually
tagged. The majority of proteins were distributed in the cytoplasm, with a subset also localised to
the cell membrane. An endoplasmic reticular and an unidentified protein localisation pattern

were also observed.

Through sequence analysis of regions of human chromosome 22, this project demonstrates and
evaluates the contributions that different types of evidence can provide to annotation and
analysis of the human genome sequence. It also presents a potential high-throughput approach to
determination of protein localisation, which could contribute to the determination of the function

of human genes found within the genome.
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Chapter I Introduction

1.1 Introduction

The central tenet of molecular biology, first proposed by Francis Crick in 1957, describes how
genes encoded by DNA sequences are copied (transcribed) to messenger RNAs (mRNA),
which is then translated into functional proteins. This model became the basis of the colinearity
theory, which states that the linear arrangement of subunits in the DNA sequence of a gene
corresponds to the amino acid sequence of a protein. Determination of the entire genetic code
(Khorana et al., 1966; Nirenberg et al., 1966) enabled prediction of protein sequences by
translation of DNA sequences. Ten years later, techniques for rapid DNA sequencing were
introduced (Maxam & Gilbert, 1977; Sanger et al., 1977), which led to sequencing of large
DNA molecules such as the 16.5 kilobase (kb) human mitochondrial genome (Anderson et al.,
1981) and the 40 kb genome of the Lambda bacteriophage (Sanger et al., 1982). Since then,
further development and high throughput automation of sequencing techniques has been
accomplished and complete sequencing of large genomes is now possible, thus enabling

researchers to study the fundamental genetic building blocks of life.

The human genome is the largest genome to be extensively sequenced so far. Preliminary
analysis has confirmed that knowledge of the genome sequence will provide valuable insights
into human biology. An important goal of current research is the generation of accurate
annotation of all the genes encoded within the human genome (section 1.5); this gene index is
expected to serve as a ‘periodic table’ for future genetic studies (Lander, 1996). Large-scale
studies are being implemented to investigate the function of the genes and proteins identified
from this research (section 1.6). Eventual integration of these studies should allow systematic

dissection of the circuitry of the human body.
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Chapter I Introduction

These advances in biological understanding have implications for research into human disease.
The human genomic sequence in public databases allows rapid identification in silico of
potential disease gene candidates and at least thirty disease genes have been identified in
research efforts dependent on the genome sequence (Lander ef al., 2001). The genome sequence
also provides insight into the mechanisms of chromosomal deletion, through homologous
recombination and unequal crossing over between large, nearly identical intrachromosomal
duplications. Such events are thought to be responsible for several syndromes, including the
DiGeorge /velocardiofacial syndrome region on chromosome 22 (Shaikh et al., 2000). Genomic
research may lead to the development of new treatments for genetic disease, through the
identification of new drug targets and a better understanding of disease mechanisms. Effective
approaches to disease prevention may also be developed, as genetic predispositions to disease

are recognised.

For the first time, the genomic landscape can be examined from a global perspective.
Investigation of the distribution of features such as repetitive elements, GC content, CpG
islands and recombination rates, are providing important clues about function and insight into
the evolutionary history of the genome (Lander et al., 2001). Comparative genomic data from
model organisms also provides a powerful tool for analysis of the human genome, through

identification of conserved functional features and novel innovations in different lineages.

This thesis describes the identification and accurate annotation of genes within a 3.4 megabase
(Mb) region of human chromosome 22 (HSA22). The availability of the genomic sequence in
this region enabled extensive sequence analysis of the gene environment. The utility of genomic

sequence from the equivalent region of the mouse genome was explored in comparative
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Chapter I Introduction

analyses of potentially functionally conserved regions and investigation of chromosomal
evolution. Finally, the experimentally verified transcript map was used as a basis for
preliminary functional analyses of the protein coding genes encoded in this region, using both
in silico techniques and an experimental approach to determine subcellular protein localisation.

The next sections set out the background to the work reported in this thesis.

1.2 Mapping the human genome

1.2.1 Broad Features of the genome

The complete DNA sequence of a human is approximately 3200 Mb (Lander ef al., 2001;
Morton, 1991). It is contained in 23 pairs of chromosomes: 22 autosomes and 2 sex
chromosomes, X and Y. A basic classification of chromosomes is provided by the position of
the centromere. In metacentric chromosomes, the centromere is roughly localised in the middle.
Acrocentric chromosomes have the centromere close to one end and submetacentric
centromeres are in-between these two positions. Chromosomes can be further distinguished by
their banding patterns. A variety of treatments involving denaturation and/or enzymatic
digestion of chromatin, followed by incorporation of a DNA specific dye, can cause mitotic
chromosomes of complex organisms to appear as a series of transverse light and dark staining
bands (Craig & Bickmore, 1993). Banding reflects variations in the longitudinal structure of
chromatids, where each band differs from adjacent bands in base composition, time of
replication, chromatin conformation and in the density of genes and repetitive sequences (see
table 1.1). Such banding permits accurate differentiation of chromosomes — previously the only

way of doing this was by examining the sizes of the chromosomes and the positions of the
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centromeres. Additionally chromosome banding allows more accurate definition of

translocation breakpoints, subchromosomal deletions and other rearrangements.

Table 1.1: Properties of chromosome bands seen with standard Giemsa staining

Dark bands (G bands) Pale bands (R bands)

Stain strongly with dyes that bind preferentially to Stain weakly with Giemsa and Quinacrine

AT-rich regions, such as Giemsa and Quinacrine

AT-rich GC-rich
DNase insensitive DNase sensitive
Condense early during the cell cycle but replicate Condense late during cell cycle but replicate early
late
Gene poor. Gene rich
LINE rich, but poor in A/u repeats LINE poor, but enriched in 4/u repeats

(Adapted from Strachan and Read, 1999 and Lander et al., 2001).

1.2.2 Genome maps

A more detailed delineation of the genome has been achieved by the production of various types
of genome maps at increasingly fine scales. These maps have provided a framework of marker
orders, established along the length of each chromosome. The frameworks, described briefly
below, have been used to orientate and anchor the sequence-ready maps of overlapping cloned

genomic segments during the human genome project.

1.2.2.1 Genetic maps

The aim of genetic mapping is to discover how often two loci are separated by meiotic
recombination. The further apart two loci are on a chromosome, the more likely it is that a
crossover will separate them. Thus the recombination fraction is a measure of the genetic
distance between the two loci. Human genetic mapping required the development of genetic
markers: Mendelian characters, which are sufficiently polymorphic to give a reasonable chance

that a randomly selected person will be heterozygous.
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The first human linkage map was published in 1987 (Donis-Keller et al., 1987). The markers
for this map were restriction fragment length polymorphisms (RFLPs) (Botstein et al., 1980),
whose use was soon replaced by the more informative, highly polymorphic microsatellite
repeats (Litt & Luty, 1989; Tautz, 1989; Weber et al., 1991). The microsatellite landmarks have
been converted to sequence tagged sites (STSs), (Olson ef al., 1989), that can be assayed by the
polymerase chain reaction (PCR) (Saiki ef al., 1988; Saiki ef al., 1985). These technical
advances aided the construction of genetic maps at increasingly high resolution (Gyapay et al.,
1994; Hudson et al., 1992; Weissenbach et al., 1992), culminating in a 1 ¢cM map (Dib et al.,
1996; Murray et al., 1994). Efforts are currently focused on the generation of even more dense
maps for the mapping of complex traits, using the most common type of DNA sequence

variation: single nucleotide polymorphisms (SNPs).

1.2.2.2 Radiation Hybrid (RH) maps

The original approach by Goss and Harris (1975), where chromosome fragments generated by
lethal irradiation of donor cells are rescued with suitable recipient cells, was applied to study
whole genomes in 1994 (Walter et al., 1994). The presence or absence of markers within a
hybrid can be interpreted to produce a linear map order for the DNA clones (Cox, 1992). This is
because the nearer two DNA sequences are on a chromosome, the lower the probability of
separating them by the chance occurrence of a breakpoint between them (Cox ef al., 1990;
Gyapay et al., 1996; Walter et al., 1994). RH mapping has been used to produce high-resolution
gene maps by assaying the RH panels with genetic markers and RNA-derived expressed
sequence tags (ESTs) by PCR. The ESTs are then ordered relative to the genetic markers

(Deloukas et al., 1998; Schuler ef al., 1996a). RH maps are also used to order and integrate all
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chromosome-specific markers to produce a framework map for the construction of bacterial
clone maps (Bentley et al., 2001; McPherson et al., 2001; Montgomery ef al., 2001; Mungall et

al., 1996; Mungall et al., 1997, Tilford et al., 2001).

1.2.2.3 YAC maps

A primary goal of physical mapping is to assemble a comprehensive series of DNA clones with
overlapping inserts (clone contigs). This became feasible for larger genomes with the
development of yeast artificial chromosomes (YACs) (Burke et al., 1987). The large insert sizes
of up to 1500 kb (Chumakov et al., 1995) allow long-range continuity. Many different YAC
maps have been published (Bell ef al., 1995; Bouffard et al., 1997; Chumakov et al., 1992;
Collins et al., 1995; Doggett et al., 1995; Foote et al., 1992; Gemmill et al., 1995;
Gianfrancesco et al., 1997; Hudson et al., 1995; Krauter et al., 1995; Nagaraja et al., 1997).
However, due to problems with chimaerism and instability (Green et al., 1991; Nagaraja et al.,

1994),Y ACs are not a suitable substrate for sequencing.

1.2.2.4 Bacterial clone maps

Cosmid (Collins & Hohn, 1978) and fosmid (Kim et al., 1992) libraries provided an alternative
to YACs, but the disadvantage of these cloning systems is their small insert size (30-45 kb). The
development of bacterial clone vectors, which could accommodate larger inserts (up to 200 kb),
bacterial and P1 artificial chromosomes (BAC and PAC respectively) (Ioannou et al., 1994;
Shizuya et al., 1992), resulted in a number of new clone libraries. These cloning systems are
stable, due to the lower copy number replicons and have been shown to contain few
rearrangements (Ioannou ef al., 1994; Shizuya et al., 1992). For these reasons, these types of

library were the chosen resource for sequence ready map construction.
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1.2.2.5 Sequence-ready maps and sequencing

Different strategies have been used to construct the sequence ready bacterial clone maps.

The Sanger Institute and Washington University Genome Sequencing Center (Lander et al.,
2001; McPherson et al., 2001) favour a map-based, hierarchical shotgun method. STSs from
previously constructed genetic and physical maps were used to recover BACs and PACs from
specific regions. The clones are then assembled into contigs by landmark content mapping
(Green et al., 1991) and restriction enzyme fingerprint analysis (Gregory et al., 1997; Marra et
al., 1997; Olson et al., 1986) (see chapter V). A sequence tile path, minimising redundancy

from overlapping clones, is then selected for sequencing.

Selected clones were sequenced using a shotgun approach. The cloned genomic insert is
fragmented and the 1.4 — 2.2 kb fragments cloned into M 13 or plasmid vectors (Bankier et al.,
1987). The subclones are then sequenced using the chain termination method (Sanger ef al.,
1977). This method has been adapted to use two types of fluorescent chemistries: dye labelled
primers and terminators (Lee et al., 1992; Prober et al., 1987; Smith et al., 1987). The sequence
reads obtained are assembled into contigs, after which a directed approach is used both
manually and automatically to edit the sequence. Additional sequence to close any gaps and

resolve problems is obtained during ‘finishing’.

An alternative whole genome shotgun (WGS) method was utilised by the biotechnology
company Celera Genomics, to produce a second version of the human genome (Venter et al.,
2001). Human clone libraries of prescribed insert length were produced from the DNA of five
individuals. The ends of clone inserts were sequenced (paired end sequences or mate pairs),

generating sequence reads amounting to 5.11-fold coverage of the genome. Sequence generated
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by the public effort, freely available in public databases, was also used to bring the effective
coverage to 8-fold (Venter et al., 2001). Two assembly strategies — a whole-genome assembly
and a regional chromosome assembly - were used, each combining sequence data from Celera
and the publicly-funded genome effort. Known repeat elements were screened out from the
assembly process before sequence overlaps were identified and checked for the presence of
repeated elements not removed in the initial screen. Gaps between the assembled contigs could
be sized and the contigs orientated, using the mate pair information of sequence reads from
opposite ends of the same clone insert. The two assembly strategies yielded very similar results

that largely agree with the independent mapping data (Venter et al., 2001).

1.2.2.6 Human genome draft sequence

The public domain sequencing centres published a first draft of the human genome sequence in
February 2001. This was generated from a physical map covering more than 96% of the
euchromatic part of the human genome and, together with additional sequence in public
databases, it covers about 94% of the human genome. A final, accurate draft is promised by
2003 (Lander et al., 2001). On the same day in February, the Celera venture published the

second version of the human genome in a rival journal (Venter et al., 2001).

A computational comparison of the two draft sequences (Aach et al., 2001) found that they
were overall similar in size, containing comparable numbers of unique sequences and exhibited
similar statistics for sample candidate DNA protein-binding motifs. Some differences emerged
at a detailed level e.g. contigs in each exhibited different size and gap distributions. However,
these differences are expected to diminish as assemblies become more complete and

comprehensive.
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1.3 Large-scale features of the genome sequence

The availability of the draft genome sequence allows systematic genome wide analysis of the
human genome. Analysis has confirmed a variety of large-scale features of the genomic

landscape (Lander et al., 2001).

1.3.1 Distribution of GC content

On average the genome is 41% GC but the distribution of base composition varies from 38% to
over 55% GC (Lander et al., 2001). Previous studies have indicated that GC-rich and GC-poor
regions have different biological properties, such as gene density, composition of repeat
sequences and correspondence with cytogenetic bands (Duret et al., 1995; Gardiner, 1996;

Hurst & Eyre-Walker, 2000; Saccone ef al., 1992; Saccone et al., 1993; Zoubak et al., 1996).

Bernardi and colleagues (1985) proposed that the variation in GC content could reflect that the
genome is composed of isochores — local regions of similar GC content. By randomly shearing
DNA and fractionating it on CsSO4 gradients, five fractions were identified: two light AT rich
fractions L1 and L2 and three increasingly GC rich fractions H1, H2 and H3. The L1 and L2
fractions comprise 62% of the genome, H1 22%, H2 9% and H3 3-4%. The remaining 3-4%
consists of satellite and ribosomal DNA. This division was further extended by Saccone et
al.,(1996) and the H3 isochore was split up into three increasingly GC-rich sub-fractions: H3',
H3* and H3". Hybridisation in situ of the H3 fractions indicates the positions of the most gene-

rich bands.

The draft genome sequence was analysed to see if the existence of strict isochores could be

verified. However, the average GC content for a variety of different window sizes showed too

25



Chapter I Introduction

much variation to be consistent with a homogeneous distribution. Although the genome clearly
contains large regions of distinctive GC content, Lander et al. (2001) concluded that there is
substantial variation at many different scales. However, the existence of isochores in the human
genome has been supported through the use of the different, window-less approach of recursive
segmentation (Li, 2001). A segmentation point is identified that maximises the base
composition difference between the left and right subsequences. Each subsequence is then
subdivided into two further subsequences in the same manner, until the resulting domains
satisfy a previously determined threshold value. Li proposes that a window-approach may not
be able to delineate the borders of relative homogeneous domains accurately enough before
carrying out a homogeneity test. The alternative recursive segmentation approach, however,

supports the existence of isochores in the human genome.

1.3.2 CpG islands

The CpG dinucleotide occurs at about one fifth of the roughly four percent frequency that
would be expected by multiplying the typical fractions of Cs and Gs (0.21x0.21) (Matsuo et al.,
1993). The shortfall occurs because CpG dinucleotides are often methylated on the cytosine
base and spontaneous deamination of methyl-C residues gives rise to T residues (spontaneous
deamination of ordinary cytosine residues gives rise to uracil residues that are readily
recognised and repaired by the cell) (Coulondre et al., 1978; Sved & Bird, 1990). However, the
genome contains many CpG islands in which the CpG dinucleotides are not methylated and
occur at a frequency closer to that predicted by local GC content. One feature of these islands is
that they are rich in sites for methyl-sensitive restriction enzymes such as Hpall, which

recognise unmethylated CpG dinucleotides (Bird, 1986).

26



Chapter I Introduction

Using the definition proposed by Gardiner-Garda and Frommer (1987), a search of the repeat
masked draft genome sequence highlighted 28,890 possible CpG islands. CpG islands are of
particular interest, because many are associated with the 5’ ends of genes (Bird et al., 1985;
Bird, 1986; Chan et al., 2000) and may also contain promoter sequences (Cross et al., 2000).
Analysis of the draft genome sequence showed that the relative density of CpG islands

correlated reasonably well with estimates of relative gene density on chromosomes.

1.4 Coding and non-coding sequence

An important distinction that can be made between the different compartments of the genome is
coding versus non-coding sequence. The function of non-coding DNA remains to be fully
understood (Gardiner, 1995). There are a number of features that distinguish these two fractions

of the genome, which are discussed below.

1.4.1 Non-coding features

Genomes can contain a large quantity of repetitive sequence, far in excess of that devoted to
protein-coding genes. Analysis of the draft human genome sequence showed that repeats
account for at least 50% of the genome (Lander et al., 2001). Several different classes of repeats

have been described.

1.4.1.1 Transposon-derived repeats
About 45% of the genome sequence consists of repeats derived from one of four types of
transposable element, of which three transpose through RNA intermediates (LINEs, SINEs and

LTR retrotransposons) and one transposes as DNA (DNA transposons).
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In humans, full length LINEs are about 6 kb long, contain an internal polymerase II promoter
and encode two ORFs. Three LINE families, LINE1, LINE2 and LINE3, are found in the
human genome; only LINE] is still active. The transcribed LINE RNA and translated proteins
move to the nucleus, where an encoded endonuclease activity makes a 3’ single stranded nick
from which the reverse transcriptase is primed. This frequently fails to proceed to the 5’ end,
resulting in many truncated, non-functional insertions. The LINE machinery is believed to be

responsible for most reverse transcription in the genome, including SINE retrotransposition.

SINEs are on average between 100bp and 400bp long, harbour an internal polymerase I11
promoter but encode no proteins. They are thought to use the LINE machinery for transposition
and have been noted to share the 3’ end with LINE elements (Okada & Hamada, 1997). The
human genome contains three families of SINEs: the active A/u and the inactive MIR and

Ther2/MIR3.

LTR retrotransposons are flanked by long terminal direct repeats, which contain all of the
necessary transcriptional regulatory elements. Mammalian retroviruses fall into three classes (I-
III), each comprising of many families. Homologous recombination between flanking LTRs can

result in loss of the internal sequence.

DNA transposons have terminal inverted repeats and encode a transposase enzyme. The human
genome contains at least seven major classes of DNA transposon, each containing many
families. Transposons have been indirectly responsible for many evolutionary innovations in the
genome. Over forty human genes have been recognised as probably derived from transposons

(Jurka & Kapitonov, 1999; Lander et al., 2001; Smit, 1999).
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LINEL1 activity can also bring about exon reshuffling by co-transcription of neighbouring DNA.
They can also cause reverse transcription of mRNA, which typically results in non-functional
processed pseudogenes, but can occasionally give rise to functional processed genes. There are

at least eight human genes that may be derived from this origin (Brosius, 1999).

1.4.1.2 Simple Sequence Repeats (SSRs)

Human satellite DNA is comprised of very large arrays of tandemly repeated DNA, often from
100 kb to several megabases in length. The repeat unit can range from 5 base pairs (bp) in
length to over 170 bp (centromeric alphoid DNA). Repeated DNA of this type makes up the

bulk of the heterochromatic genome regions, approximately 5-10% of the total sequence.

SSRs with a short repeat unit (n = 1-13 bases), often spanning less than 150 bp in total, are
termed microsatellites, whilst these with longer repeat units (n = 14 — 500 bases) and spanning
within a range of ~0.1 — 2.0 kb, are termed minisatellites. Slippage during DNA replication is
thought to result in the production of SSRs (Kruglyak ef al., 1998; Toth et al., 2000). SSRs
comprise about 3% of the euchromatic human genome, with the greatest single contribution

coming from dinucleotide repeats (0.5%) (Lander et al., 2001).

SSRs have been used in human genetic studies (section 1.2.2.1). The microsatellites and
especially the expansion of triplet repeats have also been implicated in neurodegenerative
disorders. Since the cause of fragile X was shown to be repeat expansion (Yu et al., 1991;
Verkerk et al., 1991; Kremer et al., 1991) the list of diseases caused by repeat expansion has
continued to grow. Triplet repeat expansions are associated with non-B DNA structures: these
structures may account for the expansion and instability and therefore the disease-causing

feature of the triplet repeats (Sinden, 1999). Interestingly, one of the genes analysed in this

29



Chapter I Introduction

thesis (E46L) has been implicated in the causation of spinocerebellar ataxia 10, through

polymorphism of an unstable pentanucleotide repeat in intron IX (Matsuura et al., 2000).

1.4.1.3 Segmental duplications

Analysis of the draft sequence shows that the human genome seems likely to consist of about
5% segmental duplication. Intrachromosomal duplications occur within a particular
chromosome. Interchromosomal duplications are defined as segments that are duplicated among
non-homologous chromosomes. Regions near the centromere and telomeres are composed
almost entirely of interchromosomal duplicated segments. It is hypothesised that chromosomal
breakage products are preferentially inserted here by an unknown mechanism, in order to limit

possible damage caused by insertion into more gene-rich regions (Lander et al., 2001).

1.4.2 Coding genome features

1.4.2.1 Non-coding RNA (ncRNA) genes

Less than 5% of the human genome is thought to encode genes (Lander ef al., 2001). The
majority of human genes ultimately specify polypeptides that carry out numerous diverse
functions. However, a smaller minority instead specify a mature RNA product. In addition to
the many genes involved in protein synthesis (rRNA genes, tRNA genes), there are other RNA
genes that process and modify rRNA in the nucleolus (snoRNAs), spliceosomal RNAs and
other ncRNA genes such as telomerase RNA and the 7S signal recognition particle RNAs.
ncRNAs do not have translated open reading frames (ORFs), are often small and are not
polyadenylated. Accordingly, novel ncRNAs are hard to find by experimental sequencing, but
attempts are being made using computational techniques that exploit their secondary structural

characteristics (Rivas et al., 2001).
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1.4.2.2 Protein coding genes

Human protein coding genes have a complex structure (figure 1.1). Whereas in simple
organisms, such as yeast, the genes are simply single ORFs, in complex organisms, such as
human, the ORF is segmented with the protein-coding exons being separated by introns.
Nuclear pre-mRNA introns are excised from the primary transcript by a large ribonucleoprotein
complex, known as the spliceosome (reviewed in Moore & Sharp, 1993), which recognises sites
at the 5* and 3’ ends of the intron (the donor and acceptor sites respectively) as well as an
internal site known as the branch point. With a few exceptions (Sharp & Burge, 1997) nearly all

spliceosomal introns begin with GT and end with AG.

Protein coding genes contain a translational start site (usually ATG), often contained in an
optimal consensus sequence (Kozak, 1987). Some genes also contain a polyadenylation signal,
most commonly an AATAAA hexamer sequence followed by a more complex signal (not yet
completely characterised) located 20-30bp downstream (Beaudoing et al., 2000; Gautheret ef
al., 1998). Less is known about the identity of regulatory sequences that could be present in the

5” and 3’ Untranslated regions (UTRs) and introns (section 1.5.2).
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Figure 1.1: Protein-coding gene features. The genomic layout is shown at the top of the figure and the

. Poly-A signal . Putative promoter
elements

transcribed RNA message below. The colours identify the different features discussed in the text.

1.5 Gene Identification

Genes represent the major functional elements of the genome and are thus the main focus of
interest of genome researchers. In principle, three major features permit the DNA of genes to be
distinguished from DNA that does not have a coding function:

1. Expression: all active genes are capable of making an RNA product, usually mRNA.
Mammalian genes usually contain introns, so the initial RNA transcript undergoes
splicing.

2. Sequence conservation: because genes execute important cellular functions, mutations
that alter the sequence of the product will often be deleterious and eliminated by natural
selection. The sequence of coding DNA and important regulatory sequences is therefore
more strongly conserved in evolution than that of non-coding DNA.

3. CpG islands: many vertebrate genes are associated with CpG islands (Bird et al., 1995).

Identification of these sites can aid identification of the adjacent gene.
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1.5.1 Traditional approaches

Several techniques have been developed that rely on sequence conservation to find genes. For
example, a zoo blot (Monaco et al., 1986) involves the hybridisation of a DNA clone to a
Southern blot of genomic DNA samples from a variety of animal species. Conserved sequences,

which are likely to be genes, are thus identified.

CpG islands usually contain multiple rare-cutter restriction sites (Cross & Bird, 1995). These
can be identified by restriction mapping (DNA clones are hybridised against Southern blots of
genomic DNA, cut with Sacll, Eagl or BssHII, to identify clustering of rare cutter sites)
(Sargent & Bennett, 1986) or by island-rescue PCR (PCR amplification between islands and
neighbouring Alu repeats) (Valdes et al., 1994). The identified fragments can be tested for
expression by hybridisation to Northern blots containing RNA isolated from a range of different
tissues. If a transcript is identified, the corresponding complementary DNA (cDNA) can be
isolated from the appropriate library. Alternatively, entire genomic clones can be hybridised

against a Northern blot or against appropriate cDNA libraries

More efficient approaches can be used to construct a transcript map of a large region (Gardiner
& Mural, 1995). Exon trapping uses a functional assay for splice sites in genomic DNA. The
DNA is shotgun cloned into a vector containing a functional splice donor site, an intervening
sequence and a selectable marker (Buckler et al., 1991; Duyk ef al., 1990). This method has
been used to identify the genes for a number of diseases (Trofatter e al., 1993; Vulpe et al.,
1993). The technique has also been used to isolate exons from entire chromosomes (Church et

al., 1993; Trofatter et al., 1995).
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cDNA selection or capture involves repeated purification of a subset of cDNAs that hybridise to
a given genomic region. cDNAs that hybridise specifically to genomic fragments immobilised
on nylon membranes can be eluted and amplified by PCR. The process is repeated two or three
times before the eluted cDNAs are cloned. This results in highly specific and enriched sub
libraries for expressed sequences of the genomic region (Lovett et al., 1991; Parimoo et al.,
1991). These methods have been improved by using biotin—labelled genomic DNA and
streptavidin-coated magnetic beads to capture the genomic DNA-cDNA hybrids (Korn et al.,
1992; Morgan et al., 1992). This approach has also been used to generate specific chromosome-

enriched libraries (Touchman et al., 1997).

1.5.2 Post-genomic era

The availability of large amounts of genomic sequence, defining the ‘post-genomic era’,
facilitates sequence analysis as a method for gene identification. In small prokaryotic genomes,
finding the encoded genes is largely a matter of identifying all the long open reading frames.
Ambiguities arise if long ORFs overlap on opposite strands — the true coding region must then
be investigated. Genes are found using a computer program that carries out six-frame
translation, identifying ORFs longer than a chosen threshold (such as 500 bp (Burge & Karlin,

1998)). However, smaller genes could be missed.

Finding genes in eukaryotes becomes considerably harder as the signal:noise ratio increases.
For example, the 8 Mb prokaryotic genome of H. influenzae contains 85% coding sequence,
whereas more complex eukaryotic genomes, such as those of the fly and worm, are less than
25% coding. The human genome contains an estimated 3% coding sequence (Duret et al.,

1995), recently confirmed for chromosome 22 (Dunham ef al., 1999). Gene annotation in these
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more complex organisms is complicated further by splicing and alternative splicing. The
arrangement of genes in genomes is also prone to exceptions. Although usually separated with
an intergenic region, there are examples of genes nested within each other (Dunham et al.,
1999); that is, one gene located in an intron of another gene or overlapping genes on the same
(Ashburner et al., 1999; Schulz & Butler, 1989) or opposite (Cooper et al., 1998) DNA strands.
The presence of pseudogenes (non-functional sequences resembling real genes), which are
distributed in numerous copies throughout the genome, further complicates the identification of
true protein coding genes. Current approaches to gene identification approaches include

computer prediction packages and homology searches.

1.5.2.1 Ab initio prediction packages

The most natural way to find genes computationally would be to mimic as closely as possible
the processes of transcription and RNA processing (e.g. splicing and polyadenylation) that
define genes biologically. A number of important signals related to transcription, translation and
splicing are now sufficiently well characterised as to be useful in computer predictions of the
location and exon-intron organisation of genes. The genomic elements that researchers seek
include splice sites, start and stop codons, branching points, promoters and terminators of
transcription, polyadenylation sites, ribosomal binding sites, topoisomerase II binding sites,
topoisomerase I cleavage sites and various transcription factor binding sites (reviewed by
Gelfand, 1995). These conserved elements are used by ab initio prediction programs: gene
prediction from sequence data without the use or prior knowledge about similarities to other

genes. Ab initio gene prediction programs are discussed in more detail in chapter I11.
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1.5.2.2 Sequence similarity

The similarity of a region of the genome to a sequence that is already known to be transcribed,
is a powerful predictor of whether or not a sequence is part of a gene. Similarity-based methods
rely on matches to DNA and protein databases with the genomic sequence under investigation
using, for instance, the Basic Local Alignment Search Tool (BLAST) (Altschul et al., 1997).
This type of search has become very powerful due to increased EST availability (Adams et al.,

1991; Wilcox et al., 1991) (section 1.8).

Although the ESTs generally cover only a segment of the gene, their utility for gene
identification was immediately recognized. In a pilot project, Adams et al.(1991) performed
automated partial sequencing of more than 600 randomly selected cDNAs from human brain.
Of the generated ESTs, 337 represented new genes and 48 had significant similarity to genes
from other organisms. Since then, a large number of publications have generated increasing sets
of ESTs and their analysis (Adams et al., 1993; Hillier et al., 1996; Houlgatte et al., 1995; Khan
et al., 1992; Okubo et al., 1992). All public domain ESTs are deposited in dbEST, a subdivision
of GenBank/EMBL/DDBJ (Boguski ef al., 1993). An important key development for the
widespread use of ESTs, was the formation of the IMAGE consortium (Lennon ef al., 1996)

(http://bbrp.lInl.gov/bbrp/image/), to ensure that collections of clones as well as sequences

would be accessible by the biomedical research community.

A large amount of redundancy exists in the large EST collections, owing to repeated sequencing
of the same widely expressed genes in different or the same tissues. Different clustering
methods have been devised to address the redundancy. Examples include Unigene (Boguski &

Schuler, 1995) and the GeneExpress project (Houlgatte et al., 1995).
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There are many applications for which partial sequences are not adequate. For example,
accurately predicting the function or structure of a gene product or isolating the protein product,
requires a full-length sequence. The Mammalian Gene Collection (MGC) project represents an
ongoing effort by the National Institute of Health (NIH) to generate a full-length cDNA

resource, eventually representing all human genes (Strausberg et al., 1999).

Protein databases provide a further resource for gene annotation (section 1.8). Notable examples
include the SwissProt database (Bairoch & Apweiler, 2000), which is a database of protein
sequences derived from translations of DNA sequences from the EMBL nucleotide sequence
database, adapted from the Protein Identification Resource (PIR) collection, extracted from the
literature and directly submitted by researchers. SwissProt is a curated database, containing
high-quality annotation, is non-redundant, and cross-referenced to several other databases.
TrEMBL is a computer-annotated protein sequence database, which supplements SwissProt.
TrEMBL contains the translations of all coding sequences (CDS) present in the EMBL
nucleotide sequence database not yet integrated into SwissProt. TTEMBL can be considered as a
preliminary section of SwissProt. Annotation of genes through similarity searches is discussed

in chapter I11.

1.5.3 Comparative studies

Conserved genetic linkage groups have been documented in a variety of vertebrate species (for
a summary, see Jones ef al., 1997). Genomic sequence from a range of species is now becoming
available (section 1.7) and a wide variety of cross-species comparative studies are being
undertaken to identify conserved and novel functional features, to elucidate the mechanisms that

have acted during genome evolution and to study gene and protein function in model systems.
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1.5.3.1 Identification of conserved functional regions

In order to exploit genomic comparison as an analytical tool for identification of functional
regions, species must be selected of great enough evolutionary divergence to permit
identification of functionally conserved regions from the rest of the genomic background, yet
small enough that comparison of conserved syntenic lineage is meaningful (Lundin, 1993).
Such comparisons can allow identification of genes and possible regulatory regions in both

genomes with no previous knowledge of the gene content of either.

BLAST (Altschul et al., 1997) is one of a range of alignment algorithms that can also be used to
compare genomic sequences with homologous genomic sequences from closely related
organisms such as mouse, chicken or pufferfish. For example, the ‘Exofish’ algorithm (Crollius
et al., 2000), utilises a specific implementation of BLAST (TBLASTX) to conduct homology
searches of human sequence with available 7. nigroviridis sequence. Exofish has already
proved useful in the identification of human genes and has demonstrated the potential of
comparative genomics using the pufferfish genome. Additional algorithms are being developed

for the specific purpose of species sequence comparison and gene identification.

The benefits of using mouse genomic sequence for identification of gene and regulatory regions
have been illustrated by a large number of small-scale studies and is reviewed in more detail in
chapter IV. Additionally, genome-wide alignments of human and mouse sequence are
becoming available from the public genome project (Meisler, 2001). As more finished mouse
sequence is added, this resource will aid identification of genes and candidate regulatory

regions within the human genome.
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1.5.3.2 Evolutionary chromosomal rearrangements

Chromosomal rearrangements such as inversions and translocations have played an important
role in defining genome organisation in existing mammals. The number of rearrangements that
have occurred since divergence from the primordial mammal has been modest and the
distribution of these rearrangements among chromosomes appears random (Eppig & Nadeau,
1995). As a result, each mammalian species has a unique arrangement of conserved and
disrupted chromosomal segments as compared to other mammalian species. Genes provide
excellent markers for these chromosomal segments as their homologies can be detected in

highly divergent species (Eppig & Nadeau, 1995; Nadeau & Sankoff, 1998).

The mouse genome represents the most thoroughly studied of all non-human vertebrate
genomes. However, rodent chromosomes have undergone an unusually high number of
genomic rearrangements per unit of evolutionary time (Graves, 1996). Nevertheless, the degree
to which gene content and order is conserved is considerable (Carver & Stubbs, 1997). As the
resolution of the physical maps of the human and mouse genomes increases from cytogenetic
bands to nucleotide sequence (section 1.2, chapter IV), breakpoints in the comparative map can
be mapped more precisely and their characteristics examined. Chromosomal painting by
fluorescence in situ hybridisation (FISH) with chromosome-specific libraries is an easy way to
compare the location of homologous chromosomes in different mammalian species (for
example Rettenberger et al., 1995; Scherthan et al., 1994). This method is used to identify the
location and approximate size of homologous segments and to estimate the number of
rearrangements that have occurred since the divergence of the lineages leading up to the species
being compared. Finer mapping of a syntenic breakpoint was provided by the first sequence-

level analysis of a conserved synteny breakpoint between mouse chromosome 10 (MMU10)
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and HSA21 and HSA22, recently described by Pletcher et a/.(2000). Examination of the
structural features of this segment, and comparison with other breakpoints, should provide
insight as to whether particular DNA sequences contain structural features that are predisposed

to ancestral chromosomal rearrangements (chapter IV).

Data from comparative maps is also used in functional studies to identify candidate disease

genes and to characterise the genetic basis for complex traits (section 1.7).

1.6 Functional genomics

The initial interest in the human genome was precipitated by a desire to identify the cause of
observable gene phenotypes: in 1986, Dulbecco stated the wish to ‘sequence the whole genome
of a whole animal species for the purpose of finding genes involved in cancer’. However, even
once the entire complement of genes is established, the function for most of them will remain
unknown (Blackstock & Weir, 1999). The emerging field of functional genomics is addressing
these problems. This not only involves the determination of gene function, but also the
determination of expression patterns and both spatial and temporal analysis of the proteins.
Functional genomics is characterised by high throughput or large-scale experimental
methodologies combined with statistical and computational analysis of the results. The
underlying strategy is to expand the scope of biological investigation from studying single
genes or proteins to studying all genes and proteins at once in a systematic fashion.
Computational biology will perform a critical and expanding role in this area (Hieter &

Boguski, 1997).
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1.6.1 Expression studies

The first small-scale approaches to identifying and cloning differentially expressed genes were
primarily based on subtractive hybridisation (Hess et al., 1998). Although several genes were
cloned using this method, subtractive hybridisation turned out to have some crucial
disadvantages: it reveals only a small fraction of the overall changes in gene expression; it
requires large amounts of RNA; and it is time-consuming and laborious. In 1992, differential
display PCR (DD-PCR) was introduced to compare, identify and isolate differentially expressed
transcripts (Liang & Pardee, 1992). In principle, the method utilises reverse transcription (RT)-
PCR amplification of two different mRNA populations and separate the resulting fragments
side-by-side on a denaturing polyacrylamide gel. Bands expressed at different levels are isolated

and cloned.

Large-scale gene expression studies have been revolutionised by microarray technology. This
takes advantage of the fact that increasingly complete sets of cDNA clones and sequences
representing all human and mouse genes are becoming available for high throughput surveys of
gene expression. DNA microarrays consist of genes, gene fragments or oligonucleotides
covalently attached in a high-density array on a glass slide. The DNA on the array is selected
from databases such as Unigene (Boguski & Schuler, 1995). Arrays can also be produced using

photolithography to synthesise specific oligonucleotides in sifu on the array (Fodor et al., 1991).

The arrays can be used to record differences in expression between a reference and a test RNA
population. Each RNA population is used as a template in a reverse transcription PCR reaction,
incorporating a distinguishing fluorescently labelled dinucleotide. The fluorescently labelled

cDNAs are then hybridised to the array. The relative fluorescence intensity measured for the
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two different fluors at each array element provides a reliable measure of the relative abundance
of the corresponding mRNA in the two RNA populations. This technique has been used to

assay expression in inflammatory disease (Heller ez al., 1997), the diauxic shift in S. cerevisiae
(DeRisi et al., 1997) and tumorigenic versus non-tumorigenic cell lines. Microarrays have also

been used in other techniques to assay expression patterns (section 1.6.3.2).

Serial Analysis of Gene Expression (SAGE) also takes advantage of the possibility of a human
gene index. SAGE is based on short nucleotide tags of 9 to 10 bp, derived from the complete
mRNA pool of a cell population. These tags contain enough information to identify a transcript.
Concatenation of short tags allows the simultaneous analysis of multiple transcripts by
sequencing of many tags (10-50) within a single clone. The advantage of this method is that it is
possible to count the number of distinct mRNA molecules in a given cell population for each
condition and, from this accounting, a particular mRNA would be described as differentially

expressed if its frequency is significantly greater in one condition versus another.

A current limitation of microarray and SAGE technologies is that there is not yet a
comprehensive and accurate index of human genes. cDNAs representing each gene also need to
be collected both for the human genome, and for all other species of interest. The second
limitation is the need for sufficiently powerful mathematical and visualisation tools for whole-
genome expression studies to analyse the mass of new data. This is currently one of the major

challenges faced by bioinformatics (section 1.8).

1.6.2 Control of gene expression
Our understanding of how regulatory information is encoded by a DNA sequence is still very

fragmented. Large-scale genome sequencing projects currently determine hundreds of
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megabases every year. Thus, one of the major challenges that biologists face is to identify the

regulatory elements within the bulk genome.

Wet laboratory approaches to the identification of regulatory regions includes the use of
reporter genes and deletion analyses to assess how deletion of different segments of DNA
upstream of a gene, or occasionally on the first intron, affects gene expression. Gel retardation,
DNAse footprinting and methylation interference assays can identify protein-binding sites on a
DNA molecule. However, the amount of experimental work that would be required to
systematically analyse these non-coding sequences could exceed current research capacity.
There is therefore a need for experimental and computational tools that identify potential

regulatory elements more quickly to allow focusing of experimental design.

Two main kinds of computational approaches can be distinguished. The first one includes
methods that rely on biological knowledge of transcription factor binding sites, promoters,
enhancers, locus control regions etc. to set up rules to predict regulator elements. However, the
major obstacle to this approach is that the sequence motifs corresponding to these features
contain too little diagnostic information for them to be distinguished from chance occurrences
(Audic & Claverie, 1998). Experimentalists have shown that transcription factors, facing the
same problem in the cell, find their physiological targets mainly via interactions with other
factors bound to neighbouring sites. Chromatin structure modulated accessibility may also play
a role. Computational biologists now agree that predictive algorithms should do the same thing:
using sequence contextual features (e.g. predicted neighbouring elements) in order to

distinguish between functional and biologically irrelevant sites.
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The second type of approach relies on comparative analysis of homologous sequences. This
approach has recently gained considerable interest, thanks to projects intended to sequence large
regions of model vertebrate genomes (section 1.7). Tagle et al.(1988) proposed the term
“phylogenetic footprinting” to describe the phylogenetic comparisons that reveal evolutionary
conserved functional elements in homologous genes. However, regulatory elements that have
been acquired very recently in evolution may not be detectable by this method. In addition, the
conserved feature may not reside in the primary sequence structure, but rather in the spatial

structure or a compositional property of the DNA or RNA that is subject to selective pressure.

As well as computational approaches, laboratory protocols are also being developed for the
large-scale identification of putative regulatory regions. Frazer ef al.(2001) recently described
the most extensive human/mouse comparison available to date, through hybridisation of
orthologous BAC contigs to an oligonucleotide array representing four 25-mers for each
nucleotide in 16.6 Mb of non-repetitive DNA from human chromosome 21. The sequence of
conserved elements could be determined from the hybridisation pattern. In the human-mouse
comparison, 3400 conserved elements ranging in length from 30 bp to > 1 kb were identified,
corresponding to 1.6% of the tested sequence. Only 44% of the conserved elements
corresponded to known exons. 2.6 Mb of orthologous dog DNA was also hybridised to the
oligo arrays, in order to estimate the proportion of conserved sequence resulting solely from
common origin in the absence of active selection for function. Only half of the human-mouse
noncoding elements were conserved in the dog sequence, indicating that it is worthwhile to
extend comparisons beyond two species before initiating functional tests of putative regulatory

elements.
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1.6.3 Proteomics

The methods described above are critically important for a detailed understanding of the
regulation of biological systems; however, such methods provide no information about post-
translational control of gene expression. Indeed, experimental evidence suggests that there is no
obvious correlation between mRNA expression levels and protein levels either in human liver
cells (Anderson & Seilhamer, 1997) or in yeast (Gygi et al., 1999). An emerging field for the
analysis of biological systems is therefore the study of the complete protein complement of the

genome, the ‘proteome’.

1.6.3.1 Two-dimensional gel electrophoresis and mass spectroscopy

One of the most widely used tools for proteome analysis is two-dimensional protein
electrophoresis (2.G.E) (O'Farrell, 1975). This technique resolves complex mixtures of proteins
first by isoelectric point and then by size. The resulting gel images form a two-dimensional
‘barcode’ of the proteome of a particular biological system. A comparison of two or more such
barcodes might help to identify differences in protein expression that result in particular
phenotypes. A protein spot of interest can also be purified and further analysed (by direct
amino-acid sequencing, amino acid analysis and mass spectroscopy) to relate the protein to the

underlying gene.

The need to characterise spots has fostered an increasing use of mass spectroscopy (MS) for
protein characterisation. The two most commonly used approaches for spot characterisation
involve peptide mass mapping and tandem MS of a proteolytic digest of a 2.G.E spot. The
masses of resulting peptides from a proteolytic digest can be measured using MS. These masses

can be compared with in silico digests of protein databases or six-frame translations of nucleic

45



Chapter I Introduction

acid databases to help characterise the spot. In a tandem MS experiment, peptide mixtures are
studied in an initial MS scan and particular peptides can be fragmented during a second step to
generate amino acid sequence information. The sequence information is derived by an attempt
to match mass spectra from fragmentation patterns with in silico spectra, obtained from

databases, or by matching amino acid sequence information with available databases.

1.6.3.2 Chip-based methods for proteome analysis

On array-based methods, protein spots are immobilised onto glass slides. Such arrays can then
be used to screen complex protein mixtures for particular binding affinities or other interactions
(Walter et al., 2000). Antibodies can be arrayed using bacteria that express recombinant
antibodies. These arrays can be probed for specific antibody-antigen binding interactions, using

a filter-based enzyme-linked immunosorbent assay (ELISA) technique.

Ziauddin and Sabatini (2001) have produced microarrays of cells expressing defined cDNAs.
Arrays are printed with sets of cDNAs cloned in expression vectors. Mammalian cells are
cultured on the glass slide and cells growing on the printed areas take up the DNA, creating
spots of localised transfection within a lawn of non-transfected cells. Two uses for this
approach have been identified so far: as an alternative to protein microarrays for the
identification of drug targets and as an expression cloning system for the discovery of gene

products that alter cellular physiology.

A commercial device, the ProteinChipSystem (Senior, 1999), combines chip-based techniques
with MS to selectively capture proteins from biological systems using surface-enhanced laser
desorption and ionisation (SELDI) technology. Protein mixtures are incubated with a variety of

available chips that probe Lewis acid/base interactions or hydrophobic, electrostatic and co-
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ordinate covalent bonding. The surfaces of these chips are precoded with chromatographic
affinity surfaces that extract, structurally modify or amplify a particular protein.
ProteinChipArrays have been used to identify disease markers (Xiao ef al., 2000). For example,
prostate-specific membrane antigen, a protein thought to indicate prostate cancer tumour
progression, can be detected in blood sera and quantified, based on a normalised peak, via

ProteinChip technology.

The ultimate aim of functional genomics is to integrate information from various ‘levels’
including DNA sequence, mRNA profiles, protein expression and metabolite concentrations, as
well as information about dynamic spatio-temporal changes in these molecules to form effective
models of biological system. Attempts have already been made to create whole cell computer
simulation models (Tomita, 2001). Rapid accumulation of biological data from genome,
proteome, transcriptome and metabolome projects could advance efforts to construct virtual
cells in silico. A solid foundation of accurate and complete gene annotation, together with a

high quality index of encoded proteins, is a prerequisite for all of this future research.

1.7 Model organisms

1.7.1 Model organism genome projects

The first proposal of the HGP included the study of five model organisms (Watson, 1990). Thus
far, the genomes of four of the five initially proposed organisms have been fully sequenced

(table 1.2).
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Table 1.2: the model organisms initially proposed for genome sequencing (Watson, 1990)

Organism Genome size Estimated no. of genes Sequenced?
Escherichia coli® 42x10° 4000 Y
Saccharomyces cerevisiae® 1.5x 10’ 6000 Y
Caenorhabditis elegans® 1.0x 10 13000 Y
Drosophila melanogaster* 12x 108 10000 Y
Mus musculus 3.0x 10° 30000-100000 Nearly
 (Blattner et al., 1997)

® (Goffeau , 1996)

¢(Coulson, 1996)

4(Adams , 2000)

In addition, projects are underway to sequence the genome of the rat, zebrafish, and the
pufferfish T nigroviridis and T. rubripes. Plans are also under consideration for sequencing
additional primate and other organisms that will help define key developments along the

vertebrate and non-vertebrate lineages.

The utility of the genomic sequence of model organisms in comparative sequence analysis is
reviewed in section 1.5.3 and chapter IV. Model organisms also play an important role in

elucidation of protein function and investigation of human disease (see below).

1.7.2 Functional studies in model organisms

Characterisation of an orthologous gene product through experimental assays in a model
organism can offer valuable insights into function. Comparative maps provide the basis for
identification of orthologous genes in a variety of organisms. For example, gene mapping
placed the murine Pax3 gene on proximal mouse chromosome 1 and made it a candidate for the
‘Splotch” mutation (Goulding ef al., 1991). When the locus for Waardenburg syndrome type I
(WS1) was mapped to the homologous portion of the human genome, 2q37 (Foy ef al., 1990),

Pax3 became a candidate for WS1 as well. Subsequent molecular studies showed mutations in
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the Pax3 gene in ‘Splotch’ mice (Epstein et al., 1991) and individuals with WS1 (Tassabehji et

al., 1992).

The nucleotide resolution of the physical maps resulting from the human and model organism
genome projects (section 1.7.1) greatly enhances the efficiency of the identification process of
candidate disease genes. This may be particularly important in the study of more complex
disease traits, such as epilepsy, diabetes and hypertension, which involve more than one locus.
These traits are difficult to study in humans because of limited family material, genetic
heterogeneity, and complex environmental interactions. In experimental species such as the
laboratory mouse and rat, planned crosses can be used, large numbers of progeny can be
obtained and environmental factors can be controlled. Experiments can be replicated and gene-
gene and gene-environment interactions studied. For example, genetic factors involved in
inherited susceptibility to hypertension have been mapped to rat chromosomes 1, 2, 10 and 16
(Deng & Rapp, 1994). In these cases, knowledge of the genomic sequence will provide

important clues to identifying homologous susceptibility genes in humans.

The genome projects have resulted in the identification of thousands of novel genes. Many
large-scale experiments are underway to systematically study gene function in a more general
way using knockouts. In yeast, where each of the ~6000 ORFs is likely to specify a protein
product (Goffeau et al., 1996), systematic knockouts of all the ORFs are in progress, either by
insertion of transposons (Burns ef al., 1994; Ross-Macdonald ef al., 1999; Smith ef al., 1996),
or total deletion of the ORF using a PCR based approach (Baudin ef al., 1993). This last method
has been refined to include a molecular barcode where each deletion strain is tagged by a

unique 20bp sequence (Shoemaker et al., 1996).
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A large project is also underway to disrupt all the genes annotated within the Drosophila
genome using P transposable elements (Deak et al., 1997; Spradling et al., 1995). Similarly,
availability of the genome sequence of C. elegans has increased the utility of this organism for
functional studies. Genes identified within the sequence are easily knocked out using
transposons (Collins et al., 1987; Mori et al., 1988; Rushforth et al., 1993; Zwaal et al., 1993)

or by double stranded RNA interference (RNA1) (reviewed by Bargmann, 2001).

The increasing availability of mouse genomic sequence is also being exploited by the extensive
array of genetic techniques available in mouse. For example, mice can be constructed with pre-
determined genetic modifications to the germline by transgenic technology and gene targeting
in embryonic stem cells. Recently, RNA1 has been demonstrated in mouse cells (Yang et al.,
2001). Functional studies in mouse should therefore help to elucidate gene and protein function

in humans.

1.8 Bioinformatics

The different large-scale genome related projects have produced a ‘tidal wave’ of data
(Reichhardt, 1999). Bioinformatics has emerged as a science of recent creation, that uses
biological data and knowledge stored in computer databases, complemented by computational
methods, to aid interpretation of, and derive new, biological knowledge. The development of
the World Wide Web (WWW) has accelerated this field as it allows easy access and sharing of

data.

Initially, data is collected into databases. Large public domain databases are available for

different types of information, for example, EMBL (Baker ef al., 2000), TrEMBL for translated

50



Chapter I Introduction

DNA sequences, GenBank for nucleotide and protein sequences and SwissProt for protein
sequences (section 1.5.2.2). Individual labs can also use locally maintained databases to store
data. For example, ACeDB, a C. elegans database, originally developed for the data generated
by the C. elegans community, has been adapted for data management for many of the human

sequencing projects.

A number of tools are available to analyse data. Data retrieval methods can be divided into text
based or sequence based retrieval. Examples of text-based retrieval systems are Entrez (Schuler
et al., 1996b) which allows access to the data collections at the National Center for
Biotechnology (NCBI) and the Sequence Retrieval System (SRS) (Etzold et al., 1996) which
allows the exploration of virtually all existing molecular biology databases. Most sequence-
based searches are based on pairwise sequence-sequence comparison using algorithms such as
BLAST. Similarities and differences are analysed at the nucleotide and/or amino acid level,

with the aim to infer structural, functional and evolutionary relationships (Schuler, 1998).

If the sequence of interest contains protein-coding regions, analysis is more sensitive at the
protein level as the DNA code is degenerate and, because of selective pressure, protein coding
regions are more highly conserved. In general, a set of aligned sequences can be organised into
an emerging family to define a ‘profile’. Such profiles aim at capturing the key functionally
constrained features of the protein family. As a result, profile-sequence comparisons are a more
powerful search tool than sequence-sequence comparisons. Profile-profile comparisons increase
the possibility of detecting remotely related family members. In rare cases, discovery of
similarities in 3D structure, when it is available, without apparent sequence similarity, can lead

to the unification of functional families.
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Bioinformatic techniques are also used to find genes. Both comparison-based and predictive

methods were discussed previously (section 1.5).

Increasingly, sequence analysis is faced with problems of scale. New sequences become
available every day from the various genome projects and processing them by hand is too slow.
The flood of new sequence data can be handled only by automation. The genome browser
Ensembl (Hubbard & Birney, 2000) provides one example. Ensembl is a software system that
produces and maintains automatic annotation on eukaryotic genomes. Currently, H. Sapiens, M.
musculus and D. melanogaster Ensembl servers exist. The data can be searched to identify
genes, SNPs, proteins and protein families. Currently Ensembl provides identification of 90%
of known human genes in the genome sequence and predicts 10,000 additional genes, all with

supporting evidence.

Genome sequence provides a static picture. New high-throughput techniques of transcript and
protein profiling will soon provide massive amounts of dynamic data, complementing static
genome sequences. Database groups are now faced with the challenge of integrating genome

sequence data with other data emanating from large-scale molecular biology.

1.9 Chromosome 22

Chromosome 22 is the second smallest of the human autosomes, comprising of 1.6 — 1.8% of
the genomic DNA. It is an acrocentric chromosome: the p arm encodes the tandemly repeated
rRNA genes and a series of other tandem repeat sequence arrays. There is no evidence to

indicate the presence of any protein coding genes on 22p.

There are a number of genetic diseases located to this chromosome, listed in table 1.3.
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Table 1.3: Syndromes linked to chromosome 22 genes.

Syndrome Gene Position OMIM

Cat eye syndrome CECR, CES 22ql1 115470

Conotruncal cardiac anomalies CTHM 22ql1 217095

DiGeorge syndrome chromosome region DGCR, DGS, VCF 22ql1 188400

(velocardiofacial syndrome)

Thrombophilia due to heparin cofactor II HCF2, HC2 22ql1 142360

deficiency

Schindler disease; Kanzaki disease; NAGA NAGA 22¢ql1 104170

deficiency, mild

Rhabdoid tumors; Rhabdoid predisposition SMARCBI, SNF5, INI1, 22qll 601607

syndrome, familial RDT

Breast cancer, t(11-22) associated ? 22ql1 600048

Epilepsy, partial, with variable foci FPEVF 22ql1-ql12 604364

Epstein syndrome EPSTS 22ql1-q13 153650

Schizophrenia 4 SCZD4 22ql1-q13 600850

Glutathioninuria GGT1, GTG 22ql1.1-q11.2 231950

Gamma-glutamyltransferase, familial high GGT2 22ql1.1 137181

serum

Bernard-Soulier syndrome, type B; giant GP1BB 22ql11.2 138720

platelet disorder, isolated

May-Hegglin anomaly; Fechtner syndrome; MYH9, MHA, FTNS, 22ql1.2 160775

Sebastian syndrome; Deafness, autosomal DFNA17

dominant 17

Opitz G syndrome, type 11 0GS2, BBBG2, GBBB2 22ql1.2 145410

Hyperprolinemia, type I PRODH 22ql1.2 239500

Cataract, cerulean, type 2 CRYBB2, CRYB2 22ql1.2-q12.2 123620

Agammaglobulinemia, autosomal recessive IGLL1, IGO, IGLS 22ql11.21 146770

Transcobalamin II deficiency TCN2, TC2 22ql1.2-qter 275350

Leukemia, chronic myeloid, Leukemia, acute BCR, CML, PHL, ALL 22ql1.21 151410

lymphocytic

Ewing sarcoma; Neuroepithelioma EWSRI1, EWS 22ql12 133450

Heme oxygenase-1 deficiency HMOX1 22q12 141250

Colon cancer (deletions) ? 22ql2-qter

Li-Fraumeni syndrome CHEK2, RAD53, CHK2, 22ql2.1 604373
CDS1

Sorsby fundus dystrophy TIMP3, SFD 22q12.1-q13.2 188826

Neurofibromatosis, type 2; Meningioma, NF2- NF2 22ql2.2 101000

related, sporadic;Schwannoma, sporadic;

Neurolemmomatosis; Malignantmesothelioma,

sporadic

Schwannomatosis ? 22ql2.2 162091

Pulmonary alveolar proteinosis CSF2RB 22ql12.2-q13.1 138981

Meningioma LARGE 22ql12.3-q13.1 603590

Meningioma, SIS-related; PDGFB, SIS 22ql12.3-q13.1 190040

Dermatofibrosarcoma protuberans; Giant-cell

fibroblastoma

Neutrophil immunodeficiency syndrome RAC2 22ql12.3-q13.2 602049

Meningioma MGCR, MN1 22ql12.3-qter 156100

Colorectal cancer EP300 22ql13 602700

Megakaryoblastic leukemia, acute MKL1, AMKL, MAL 22ql3 606078

Spinocerebellar ataxia-10 SCA10 22ql3 603516

Cardioencephalomyopathy, fatal infantile, due SCO2 22q13 604272

to cytochrome coxidase deficiency

Waardenburg-Shah syndrome; Yemenite deaf- SOX10, WS4 22ql3 602229

blindhypopigmentation syndrome
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Male infertility due to acrosin deficiency ACR 22q13-qter 102480

Ovarian cancer (deletions) ? 22ql13.1

Adenylosuccinase deficiency; Autism, ADSL 22ql13.1 103050

succinylpurinemic

Parkinsonism, susceptibility to; Debrisoquine CYP2D, P450C2D 22q13.1 124030

sensitivity

Glucose/galactose malabsorption SLC5A1, SGLTI 22q13.1 182380

Chromosome 22q13.3 deletion syndrome PSAP2, PROSAP2, 22q13.3 606230
KIAA1650

Metachromatic leukodystrophy ARSA 22ql13.31-qter 250100

Methemoglobinemia, type I; DIA1 22q13.31-qter 250800

Methemoglobinemia, type 11

Myoneurogastrointestinal encephalomyopathy ECGF1 22q13.32-qter 131222

syndrome

Megalencephalic leukoencephalopathy with MLC1, LVM, VL 22qter 605908

subcortical cysts

Adapted from OMIM Gene Map (http://www.ncbi.nlm.gov/htbin-post/Omim).

Chromosome 22 was the first human chromosome to be completely sequenced by a consortium
of labs, providing 33.4Mb of sequence of the euchromatic portion of chromosome 22 in 12
contiguous segments (Dunham ef al., 1999). The sequence has been subjected to exhaustive
computational analysis (Dunham et al., 1999) and has served as a benchmark for new
computational and experimental methods of analysis (for example, de Souza et al., 2000;
Mullikin et al., 2000; Roest Crollius et al., 2000; Salamov & Solovyev, 2000; Scherf ef al.,

2001; Shoemaker et al., 2001).

1.10 This thesis

The huge impact of the human genome project and the availability of genomic sequence can
alter approaches to finding and identifying genes. Accurate annotation of genes within the
genomic sequence is essential: the genome project will be an important reference for future
genetic research and errors in the gene annotation at this early stage could adversely affect

future studies of gene and protein function (see section 1.6).
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The aim of this project was therefore to generate a highly accurate transcript map of a region of
human chromosome 22. The utility of mouse genomic sequence for gene annotation and study
of chromosomal evolution was also addressed. The generated human transcript map was then
used as a basis for further study of the function of the annotated genes. A variety of
bioinformatic and experimental methods were explored to provide a preliminary functional

characterisation of the genes encoded within the region of interest.

The thesis will discuss:

1. Sequence analysis of a 3.4 Mb region of chromosome 22 (22q13.31) and the annotation
of 39 experimentally verified genes and 17 pseudogenes. Screening of ab initio gene
predictions in cDNA libraries was carried out to ensure completeness of the transcript
map. Northern blotting and creation and screening of a 32 —tissue human cDNA panel,
confirmed expression of the annotated gene features. Extensive sequence analysis of the
genes and surrounding genomic sequence permitted investigation of translational start
sites, polyadenylation sites, splice sites and predicted promoter regions. The correlation
of each type of sequence evidence used to generate the transcript map was assessed
against the final version, to determine the level of annotation accuracy each approach
provided.

2. Comparative study of approximately 3.0 Mb in 22q13.31 and an additional 1.9 Mb
region of 22q13.1. This chapter describes the construction of three mouse BAC clone
contigs, spanning orthologous regions of mouse chromosomes 15 and 8. The available
sequence was used to perform comparative analyses of coding and non-coding regions
conserved in both mouse and human genomic sequence. The correlation of the

conserved regions with both the existing annotation and with ab initio gene predictions
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was assessed, but no further genes or exons were identified. Additionally, the study
resulted in the refinement of a synteny breakpoint junction on human chromosome
22q13.1 and mouse chromosomes 15 and 8.

3. Preliminary functional characterisation of 27 complete genes identified from the
transcript map of 22q13.31. In silico analyses were used to identify potential secondary
structure and domain features within the predicted protein sequences. Phylogenetic
analysis was also utilised to identify orthologous proteins from different species.
Additionally, the subcellular localisation of a subset of the proteins was investigated

through cloning and expression in a mammalian cell line.

This work was carried out as part of the ongoing work on chromosome 22 at the Sanger

Institute.
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Chapter II Materials and Methods
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All solutions used are listed at the end of this chapter.

2.1 DNA manipulation methods

2.1.1 Polymerase Chain Reaction (PCR)

PCR was performed in 0.5 ml microcentrifuge tubes in a DNA Thermal Cycler (Perkin Elmer)

or in a 96 well micro titer plate (Costar Thermowell™ C- or M-type) in an Omnigene (Hybaid)

(C-type) or a PTC-225 (MJ Research) (M-type). For most applications, 15 pl reactions were

prepared.

1.

A premix sufficient for the number of planned reactions was prepared, allowing for a 1X
reaction mix once the DNA template (section 2.1.1.2) was added (usually 10 ul of mix and
5 pl of template).

The final reaction contained 1X buffer (Buffer 1 unless otherwise specified), 200 uM of
each of the four nucleotides (Pharmacia), 40 ng of each primer, and 0.5 units /ul of DNA
polymerase (Tag (Amplitaq) or Pfu (Promega)).

The amplifications were performed under the same cycling profile (except where
specified): 94°C for 5 minutes, followed by 35 cycles at 94°C for 30 seconds, annealing
temperature (specific to each primer) for 30 seconds and 72°C for 30 seconds, and finally
followed by 1 cycle at 72°C for 5 minutes.

Reaction products were visualised by agarose gel electrophoresis and staining with

ethidium bromide (section 2.1.2).

DNA templates

The templates used were

1.

2.

Bacterial colonies picked into 100 pl of sterile water and 5 pul used directly.

cDNA or bacterial pools.
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3.

4.

DNA excised from an agarose gel into 100 pl sterile water, left overnight and 5 pl used
directly.

Human (Sigma D-3035) or mouse genomic DNA at 12.5 ng/ul.

2.1.2 Gel electrophoresis

1.

An agarose gel was prepared (2.5% for most PCR amplified products and 1% for fragments
over 1 kb) in 1X TBE and ethidium bromide (250 ng/ul).

DNA was added to the appropriate amount of 6X loading buffer (e.g. 5 ul of PCR product
and 1 pl of 6X loading buffer) and loaded. In the case of Buffer 2, the samples were loaded
directly.

Size markers (1 kb ladder, Gibco-BRL) were also loaded.

Minigels were run at 80 Volts for 10-15 minutes and larger gels were run at 200 Volts for
the time required to obtain satisfactory separation.

DNA was visualised under UV on a transilluminator and photographed with a Polaroid

camera.

2.1.3 Restriction enzyme digests

2.1.3.1 Liquid DNA

1.

Up to 10 pg of bacterial clone, or plasmid, DNA was used in a reaction containing the
appropriate 1X buffer, ImM spermidine, 100 pg/ml BSA and 20-50 units of the appropriate
enzyme.

The DNA was digested for 2 hours or overnight at the appropriate temperature for the
enzyme.

The DNA was subjected to agarose gel electrophoresis and visualised (section 2.1.2).
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2.1.3.2 PCR products

1. After PCR amplification, the required amount (usually 5-10 pul) was transferred to a new
0.5 ml microcentrifuge, and 5 units of the restriction enzyme added.

2. DNA was digested for 1 hour at the recommended temperature and visualised by gel

electrophoresis.

2.1.4 DNA purification

2.1.4.1 Ethanol precipitation

1. Ina 1.5 ml microcentrifuge tube, 0.1 volumes of 3M sodium acetate and either 1 volume of
1sopropanol or two and half volumes of ethanol were added to the DNA.

2. The samples were mixed well by vortexing and incubated for 20 minutes at —20°C.

3. The DNA was then pelleted in a microcentrifuge at 13,000 g and washed once with 70%
ethanol.

4. The pellet was left to dry and then resuspended in the appropriate amount of T, E.

5. The recovery was tested by gel electrophoresis (section 2.1.2).

2.1.4.2 Gel purification

The DNA fragment was excised from the agarose gel with a clean scalpel.

1. The gel slice was weighed in a 1.0 ml eppendorf tube.

2. The gel slice was then purified using a Qiaquick Gel Extraction Kit"" (Qiagen) according to
the manufacturers instructions.

3. The recovery was tested by gel electrophoresis (section 2.1.2).

2.1.4.3 ExoSAP purification of PCR products
1. A premix, sufficient for the number of planned reactions, was prepared, allowing for a 1X

reaction mix once the PCR reaction was added (usually a 15 pl PCR reaction volume).
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2. The final reaction contained 1X reaction buffer (SAP Buffer), 1X Dilution buffer, 1 unit/ul
of Shrimp Alkaline Phosphatase (USB) and 1unit/pl exonuclease I (USB).

3. The mixture was incubated at 37°C for 30 minutes, followed by 80°C for 15 minutes.

2.2 Clone resources

2.2.1 Libraries used
Different types of clone resources have been used throughout this project. The Sanger Institute
clone resource group, who also provided the arrayed filters and PCR pools for screening,

maintains the clone resources.

2.2.1.1 Bacterial clone libraries
The RPCI-23 female (C57B1/6J) mouse BAC library (Osoegawa et al., 2000) was screened in

this study. Library details are shown in table 2.1.

Table 2.1: Details of the mouse genomic library used

Library Library Library Antibiotic Vector Cloning Genomic
type code site digest
RPCI-23 BAC bM Chloramphenicol pBACe3.6 EcoRI EcoRI
12.5 pg/ml
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2.2.1.2 ¢cDNA libraries

cDNA libraries used during the course of this project are described in table 2.2.

Table 2.2: cDNA resources used during the course of this project

cDNA ) o Vectorette
library code cDNA library description Source/reference Vector PCR
T Adult testis CLONTECH pCDMS +
FB Fetal Brain Invitrogen pcDNAI +
FL Fetal Liver Invitrogen pcDNAI +
FLu Fetal Lung Invitrogen pcDNAI +
HL60 Peripheral blood Invitrogen pcDNAI +
AH Adult Heart Invitrogen pcDNA3 +
ALu Adult Lung CLONTECH pcDNAI +
SK-N-MC Neuroblastoma cells Invitrogen pcDNAI -
PF Adult brain Pfizer pcDNAI -
U937+* (Monocyte -NOT activated- Simmons (1993) pCDMS8 -
from a patient with
promonocytic leukaemia)
U937AC*T (Monocyte -PMA activated- Simmons (1993) pCDMS8 -
from a patient with
promonocytic leukaemia)
H9* Placental, full tem normal Simmons (1993) pH3M -
pregnancy
YT* HTLV-1 +ve adult leukaemia Simmons (1993) pH3M -
T cell
NK* Natural killer cell Simmons (1993) pH3M -
Daudi* B lymphoma Simmons (1993) pH3M -
HPBall* T cell from a patient with Simmons (1993) pH3M -
acute lymphocytic leukaemia

BM* Bone marrow Simmons (1993) pH3M -
DX3* Melanoma Simmons (1993) pH3M -

* Generously provided by David Simmons, Oxford (Simmons, 1993).
+ Screened by vectorette PCR. Remaining libraries are available to screen by single sided specificity PCR (Huang

etal., 1993).

62



Chapter II Materials and methods

2.2.2 ¢cDNA clone synthesis

2.2.2.1 Nested PCR

1.

7.

A premix sufficient for the number of planned reactions was prepared, allowing for a
1X reaction mix once the DNA template (1 pl cDNA from RT-PCR (section 2.5.5) or
1.5 pl of first round reaction mix) was added.

The final reaction volume of 25 pl contained 1X Pfiu DNA polymerase 10X buffer with
MgSO, (Promega) (PCR buffer 2), 200 uM each of the four nucleotides (Amersham
Pharmacia Biotech), 40 ng of each primer and 3 units/ul of Pfu DNA polymerase
(Promega).

First round amplification was performed with the external pair of nested primers, under
the cycling profile: 95°C for 2 minutes, followed by 35 cycles at 95°C for 45 seconds,
annealing temperature (specific to each primer) for 30 seconds and 72°C for 3 minutes,
finally followed by 1 cycle at 72°C for 5 minutes.

Two volumes of deionised water were added to 1 volume of the reaction mix. 1.5 pl of
the diluted reaction mix was used as a template for second round PCR.

Steps 1 to 3 were repeated with the internal set of nested primers.

Reaction products were visualised by agarose gel electrophoresis and staining with
ethidium bromide (section 2.1.2).

Selected bands were cut out and the DNA extracted from the gel (section 2.1.4).

The PCR product was ligated into the pPGEM®-T Easy vector (Promega) according to the

manufacturers’ instructions and used to transform competent cells (section 2.2.2.5).

2.2.2.2 Addition of T7 tag

A schematic of the overall strategy is shown in chapter V.
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C-terminus

1.

PCR (section 2.1.1) utilising the proofreading enzyme Pfu (Promega) was used to
introduce suitable restriction sites flanking the open reading frame of the cDNA clone.
The designed primers (section 2.4.1) also incorporated a Kozak consensus sequence
(Kozak, 1987) prior to the start codon and removed the stop codon.

The PCR products were then digested (section 2.1.3) and subcloned (section 2.2.2.4)
into pBlue-CT7 (a kind gift from Dr Begofia Aguado (HGMP Resource Centre)).

The plasmid was then digested using suitable restriction enzymes and the cDNA plus C-
terminal T7.Tag was subcloned (section 2.2.2.4) into the expression vector pPCDNA3

(Invitrogen) (a kind gift from B Aguado).

4. The plasmid was then miniprepped (section 2.2.2.6) and the insert sequenced (Elizabeth

Huckle, Sanger Institute) using appropriate oligonucleotides.

N-terminus

1.

PCR (section 2.1.1), utilising the proofreading enzyme Pfu (Promega), was used to
introduce suitable restriction sites flanking the open reading frame of the cDNA clone.
The designed primers (section 2.4.1) retained the stop codon.

The PCR products were digested (Section 2.1.3) and subcloned (section 2.2.2.4) into
pCDNA3-NT7 (section 2.2.2.3).

The plasmid was then miniprepped (section 2.2.2.6) and the insert sequenced (E.

Huckle) using appropriate oligonucleotides.

2.2.2.3 Generation of pCDNA-NT7

A new expression vector containing a Notl restriction site and preceded by the T7.Tag

sequence was created for used in mammalian cell expression systems. A schematic of the

vector is shown in chapter V.
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1.

2.

The vector pBlue-NT7 (a kind gift from B Aguado) was digested with BamHI.

The complementary oligonucleotide 5’-GAT CCA GCG GCC GCT G-3’ was heated to
65°C for 10 minutes and then snap cooled on ice. The oligonucleotide was then
subcloned into pBlue-NT7 (section 2.2.2.4).

PCR (section 2.1.1) utilising the proofreading enzyme Pfu (Promega) was used to
introduce suitable restriction sites (HindlIIl and Xbal) flanking the open reading frame
of the T7.Tag. The designed primers (section 2.8.4.2) also incorporated a Kozak
consensus sequence (Kozak, 1987) prior to the start codon.

The PCR product was subcloned (section 2.2.2.4) into pCDNA3 (Invitrogen) (a kind
gift from B. Aguado). As Xbal is a methyl-sensitive restriction enzyme, the plasmid was
transformed into the E. coli strain INV110 (Invitrogen), which has disrupted dam and
dcm genes. Methylation of the plasmid Xbal site is thus prevented.

The plasmid was then miniprepped (section 2.2.2.F) and the insert sequenced (E.

Huckle) using appropriate oligonucleotides to confirm its integrity.

2.2.2.4 Subcloning

1.

3.

4.

The vector and insert to be used were digested with the appropriate restriction enzymes
(section 2.1.3).

The restriction products were gel purified (section 2.1.4). Concentration of the vector
and insert was estimated from appearance on the gel against the size markers.

An approximate 3:1 molar ratio of the insert and vector (roughly 150 ng of insert: 50 ng
of vector) was ligated together in a final reaction volume of 10 pl, including 1 pul of 10X
Ligation buffer, and 1 unit of T4 DNA ligase (Roche).

The ligation reaction was incubated at 4°C overnight.
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2.2.2.5 Transformation

1.

2.

2 ul of the ligation reaction was added to a sterile 1.5 ml microcentrifuge tube on ice.
Tube(s) of frozen IM109 High Efficiency Competent Cells (Promega) were removed
from —70°C storage and thawed on ice.

50 pl of cells were carefully transferred into each tube and gently flicked to mix. The
tubes were incubated on ice for 20 minutes.

The cells were heat-shocked for 45 seconds in a water bath at 42°C. The tubes were then
immediately returned to ice for 2 minutes.

950 pl of LB broth was added to the tubes, which were then incubated for 1.5 hours at
37°C, 150 rpm.

100 pl of each transformation reaction was plated onto duplicate LB/ 100 pg/ml
ampicillin/ 0.5 mM IPTG/ 80 pg/ml X-Gal plates.

The plates were incubated overnight at 37°C.

White colonies were picked into 100 pl sterile water and used as a PCR template in

order confirm identity of the insert using appropriate primers (section 2.1.1).

2.2.2.6 Bacterial clone minipreps

1.

A single colony was inoculated into 10 ml of LB broth containing the appropriate
antibiotic and grown overnight at 37°C, shaking at 250 rpm.

The cells were pelleted at 1500 g and the media fully drained. It was important to
ensure that all the media was removed at this stage to prevent inhibition of digestion.
The pellet was resuspended in 200 pl of GTE on ice.

On ice, 400 pl of fresh 0.2M NaOH and 1% SDS was added with gentle inversion of the
tube. The tube was left on ice for 5 minutes.

300 pl of 5M Acetate, 3M K" was added. The tube was gently inverted to mix and then

incubated on ice for 10 minutes.
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6. The precipitate was pelleted in a microcentrifuge at 13,000 g.

7. The supernatant was transferred to a new tube. If the supernatant was still cloudy, step 6
was repeated.

8. 600 pl of cold isopropanol was added to the cleared supernatant.

9. The DNA was pelleted in a microcentrifuge at 13,000g.

10. The DNA pellet was resuspended in 200 ul TE and extracted with 200 pl
phenol/isoamyl-alcohol/chloroform (25:1:24).

11. The DNA was ethanol precipitated (section 2.1.4)

12. The DNA was pelleted in a microcentrifuge and washed with 70% ethanol.

13. The DNA was resuspended in 30 pl T, ,E and stored at —20°C.

2.2.2.6 Bacterial clone micropreps

1. A single colony was inoculated into 500 pl of LB broth containing the appropriate
antibiotic and grown overnight at 37°C shaking at 300 rpm.

2. 250 pl of culture was aliquoted into a 96 well round-bottom plate (Costar).

3. The cells were pelleted at 2500g for 4 minutes. The plate was inverted to drain the
supernatant.

4. The pellet was resuspended in 25 pl.

5. Onice, 25 pl of fresh 0.2M NaOH and 1% SDS was added and mixed by gently
tapping. The plate was left on ice for 5 minutes.

6. 25 ul of 5M Acetate, 3M K" was added and mixed by tapping gently. The plate was
then incubated on ice for 10 minutes.

7. The well contents were transferred to a 96 well filter-bottom plate.

8. The filter plate was taped on top of a 96 well round-bottom plate containing 100 ul of

isopropanol.
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9. The precipitate was pelleted at 2500 rpm for 2 minutes and the filter plate discarded.
The round-bottom plate was incubated at room temperature for 30 minutes and then
spun at 3200 rpm for 20 minutes at room temperature.

10. Supernatant was removed by inverting the plate.

11. 100 pl of 70% ethanol was added to each well and the plate tapped gently. The plate
was then spun at 3200 rpm, for 20 minutes at room temperature.

12. The supernatant was removed by inversion and the pellet dried at room temperature.

13. The DNA was resuspended in 5 pl of T, E with RNase (10 pl of 1 mg/ml RNase per 1

ml of T, E).

2.2.3 Vectorette Library Synthesis

2.2.3.1 Library titration
1. The cDNA library, consisting of bacteria stored in glycerol, was defrosted on ice. 2 pl of
the library was diluted in 198 pl LB. Six tenfold serial dilutions were prepared and 100 pl
of each plated onto LB agar plates containing the appropriate antibiotic.
2. The plates were left inverted at 37°C for 4 hours. They were then transferred to 30°C for
16 hours and then back to 37°C for an additional 4 hours to promote growth of separated
colonies.

3. The colonies were counted and the library titre estimated.

2.2.3.2 High density liquid pools
1. Ten tubes of 20 ml LB, with the appropriate antibiotic, were prepared.
2. 250,000 clones, diluted in LB, were added to each tube (2,500,000 clones in total).

3. The clones were grown at 37°C for 20 hours at 240 rpm.
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4. Meanwhile, dilutions of 1000, 100, 10 and 1 clone(s) were plated onto LB agar plates

containing the appropriate antibiotic to check the titration. The plates were inverted and

left to grow overnight at 37°C.

2.2.3.3 Low density plated pools

l.

25 X 20,000 clones were plates onto LB agar plates with Hybond N+ filters (500,000
clones in total).
The plates were then inverted and the clones left to grow for 4 hours at 37°C, followed

by 16 hours at 30°C and a further 4 hours at 37°C.

2.2.3.4 DNA extraction

1.

Filters were rolled up and put in a 50 ml falcon tube with 20 ml of SET. The cells were
shaken off and the filters removed.

DNA was extracted using the bacterial clone miniprep protocol (section 2.2.2.6).

1 ul of RNase (10 ng/ml) was added to the extracted DNA and incubated at 37°C for 1
hour.

0.01 pl of the DNA was visualised by gel electrophoresis to check the extraction

outcome.

2.2.3.5 Library preparation

1.

2.

1 mg of DNA was digested with the appropriate enzyme in 30 pl (section 2.1.3).
70 pl of water was added and the DNA extracted with 100 pl phenol/isoamyl-
alcohol/chloroform (25:1:24).

The DNA was ethanol precipitated (section 2.1.4).

The DNA was pelleted in a microcentrifuge and washed with 70% ethanol.

The DNA pellet was resuspended with 100 ul of ligation buffer.

69



Chapter II Materials and methods

10.

11.

12.

10 pl of 1pmol/ul annealed vectorette vectorette bubbles appropriate to the enzyme
used, 1.1 pl adenosine 5’-triphosphate and 2.5 units of T4 DNA Ligase (Amersham
Pharmacia Biotech) were added.

The tubes were incubated at 16°C overnight.

The mixes were diluted to 500 pl to generate Stock Pools

Equal volumes of sets of five plates Stock Pools were mixed to generate stocks of Super
Pools.

1/100 dilutions of stock Super Pools were prepared using T, E. These pools were
screened in the first round of PCR (section 2.3.3).

1/100 dilutions of the plated Stock Pools were prepared using T, E. These pools were
screened in the second round of PCR (section 2.3.3).

1/10 dilutions of the plated and liquid Stock Pools were prepared using T, E. These

pools were used for both PCR pool screening and vectorette PCR (section 2.3.3).

2.3 Screening

2.3.1 Probe labelling

DNA probes were labelled, either by PCR, or by random hexamer labelling (Feinberg &

Vogelstein, 1983; Hodgson & Fisk, 1987).

2.3.1.1 PCR labelling of STSs

1.

The required fragment was amplified from either genomic DNA or cDNA as
appropriate.

The fragments were separated on a 2.5% gel (section 2.1.2), cut out and transferred to a
microcentrifuge tube containing 100 pl of sterile deionised water. The DNA was

allowed to diffuse out of the gel slice (at least one hour).

70



Chapter II Materials and methods

3. Using PCR buffer 1, 9 ul reactions were set up containing the required primers, 2 pl of
the liquid surrounding the gel slice, nucleotides (except dCTP) and DNA polymerase. A
single drop of mineral oil was placed on top of the reaction mixture.

4. 1plof [0-**P] dCTP (3000 Ci/mol, Amersham Pharmacia Biotech) was added.

5. PCR was performed in a DNA Thermal Cycler (Perkin Elmer) under the following
cycling profile, 94°C for 5 minutes, 20 cycles of 93°C for 30 seconds, 55°C for 30
seconds, 72°C for 30 seconds and 1 cycle of 72°C for 5 minutes.

6. After completion, the probes were either denatured in the thermal cycler at 99°C for 5
minutes and then snap chilled, or were added to competitor DNA (section 2.3.1.3) and
denatured in a boiling water bath for 5 minutes, before being snap chilled.

7. The probes were then added to the hybridisation mix.

2.3.1.2 Random hexamer labelling for probes

1. 20 ng of DNA was added to a microcentrifuge tube. The volume was made up to 17.5
ul with sterile water.

2. The DNA was denatured in a boiling waterbath for 5 minute, then snap chilled on ice.

3. 5ulof OLB3, 1 ul of 10 mg/ml BSA, 0.5 units of Klenow DNA polymerase
(GibcoBRL) and 0.5 pl of [0-**P] dCTP (3000 Ci/mol, Amersham Pharmacia Biotech)
were added to the tube.

4. The reactions were incubated at room temperature for 3 hours and then denatured in a

boiling bath for 5 minutes.

2.3.1.3 Competitive reassociation of radio labelled probe
Many of the probes designed from mouse BAC end sequences were of relatively

uncharacterised genomic content and were likely to contain repetitive DNA. This was
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suppressed with mouse genomic DNA (Sealey et al., 1985). Potential microsatellite sequences

were also competed with poly CA/GT (Pharmacia 27-7940).

1.

125 pl of mouse DNA (10 mg/ml, a kind gift from George Stavrides, Sanger Institute),
125 ul of 20X SSC, 5 pl of poly CA/GT (1 mg/ml), was added to a screw cap
microfuge tube and the total volume of the mixture made up to 0.5 ml of water minus
the volume of the labelling reaction.

The labelled DNA was added to the competition mixture and the tube boiled in a water
bath for 5 minutes.

The tube was snap chilled on ice and the probe was then added to the hybridisation

buffer.

2.3.2 Library screening

2.3.2.1 Screening pools by PCR

Using PCR buffer 1, sufficient reaction mix was set up, containing the required primers,

nucleotides and Syl of DNA from the pools making a total of 15 pl, to screen all the pools for

the library.

1.

PCR amplification was performed under the cycling profile of 94°C for 5 minutes, 35
cycles of 93°C for 30 seconds, annealing temperature specific for each set of primers for
30 seconds, 72°C for 30 seconds followed by 1 cycle of 72°C for 5 minutes.

The reaction products were visualised by gel electrophoresis (section 2.1.2).

2.3.2.2 Screening of library filters by hybridisation of PCR-labelled probes

Gridded filters of both the mouse RPCI-23 BAC library and the region-specific subset of

bacterial clones were generated by the Sanger Institute clone resource group. These were then

screened.

1.

STSs were labelled as described (section 2.3.1).
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2. Up to 30 filters were sequentially placed in a 15x10x5 cm sandwich box with sufficient
hybridisation buffer to cover the filters. A plastic sheet, cut to size, was placed on top to
reduce evaporation. The filters were pre-hybridised at 65°C for 2 hours (Innova 4000,
New Brunswick Scientific).

3. The filters were removed and the denatured probe was added to hybridisation solution
in the box and mixed.

4. The filters were added one by one back into the box and each was carefully submerged
under the hybridisation mix. The plastic sheet was replaced on top.

5. After hybridisation overnight at 65°C, the filters were washed by rinsing twice in 2X
SSC at room temperature for 5 minutes. The filters were then washed twice in 0.5X
SSC and 1% N-lauroyl-sarcosine at 65°C for 30 minutes, before rinsing twice in 0.2X
SSC at room temperature for 5 minutes.

6. The washed filters were wrapped in Saran wrap (Dow Chemical Co.) and exposed to
pre-flashed Fuji Medical X-ray film (036010) (or equivalent) overnight with two
intensifying screens at —70°C in the first instance. This was repeated if longer or shorter
exposures were needed.

7. Occasionally filters were re-washed to 0.2X SSC with 1% N-lauroyl-sarcosine at 65°C
for 30 minutes if required (i.e. high background).

8. The autoradiographs were developed and labelled with the name of the filter and the

data entered into 22ace (section 2.7.1).

2.3.3 Vectorette PCR
This method was adapted from the original (Riley et al., 1990) to isolate cDNA fragments from
a cDNA library. The method was developed by Dr. John Collins (Sanger Institute) and libraries

were made by J. Collins, G. Stavrides and M. Goward (section 2.2.3).
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2.3.3.1 Identification of positive pools
1. For each library, 5 super pools were screened with the appropriate STS.
2. For each positive super pool, the 5 individual constituent pools were screened with the

appropriate STS.

2.3.3.2 First round PCR

1. Using PCR buffer 3, 15 ul reactions were set up using 5 ul of a 10X concentrated PCR
pool.

2. The reaction was transferred to the Omnigene (Hybaid) and incubated for 1 cycle at
94°C for 5 minutes.

3. After 4 minutes, the program was paused and 1 ul of enzyme mix (0.12 pl Tag
(Amplitaq), 0.12 pl TagExtender (Promega), 0.12 ul PerfectMatch (Promega) and
0.64 pnl sterile water) was added. The cycling was then allowed to continue, for 1
minute at 94°C, 17 cycles of 94°C for 5 minutes, 68°C for 30 seconds and 72°C for 3
minutes, followed by 18 cycles of 94°C for 5 cycles, 60°C for 30 seconds and 72°C for 5
minutes and finally 72°C for 5 minutes.

4. The fragments were then visualised by gel electrophoresis on a 1% agarose gel (section
2.1.2) and the fragments were cut out and stored overnight in 100 pl of sterile water at

4°C.

2.3.3.3 Second round PCR
1. To obtain DNA for sequencing the liquid from around the gel slice was reamplified
using standard PCR conditions. Four 15 pl reactions were used to obtain sufficient

DNA for sequencing.
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2. The amplification was performed under the following cycling conditions, 1 cycle of
95°C for 5 seconds followed by 20 cycles of 94°C for 5 seconds, 60°C for 30 seconds,
72°C for 3 minutes and finally 1 cycle of 72°C for 5 minutes.

3. The pooled reactions were separated by gel electrophoresis on a 1% agarose gel (section
2.1.2). The fragments were cut out and purified using the Qiaquick Gel Extraction Kit™
(Qiagen) according to the manufacturers instructions.

4. The templates and oligonucleotides were used in cycle sequencing (E. Huckle).

2.4 Landmark production

2.4.1 Primer design
The primers were designed using the Primer3 program (Rozen and Skaletsky, 1998;

http://www.genome.wi.mit.edu/genome_software/other/primer3.html) from

http://www.sanger.ac.uk/cgi-bin/primer3.cgi. Additional primers for amplification and

subsequent cloning of full-length cDNA (section 2.2.2) were designed manually.

2.4.2 Primer synthesis
1. Primers were synthesised at the Sanger Institute by David Frazer. A subset of the
primers were synthesised by GenSet. Primer concentrations were supplied in both cases.
2. Primers were stored at —20°C and working dilutions for PCR prepared at 100ng/ul for
each primer in pairs.
3. The primers were tested at three different annealing temperatures, 55°C, 65°C and 65°C,

using the standard cycling on Thermal cyclers to establish optimal PCR conditions.

2.4.3 Fingerprinting
Hindlll fingerprinting of bacterial clones was performed with the help of Owen McCann

(Sanger Institute), using the standard protocol below (Marra et al., 1997).
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2.4.3.1. Digestion

1.

Bacterial clones were microprepped (section 2.2.2.6) by Carol Carder (Sanger Institute)
or M. Goward.

2.6 ul of water, 0.9 pul of the appropriate buffer and 20 units of HindlIl (Boerhinger)
were added to each well, mixed by gentle tapping and then the plate centrifuged up to
1000 g to collect the contents.

The plate was incubated at 37°C for 2 hours.

The reaction was terminated by addition of 2 pl of 6X Dye Buffer II and the plate

centrifuged up to 1000 g to collect the contents.

2.4.3.2 Gel preparation and loading

1.

A 1% gel mix was prepared using 450 ml of 1X TAE and 4.5g agarose and poured at
4°C. A 121-well comb was placed in the gel and allowed to set for 45 minutes. The
comb was then removed.

3-410of 1X TAE was added to the gel tank.

0.8 ul of the marker (Promega, DG1931) was loaded in the first well and then in every
fifth well.

1.0 pl of each sample was then loaded into the empty wells.

The gel was run at 90 V for 30 minutes at room temperature. Once the dye front had
advanced beyond the wells, the gel tanks were transferred to a refrigerated room and

run at 4°C for 15 hours at 90 V.

2.4.3.3 Gel staining

1.

The gel was trimmed to ~19 cm and stained with vistra green stain for 45 minutes. The

gel was covered whilst staining to prevent degradation of the vistra green.
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2. The gel was then rinsed with 0.5 | of deionised water. The gel was visualised and the

image recorded using a Molecular Dynamics scanner.

2.4.4 SNP verification

1. Candidate SNPs were identified by comparison of cDNA sequence to the genomic
DNA. Primers were designed flanking approximately 400 bp of sequence surrounding
the candidate variant.

2. Fragments containing the SNP of interest were amplified from the DNA of 24
individuals (Set M24PDR of 24 human DNAs from the Coriell cell repository).

3. Amplification was tested by electrophoresis (section 2.1.2) of 5 ul of the product.

4. The PCR products were purified using the ExoSAP protocol (section 2.1.4).

5. The recovery of the purification was tested by electrophoresis (section 2.1.2).

6. The fragments and correct primers were used in cycle sequencing (E. Huckle).

7. The resultant sequences were aligned in a Gap4 database (Dr. Kate Rice, Sanger

Institute).

2.5 RNA manipulation

2.5.1 Steps taken to limit contamination with RNase
Autoclaved plasticware (tubes, pipette tips etc.) was used and bench surfaces, racks etc. were
cleaned before use with RNaseZap® (Ambion).

All reagents for RNA work were made up with Diethylene Pyrocarbonate (DEPC) water.

1. 0.1% DEPC in deionised water was mixed, and left overnight in a fume hood.

2. The DEPC water was autoclaved before use.
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2.5.2 RNA resources

RNA used in this project was obtained from a number of sources.

Table 2.3: RNA resources used during the course of this project

Tissue Source Supplied as Tissue Source Supplied as
A Heart Clontech Human MTN™Blot | 11 Spleen Stratagene ~ Total RNA
(7760-1)
B Brain (whole) Clontech Human MTN™Blot | 12 Stomach Stratagene ~ Total RNA
(7760-1)
C Placenta Clontech Human MTN™Blot | 13 Colon I Stratagene ~ Total RNA
(7760-1)
D Lung Clontech Human MTN™Blot | 14 Colon 11 * Tissue
(7760-1)
E Liver Clontech Human MTN™Blot | 15 Rectum Stratagene Total RNA
(7760-1)
F Skeletal muscle Clontech Human MTN™Blot | 16 Breast Stratagene Total RNA
(7760-1)
G Kidney Clontech Human MTN™Blot | 17 Ovary * Tissue
(7760-1)
H Pancreas Clontech Human MTN™Blot | 18 Uterus Stratagene Total RNA
(7760-1)
I Fetal brain Clontech Human MTN™ Blot | 19 Cervix | Stratagene Total RNA
(7756-1)
J Fetal lung Clontech Human MTN™ Blot | 20 Cervix 11 * Tissue
(7756-1)
K Fetal liver Clontech Human MTN™ Blot | 21 Testis Clontech Total RNA
(7756-1)
L Fetal kidney Clontech Human MTN™ Blot | 22 Testis 11 Invitrogen  Total RNA
(7756-1)
1 Kidney I Invitrogen Total mMRNA 23 Fetal brain | Stratagene Total RNA
2 Kidney II Clontech Total mMRNA 24 Fetal brain II Clontech Total RNA
3 Liver I Stratagene Total mMRNA 25  Fetal heart | Stratagene Total RNA
4 Liver I * Tissue 26  Fetalheart I  Stratagene Total RNA
5 Cerebrum Tissue 27 Fetal liver I Stratagene Total RNA
6 Skeletal muscle * Tissue 28  Fetalliver I  Stratagene Total RNA
7 Skin * Tissue 29 Fetal lung 1 Stratagene Total RNA
8 Tonsil * Tissue 30  Fetallung I  Stratagene Total RNA
9 Lymphoblast cell # Harvested cells 31 Fetal spleen Stratagene Total RNA
line
10 Thyroid Stratagene Total RNA 32  Fetal bladder  Stratagene Total RNA

* Supplied as tissue, from Tissue Bank, Department of Histopathology, Addenbrookes Hospital, Cambridge.
# Cells supplied as a kind gift from Dr Nigel Carter, Sanger Institute.

2.5.3 RNA isolation

Total RNA was isolated from human tissue samples and cell lines after homogenisation in

TRIzol reagent (Chomczynski & Sacchi, 1987).

1.

The sample was homogenised in 1 ml of TRIzol reagent per 50-100 mg of tissue, or 10’

cells.
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2. The homogenised sample was incubated at room temperature for 5 minutes.

3. 0.2 ml of chloroform per 1 ml of TRIzol reagent was then added. The tube was shaken
vigorously for 15 seconds and incubated at room temperature for 2-3 minutes.

4. The tube was centrifuged at no more than 12000 g for 15 minutes at 4°C.

5. The aqueous upper phase was transferred to a new tube and 0.5 ml of isopropanol per 1
ml of TRIzol reagent used was added.

6. The tube was incubated at room temperature for 10 minutes and then centrifuged at no
more than 12000 g for 15 minutes at 4°C.

7. The supernatant was removed and the pellet washed once with 75% ethanol, adding at
least 1 ml per 1ml of TRIzol reagent used.

8. The tube was centrifuged at 7500 g for 5 minutes at 4°C.

9. The pellet was dried at room temperature and resuspended in 100 pl of DEPC water.

The sample was heated to 55°C for 10 minutes, then stored in 75% ethanol at —70°C.

2.5.4 Ethanol precipitation

1. 0.025 volumes of 3M sodium acetate were added to 1 volume of RNA in 75% ethanol.

i

The samples were mixed well by vortexing and incubated for 20 minutes at —70°C.
3. The RNA was then pelleted in a microcentrifuge at 4°C at 13,000g and washed once

with 70% ethanol.

o

The pellet was left to dry at room temperature.

2.5.5 Reverse Transcription PCR (RT-PCR)
2.5.5.1 Preparation of RNA sample prior to RT-PCR
1. 10 pg of RNA was ethanol precipitated (section 2.5.3).

2. The RNA pellet was resuspended in 79 pl of DEPC water.
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10 ul of DNase I buffer (GibcoBRL), 1 ul DNase I (GibcoBRL) and 1 pul RNAguard
(Amersham Pharmacia Biotech) was added to the tube and incubated at room
temperature for 15 minutes.

10 pl of 25 mM EDTA was added to stop the reaction. The tube was then incubated at
65°C for 10 minutes.

The tube was briefly chilled on ice and the RNA ethanol precipitated (section 2.5.3).

2.5.5.2 First strand cDNA synthesis

l.

To a 10 pug RNA pellet, 2 ul of oligo (dT) (500 ML/ml) was added and the solution was

made up to 24 ul with DEPC water.

. The mixture was heated to 70°C for 10 minutes and then chilled briefly on ice. The

contents of the tube were collected by brief centrifugation.

8 ul of First Strand buffer (GibcoBRL), 4 ul of DTT (0.1M) (GibcoBRL), and 2 pul of
dNTP mix (10 mM) were added. The tube contents were mixed gently and incubated at
42°C for 2 minutes.

400 units of reverse transcriptase (SuperScript II, GibcoBRL) was added to the reaction
and mixed by gentle pipetting.

The reaction was incubated at 42°C for 50 minutes.

The reaction was then inactivated by heating at 70°C for 15 minutes.

RNA complementary to the DNA was removed by addition of 2 units of E. coli RNase
H (Promega) and incubating at 37°C for 20 minutes.

The cDNA was then used as a template in PCR (section 2.1.1).
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2.5.6 Northern blotting
2.5.6.1 Probe generation
1. Probes were generated by PCR from cDNA templates (table 2.2), using primers
designed to flank intronic sequence where possible.
2. The STS was radiolabelled by PCR (section 2.3.1).
3. PB-actin control probes (Clontech) were radiolabelled by random hexamer labelling

(section 2.3.1).

2.5.6.2 Hybridisation
The human Multiple Tissue Northern (MTN) blots (Nos. 7760-1 and 7756-1; Clontech) contain
2 pg of poly (A) mRNAs from different adult and fetal human tissues.
1. The blots were pre-hybridised for 1 hour and then hybridised for 18 hours at 65°C in
hybridisation buffer.
2. The blots were washed twice in 2X SSC, 0.05% SDS for 10 minutes at room
temperature, then twice in 0.1X SSC, 0.1% SDS for 10 minutes at 50°C.

3. The blots were then subjected to autoradiography at —70°C for an average of 3 days.

2.6 Cell Culture and Protein Manipulation

2.6.1 SDS-PAGE

SDS-PAGE was carried out using a Mini-PROTEAN"Electrophoresis cell (Biorad).

2.6.1.1 Gel preparation
1. The gel unit was assembled according to the manufacturer’s instructions
2. A separating gel mix was prepared (12% separating gel was prepared for SDS treated
proteins in the approximate molecular weight range of 10-100 k Daltons; lower or

higher percentage gels were prepared as required) from a 30% acrylamide/bis stock
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(Severn Biotech), containing 0.375M Tris-HCI (pH 8.8), 0.1% SDS, 0.05% ammonium
persulfate, 0.05% TEMED and deionised water. The TEMED and ammonium
persulfate were added last.

The separating gel was poured. A 2mm layer of distilled water was added to the top of
the gel. The gel was then allowed to polymerise for 10 minutes.

The distilled water was poured off.

A 4% stacking gel mix was prepared from a 30% acrylamide/bis stock (Severn
Biotech), containing 0.125M Tris-HCI (pH6.8), 0.1% SDS, 0.05% ammonium
persulfate, 0.1% TEMED and deionised water. The TEMED and ammonium persulfate
were added last. The gel comb(s) were inserted and the stacking gel poured on top of

the separating gel.

6. The gel was allowed to polymerise for 30 minutes.

2.6.1.2 Running the gel

1.

Cultured cells were harvested in 1X protein sample buffer and boiled at 95°C for 5

minutes, then loaded.

2. Size markers (Benchmark prestained protein ladder, GibcoBRL) were also loaded.

3.

Gels were run at 200 Volts for approximately 45 minutes.

2.6.1.3 Electrophoretic transfer

Proteins were transferred to a nitrocellulose membrane using the Mini Trans-Blot®

Electrophoretic Transfer cell (Biorad).

1.

Nitrocellulose membrane (Hybond ECL, Amersham Pharmacia Biotech) and two pieces

of Whatman 3MM were cut to size and soaked in transfer buffer.

2. The gel was equilibrated in transfer buffer.
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3.

4,

The nitrocellulose membrane was placed on top of the gel. The two were then
sandwiched between the Whatman papers. A glass tube was used to remove air bubbles.
The sandwich was placed between fibre pads into the electrophoretic transfer cell
(Biorad).

Electrophoretic transfer was run at 100V for 1 2 hours.

2.6.2 Western blotting

1.

Proteins were transferred to a nitrocellulose membrane (Hybond ECL, Amersham
Pharmacia Biotech) (section 2.6.2.3) and blocked in 10% milk powder/0.1% Tween-
20/phosphate buffered saline (PBS).

The blot was incubated with a mouse anti-T7 monoclonal antibody (stock at ~1 mg/ml)
(Novagen #69522-4), at a dilution of 1/2500 in 10% milk powder/0.1% Tween-20/PBS.
The blot was washed three times for 10 minutes in 0.1% Tween/PBS at room
temperature.

The secondary antibody, a sheep-anti-mouse-IgG HRP-conjugate (stock at ~0.32
mg/ml)(Sigma #A67782) was used at a dilution of 1/7500 in 10% milk powder/0.1%
Tween-20/PBS.

The blot was washed three times for 10 minutes in 0.1% Tween/PBS at room
temperature.

The signal was detected using ECL (NEN) according to the manufacturer’s instructions

and visualised by autoradiography.

2.6.3 Cell culture and transfection

1.

COS-7 cells (SV40 transformed African Green monkey kidney) were grown in
Dulbecco’s modified Eagle’s medium (DMEM) with 10% foetal bovine serum (FBS)

and 100 pg/ml penicillin and 100 pg/ml streptomycin at 37°C in 5% CO,.
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2. Cells were seeded in a 24 well plate at ~40,000 cells/cm” in 1 ml of DMEM with FBS.

3. After 24 hours, the cells were then transfected with 0.6 pg DNA using the standard
DEAE-dextran protocol (Seed & Aruffo, 1987).

4. Cells were incubated with the DNA for 3 hours, then shocked with 10% DMSO for 2
minutes.

5. The cells were then washed twice with PBS.

6. 600 pl of DMEM with 10% FBS was added and the cells were incubated at 37°C.

7. The cells were harvested after two and three days in 1X protein sample buffer.

8. 25 pl was loaded on a 12% polyacrylamide gel and the proteins were separated by SDS-

PAGE (section 2.6.1), before Western blotting (section 2.6.2.4).

2.6.4 Immunofluorescence

1. COS-7 cells were seeded at ~20,000 cells/cm? onto coverslips in a 6 well plate.

2. Cells were transfected with 2 pg DNA using the DEAE-dextran method (Seed &
Aruffo, 1987).

3. Cells were incubated with the DNA for 3 hours, then shocked with 10% DMSO for 2
minutes.

4. The cells were then washed twice with PBS.

5. 3 ml DMEM/10% FBS was added and the cells were incubated at 37°C for three days.

6. Cells were washed in 250mM Hepes (pH 7.4), and then fixed in 4% paraformaldehyde
in 250 mM Hepes (pH 7.4). The reaction was quenched in 50 mM NH,4CIl.

7. The cells were permeabilised with 0.05% w/v saponin/0.2% gelatine in PBS.

8. The cells were then stained with mouse anti-T7. Tag monoclonal antibody (Novagen),
at a dilution of 1/100 in 0.05% saponin/0.2% gelatine/PBS at room temperature.

9. The cells were rinsed twice in 0.05% saponin/PBS and then washed three times for 10

minutes in 0.05% saponin/PBS.
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10. The secondary antibody, a goat anti-mouse-IgG FITC-conjugate (stock at ~1.1 mg/ml)
(Sigma #F2012) was used at a dilution of 1/100 in 0.05% saponin/0.2% gelatine/PBS at
room temperature.

11. The cells were rinsed twice in 0.05% saponin/PBS and then washed twice for 10
minutes in 0.05% saponin/PBS. The cells were finally washed twice for 10 minutes in
PBS.

12. Coverslips were mounted onto slides with vectashield (Vector Laboratories) and
visualised using a confocal microscope (Nikon 800, using the Microradiance confocal

system (BIORAD) and Lasersharp image analysis software (BIORAD)).

2.7 Computational analysis

Details of most of the programs and scripts used can be found on the Sanger Institute WWW

pages (http://www.sanger.ac.uk/Software). Some of the main programs and computational

protocols are discussed below.

2.7.1 ACeDB

The data produced as part of this project was entered into the lab database 22ace (Dunham et
al., 1994), the chromosome 22 implementation of ACeDB (Durbin and Thierry-Mieg, 1991).
The data entry can either be done by obtaining write access and editing the database in real
time, or by importing files prepared previously in a format readable by the database. The
database is used for a variety of data, such as sequence, gene annotations and library screen
results. The navigation through the database is by clickable links similar to hypertext links,
which bring up new windows. There are different graphical representations for sequence data,
genetic map data and peptide data. Exampled are shown throughout this thesis (for more detail

see http://www.acedb.org).
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2.7.2 Sequence analysis

Finished clone sequences were subjected to the standard Sanger Institute computational
analysis (Dunham et al., 1999). In brief, the sequences were analysed for repeats and the
repeats masked using RepeatMasker (Smit and Green, unpublished). The masked sequences
were used in similarity searches against the public domain DNA and protein databases using
the BLAST suite of programs. A variety of exon and gene prediction programs, including
Genscan (Burge & Karlin, 1997) was used to predict possible gene structures. The unmasked
sequence was used in GC content analysis and prediction of CpG islands, tandem repeats,
tRNA genes (Fichant & Burks, 1991) and exons. The completed sequences were visualised in
the DNA map display in 22ace (section 2.7.1). For more detail, see

http://www.sanger.ac.uk/HGP/Humana/human_analysis.shtml.

2.7.3 Gene annotation
1. To align cDNA or EST sequences with genomic DNA, the obtained cDNA sequence or
assembled ESTs together with the genomic region to which the gene localised were
used with the est2genome program (Mott, 1997).
2. The output file from est2genome was converted to ACeDB format using estg2ace
(Dunham, unpublished).

3. The resultant file was imported into the 22ace database.

2.7.4 BLAST
In addition to the above described similarity searches, which were performed as part of the
automatic analysis, additional BLAST (Altschul ef al., 1997) searches were performed using

available websites (section 2.8.5).
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2.7.5 Perl scripts

It is often more efficient to analyse large amounts of data using scripts. Perl is a computer
language widely used by the bioinformatics community for data management, data format
conversion and cgi (common gateway interface) scripts for web forms (Stein & Thierry-Mieg,
1998). Perl scripts were kindly provided by Dave Beare (Sanger Institute) and Dr. Ewan Birney
(European Bioinformatics Institute) to aid parts of the analysis described in this project.
Additional scripts by Dr. Ilan Dunham (Sanger Institute) and Dr. Luc Smink (CIMR,

Cambridge) have also been utilised.

Table 2.4: Perl scripts used during the course of this project.
Script Function Author

MethComp Uses GFF file to compare specificity/sensitivity of ‘methods’  D. Beare
for gene identification/annotation. Compares against the
reference set of exons as defined in the keyset of genes

(structures) and the GFF

gff2ps Parses gff format to postscript format E. Birney

estg2ace Parses est2genome output to ace format I. Dunham

e-profile Classifies results of BLASTn searches of dbEST into tissue L. Smink and D. Beare
origin.

MatchReport  Submits BLAST jobs to multiple databases and processes the L. Smink, D. Beare and

output into a variety of formats. I. Dunham

2.7.6 Calculations of specificity and sensitivity of sequence data

2.7.6.1. Background

The correlation of different types of sequence evidence with the annotated set of genes from
22q13.31 was measured by comparing the alignments of sequence evidence (potential coding
value) against the annotated gene features along the test sequence. Analysis of the alignment
can take place at the nucleotide, exon and/or gene level as appropriate (see section 2.7.6.3).

This has been one of the most widely used approaches in evaluating the accuracy of coding
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region identification and gene structure prediction methods. A brief explanation is provided

here (for further details see Burset & Guigo, 1996).

A 2x2 contingency table can be used to represent the relationship between the true and putative

coding nucleotides on a test sequence (figure 2.1).

Annotated TN | FN | TP { FP TNl FN| TP {FN} TN
| [} [} | | |

| i T

I I T
Putative ' ' .
I | P

I ﬁ
PUTATIVE
coding |[no coding

TP FN TP+FN

FP N FP+TN

REALITY
no coding | coding

TP+FP | FN+TN

Figure 2.1: Measures of sequence correlation with annotated gene structures

The left upper cell of the table contains the number of coding nucleotides that also aligned with
putative coding nucleotides (the true positives, TP), while the right lower cell contains the
number of noncoding nucleotides that do not align with putative coding nucleotides (the true
negatives, TN). The other two cells register the number of nucleotides in which the annotation
and sequence evidence disagree: the number of coding nucleotides that do not align with
putative coding nucleotides (the false negatives, FN) and the number of noncoding nucleotides
which align with putatively coding sequence (the false positives, FP). Measures of sensitivity

(Sn) and specificity (Sp) can be derived from this table and are usually defined as:

Sn=__ TP Sp=_TP
TP+FN TP+FP

Sn is the proportion of coding nucleotides that correctly align with putatively coding

nucleotides and Sp the proportion of putative coding nucleotides that are actually coding.
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2.7.6.2 MethComp

The correlation of different types of sequence evidence with the annotated sets of genes and
pseudogenes from 22q13.31 was calculated using the perl script MethComp (Dave Beare,
unpublished). This program analyses the nucleotide alignments of different sequence evidence
against annotated exons from genome feature format (gff) files dumped from the chromosome
22 ACeDB database. The alignment of a putative coding feature within the test sequence is
described as a ‘hit’. In all cases, multiple overlapping hits are counted as one. The following

calculations are performed:

Total coverage = No. of base hits/test region size.

Sn (Sensitivity) = No. of bases which hit reference exons/total no. of bases within reference exons =
TP/(TP+FN)

Sp (Specificity) = No. of bases which hit reference exons/total coverage = TP/(TP+FP)

Exon hits = No. of reference exons hit/total no. of reference exons.

Gene hits = No. of reference genes hit/ total no. of reference genes.

2.7.6.3 Analysis of the accuracy of Genscan and Fgenesh.

Equivalent calculations of specificity and sensitivity are also calculated at the exonic and genic
level in analysis of gene prediction programs. It is assumed that an exon (or gene) has been
predicted correctly, only when both its boundaries (and internal exon structure) have been
predicted correctly. Predicted exons or genes that only overlap true exons or genes are counted
as false predictions. Sn is the proportion of coding exons or genes that correctly align with
putatively coding exons or genes and Sp is the proportion of putative coding exons or genes

that are actually coding. In this case, only protein coding sequence is taken into account.

Given the stringent criteria used to consider an exon or gene as correctly predicted, two
additional measures of specificity and sensitivity are computed. These are the proportion of true
exons or genes without overlap to predicted exons or genes — the Missing Exons (ME) or
Missing Genes (MG) — and the proportion of predicted exons without overlap to actual exons —

the Wrong Exons (WE) or Wrong Genes (WG).
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ME (or G) = number of Missing Exons (or Genes)
number of annotated exons (or genes)

WE (or G) = number of Wrong Exons (or Genes)
number of predicted exons (or genes)

2.7.6.4 Promoter predictions

The results of the algorithms CPGFIND (Micklem, unpublished) PromoterInspector (Scherf et
al., 2000) and Eponine (Down, unpublished) were also correlated with the 38 annotated
protein-coding genes within 22q13.31. In this case, correlation limits were set at 6 kb upstream
to 0.5 kb downstream of the annotated transcription start site, Unlike CPGFIND and
PromoterInspector, Eponine attempts to make strand-specific predictions. Only predictions on
the same strand as the annotated gene were counted as a positive correlation. The specificity

and sensitivity of each prediction type was calculated as before.

2.7.7 Phylogenetic analysis
1. Each of the 27 full-length protein sequences was used to search the NCBI nonredundant

protein sequence database (http://www.ncbi.nlm.nih.gov), using the gapped BLASTP

program (section 2.7.4).

2. The BLAST alignments were inspected by eye. Entries which were redundant,
contained point mutations with respect to sequences already included in the analysis, or
corresponded to sequences known to be previously submitted partial versions of the
gene of interest, were excluded. Additionally, entries that demonstrated only partial
matches were removed, as the sequences involved shared only some functionally
similar parts (e.g. multidomain proteins.)

3. Sequence data were aligned using the default options of clustalw (Thompson et al.,

1994)(http://www.ebi.ac.uk/clustalw).
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4. Neighbour-joining (NJ) analyses(Saitou & Nei, 1987) of the amino acid alignments

were produced using Phylowin (Galtier et al., 1996). Robustness of the NJ trees was

tested by bootstrap analyses with 500 pseudo-replications per tree.

5. Potential orthologues, identified from the phylogenetic trees, were then compared

against the NCBI nonredundant protein sequence database to ensure that orthologous

pairs fulfilled the requirements of being the two most similar proteins between two

different organisms (Huynen & Bork, 1998; Tatusov et al., 1997; Tatusov et al., 1996).

6. The chromosomal position of potential mouse orthologues was verified as far as

possible by BLASTN comparison of the nucleotide sequence against the available

mouse genomic sequence (http://mouse.ensembl.org).

2.8 Materials

2.8.1 Buffers

1XTE
e 10 mM Tris-HCI (pH 8.0)

° 1 mM EDTA

1XT,E
e 10 mM Tris-HCI (pH 8.0)

e 0.1 mMEDTA

10X PCR buffer 1

e 670 mM Tris-HCI (pH 8.8)

e 166 mM (NH4),SO4 (enzyme grade)

e 67 mM MgCl

e (pH8.8)

28% Sucrose solution
e IXTE
o 28% w/v sucrose

e (0.008% w/v cresol red

Pfu 10X reaction buffer (PCR buffer 2)
e 200 mM Tris-HCI (pH 8.8)
e 100 mM KCl
e 100mM (NH,),SO,
e 20 mM MgSO,

e 1.0% Triton®X-100
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DNase I reaction buffer
e 200 mM Tris-HCI (pH 8.4)
e 20 mM MgCl,

e 500 mM KCl

First Strand buffer
e 250 mM Tris-HCI (pH 8.3)
e 375mM KCI

e 15mM MgCl,

10X Ligase buffer (Roche)
e 660 mM Tris-HCl
e 50 mM MgCl,
e 10 mM dithioerythritol
e 10mM ATP

(pH 7.5)

6X Glycerol loading dyes (I)
e 30% v/v glycerol
e 0.1% w/v bromophenol blue

e 0.1% w/v xylene cyanol

e 5mM EDTA (pH 7.5)

6X Dye Buffer (II)
e 0.25% bromophenol blue
e 0.25% xylene cyanol

e 15% Ficoll (Type 400: Pharmacia)
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Vistra Green stain
For 1 gel:
e 0.01M Tris HCI1
e (0.0001M EDTA (pH 7.4)
e 50 pl Vistra green (Amersham

RPN5786)

10X TAE
e 890mM Tris base
e 0.05M EDTA

e 5.71% glacial acetic acid (JTBaker)

10X TBE
e 890 mM Tris base
e 890 mM Borate

e 20mM EDTA (pH 8.0)

20X SSC
e 3 M NaCl

e (0.3 M Trisodium citrate

100X Denhardt’s
e 20 mg/ml Ficoll 400-DL
e 20 mg/ml polyvinylpyrrolidine 40

e 20 mg/ml BSA (pentax fraction V)
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Hybridisation buffer GTE
e 06X SSC e 50 mM glucose
e 2 mg/ml Ficoll 400-DL e 1mMEDTA
e 2 mg/ml polyvinylpyrrolidone 40 e 25 mM Tris-HCI (pH 8.0)

e 2 mg/ml BSA (pentax fraction V)
3MK'/5M Ac
e 1% N-lauroyl-sarcosine
e 60 ml 5 M potassium acetate

e 50mM Tris-HCI (pH 7.4)
e 11.5 ml glacial acetic acid

e 10% w/v dextran sulphate
e 28.5mlHy0

SAP buffer
Protein transfer buffer

e 200 mM Tris HCI (pH 8.0)
e 10% 10X Protein running buffer

e 100 mM MgCl
’ e 25% 100% Ethanol

ExoSAP dilution buffer
Protein sample buffer

e 50mM Tris HCI (pH 8.0)
e 2% w/v SDS

OLB3 e 10% v/v glycerol
e 240 mM Tris-HCI e 60 mM Tris-HCI (pH 6.8)
e 75 mM B-mercaptoethanol e 0.01% w/v Bromophenol blue
e 0.1 mM dATP ® 5% v/v -mercaptoethanol

e 0.1 mM dGTP
10X Protein running buffer

e (0.1 mMdTTP
e 30 g/l Tris base

e 1 M HEPES (pH 6.6)

e 144 g/l glycine
e 0.1 mg/ml

e 10g/1SDS

hexadeoxyribonucleotides (2.1 OD

units/ml)
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2.8.2 Cell culture

2.8.2.1 Growth media

LB
e 10 mg/ml bacto-tryptone
e 5 mg/ml yeast extract
e 10 mg/ml NaCl

e (pH7.4)

2.8.2.2 Antibiotic concentrations
Mouse RPCI-23 BAC clones: 12.5 pg/ml chloramphenicol.
Human cDNA clones: 100 pg/ml ampicillin.

Blue/white selection of cDNA clones: 100 pg/ml ampicillin/ 0.5 mM IPTG/ 80 pg/ml X-Gal.

2.8.3 Size markers
2.8.3.1 1 kb ladder (GibcoBRL)
This contains 1 to 12 repeats of a 1018 bp concatenated fragment and vector fragments from 75

to 1636 bp, thus producing the following sized fragments (bp):

Table 2.5: 1 kb ladder (GibcoBRL)

Band no. Size (bp) | Band no. Size (bp)
1 12216 12 1635
2 11198 13 1018
3 10180 14 516/506
4 9162 15 394
5 8144 16 344
6 7125 17 298
7 6108 18 220
8 5090 19 200
9 4072 20 154
10 3054 21 142
11 2036 22 75
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2.8.3.2 Wide Range Analytical Marker DNA (Promega)

The Analytical Marker DNA, Wide Range, provides an evenly spaced distribution of 32 DNA
fragments ranging from 702bp to 29,950bp in size and was used for band sizing in fingerprint
experiments. This marker is composed of a mixture of restriction enzyme digests of Lambda

DNA and $X174 DNA.

2.8.3.3 Benchmark™" Prestained Protein Ladder (GibcoBRL)

This ladder for SDS-PAGE consists of 10 proteins ranging in apparent molecular weight from
approximately 10 to 200 kDa. The proteins are rendered blue by a proprietary method that
covalently couples dyes to the proteins. The fourth protein band from the top is coupled with a

pink dye for easy orientation.

Table 2.6: Benchmark™ Prestained Protein Ladder (GibcoBRL)
Band no. Apparent molecular weight (kDa)

1 172.6
2 111.4
3 79.6
4 61.3
5 49.0
6 36.4
7 24.7
8 19.2
9 13.1
10 9.3

2.8.4 Primer sequences

2.8.4.1Vectorette primer

244  CGA ATC GTA ACC GTT CGT ACG AGA ATC GCT
T7 TAC GAC TCA CTA TAG GGA GA

SP6 CAT ACG ATT TAG GTG ACA C
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2.8.4.2 Production of pCDNA3-NT7

pCDNA3-NT7 cassette
stpCDNA3-NT7 S

stpCDNA3-NT7 A

2.8.4.3 Other STSs

GAT CCA GCG GCC GCT G

GGC CAA GCT TGC CAC CAT GGC TAG CAT GAC

GGC CTC TAG ATC CAG CGG CCG CAG GAT CCCG

The primers of all other STSs used are listed in appendix 1.

2.8.5 URLs and ftp sites

Table 2.7 Useful URL and ftp sites

Title

URL

BLAST services at the NCBI

Clustalw

Ensembl

Ensembl (Mouse)

Entrez browser

GeneCards: human genes, proteins and
diseases (Weizmann)

Genomatix PromoterInspector

GFP project
Humace home page

Human Gene Nomenclature Database

Human working draft genome browser

InterPro

Maps of Human and Mouse homology
Matlnspector

Mouse BAC ends

Mouse genome database
PipMaker

PIX at the HGMP

Primer3

REBASE - Restriction Enzymes
RepeatMasker web server
RPCI-23

Sanger Institute

Sanger Institute: Human analysis
Sanger Institute: SRSWWW
Search Evaluated MEDLINE
Sequence Logos

SignalP server

The HGMP Resource Centre
The IMAGE Consortium

The NCBI BLAST server.

The Sanger Institute: BLAST server

Web SequencelLogo main form
Unigene-Human

http://www.ncbi.nlm.nih.gov/BLAST
http://www.ebi.ac.uk/clustalw
http://www.ensembl.org/
http://mouse.ensembl.org

http://www3.ncbi.nlm.nih.gov/Entrez
http://bioinfo.weizmann.ac.il/cards

http://www.genomatix.de/cgi-
bin/promoterinspector/promoterinspector.pl
http://www.dkfz-heidelberg.de/abt0840/GFP/
http://inteweb.sanger.ac.uk/LocalUsers/humace

http://www.gene.ucl.ac.uk/cgi-bin/nomenclature/searchgenes.pl

http://www.infobiogen.fr/services/GoldenPath/mirror/goldenPath/gbd

Descriptions.html
http://www.ebi.ac.uk/interpro/

http://www.ncbi.nlm.nih.gov/Homology/
http://transfac.gbf.de/cgi-bin/matSearch/matsearch2.pl
http://www.tigr.org/tdb/bac_ends/mouse/bac_end_intro.html
http://www.informatics.jax.org
http://bio.cse.pse.edu/pipmaker
http://www.hgmp.mrc.ac.uk/Registered/Webapp/pix/
http://www.sanger.ac.uk/cgi-bin/primer3.cgi
http://rebase.neb.com/rebase/rebase.html
http:/ftp.genome.washington.edu/cgi-bin/RepeatMasker
http://www.chori.org/bacpac/23framefmouse.htm
http://www.sanger.ac.uk
http://www.sanger.ac.uk/HGP/Humana/human_analysis.shtml
http://www.sanger.ac.uk/srs6
http://www.biomednet.com/db/medline
http://www.bio.cam.ac.uk/cgi-bin/seglogo/logo.cgi

http://www.cbs.dtu.dk/services/SignalP

http://www.hgmp.mrc.ac.uk
http://image.llnl.hov

http://www.ncbi.nlm.nih.gov/BLAST
http://intweb.sanger.ac.uk/LocalUsers/humace/BLAST/Internal blast
_server.shtml

http://www.bio.cam.ac.uk/cgi-bin/seqlogo/logo.cgi

http:/www.ncbi.nlm.gov/Schuler/UniGene/Hs.Home.html
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3.1 Introduction

3.1.1 Gene identification

Genes represent the major biological function of the genome and are therefore a major focus of
research interest. Traditionally, experimental approaches such as cDNA selection and exon
trapping (see chapter I) have been utilised in positional cloning strategies to produce transcript
maps of regions associated with disease. In positional cloning, researchers first map the disease
as closely as possible in affected families, then identify genes in the region, before honing in on
a candidate gene and showing that patients have mutations in that gene. Genes for important
monogenic disorders such as Duchenne’s muscular dystrophy (Monaco et al., 1986) and cystic

fibrosis (Rommens et al., 1989) have been identified in this way.

However, this kind of approach has several limitations. The experimental strategy is both time-
consuming and expensive and does not provide information of the surrounding genomic
environment, including other genes, which may influence function. The example of the familial
Mediterranean fever locus (FMF) shows that even multiple gene identification methods do not
necessarily yield all genes in a specific region. Transcript maps for this region were constructed
independently by both Centola ef al. (1998) and Bernot ef al. (1998). The maps overlapped by
225 kb and both groups identified genes specific to their approaches (exon trapping, cDNA
selection, EST mapping, limited sequencing and computational gene prediction). Each group
identified additional genes not annotated by the other, which shows that even a combination of

such approaches may not find all the genes.

The availability of genomic sequence for a region of interest significantly alters the gene
identification strategy to one of sequence-based analysis. The genome sequence provides the

foundation for a systematic approach to gene annotation. The general progress in the human
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genome project has had an enormous impact on the smaller scale positional cloning projects, as

preliminary transcript maps are now available covering much of the genomic sequence.

Analysis of the genomic sequence may eventually provide a more complete picture of the
human transcriptome (the set of expressed genes). However, coding sequences occupy just a
small fraction, approximately 3%, of the human genome (Dunham ef al., 1999; Duret et al.,
1995) and accurate determination of gene structures within the genomic sequence is difficult
(see chapter I). Currently, a combination of ab initio prediction and similarity searches are

utilised to annotate coding sequences.

3.1.2 Ab initio prediction packages

Several sophisticated software algorithms have been devised to handle gene prediction in

eukaryotic genomes. These algorithms typically consist of one or more ‘sensors’: a specialised

algorithm that tries to detect the presence of a gene feature from motifs or statistical properties
of the DNA. Some gene predictors stop with the prediction of a single feature, such as the exon
predictor HEXON (Solovyev ef al., 1994). Most, however, attempt to use the output of several
sensors to generate a whole gene model, in which a gene is defined as a series of exons that are

co-ordinately transcribed. Several approaches are typically used (reviewed by Stein, 2001):

a. Neural networks, e.g. Grail (Uberbacher & Mural, 1991), are analytical techniques
modelled after the (proposed) processes of learning in cognitive systems and the
neurological functions of the brain. Neural networks use a data ‘training set’ to build rules
that can make predictions or classifications on data sets.

b. Rule-based systems, e.g. GeneFinder (Favello ef al., 1995) are a type of computer algorithm
that uses an explicit set of rules to make decisions.

c. Hidden Markov Models (HMM) represent a system as a set of discrete states and transitions

between those states. Each transition has an associated probability. Markov models are
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‘hidden’ when one or more of the states cannot be directly observed. The HMM approach
has the advantage of explicitly modelling how the individual probabilities of a sequence of
features are combined into a probability estimate for the whole gene. Examples include

Genscan (Burge & Karlin, 1997) and Fgenesh (Solovyev ef al., 1994).

However, ab initio prediction is far from perfect. The performance of the gene prediction
programs has been discussed by a number of authors (Burset & Guigo, 1996; Claverie, 1997).
An assessment of genome annotation in Drosophila melanogaster (Reese et al., 2000) showed
that the best algorithms could achieve sensitivities (a measure of the ability to detect true
positives) and specificities (a measure of the ability to discriminate against false positives) of
~95% and ~90% respectively when testing if a particular nucleotide is contained within an
exon. Accuracy decreased if the criterion was changed to calling the boundaries of an exon
correctly and still further if the algorithm was required to predict the entire gene structure
correctly. In this case, the best predictor achieved a sensitivity of 40% and a specificity of 30%.
To improve the predictions, the use of multiple programs is advocated (Burset & Guigo, 1996;

Claverie, 1997; Reese et al., 2000).

Another method to improve the performance of prediction programs is to include similarity

searches of the protein and/or EST databases with the gene prediction packages (section 3.1.4).

3.1.3 Sequence similarity

The similarity of a region of the genome to a sequence that is already known to be transcribed
provides a powerful prediction of whether or not a sequence is part of a gene. A comparison of
a genome sequence with databases of ESTs, cDNAs and proteins (see appendix 2) using

programs such as BLAST can identify regions of a contig that correspond to processed mRNA.
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However, there are drawbacks to gene finding based purely on similarity searches of expressed
sequence databases. Pseudogenes are a common feature of eukaryotic genomes. Many
similarity-based gene prediction programs require evidence that the gene is spliced and that the
splices maintain an in-phase ORF. However, this criterion biases gene prediction against single
exon genes. In addition, ESTs are fragmentary and may suffer from artefacts, including
contamination with genomic DNA, chimaerism and lane tracking errors during automated
sequencing. cDNA sequences might contain repetitive elements that will cause spurious
genomic matches and the method used in generation of EST and cDNA resources (often
reverse transcription primed from the poly(A) 3’ sequence) can result in 5’ incomplete cDNA,
as the reverse transcriptase may dissociate at any point from the template. Additionally,
similarities to proteins in other species might be altered by evolutionary divergence and the
presence of alternative splicing complicates the interpretation of alignments between genomic
DNA, cDNAs and ESTs. Finally, even the most comprehensive EST projects will miss low
copy number transcripts and those transcripts that are expressed only transiently, or under

unusual circumstances.

3.1.4 Combination

The current trend in gene prediction is to combine ab initio gene predictions with similarity
data into a single model, such as Grail/Exp (Xu et al., 1995), GenieEST (Reese, unpublished)
and GenomeScan (Yeh et al., 2001). Reese et al., (2000) showed that the algorithms that took
similarity data into account generally outdid those that did not. So far, however, most genome-
wide annotation systems have run sequence-similarity searches and ab initio gene predictors

separately, then combined and reconciled the predictions later.

Lander et al.,(2001), used a gene identification approach based on the Ensembl gene annotation

system (Hubbard & Birney, 2000), which began with ab initio Genscan predictions and then
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strengthened them with nucleotide and protein similarities. The predicted genes were then
merged with Genie (Kulp ef al., 1996) output and finally merged with the RefSeq library of
well-characterised genes (Maglott ef al., 2000). The Celera system took the reverse approach,
using firstly sequence similarities found in the RefSeq library, Unigene, of human ESTs
(Boguski & Schuler, 1995) and from SwissProt (Bairoch & Apweiler, 2000) before using
Genscan to find and refine the splicing pattern of the predicted genes. Both groups gave greater
weight to cDNA and EST alignments than to ab initio gene predictions. Estimates for the
number of genes from both groups were very close: both groups predicted the existence of

approximately 30,000 human genes.

However, a comparison of the Celera and Ensembl predicted gene sets (Hogenesch et al., 2001)
found little agreement between the two predicted transcriptomes. Collectively, nearly 80% of
the 31,098 novel transcripts were predicted by only one of the groups. Using high density
oligonucleotide arrays (see chapter I), Hogenesch ef al. demonstrated that more than 80% of the
novel predicted transcripts were detected as expressed in at least one of thirteen human tissues,
concluding that the respective transcriptomes are individually incomplete and casting doubt on
these estimates of gene numbers. Hogenesch suggests that an integrated approach, combining
computational predictions, human curation and experimental validation will be required to

complete a finished picture of the human transcriptome.

Another tool for gene identification is becoming more readily available with the completion of
the genome projects of several model organisms. In particular, the increasing availability of
mouse genomic sequence is expected to have a large impact on annotation of the human
genome, through the identification of conserved functional regions (Lander et al., 2001). This

aspect of transcript mapping is discussed in more detail in the next chapter.
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The availability of intron sequences and surrounding intergenic sequence, allow investigation
into several sequence features that are associated with genes. These include analysis of
sequence contexts surrounding translation initiation sites (described by Kozak, 1987) and
polyadenylation signals (Beaudoing et al., 2000). There is also considerable interest in the
prediction of promoter sequences and several programs have been developed which attempt to
elucidate the 5’ regulatory gene structure (for example Scherf et al., 2000). Investigation of
surrounding repetitive sequences and GC content can also be undertaken to give a clearer
picture of the genomic environment. Such analysis was most notably carried out on the draft
human genome sequence (Lander et al., 2001). This work allows regional comparisons to be
made against a broad genomic landscape. Genes in a region of interest can also be compared
against the available genomic sequence, to identify paralogous genes and possibly to give an

idea of the evolutionary history of the genomic region.

The reference generated by annotation of the human genome sequence will underpin nearly all
future genetic research. For this reason it is essential that annotation of genes is as accurate as
possible. For example, functional studies using in silico analysis programs are heavily
dependent on patterns within translated DNA sequences. Errors leading to alteration of the
reading frame, or the omission or inclusion of sequences, can have a large affect on
experimental outcome. In addition, a huge range of wet-laboratory techniques requires accurate
coding sequence information. These include any experiment to express and study the function
of proteins encoded within the sequence, as well as investigations of mRNA expression

patterns and analysis of potential regulatory sequences (chapter I).

3.1.5 Summary
This chapter discusses the analysis of a 3.4 Mb section of the genomic sequence of

chromosome 22 (22q13.31). Availability of 3.2 Mb of genomic sequence from this region
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(Dunham et al., 1999) enabled study of the genomic environment of genes in the region,

through analysis of GC content and density and coverage of repeats.

Computational and experimental data were integrated to aid the assembly of a transcript map of
the region. EST, cDNA and protein homologies, as well as Genscan predictions (Burge &
Karlin, 1997), were used as a starting point for further experimental investigation to extend and
confirm putative gene structures. The specificity and sensitivity of each type of evidence used

to identify and annotate genes was calculated by comparison to the final gene annotation.

Northern blot experiments enabled analysis of transcript size and expression pattern of the
annotated genes. Additional evidence of expression was provided by the construction and
screening of an expression panel representing 32 human tissues from a range of individuals.
The availability of the genomic sequence allowed analysis of the intron/exon structure and

splice site consensus sequences of all the annotated gene features.

The sequences of fully annotated gene structures were inspected in their genomic context for
the presence of poly(A) sites, translation start sites, predicted CpG islands and promoter
regions. Availability of the draft genome sequence also allowed a preliminary investigation of

gene paralogy and the identification of groups of potentially related genes.
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3.2 Gene identification on 22¢q13.31

Initial analysis was performed on each sequence clone with a standard automated process used

by the Sanger Institute annotation group. Figure 3.1 illustrates this analysis process.

Sequence
RepeatMasker
Masked sequence Repeats Unmasked sequence
Similarity searches
DNA homology Protein homology Gene prediction Exon prediction CpG islands tRNA genes GC content

BLASTN BLASTX Fgenesh Grail CPGFIND TRNASCAN GC-profile
Genscan Hexon
GeneWise

ACeDB

Gene/pseudogene annotation _——
oo 1

R ————

TR

Figure 3.1: Automated analysis strategy. The masked sequence was used in homology searches. The
unmasked sequence was used in a number of gene prediction packages and in the prediction of other
features such as CpG islands and tRNAs. Both the homology data and the predicted data were integrated
with repeat data and displayed by the human chromosome 22 implementation of ACeDB.

The resultant analysis files are read into the HSA22 application of ACeDB (22ace). This data
was used for initial gene annotation by a team of annotators and formed the information

initially available at the beginning of this project.

The DNA sequence of chromosome 22 is currently contained in 10 contigs. The separate clone
sequences that make up these contigs have been linked together and have been reanalysed using

the above methods. Additionally, output from relevant novel analysis programs and updated
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sequence database searches have been incorporated into 22ace as they became available. All
the analysis packages used are described in appendix 2a. Sequence databases, together with the
latest version used/release date where applicable, are listed in appendix 2b. The current

sequence analysis strategy for human chromosome 22 is illustrated in figure 3.2.

Sequence
RepeatMasker
*Repeat Masked sequence Unmasked sequence
Similarity searches
*U2 & *U12 tRNA *CpG islands/ *GC
DNA Protein *Gene intron  genes *Promoter content
homology prediction  prediction predictio:

BLASTN/Exonerate ~ BLASTX ~ Lgenesh TRNASCAN C}}:’GFD\ID GC-
Genscan ponine  profile
/BLAT
Novel and Promoter-
updated Novel and Inspector
nucleotide updated
sequence protein sequence
databases databases
Gene/Pseudogene annotation
ACeDB
[ =
oo ]

Figure 3.2: Chromosome 22 additional analysis strategy. * denotes analysis performed on linked clone
sequences. Masked sequence was used in homology searches against novel and updated sequence databases
(see appendix 2a) and in a number of gene prediction packages. Unmasked sequence was used in the
prediction of additional features such as CPG islands, promoters, etc. (appendix 2b). Both the homology
data and the predicted data were integrated with repeat data and displayed by the human chromosome 22
implementation of ACeDB. This updated information is used in the additional annotation of genes and

pseudogenes (section 3.4)

The sequence display of 22ace allows visualisation of these results (figure 3.3). This data has
been utilised during the course of the project for annotation of potential genes and regulatory

regions (sections 3.4 and 3.8.5), investigation of instances of paralogy (section 3.8.7) as well as
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investigation of human-murine sequence conservation (chapter IV) and protein analysis

(chapter V).

CPGFIND PromoterInspector
dbEST f 100% (7 - 34 msAI375324

Clear] [Amnp. .| [ONA. .| JAAlysis S Zefefind. .
I S I S T EIEIEI 7 T = |
02024
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dJ182024,

wotarme g 31102024 . LINK

d1a202d JE|

dJ182024, [22]

Grail

R 7/

Genscanl—" Intron

—

Fgenesh GC-profile

Figure 3.3: An example of the ACeDB display. The blue boxes show ACeDB general features. The green
boxes indicate similarities to a variety of sequence databases, listed in appendix 2a. The yellow boxes show
the output from a range of prediction programs listed in appendix 2b. Red boxes indicate annotated gene
mRNAs and coding sequence (CDS), based on this evidence. The genomic region depicted here surrounds

the locus dJ102D24.C22.2.

3.3 Genomic landscape of human chromosome 22q13.31

The region investigated during this project spans approximately 3.4 Mb of chromosome 22.

Genomic sequence is available for 3.24 Mb of this region (Dunham et al., 1999). There are two
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gaps of approximately 50 kb and 75 kb respectively within this sequence. The region of interest
lies within the light band 22q13.31 (Cheung et al., 2001). Some of the sequence differences
between chromosomal dark and light bands are noted in the table 1.1, chapter I. In particular,
light bands have a high GC content and are expected to be LINE poor, but enriched in Alu
repeats. The GC and repeat content of the region of interest were therefore investigated, in
order to determine of these features agreed with those expected from a chromosomal light

band.

3.3.1 Repeat content

The repeat content of the available sequence from the region has been analysed using
RepeatMasker (Smit and Green, unpublished). Figure 3.4 shows that approximately 43.1% of
all DNA in the region is repetitive. The SINE repeats have the largest coverage at 21.3%
followed by the LINE repeat families at 11.53%. The coverage of A/u repeats in the region
(18.68%) is substantially higher than the equivalent figure generated from the draft genome
sequence (13.14%) (Lander ef al., 2001). Similarly, LINE coverage in the region is lower than
the mean figure from the rest of the available human genomic sequence (20.42%)(Lander et al.,

2001). These results are therefore consistent with the characteristics of a light band region.
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Table 3.1: The % repeat coverage and density of a 3.4Mb region of chromosome 22q13 and of the draft
genome sequence

Coverage (%) Density (repeat/kb)

Repeat Coverage Density Draft genome Draft genome
(%) (repeat/kb) sequence sequence
SINE/ALU 18.68 3.69 10.60 3.76
SINE/MIR 2.66 7.67 2.54 6.74
SINE/other 0 0 0 0

LINE/LINE1 7.97 1.55 16.89 1.12
LINE/LINE2 3.34 4.14 3.22 3.57
LINE/other 0.22 3.20 0.31 4.40
LTR/MaLR 2.82 2.46 3.65 2.40
LTR/Other 2.76 2.06 4.64 1.38
DNA/MERI_type 0.80 4.62 1.39 4.78
DNA/MER?2 _type 0.49 2.69 1.02 2.04
DNA/other 0.10 6.55 0.43 4.78
Other 0.42 2.85 0.14 0.79

The coverage and density of the draft genome sequence (Lander ef al., 2001) are included for comparison.

ONon-repeat

B SINE/ALU
OSINE/MIR

O SINE/other
ELINE/LINE1
OLINE/LINE2

B LINE/other
OLTR/MaLR

B LTR/Other
EDNA/MER1_type
ODNA/MER2_type
O DNA/Other

B Other

Figure 3.4: Repetitive and non-repetitive DNA coverage (%) for region of interest

3.3.2 GC content
The GC content of the region was calculated using gc-profile, using a window size of 250 bp
(Gillian Durham, unpublished). A plot of the GC content over the length of the region is shown

in figure 3.5. The mean GC content of the whole region is 50.0%. This is much higher than the
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genome-wide value of 41% (Lander et al., 2001) and is again consistent with the characteristics
of a chromosomal light band. However, figure 3.5 shows that local GC content can deviate
substantially from this average figure. Overall, this region is GC-rich, apart from positions such
as 40.65 Mb to 40.82 Mb (denoting the position along the q arm of chromosome 22) where GC
content at some points drops below 45%. In addition to the low GC regions, there are some
high peaks in GC content. Peaks in GC content also appear to correspond with gaps in the
bacterial clone contigs of this region (extrapolated from the sequence immediately adjacent to

the gaps) (%GC > 55%). Further analysis of this observation is provided in chapter I'V.

Isochores have been discussed in chapter I. The local variations in GC content, seen in figure

3.5 may correspond to different isochores. The amount of DNA corresponding to different GC
content fractions was calculated using windows of 250 kb over 22q13.31 (table 3.2). The table
shows that 1197.5 kb corresponds to the GC content expected within a H3 isochore (37%) and

only 547.5 kb corresponds to L1 isochore (17%).

Table 3.2: GC content, amount of DNA and isochore correspondence.

Corresponds to isochore

GC content (%) Amount of DNA (kb)
(Bernardi, 1993)

>=59 267.5 H3
56<=GC<59 370.0 H3
53<=GC<56 560.0 H3
50<=GC<53 522.5 H2
47<=GC<50 5325 H2
43<=GC<47 447.5 H1
GC<43 547.5 L1

These results, showing that much of the region consists of H3 isochore, also correlate with the

published characteristics of a light band region.
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Figure 3.5 (fold-out). Transcript map of 22q13.31. This figure shows the complete transcript map of
22q13.31, with the centromere to the left and telomere to the right. The gene structures are indicated by
coloured blocks. Full gene structures are displayed in dark blue, partial structures in light blue and
pseudogenes in green (see tables 3.8 and 3.9). The following features are displayed: GC plot of the region (in
red) showing deviation from the regional average of 50% GC; transcripts and pseudogenes (those
orientated 5’ to 3° on the DNA strand from centromere to telomere are designated ‘+’ and those on the
opposite strand ¢-’); predicted CpG islands (yellow); the LINE (pink), SINE (purple) and ‘Other ’ (blue)
repeat distributions; and finally the tiling path of overlapping clones labelled by their
GenBank/EMBL/DDBJ accession number.

3.4 Transcript map of a 3.4Mb region of human chromosome 22

3.4.1 Sequence analysis

3.4.1.1 Definition of initial gene features
I used the first-pass annotated data (figure 3.1) and additional analysis data as it became
available (figure 3.2) to annotate potential gene features for more in-depth investigation and
experimental design. Gene features were initially grouped according to the evidence that was
used to identify them as follows:
1. Known genes: identical to known human gene cDNA, ncRNA or protein sequences.
2. Related genes: similar, or containing a region of similarity, to protein sequences from
human or other species by BLASTX.
3. Putative genes: similar to only ESTs or exon trap data by BLASTN.
4. Pseudogenes: similar to a known gene or protein, but with a disrupted open reading
frame.

In total, 71 features were initially identified for further analysis (see table 3.3).

Table 3.3: Initial feature identification in 22q13.1

Type of Feature Number

Known genes 10
Related genes 21
Putative genes 23
Pseudogenes 17

Total 71
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3.4.1.2 Annotation of known genes

Until November 1999, the Sanger Institute annotation team had annotated most of the genes for
which a cDNA was already present in the GenBank/EMBL/DDBJ database. Nine protein-
coding genes were identified in this way at the start of the project. Additionally, one non-
coding snRNA gene was identified by a subsequent BLASTN search of the EMBL vertebrate
RNA database (J. Collins). In total, 10 known genes mapped to the region (see table 3.3). All
match the chromosome 22 sequence 100% over the length of the gene, apart from C22orf1,

which partially lies in a genomic sequence gap.

3.4.1.3 Annotation of related genes

The BLASTX data that determined the ‘related’ gene features was used to generate a possible
gene structure from the different sequences spanning the gene. Nine related genes were
annotated from similarities to other human genes. Three of these genes were annotated from
homology to cDNAs sequenced by the Kasuza Institute, found to give partial coverage of the
full gene structure. A further 12 genes were annotated based on homology to genes from other
organisms. All of these features required further experimental work to confirm the full structure

(see below).

3.4.1.4 Annotation of putative genes

In the third category, 23 potential gene features were targeted for the additional investigation in
order to annotate and extend a gene structure. These included seven partial gene structures,
generated from a composite of splicing EST evidence. Six further features were annotated from

non-splicing EST clusters.

Trofatter et al. (1995), reported a chromosome 22-specific exon trap study. Twenty-four of the

generated exon trap sequences are found in this region. Fourteen of these were already
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incorporated into gene structures. The remaining ten exon trap sequences were included as

putative genes for further investigation.

3.4.2 Experimental approaches
A summary of the additional experimental work performed to extend and confirm the identified

gene features is described below.

3.4.2.1 Vectorette cDNA library production and screening

Production of cDNA Libraries

An adapted version (J. Collins, unpublished) of vectorette PCR (Riley et al., 1990) was used to
screen suitably adapted cDNA libraries in order to confirm and extend the predicted gene
structures. The vectorette method has the advantage of screening large numbers of clones in
pools of a large set of libraries whilst retaining high specificity, due to the use of the vectorette

bubble.

Consequently, libraries were prepared from human fetal lung cDNA (Invitrogen) and HL60
peripheral blood cDNA (Invitrogen) (M. Goward) (see chapter II). These two libraries formed
part of the Sanger Institute vectorette library resource and have since been extensively used for
cDNA PCR amplification and sequencing by a number of research groups. Seven vectorette
libraries (see table 2.2, chapter II) were available to screen during this project. An example of a
vectorette PCR library screen is shown in figure 3.6, showing PCR amplification of cDNA

using primers specific to the putative gene locus ARHGAPS.
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Fetal Brain Fetal Liver Fetal Lung
Super 12345 12345 12345 -+

pools
A
Fetal Brain Fetal Brain Fetal Liver Fetal Liver
o SP 1 SP 5 SP 1 SP 5
Individual ABCDEUVWXYABCDEU VW XY - +
pools
B
stSG16998S stSG16998A
Fetalbrain D U - DU -
C

Figure 3.6: Example of vectorette based isolation of PCR fragments from cDNA library using primers
stSG16998 (H55372), contained within the locus ARHGAPS. Screening of the super pools (A), is followed by
individual pool screening (B). The identified pools are then used as templates in vectorette PCR (C). The

marked bands were excised and gel purified prior to sequencing.

3.4.2.2 Screening results

Forty-four potential gene loci were screened (21 related genes + 23 putative genes) against the
seven available vectorette libraries. In total, 66 pre-existing and specifically designed primer
pairs were used in PCRs to confirm and extend the potential gene structures. This data is

summarised in figure 3.7.
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Number

Designed primer Primer test Primary screen Secondary screen Vectorette
pairs

Screening stage

Figure 3.7: Vectorette cDNA library screens. The total number of primer pairs, designed to potential gene
features based on similarity evidence, that have been screened across the vectorette cDNA libraries. The

bars represent the total number of leads that succeeded at each of the stages.

This data indicates that the largest dropout takes place at the primary screening stage,
indicating that either these negative STSs do not correspond to real genes, or they correspond to
rare transcripts that occur at very low copy numbers, or are not in the tissues represented by the

seven vectorette libraries.

In total 114 sequence reads were generated (E. Huckle) (table 3.4). Of these reads, 69.3%
aligned to the chromosome 22 genomic sequence and contributed to the annotation. Twenty-six
percent of the sequence reads did not derive from chromosome 22, but demonstrated homology
either to other human chromosomes or vector sequences. The remaining sequence reads
contained repeat sequence (4.4%). The ability to screen out these false positive results

demonstrates a further benefit of having the genomic sequence available.
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Table 3.4: Distribution of generated cDNA sequences.

Class # Sequences
Contributed to annotation 79
Repeat 5
Other homologies 30
Total 114

3.4.2.3 IMAGE clones

In addition to the vectorette approach, a different method was used to obtain additional
sequence for the ‘related’ gene feature E46L. A partial predicted structure was defined from
sequence similarity to the mouse brain protein E46 (Em:X61506). A BLASTN search showed
that several IMAGE cDNA clones (Lennon et al., 1996) aligned to this region. One of the
IMAGE clone inserts (IMAGE I.D. 0035747) was sequenced in order to confirm and extend
the E46L gene structure. Subsequently, IMAGE clone resources were not used due to problems

of T1 phage contamination.

3.4.2.4 Non-vectorette cDNA libraries

Thirteen gene features did not generate positive results in PCR screens of the seven vectorette
cDNA libraries. The remaining 11 cDNA libraries (non-vectorette) available at the Sanger
Institute were screened by PCR (table 2.2, chapter II). However, no further positives were

found.

3.4.3 Transcript mapping results

3.4.3.1 Library screens

Alignment of the generated cDNA sequence against the genomic DNA allowed the
confirmation and extension of 13 putative gene structures. None of the ten remaining exon trap

sequences was incorporated into extended gene structures.
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Twenty of the 21 related genes were identified in the vectorette and IMAGE cDNA library
screens. Incorporation of the generated cDNA sequence into the gene structures allowed seven
previously separate features to be incorporated into two extended gene structures. In total, 16

related gene structures were generated.

Eighteen novel mRNA sequences, incorporating an unambiguous ORF and 5” and 3 UTR
sequences, were submitted to EMBL/DDBJ/GenBank (Goward and Huckle, unpublished).

Accession numbers are listed in table 3.9.

3.4.3.2 Updated BLAST searches

Periodically, BLASTN and BLASTX searches were conducted against novel and updated
sequence databases (see appendix 2a), in order to identify new genes and pseudogenes.
BLASTN searches of the EMBL vertebrate RNA database identified two human cDNA
sequences with 100% identity to human chromosome 22. These were annotated as the loci
dJ100N22.C22.4 and dJ753M9.C22.4, but with the note that poly(A) sequence existed in the
genomic DNA adjacent to these structures (J. Collins). They were included for further analysis
(see below) to check if these structures were true genes, or arisen from spurious reverse

transcription from the genomic poly(A) sequences.

Additionally, submission of cDNA sequences by other authors after the start of this project
allowed annotation of the full or partial structure of nine of the genes under investigation.

These sequences are listed and referenced in table 3.9.

3.5 Investigation of expression

The analysis described above resulted in the annotation of 41 gene structures: 10 initial known
genes, 16 generated from the related gene set, 13 confirmed structures from the putative gene

set and 2 human cDNAs identified from subsequent BLAST experiments. These loci are listed
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in table 3.9. Further investigation of these features was carried out using Northern blot analysis,
construction and RT-PCR screening of a human cDNA expression panel and investigation of

the tissue origin of EST hits to the cDNA sequences.

3.5.1.1 Northern hybridisation

Hybridisation of a gene-specific probe to a Northern blot allows investigation of whether the
sequence is expressed in the tissues represented on the blot, determination of transcript size and
possible indication of the existence of alternative transcripts or gene paralogs. The expression
pattern and transcript size results are shown below. Analyses of alternative transcripts and

paralogous genes are shown in sections 3.8.6 and 3.8.7 respectively.

Northern analyses were carried out for the 41 gene loci annotated within the region (see chapter
IT). Radio-labelled probes were generated by PCR from RNA templates, using primers
designed from annotated cDNA sequences and hybridised to Northern blots containing RNA
from eight adult and four fetal human tissues (Clontech). Additional hybridisations were
perfomed against each Northern blot using a B-actin control probe (Clontech). The results are
depicted in figure 3.8. Table 3.5 summarises the obtained sizes and the expected sizes from the
current annotation. In cases where the annotated structure is known to be incomplete, the
expected transcript size is marked as greater than given by the current annotation. Where
available, transcript size estimates from previously published Northern blot data are also

shown. Northern results supporting the current gene annotation are highlighted in blue.

3.5.1.2 Transcript size
All control hybridisations using the f-actin probe generated the expected band intensities of
sizes 1.8 and 2.0 kb. Bands were generated from 29 of the 41 blot experiments. Comparison

with previously published Northern blot results, where available, showed that the transcript
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sizes were generally consistent. Differences may arise through the use of different probes and

RNA populations.

In four of the 29 blot experiments that gave a positive result, the annotation was known to be
incomplete (dJ526114.C22.2, dJ345P10.C22.4, HMG17L1 and dJ671014.C22.6). The larger
transcript sizes estimated from the Northern blot evidence may indicate the size of the full
transcript and could prove useful in future work to complete the annotation of these genes.
However, blots may in fact indicate the existence of larger paralogous gene. This is unlikely for
dJ526114.C22.2, dJ345P10.C22.4 and dJ671014.C22.6, as BLAST searches of the NCBI

human genome sequence database (http://www.ncbi.nlm.nih.gov/genome/seq) do not highlight

any potentially paralogous genes that show a high sequence identity to the STS probe used.
However, the Northern blot result for HMG17L1 could be explained by hybridisation of the
probe to the 7 kb transcript of the human HMG17 gene (Em:X13546). Interestingly, no smaller

band sizes were noted that could have originated from the putative HMG17L1 gene.
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Figure 3.8 Results from 41 Northern blots — only the 29 experiments that gave a positive result are shown.

Results generated from hybridisation of each Northern blot to a f-Actin control probe (Clontech) are shown
underneath each band (A). Approximate band sizes are shown to the left of each blot (only in the first

example in the case of the B-Actin control). The contents of lanes A-L are shown in table 3.6 below.
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Table 3.5: Expected and obtained transcript sizes from Northern blot hybridisations from the genes of

Blot Locus Expecteq transcript ~ Approx. Nort'hern blot P;Eg?;%ﬁgggﬁﬁid
# size band size
data)
1 dJ222E13.C22.1 1.399, 11:;)97’ 1.271, 6,4,1.5
2 dJ222E13.C22.3 3.440, 3.272 3.7
3 DIA1 1.954 2.0
4 c¢B33B7.C22.1 2.02 42,2.0 2.02'
5 ARFGAP1 2.699, 2.567 5.8,4.0,2.5 2.7
6 PACSIN2 3.247,3.124 35 3.5
7 TTLL1 1.684, 1.618, 1.051 3.6,1.6 8.4,438,1.8"
8 BIK 1.098 14,85 1.35°
9 bK1191B2.C22.3 1.281, 1.063 1.3,1.0
10 BZRP 0.85 1.0 1°
11 dJ526114.C22.2 >3.353, 2.049 3.5
12 dJ526114.C22.3 2.805 6.3,2.8,14
dJ100N22.C22.5 2.848
dJ754E20A.C22.4 >0.951
13 C220rfl 2.223 7.9,3.8,2.2,2.0 multiple (<1-4.8)’
14 dJ345P10.C22.4 >4.88, >4.746 48,45,3.0.14,1.0
15 HMGI17L1 >1.159 4.4
16 SULTX3 2.386, 2.347 5.5,5.0,24
17 dJ388M5.C22.4 >1.74 1.9
18 dJ549K18.C22.1 2.805, 1.177 5.5,3.0
19 CGI-51 1.716 1.8
20 bK414D7.C22.1 1.65 6.8,2.3,1.7,1.0
21 dJ671014.C22.2 1.503, 1.43 5.6,47,42,1.5
22 dJ671014.C22.6 >6.332 7.9
dJ1033E15.C22.1 >0.618
23 dJ1033E15.C22.2 2.677 6.2
dJ474112.C22.5 >0.72
dJ474112.C22.2 >0.817
24 ARHGAPS 2.264 2.2,6.5
25 dJ127B20.C22.3 5.17 49,14
dJ753M9.C22.4 6.412
26 NUP50 5.172 5.0,2.9 8,5,28,2°
bK268H5.C22.1 6.306
UPK3 1.051
bK268H5.C22.4 2.879
SMCI1L2 >4.253
27 dJ102D24.C22.2 1.392 1.5
28 FBLNI 2.525, 21'31‘;99’ 2.156, 25,23
bK941F9.C22.6 >0.376
29 E46L 3.331 34,20
' Kojima et al. ;> Zhang , 2000; *Ritter , 1999: * Trichet ,2000;° Verma , 2000; °Chang

, 1992; 7 Schwartz & Ota, 1997; * Trichet

, 1999.

Where available, previously published Northern blot results are included for comparison. Transcript sizes, which
may be equivalent at the level of blot resolution, are highlighted in blue.
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The expected transcript size agreed with the size of the strongest or most common band
established by Northern blotting in a further 22 experiments. A limit of correlation of 500 bp was
applied in most cases, extended to 1.5 kb for transcripts larger than 4 kb, due to the limited
resolution of the Northern blots. This evidence therefore predominantly supports the current
annotation, although differences caused by, for example, missing exons, may not be picked up

due to the limited resolution of the blot experiments.

In two more cases (dJ127B20.C22.3 and E46L), the expected transcript size was within the
correlation limit of the size of a weaker or less common band established by Northern blotting.
These results also support the current annotation. The stronger bands may be generated by more
common isoforms or paralogs of the gene, although no potential candidates were identified in

TBLASTN searches of the draft human genome sequence (section 3.8.7).

The Northern blot experiment for dJ1033E15.C22.2 (number 23) indicated a much larger
transcript, estimated to be six kilobases long from Northern blot evidence, than the one currently
annotated. The alignment of the cDNA Em:AL136553 against the genomic sequence indicates
that dJ1033E15.C22 has an unspliced structure. This gene may therefore be a processed
pseudogene and the transcript indicated by the Northern blot may in fact be the gene from which
dJ1033E15.C22.2 is derived. However, BLAST searches of the nucleotide and predicted amino
acid sequence of dJ1033E15.C22.2 against the human genome sequence

(http://www.ncbi.nlm.nih.gov/genome/seq) failed to identify a candidate for the original gene.

This evidence would be required in order to reclassify dJ1033E15.C22.2 as a pseudogene.

Alternatively, this evidence may indicate that this gene structure is incomplete.

Overall, the Northern blot evidence supports the transcript size of 24 annotated genes. A further
12 blot experiments gave no result, possibly because these genes are not expressed at high levels

in the tissues represented on the blots, or because the annotated structures do not represent true
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expressed genes (see below). Four blot experiments provided evidence of the potential transcript
size of partial genes. Further experimental work is needed to complete the partial gene structures
in this region. This could include screening more cDNA libraries in order to generate further
cDNA sequences to complete the annotation. Additionally, 5’RACE experiments could be

carried out to extend the annotation of 5° gene sequences.

3.5.1.3 Expression
The Northern blot experiments described above provide evidence of expression patterns. The
expression patterns of transcripts of the correct size identified from these experiments

(highlighted in blue in table 3.4) are included in figure 3.10.

Twelve Northern blot experiments may have failed because the annotated gene feature was not
expressed in any of the tissues represented on the Northern blot. Alternatively, the annotated
gene feature may be spurious and not expressed at all. To test this possibility and to further
investigate expression patterns of all the gene features of interest, a human tissue mRNA

expression panel was constructed and screened.

3.5.2 Construction and screening of expression panel

RNA was extracted from seven different human tissue samples and one human cell line. An
additional 24 samples were supplied as RNA (table 2.3, chapter II). In total, RNA from 32
human tissues was reverse transcribed and screened by RT-PCR using primers designed to the
41 gene structures under investigation (chapter II). Although the RNA was treated with DNase
during the production protocol, PCR primers were designed across introns where possible, in
order to negate the affect of possible genomic DNA contamination. This was not possible for
dJ1033E15.C22.1, dJ1033E145.C22.2, dJ100N22.C22.5, dJ753M9.C22.4 and dJ222E15.C22.7,
where primers were designed to the single exon. Profiles were obtained for 41 genes in duplicate

(figure 3.8). All the expression data from these experiments is summarised in figure 3.10.
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Figure 3.9: Example of a transcription profile for TTLL1. A and B represent duplicate experiments. The
experiment was performed in duplicate. - = negative control; H = human genomic DNA. The genomic band is

larger as the primers span an intron in TTLLI1. The lane designations correspond to the key in table 3.6.

Weak or absent PCR fragments were consistently noted in samples derived from rectum and
fetal bladder. This may reflect the true expression profile of the genes tested, but is likely due to
experimental error during construction of the cDNA panel. Bands were not always seen from
amplification of human genomic DNA; this is because the introns spanned by the primers used

were sometimes too large for PCR amplification.
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Figure 3.10: Transcription profiles for 41 genes annotated in 22q13.31, tested on 32 tissues

by RT-PCR and 12 tissues by Northern blotting. Key to tissue identity is shown in table 3.6.
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Table 3.6: Key to tissue identity

Tissue Tissue
A Heart 12 Stomach
B Brain (whole) 13 Colonl
C Placenta 14 ColonII
D Lung 15  Rectum
E Liver 16  Breast
F Skeletal muscle 17 Ovary
G Kidney 18  Uterus
H Pancreas 19  Cervix I
I Fetal brain 20 Cervix II
J Fetal lung 21 Testis1
K Fetal liver 22 Testis Il
L Fetal kidney 23 Fetal brain I
1 Kidney 1 24 Fetal brain II
2 Kidney II 25  Fetal heart ]
3 Liver I 26  Fetal heart II
4 Liver II 27  Fetal liver |
5 Cerebrum 28  Fetal liver II
6 Skeletal muscle 29  Fetal lung I
7 Skin 30  Fetal lung II
8 Tonsil 31  Fetal spleen
9 Lymphoblast (cell line) 32  Fetal bladder
10 Thyroid - water
11  Spleen H genomic DNA

3.5.3 EST tissue origin

Additional information about tissue distribution can be derived from the tissue origin of EST
sequences that show a high level of similarity to the annotated gene sequences. The script e-
profile (Smink and Beare, unpublished) formats the results of a BLASTN search of the dbEST
database into an output highlighting the tissue origin of matching EST sequences. An example of
e-profile output is shown in figure 3.11. This shows that EST sequences showing 80% or more
identity at the nucleotide level to the cDNA sequence of dJ222E13.C22.3a (Em:AL160111)
(isoform a) originate from a wide range of tissues. Results from the remaining 40 annotated gene

structures in 22q13.31 are shown in appendix 3.
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Figure 3.11: Expression profile of dJ222E13.C22.3a (Em:AL160111).

The proportion of ESTs from a range of tissues that show >80% similarity at the nucleotide level to the cDNA

sequence of dJ222E13.C22.3 (isoform a). Generated using e-profile (Smink and Beare, unpublished).

3.5.4 Overall expression results

Overall, the Northern blot, cDNA panel and e-profile results show that most of the genes
annotated in 22q13.31 show expression in a wide range of tissues. However, SMC1L2
expression appears to be mainly restricted to reproductive tissues (apart from results from e-
profile, which also highlight expression in samples of blood from the umbilical cord) and the

expression patterns of dJ754E20A.C22.4, dJ474112.C22.2 and dJ474112.C22.5 are restricted to

testis only.

No evidence of expression was found for dJ100N22.C22.5, or dJ753M9.C22.4. These genes
were noted in section 3.4.3.2 as putatively arising from spurious poly(A) priming of genomic

DNA during preparation of the cDNA library and the lack of expression data concurs with this

possibility.
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3.6 Experimental testing of ab initio gene predictions

All the gene features investigated above are annotated from expressed sequence evidence, either
submitted by other authors or generated as part of this project. It may be that additional genes or
exons, without homology to existing expressed sequence evidence, remain undiscovered in the
region of interest. Ab initio gene prediction programs provide structural information about
potential genes that is independent of the spatial and temporal limitations of expression evidence
discussed in the introduction. However, studies have shown that these methods have limited
accuracy and may have over-prediction rates of over 30% (section 3.9.2). Consequently, ab initio
gene predictions alone are not considered sufficient for reliable gene annotation, although they

may be useful as a starting point for experimental studies (Dunham ez al., 1999).

Genscan (Burge & Karlin, 1997) and Fgenesh (Solovyev ef al., 1994) are ab initio gene
prediction programs that have been run on the linked clone sequences of chromosome 22. Many
predictions coincide with expressed sequence homologies, which combined evidence provides
strong evidence for a gene. However, other predicted exons do not align to expressed sequence
evidence. These exons could indicate the presence of previously undetected genes, or could be a
result of over-prediction by the gene prediction program. Therefore, in order to discover if true
genes had escaped previous experimental detection, Genscan exons that had no previous
supporting experimental sequence homology were selected for primer design and PCR screening

of cDNA libraries.

3.6.1 cDNA library screens
Fifty-nine predicted exons that had no supporting experimental sequence homology were
selected for investigation. Primer pairs were designed to each exon and used in PCR screens of

vectorette cDNA libraries. This data is summarised in figure 3.12.
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Figure 3.12: The total number of primer pairs, designed to Genscan predicted exons without similarity to
expressed sequence evidence, which have been screened across the vectorette cDNA libraries. The bars

represent the total number of leads that succeeded at each of the stages.

In total 19 sequence reads were generated (E. Huckle) and 42% of these contributed to the
annotation (see table 3.7). Six of the sequence reads defined one partial gene structure from a
predicted Genscan exon amplified from three vectorette libraries (fetal brain, fetal liver and fetal
lung). Later extension of this structure by vectorette PCR merged this locus with four others

previously identified by homology information (dJ345P10.C22.4).

Table 3.7: Number and type of sequence reads obtained from sequencing vectorette cDNA PCR products
isolated with primers designed to Genscan predicted exons.

Class # Sequences
Contributed to annotation 8
Repeat 3
Other homologies 8
Total 19

A second Genscan exon that produced a positive result from the fetal brain vectorette library
resulted in generation of two sequence reads with high similarity to a true exon in a gene 6kb

upstream (ARHGAPS). The surrounding intron does not appear to be replicated. It could be that
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the positive result highlights an alternative 3’ end of ARHGAPS, or that this sequence is not

truly expressed and the primers amplified DNA from the true exon in ARHGAPS.

A primer pair designed to a third Genscan exon initially gave a positive result in cDNA screens,
but failed at the vectorette stage. However, extension of a homology-based gene structure was

shown to incorporate this exon (dJ671014.C22.2).

Overall, only three primer pairs from 59 (5.1%) Genscan predicted exons, which initially had no
expressed sequence similarity, were shown to be present in the seven cDNA vectorette libraries
screened. None of these identified a novel gene and the three exons were later incorporated into

the existing structures as described above.
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3.7 Transcription map results

The current annotation of the transcript map is categorised as follows:

1.

Full genes: Has a fully defined ORF, including start and stop codon and annotated 5’ and
3’UTR sequences. The sequence has been submitted to EMBL/DDBJ/GenBank.
Published partial gene: Submitted to EMBL/DDBJ/GenBank, but lacking a fully defined
OREF, including start and stop codons.

Unpublished partial gene: Not submitted to EMBL/DDBJ/GenBank and lacking a fully
defined ORF, and/or start and stop codons.

Rejected (Poly(A) in genomic): Annotated from a publicly available cDNA, but probably
arisen from spurious genomic poly(A) priming.

snRNA: Full gene, submitted to EMBL/DDBJ/GenBank, encoding a snRNA.
Pseudogene (R): Homologous to a known gene or protein, but unspliced with a disrupted
open reading frame. Possibly derived from retrotransposon (R) activity.

Pseudogene (D): Homologous to a known gene or protein, spliced, but with a disrupted

open reading frame. Possibly derived from a gene duplication (D) event.

Table 3.8 provides a summary of the results of the work to generate a transcript map of 22q13.31

and includes the EMBL accession numbers of submitted genes and alternative isoforms

(designated .a, .b, .c etc. in the text). Table 3.9a lists the annotated pseudogenes, together with

the sequence accession number and chromosomal location of the genes from which they were

annotated. The annotated genes are listed in table 3.9b. The transcript map of the entire region is

shown in figure 3.5 and a table detailing the features of all the genes is in appendix 4. In total, 58

features were annotated.
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Table 3.8: Number and type of annotated gene features

Type of feature Number
Full gene 27
Partial gene 11
(Published, partial gene) 3)
(Unpublished, partial gene 8)
snRNA gene 1
Rejected (Poly(A)) 2
Pseudogene 17
(Retrotransposon 15)
(Duplicate 2)
Total 58

Table 3.9a: Pseudogenes annotated within 22q13.31. The accession number and chromosomal location of the
genes from which they were annotate.

Pseudogene name Status Derived from  Chromosomal location
dJ222E13.C22.2  Pseudogene (D) Em:AF151854 22
dJ222E13.C22.5  Pseudogene (R) Sw:P36542 10
dJ47A17.C22.1 Pseudogene (R) Em:U14966 15
dJ47A17.C22.2 Pseudogene (D) Em:AF035321 9
dJ437M21.C22.4  Pseudogene (R) Em:AKO001665 7
bK1191B2.C22.1 Pseudogene (R) Gb:AAH4986 11
dJ345P10.C22.1 Pseudogene (R) Sw:P27348 2
dJ388M5.C22.1 Pseudogene (R) Sw:P36578 15
dJ796117.C22.3 Pseudogene (R) Gb:AAH17093 3
dJ671014.C22.1  Pseudogene (R) Em:K02923 19
dJ32110.C22.9 Pseudogene (R) Em:U33760 7
bK397C4.C22.1 Pseudogene (R) Em:AF151892 4
dJ474112.C22.1 Pseudogene (R)  Em:X12881 X
dJ181C9.C22.1 Pseudogene (R)  Em:Y07569 15
dJ127B20.C22.2  Psecudogene (R) Em:D17554 18
bK268H5.C22.3  Pseudogene (R)  Em:U14972 11
dJ37M3.C22.5 Pseudogene (R) Em:AF151805 3

R = possibly derived from retrotransposon activity
D = possibly derived from gene duplication event
Em = EMBL accession no.; Gb = Genbank accession no.; Sw = SwissProt accession no.
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Table 3.9b: Genes annotated within 22q13.31. Original status at the beginning of the project, work done and
current status is summarised. EMBL accession numbers of the submitted genes are shown.

Work done
Status at g < g
Gene name start of <ZC & E & Current status Accession number(s)
project Az 23 &
°z 22 3 &
QO s = e} FI<
2= E£22 z
dJ222E13.C22.1 Related + +  + Full gene AL589866, AL590120,
AL590118
dJ222E13.C22.3 Putative  + -+ Full gene AL160111, AL160112
dJ222E13.C22.7 Known - - snRNA J04119'
DIAI Known + o+ Full gene M16462°
cB33B7.C22.1 Putative  + + o+ Full gene AB037883’
ARFGAP1 Related  + + o+ Full gene AL159143, AF111847"
PACSIN2 Known + o+ Full gene AAD41781" AL136845°
TTLLI Related  + + o+ Full gene AL58967, AL096883,
AL096886, AF104927
BIK Known + o+ Full gene X89986°, U34584’
bK1191B2.C22.3 Related  + + o+ Full gene AL359401, AL359403
BZRP Known + o+ Full gene M36035"
dJ526114.C22.2 Related  + + o+ Full gene AL590888, D63487"
dJs526114.C22.3 Related + + 4+ Unpub. partial gene

dJ100N22.C22.5 - - - Rejected (Poly(A)) AL442096"

dJ754E20A.C22.4  Putative - - - - Unpub. partial gene

C22o0rfl Known + o+ Full gene U84894"

dJ345P10.C22.4 Putative + +  + Pub. partial gene AB051459"

HMGI17L-1 Related + + - Unpub. partial gene

SULTX3 Related + +  + Full gene AF188698"° AF115311"

dJ388M5.C22.4 Related - - + o+ Unpub. partial gene

dJ549K18.C22.1 Related + + o+ Full gene AK025665"

CGI-51 Known + Full gene AF151809"

bK414D7.C22.1 Related + + o+ Full gene AL159142; AF237769"

dJ671014.C22.2 Related + + o+ Full gene AL55092; AF237772"
AL590887

dJ671014.C22.6 Putative  + + 4+ Pub. partial gene AB051431%

dJ1033E15.C22.1  Putative + Pub. partial gene AF086048”

dJ1033E15.C22.2 Putative  + + o+ Full gene AL136553%

dJ474112.C22.5 Putative - - - + Unpub. partial gene

dJ474112.C22.2 Putative  + - + Unpub. partial gene

ARHGAPS Related + + o+ Full gene AL355192

dJ127B20.C22.3 Putative - - + 4 Full gene BC012187"
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dI753M9.C22.4 - - - Rejected (Poly(A)) AB051448*

NUP50 Known + o+ Full gene AF107840%

bK268H5.C22.1 Related + +  + Full gene AB023147%

UPK3 Known -+ Full gene AF085808”

bK268H5.C22.4 Putative  + + o+ Full gene AK000642*

SMCI1L2 Related + - + Unpub. partial gene

dJj102D24.C22.2 Putative + +  + Full gene AL442116

FBLNI Known + o+ Full gene AF126110%, U01244",

X53741", X53742", X53743"

bK941F9.C22.6 Putative - - - + Unpub. partial gene

E46L Related + +  + Full gene AF119662

Pu. = published; Unpub. = Unpublished. Unless indicated, all cDNA sequence submitted by Goward and Huckle,

unpublished. Additional sequences: '"Montzka & Steitz, 1988; > Yubisui ef al., 1987; 3Kojima , 2000; 4Zhang
,2000; °. Ritter , 1999; *Wiemann ,2001; " Additional isoform by submitted by Trichet et al., 2000; ®

Pun, unpublished; * Boyd , 1995; " Riond et al., 1991; ""Nagase , 1995; " Bloecker et al., unpublished; "

Schwartz & Ota, 1997; " Hirasawa et al., unpublished; "’ Falany , 2000; "° Sakakibara et al., unpublished; "

Sugano et al., unpublished; "* Lai et al., unpublished; “Identical submission made subsequently by Olski et al., 2001;

*Ohara et al., unpublished; ' Woessner e al., unpublished; ** Simpson , 2000;* Strausberg, unpublished; *

Ohara et al., unpublished;  Trichet et al., 1999; **Nagase et al., unpublished; *’ Geall et al., unpublished; * Sugano

et al., unpublished; * Krichevsky , 1999; *Tran , 1997; " Argraves et al., 1990.

3.8 Analysis of annotated genes

3.8.1 General features of annotated genes

Currently, the total length of the sequence occupied by the annotated genes and pseudogenes,
including their introns, is 2.07 Mb; 64.6% of the total available sequence of the region.
Pseudogenes occupy just over 20 kb and annotated gene exons make up less than 2.8% of the

total sequence. This contrasts sharply with the 41.6% occupied by repetitive sequences.

Table 3.10 shows an overview of the characteristics of the 27 full genes contained within
22q13.31. Included in brackets as a comparison are the equivalent figures calculated for 1,804
RefSeq entries aligned to the draft human genomic sequence over their full length, which are

purportedly representative of the whole genome (Lander ef al., 2001).

Table 3.10: Mean and median values for a range of protein-coding gene properties
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Feature Mean Median
Internal exon 160 (145) 132(122)
Exon number 9.6(8.8) 25(7.0)
Introns 6054(3365) 2896(1023)
3’UTR 1181(770) 2085(400)
5’UTR 160(300) 226(240)
Coding sequence 1174(1340) 2718(1100)
(CDS) 391aa(447aa) 906aa(367aa)
Genomic extent 55.4(27) 92(14)

Equivalent values from analysis of 1,804 RefSeq entries aligned to finished human genomic sequence are included
in brackets (Lander ef al., 2001).

The value of this comparison is limited due to the small gene sample size (27). However, mean
coding exon size and number within 22q13.31 are similar to those of the RefSeq set. The 5’UTR
sequence annotated in 22q13.31 are smaller than those of the RefSeq set. This may indicate that
the full 5’UTR sequences of several genes are incomplete, due to the limitations reviewed in

section 3.1.3.

The table also shows that the genomic span and intron size of the genes in 22q13.31 are larger
that those of the RefSeq set. The same observation is noted in a comparison of 22q13.31 against
the genes annotated in 22q. Although equivalent exon coverage is noted in 22q13.31 and 22q
(2.8% and 3.0% respectively), the genomic coverage of the annotated genes is greater in
22q13.31 (64.6%) than 22q (39%). These observations indicate a larger-than-average intron size

within 22q13.31.

The sizes of individual genes encoded within the region vary over a wide range. The analysis is
incomplete however, as some coding sequences remain partial. However, the smallest complete
gene (dJ1033E15.C22.2) is only 1.563 kb in length whereas the largest single gene
(dJ345P10.C22.4) stretches over 283.4 kb. dJ1033E15.C22.2 appears to contain only a single
exon whilst the largest number of exons within a gene in this region is 33 (dJ345P10.C22.4). The

smallest complete exon identified is 20 bp (bK414D7.C22.1) and the largest is 6.0 kb
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(dJ671014.C22.6). The smallest intron spans 86 bp (bK268H5.C22.1) whilst the largest intron

stretches over 10.2 kb (dJ323M22.C22.2).

Several pseudogenes are observed to lie within the introns of other functional genes. In addition,
the gene HMG17L-1 appears to lie within the 2" intron of dJ345P10.C22.4. HMG17L-1 lies in
the opposite transcriptional direction to the outer gene. This pair of genes seems to be otherwise
unrelated (see expression evidence). There are so far few examples of functional genes
embedded within introns of higher eukaryotes, although two examples are known to lie within
introns elsewhere on chromosome 22 (Dunham et al., 1999). However, HMG-non-histone
related proteins show a clear trend to exist as processed pseudogenes (Venter et al., 2001), so it
may be that HMG17L-1 belongs to this category. Further evidence is noted from Northern blot
and translational start site investigations (sections 3.5.1.2 and 3.8.3). However, the structure of

HMG17L-1 does contain an intron, which is not a characteristic of a processed pseudogene.

Interestingly, two members of the same small gene family were found to be adjacent to each
other: bK414D7.C22.1 (B-parvin) and dJ671014.C22.2 (y-parvin ) are 11.7kb apart, in a head to
tail orientation. Along with a-parvin, these three proteins make up a family related to the alpha-
actinin superfamily, which mediates cell-matrix adhesion (Olski ef al., 2001). The two genes
have similar expression profiles (section 3.5) so it is possible that they could share regulatory

sequences.

A further possible example of shared regulatory sequences is provided by the genes
dJ102D24.C22.2 and SMCI1L2. These two genes lie only 83 bp apart on opposite strands (head
to head). The genes also share a CpG island and both overlap a PromoterInspector prediction
(section 3.8.5) suggesting the existence of a possible bi-directional promoter. However, this pair
of genes does not share similar expression profiles: dJ102D24.C22.2 is expressed in a wide

range of tissues, whereas SMC1L2 is restricted to reproductive tissues (section 3.5).
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3.8.2 Splice sites

To examine whether the splice donor and acceptor sites for this region agreed with previous
investigations on 1800 introns (Stephens & Schneider, 1992) and 325 chromosome 22q13.3
introns (Smink, 2001), the splice site sequences for 379 introns were extracted from gff (genome
feature format) and sequence files and used to generate sequence logos (D. Beare). The sequence
logos not only show the frequencies of the nucleotides at each position, but also the importance
of each position in the site under investigation. The height of the base reflects the frequency of
that base and the height of the stack at each position reflects the contribution of that position to
the overall splice consensus. The generated splice site consensus sequences (figure 3.13) agree
well with the published splice sites, as expected. There are some minor differences noted
between this study and that of Smink, 2001. In sequence logos, the nucleotide on top of the logo
at each position is the most frequent nucleotide. In the C/T tract of the splice acceptor consensus
from the 379 introns from 22q13.31, thymidine occurs most frequently than cytosine in all
positions (except position 5). Stephens and Schneider,(1992) also made this observation, but
Smink, 2001, noted that cytosine tended to occur more frequently than thymidine in these
regions. Similarly, both this study, and that of Stephens and Schneider, showed that adenine
occurred most frequently for position 9 of the splice donor, whereas the study of 325 introns
from 22q13.3 showed guanine was most frequent at this position. The frequency of the
nucleotides is also reflected in their size. In the cases noted above, the nucleotides involved
appear as similar sizes, thus reflecting that these differences may be minimal and unlikely to

have biological relevance.
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Figure 3.13: Splice donor and acceptor consensus sequences for 379 introns in 22q13.31. The splice site
sequences were extracted by D. Beare and visualised using Sequence Logo (Steven Brenner)

(http://www.bio.cam.ac.uk/cgi-bin/seqlogo/logo.cgi).

3.8.3 Investigation of full gene translational start sites

The scanning model of translation initiation (Kozak, 1980) proposes that the majority of
translation events initiate at the first ATG codon that is in a particular context. With natural
mRNAs, three escape mechanisms — context-dependent leaky scanning, reinitiation and, more
controversially, direct internal initiation — are thought to allow access to later ATGs. These
mechanisms are reviewed in Kozak(1999). However, recent research (Peri & Pandey, 2001),
suggests that translation initiation from downstream ATGs is more common than is generally

believed.

3.8.3.1 Translation initiation sites

In this study of the 27 annotated full genes in 22q13.31, putative translation initiation sites were
assigned to the first in-frame ATG at the start of the longest ORF (1ATG). Alignment of the
predicted protein sequence against those of protein orthologues (see chapter V) was possible for
22 of the genes. The alignments supported the choice of reading frame in all cases. Strong
conservation was noted at the beginning of the peptide sequences in 16 cases. This provides
strong evidence for the choice of initiator codon. In five cases, the sequences at the beginning of
the aligned peptides were less conserved, although orthologous proteins were of equivalent

lengths. Finally, the alignment of dJ102D24.C22.2 showed that the putatively orthologous mouse
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protein extended significantly beyond the chosen translation start site of the human protein.
However, no additional evidence can be found to support a longer ORF in dJ102D24.C22.2, so

the chosen translation start site was retained.

To examine whether the flanking sequences agreed with the consensus sequence described by
Kozak (1987) from an investigation of 640 start sites, the sequences flanking the 27 start sites

from —12 (twelve nucleotides upstream from the iATG codon) to +4 were pasted into the

Sequence Logo web page (http://www.bio.cam.ac.uk/cgi-bin/seqlogo/logo.cgi). Figure 3.14

shows the generated Sequence Logo. Kozak’s consensus sequence is depicted underneath.

! = EE
= g e :r.‘i]' EO 3 x(—/i(é\_' (I"

-12-11-10-9 -8 -7 -6 54 -3-2-1 +1 +2+3+4
Consensus

GCCRCCat gG sequenc
Kozak (1987)

Figure 3.14: Translational start site consensus for 27 full genes on chromosome 22. Kozak’s consensus

sequence is depicted beneath. Generated from http://www.bio.cam.ac.uk/cgi-bin/seqlogo.cgi (S. Brenner).

Kozak (1987; 1999; 2000) notes that mutations in positions —3 or +4 are most likely to result in
leaky scanning and so lead to initiation at a downstream initiator codon. However, flanking
sequences lacking only one of the consensus bases at these two positions are still thought to be
adequate for translation initiation. The results above show that the consensus sequence is
frequently, but not always, found to flank the chosen initiation site. Mismatches are observed at
positions —3 and +4 and are commonly found at the remaining positions, particularly in positions

—4 and —6.
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These findings prompted examination of the 5> UTRs in more detail. The 27 sequences flanking
the iIATG were categorised according to the degree of mismatch from the motif in the two
positions considered optimal; that is, a purine at —3 and a G at +4. If both or one positions were
conserved, the site was considered ‘strong’ or ‘adequate’ for translation initiation respectively,
according to the scanning model of translation initiation. If both positions were mismatched, the
site was termed ‘weak’. Kozak (2000) suggests that selected initiation sites with the ‘weak’
characteristic may be inconsistent with the scanning model of initiation.

The results are shown in Figure 3.15.

Strong: R, G,
Adequate: R, (A/T/C)
Adequate: Y,, G,,
Weak: R ,, G,

+4

HEEE N

Figure 3.15: Analysis of the sequence contexts surrounding 27 initiator codons from 22q13.31.

Twenty-six sites were at least adequate for translation initiation according to these constraints.
However, the gene bK268HS5.C22.1 has mismatches at both positions. Inspection of the sequence
showed that the first downstream ATG in an at least adequate consensus occurred 120 bp after
the original start codon. If this site is the true translation start, the protein produced is shorter by
40 amino acids, or 9.9% of the original predicted protein. Protein features encoded by the
original sequence of bK268HS5.C22.1 were investigated using Interpro (chapter V). However, no
domains or other features were identified within the sequence that might be lost through use of
the downstream start site. The available evidence is therefore not sufficient to determine if either

(or both) translation start sites are utilised.
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3.8.3.2 Upstream ATGs (upATGs)

It has been argued that it is the first ATG with a favourable context that is used for translation

initiation. However, under the scanning model, translation initiation may occur at a downstream

ATG under the following conditions, which can be inferred from inspection of the mRNA

sequence:

1.

Leaky scanning. If the downstream ATG is in a stronger context, the upATG may be
bypassed by leaky scanning.

Reinitiation. If there is an intervening stop codon in frame with the upATG and before
the downstream ATG, translation may reinitiate at the downstream ATG.

Impaired recognition. Recognition of the upATG by ribosomes may be impaired if the

ATG is very near the 5’ end (~10 bp).

The 27 transcripts were inspected for the presence of ATGs that were upstream of the putative

initiator methionine. Examples were found in nine genes. Additionally, the length of the leader

sequence and ORF flanking each ATG was noted so that possible examples of impaired

ribosomal recognition, leaky scanning and reinitiation could be identified. The results are shown

in table 3.11.

Table 3.11: Possible downstream ATG translation initiation mechanisms.

Gene No. upATGs Leaky scanning?  Reinitiation?  Impaired recognition?
cB33B7.C22.1 2 i . .
ii .
TTLL1 1 o
BIK | o .
C22orfl 1 . .
dJ549K18.C22.1 2 i o .
il o
dJ671014.C22.2 2 i .
il o .
ARHGAPS 1 o
NUP50 2 i .
ii
dJj102D24.C22.2 5 i o .
ii o .
il o .
v o °
\% o °
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The context, reading frame and leader sequence of ATGs upstream of the annotated translation
start site were examined. If the context surrounding the upATG was weaker than the iATG, then
leaky scanning was noted as a possible mechanism of downstream initiation. In cases where an
intervening stop codon, in-frame with the upATG, was positioned before the iATG, reinitiation
may allow downstream translation from the iATG. If the upATG was <10bp from the start of the

annotated 5’UTR, impairment of ribosomal recognition may lead to downstream initiation.

The scanning model is consistent with initiation of translation from the annotated downstream
ATG (at the start of the longest ORF) in all but one case. This exception is noted in NUP50. The
annotated 1ATG is supported by protein sequence alignments of the orthologous protein in
mouse and rat (chapter V) and is in a strong context, with an A at —3 and a G at +4. However, an
ATG 190bp upstream is in an equally strong context with G at —3 and +4. The ORF following
the upATG is 225 bp (75 amino acids) long, in a different reading frame to the annotated protein,
and does not terminate until after the annotated iATG. The 75 amino acid peptide is not similar
to any known protein. The mechanism of translation from the downstream iATG is not explained
by the scanning model and could be a candidate for internal ribosome entry, or another

mechanism of translation initiation.

3.8.4 Polyadenylation signals

The formation of nearly all mature mRNAs in vertebrates involves the cleavage and
polyadenylation of the pre-mRNA, 10-30 nucleotides downstream of a conserved hexanucleotide
polyadenylation signal. Exceptions include histone transcripts and non-coding RNA genes. The

mechanism and regulation of mRNA polyadenylation is reviewed by Colgan & Manley, 1997.

The 3’ UTRs of the 27 full genes annotated within the region of interest were examined to see if
potential polyadenylation signals could be identified. Putative cleavage sites were recognised by

alignment of 3° EST sequences to the mRNA through the graphical BLAST viewer blixem
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(Sonnhammer & Durbin, 1994) (figure 3.16). The sequence 10-30 bp upstream of the

cleavage/polyadenylation site was then searched for the presence of one or more of the twelve

recognised polyadenylation signal sequences (Beaudoing et al., 2000). The results are shown in

table 3.12. In cases where more than one polyadenylation hexamer was found, the signal closest

to the cleavage site that formed the longest mRNA has been listed.

2 Blixem

————— —

Zoom Out

18875 19000 19125 19

Sort HSPs by /| settings| Goto_ | < mateh| match 2| <<

(+1)

| Score|%I0| Start

15070 ::cgaggag:aggag:gctg::ggttt::ajg

250

I BE

19375 19500

bR1191B2.C22| -1 100 200][ - 366
bK1191B2,2, m -1 |100 144 310
bK1191B2 . N99| -1 |100 flgal 310
(-1) 19070 aggctoctogtoctcacgagttattttacasccasaggtogtoagagaccaggagagaccoocoaaccgtogt 19142
ATOBL063 o145 | 99 338 | agentootogtontoangag tlat bt tanaacoaaagetoat T
RIZ00E92 2172 |1og 435 | sggctoctogtoctoacgagttattttacasccasaggtogt 18
AWGA1EET 1792 | 99 362 | agactoctogtostoacgagtiattttacaaccaaags 1
AWG77225 1315 | @8 275|aggetoctogtocteacgagttattttacaaccasage 4
AT798122 1246 | 100 062 | aggctoctogtostoacgastiattttacaaccaaagetogt 12
BFO01430 1205 |100 45| aggotoctogtoctoacgagttattttacaaccasaggtogt 5
AI797545 1205 | 100 249| aggetoctogtoctoacgagttattttacaaccaaaggtogt 9
BF0R4055 1180 | 100 036 | aggotoctogtoctoacgagttattttacaaccasagg 1
RI5S4953 1200 |100 235 |sggctoctogtoctoacgagttattttacascoasaggtogt 16
AT554564 1200 |100 960 | aggotoctogtostoacgagtiattttacaaccaaagetogt o1
AT425078 1095 | 100 226 | aggetoctegtoctoacgagttattttacaaccasagatogt g
ATZE0944 1040 | 100 208 | aggctoctogtostoacgagtiattttacaaccaaagetogt 1
AA737640 355 | 100 116 | aggetectogtectoacgagttattttacaaccasagztogt 46

| = | = | = st T AIG34097
“,f—“"’jg:]t [End
i
o Trettagoagea 19142

Potential
polyadenylation signal

AR

Potential cleavage sites

Annotated gene
structure
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Figure 3.16: An example of Blixem output from ACeDB. EST homology to the 3’ end of the BIK gene is

shown. Putative polyadenylation signal and cleavage sites are highlighted.
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Table 3.12 : The presence/absence of polyadenylation signals and cleavage sites at the 3’ end of 27 annotated
gene structures from 22q13.31.

Locus name

Putative polyadenylation signal and cleavage site

dJ222E13.C22.1
dJ222E13.C22.3
DIALI
cB33B7.C22.1

AATAAAAGGTTCTTGTATTCTCA
AATAAACATTTGTTATTCCTA
AGTAAAACTTTGCTAATATTAACCCTTC
AATAAAAGTGACCGACTGTCA

ARFGAPI1 AATAAACACTTGCAGCAGATGGCA
PACSIN2 AATAAACAGTTGATCTCGTGCATATGGAA
TTLL1 AATAAACGAAGGCACTTCTTTGGAA

BIK AATAAAATGTTGGTTTCCAGCA
bK1191B2.C22.3 AAAAAGCCCTAAAAATGAGTA

BZRP AATAAAGTTTTTGACTTCCTTTA
dJ526114.C22.2 AATAAAGGCCATCTTCTCTTA

C22orfl No signal found in Em:U84894: 3' end in sequence gap
SULTX3 AATAAAGACATGTTCCCGGC
dJ549K18.C22.1 AATAAAGACACAAGACA

CGI-51 AATAAATGTTAAAGACACACTCCGAG
bK414D7.C22.1 AATAAAAGGGTTTTGCAGTTTGAAAAACTTTAAA
dJ671014.C22.2 AATAAAAGTATTTCTGGGAGGGA
dJ1033E15.C22.2 ATTAAAGATATTAACCTGGTGTGTGTCA
ARHGAPS No signal found

dJ127B20.C22.3 ATTAAACTCGATCGATGATTT

NUP50 AGTAAACAAAATCCCA

bK268HS5.C22.1 AATACAGATATTATAGCAAAGCAATAATT
UPK3 AATAAAATCTTCTGATGAGTTCTA
bK268H5.C22.4 AATAAAATTTTAACTTCAA

dJ102D24.C22.2 TATAAAGAGTGGCTACCTTAAAGAGTCA
FBLN1 AATAAACAACTTTGTGATCCTCCTG

E46L AATAAAAGGGAGCCTTGTGAGAATACAGA

Potential polyadenylation and cleavage sites were not found for two loci. Further analysis to
extend the 3’ end of C22orf1 is difficult as it lies within a sequence gap. None of the 12 potential
polyadenylation signals described by Beaudoing ef al.,(2000) could be found at the 3’ end of
ARHGAPS. A cluster of EST homologies is found 3’ to this gene structure and it may be that
these represent the remainder of the 3’UTR of this gene. However, not enough evidence is

currently available to confirm this.

3.8.5 Promoter Regions

Polymerase II promoters are generally defined as the region of a few hundred base pairs located
directly upstream of the site of initiation of transcription. More distal regions and parts of the 5'
UTR may also contain regulatory elements and may be part of the promoter. The exact length of
a promoter can often only be defined experimentally. So far, no promoters have been

experimentally verified for any genes on human chromosome 22 (Scherf ef al., 2001). However,
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several in silico analyses can be carried out to provide initial information that may be useful in
subsequent experimental design. Such analysis can also highlight discrepancies between the

positions of the annotated gene 5’ ends and the program predictions for further investigation.

3.8.5.1 In silico promoter predictions

CpG islands are associated with the promoter of ~50% of all mammalian genes (Antequera &
Bird, 1993; Larsen et al., 1992) and often contain multiple binding sites for transcription factors
(Somma et al., 1991). They are also found within, and at the 3’ end, of some gene structures.
They are regions of ~1 kb that differ from the rest of the genome, as the unmethylated CpG
dinucleotides occurs at a frequency close to that expected from the levels of individual G and C
nucleotides (0.21x0.21) (Bird et al., 1985; Bird, 1986; Matsuo et al., 1993). By contrast, bulk
genomic DNA is comparatively G+C-poor (40% on average) and heavily methylated at CpG (see

chapter I for more details).

The program CPGFIND (Micklem, unpublished) was used to highlight potential CpG islands.
This incorporates the definition proposed by Gardiner-Garden and Frommer (1987) (a CpG
island is predicted if %GC> 60%, observed CpG frequency/expected CpG frequency > 0.8 and if
there is > 200bp of CpG rich DNA). In total, 46 CpG islands were predicted in the 3.2 Mb of
available sequencer (CPGFIND, Micklem unpublished) with a mean length of 1016.4 bp, G+C
content of 71.73% and an average Obs/Exp CpG of 0.84. The region has approximately 14.3
islands per Mb. This is higher than the mean figure of 10.5 islands per Mb in the draft genome
sequence (Lander et al., 2001) but less than the equivalent figure for the whole of chromosome

22 (16.5 islands per Mb) (Dunham ef al., 1999; Lander et al., 2001).

PromoterInspector (Scherf et al., 2000) is a program that predicts eukaryotic polymerase II
promoter regions in mammalian genomic sequences. Prediction is based on context specific

features, which were identified from mammalian training sequences. Details of the algorithm are
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published in Scherf ef al. (2000). PromoterInspector identified 42 possible promoter regions with

an average length of 569 bp within 22q13.31.

Eponine (Down, unpublished) is a program that predicts transcription start sites. Eponine models
consist of a set of DNA weight matrices, each with a probability distribution over position
relative to an ‘anchor point’. The model output is the weighted sum of weight-matrix scores that
represents an estimate of the probability of the anchor point being a true transcription start site
(Down, personal communication). Eponine identified 128 potential transcription start sites in the

region.

3.8.5.2 Correlation of predicted promoter regions with 27 full genes from 22¢q13.31

A correlation analysis of the predicted promoter regions with the annotated genes starts of the 27
full genes within 22q13.31 was performed (figure 3.17). Unlike CPGFIND and
PromoterInspector, Eponine attempts to make strand-specific predictions. Only predictions on

the same strand as the annotated gene were included in this investigation.
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Figure 3.17: Correlation analysis of predicted promoter and transcription start site regions with 27 annotated
full gene starts within a 3.4Mb region of chromosome 22. The y-axis indicates the total number of matches
found in relative distance to the annotated gene start. Values on the x-axis with a negative sign mark
distances to promoter regions, which are located downstream from an annotated gene start. The column at

distance value 1 marks the number of promoter regions that overlap an annotated gene start.

Scherf et al. (2001) previously denoted PromoterInspector regions as correlated with genes
within a region of 2 kb upstream and 0.5kb downstream of the annotated gene starts. From the
information provided in figure 3.17, it was decided to maintain this definition for analysis of
predicted promoter regions and full genes. (NB. For analysis of the specificity and sensitivity of
the promoter prediction packages within this region (see below), this definition was extended to

6kb upstream, to accommodate partial genes structures, (Scherf ez al., 2001)).

Figure 3.17 also shows that most Eponine predictions of transcription start site fall within 500 bp
upstream (not overlapping) of an annotated start site. Together with the observation that the
average 5’ UTR length of the full genes in this region was smaller than that of a set of 1,804

RefSeq genes (section 3.8.1), this may indicate that some of the gene annotations analysed here
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are foreshortened at the 5° end and are therefore not full-length. However, Northern blot
evidence where available (section 3.5.1.2), supports the currently annotated transcript lengths
and there is no expressed sequence evidence currently available that extends the 5> UTR regions

of these genes.

The fraction of the 27 full genes that correlated with each type of promoter prediction was
calculated. Figure 3.18 shows that 89% of the genes correlate with a predicted CpG island, 85%
correlate with PromoterInspector predictions and 55% with Eponine predictions. The diagram
also shows that 85% of gene structures are correlated with more than one prediction. Just over

half (51%) are correlated with all three.

This diagram also highlights two gene structures that are not correlated with promoter
predictions. This could indicate that PromoterInspector and Eponine are less accurate when
defining the promoters or transcription start sites of genes that are not associated with CpG
islands. The sequences 5’ of the transcription start sites of dJ671014.C22.2 and UPK3 were

therefore examined in more detail.

CPGFIND PromoterInspector
2 genes are not Eponine
correlated with
predictions

Figure 3.18: Venn diagram shows the number of full gene structures and their correlation with different

kinds of promoter prediction algorithms

3.8.5.3 Full gene structures not correlated with a promoter prediction
Promoter Inspector and Eponine identify potential promoter regions independently of the

occurrence of specific transcription factor binding site elements such as TATA boxes. However,
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many promoters that occur within CpG poor regions contain such elements. TATA boxes are
found ~30 bp upstream of the transcription start site. The consensus sequence is

Ts2A97To3A85(A63/T37)Ag3(Aso/T37) (Lewin, 1994).

One hundred base pairs of sequence upstream of the annotated transcription start site for both
dJ671014.C22.2 and UPK3 was examined for the presence of a potential TATA box, but none
were found. It was noted, however, that the 250 bp sequence surrounding the transcription start
site of one of these genes, UPK3, was CpG rich: the %GC of 77% and observed/expected GC of
0.77 is only just below the criteria for CpG islands prediction. It may be therefore that the 5’ end

of UPK3 lies in an unpredicted CpG island.

3.8.5.4 Correlation of predicted promoter regions with 38 protein coding genes

The distribution of predicted promoter regions across the whole region of interest in 22q13.31
was then examined, and the correlation with both full and partial protein-coding gene structures
was analysed. The limits of correlation were extended to six kilobases upstream and 500 bp
downstream of the annotated 5’ end of the gene, in order to accommodate partial gene structures
(Scherf et al., 2001). The specificity of each data set (the proportion of predicted promoter
regions that correlated with annotated 5’ end) and the sensitivity (the proportion of annotated
gene 5’ ends that correlated with predicted promoter regions) were calculated (chapter II). Table

3.13 summarises these results.

Table 3.13: Correlation of predicted promoter regions and CpG islands with gene annotation on a 3.4 Mb
region of chromosome 22.

A) CPGFIND B) PromoterInspector C) Eponine
Sn Sp Sn Sp Sn Sp
Gene 0.74 0.59 0.71 0.67 0.45 0.38

The correlation boundary was set at 6 kb upstream and 0.5 kb downstream of an annotated transcription start site. Sn
(Sensitivity) = No of genes that correlate with prediction/total no. of genes (38) Sp (Specificity) = No of predictions
that correlate with a gene/total no. of predictions. Total number of predictions: CPGFIND (46);
PromoterInspector(42); Eponine(128). Total number of protein coding genes = 38.
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Twenty-eight (74%) of the protein coding genes in this region are correlated with a CpG island.
It was noted that all of these islands overlap the annotated transcription start site. Promoter
Inspector shows the highest individual specificity with respect to gene correlation with 67% of
predictions correlated with annotated gene 5° ends, but Eponine performs less well in terms of
both sensitivity and specificity. It was noted, however, that Eponine predictions clustered on
both strands around the annotated transcription start sites of several genes, suggesting that

Eponine correlation may be greater if strand specificity were ignored.

In total, 113 individual predictions are not currently associated with annotated genes (19 CpG
island, 14 PromoterInspector and 80 Eponine predictions). In all, twelve possible promoter
‘regions’ were identified which had overlapping predictions not associated with gene 5’ ends.
These regions were examined more closely to determine if these overlapping predictions were
likely to indicate the presence of nearby genes. Three were found to lie within introns of
annotated genes and three lay within repeat sequence. Six remaining possible promoter regions
were identified and all three programs highlighted four of these. One of these regions lies within
20kb upstream of the locus bK941F9.C22.6, which currently has no associated promoter
predictions. It may be that further investigation will extend this gene structure and show that this
potential promoter is associated with this gene. The three remaining putative promoter regions
may be false positives, or may also be associated with existing partial gene structures within
22q13.31. These results could also indicate the presence of regulatory regions of genes that have

yet to be identified.

3.8.6 Alternative Splices
Several alternatively spliced exons were identified through the transcript mapping work
described in section 3.4 and these results are summarised in table 3.14. Further indications of

alternative splicing are provided by the Northern blot analysis described above. However, it may
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be that some of the differently sized transcripts identified on the blots derive from paralogous

genes (section 3.8.7), rather than from the alternative splicing of a single locus.

Table 3.14: the number of potential alternative splices determined from the transcript mapping of 38 protein-
coding genes from 22q13.31.

No. of transcript variants 1 2 3 4 5 6
Number of sequence verified transcripts /gene locus 29 6 1 2 0 0
% sequence verified transcripts /gene locus 763 158 26 54 0 0

These results show that 23.8% of gene loci have at least one sequence verified alternative splice
form. All of the sequence verified alternative splices found in these genes affect the coding
sequence, rather than altering the 5* or 3> UTR. This result could be affected by incomplete 5’

UTR sequences, which may be present in the resources used.

The value of 23.8% is probably lower than the real percentage of alternatively spliced
transcripts, as a full investigation into identification of alternative splicing in this region has not
yet been undertaken. This level of alternative splicing is supported by evidence from three
studies (Brett et al., 2000; Mironov et al., 1999; Zhuo et al., 2001), which indicate that, on
average, one-third of genes have EST evidence of alternative splicing of any sort. However,
these studies may also have underestimated the prevalence of alternative splicing, because they

examine EST alignments covering only a portion of a gene.

Investigation of alternative splicing by Lander (2001), using reconstructed mRNA transcripts
covering the entire coding regions of genes on chromosome 22, puts this figure much higher at
nearly 60%. The true extent of alternative splicing in the genome was expected to be even

greater as only a subset of transcripts were sampled in this study.

The percentage of potential alternatively spliced loci detected during this project rises to 74% if
Northern blot results are taken into account. Although this figure may more closely represent the

true extent of alternative splicing of these genes, the Northern results may be misleading as the
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probes used may have hybridised to paralogous genes elsewhere in the genome, and the blots

may fail to resolve similarly sized transcripts.

3.8.7 Paralogues

The availability of genomic sequence has already provided insights into genome evolution.
Analysis of the duplication landscape of chromosome 22 (Lander et al., 2001) showed that the
region of interest contained no inter- or intrachromosomal duplications of more than 90%
nucleotide identity and greater than 1kb long when compared to the draft genome sequence. It
was decided to extend this investigation to examine paralogy at the exon level, by using a less

stringent TBLASTN search to detect shorter stretches of similarity at the amino acid level.

The amino acid translations from the longest ORF from each of the 27 full gene structures were
extracted. The sequences were then used in a TBLASTN experiment against the working draft of
the human genome, using the NCBI human genome BLAST service

(http://www.ncbi.nlm.nih.gov/BLAST). The SwissProt, TTEMBL or NCBI annotation project

identities of human peptide sequences that matched along the full length of the chromosome 22
peptides were extracted. The results are listed in table 3.15. Figure 3.19 shows in more detail the

approximate chromosomal localisation of the potential paralogues.

These results may still be incomplete as human genome sequencing and annotation is an ongoing
project. Apparent duplications may also arise from a failure to merge sequence contigs from

overlapping clones in the draft genome assembly.
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Figure 3.19: Approximate positions of genes putatively paralogous to full genes on 22q13.31. Figure was

generated using the Ensembl website (http://www.ensembl.org).

Table 3.15: Genes putatively paralogous to full genes on 22q13.31

Chromosome 22 Paralogous  Accession  Chromo % identity of Result supported by
Locus Locus number some amino acid previous publication?
sequences
dJ222E13.C22.1 22 99%
DIAL1 095329 2° 1 62%
ARFGAPI1 BAB55144° 11 49%
PACSIN2 PACSINI1 Q9BY11? 6 53% (Ritter et al., 1999)
PACSIN3 Q9H331’, 11 57% (Ritter et al., 1999)
Q9EQPY’,
Q99JB8’
C22o0rfl (239AB) 239FB 239F HUM 11 81% (Schwartz & Ota, 1997)
AN 1
bK414D7.C22.1 a-parvin QI9NVD7 2° 11 75% (Olski et al., 2001)
dJ671014.C22.2 a-parvin QI9NVD7 2° 11 42%
NUP50 XP_018531° 6 85% (Trichet et al., 1999)
XP 017832 5 92%
XP_010041° 14 70%
bK268HS5.C22.4 QYH7B0 2° 11 48%
FBLNI1 FBLN2 FBL2 HUM 3 48% (Zhang et al., 2000)
AN '

' SwissProt, > TrEMBL, * NCBI Annotation Project accession number (predicted protein)
Locus name, accession number, chromosomal position and percentage identity to the 22q13.31 gene are shown.
Additional evidence of paralogy is provided in the listed references.
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Genes from chromosome 22q13.31 were found to have paralogs on chromosomes 1, 3, 5, 6, 11,
and 14. Partial gene order from chromosome 22 did not appear to be replicated in cases where
more than one paralogue existed on a particular chromosome (6 and 11) and genomic distances
between these paralogous genes were at least several megabases. The paralogous regions may be
considered to show evidence of ancient intrachromosomal duplications as they are characterised
by similarities in the coding regions only. The experiment also highlighted a region of
chromosome 22 that appeared to have undergone an interchromosomal duplication. This was

examined in more detail.

Comparison of the two regions of chromosome 22, using the 22ace database, identified a direct
repeat, occupying ~150 kb of sequence and shown schematically in figure 3.20. The region
contained two pairs of paralogous gene structures, bK126B4.C22.2 and dJ222E13.C22.1, and
bK126B4.C22.3 and dJ222E13.C22.2, which were duplicated in the region of interest in the
same orientation. No other paralogs of these genes were found on any other chromosomes during

the TBLASTN experiment above.

I l |
99% nucleotide identity
bK126B4.C22.2 dJ222E13.C22.1
> >
[ ]
<= <= <= <
bK126B4.C22.1 bK126B4.C22.3 dJ222E13.C22.2  dJ222E13.C22.3

98% nucleotide identity

[ [ ! ! |kb

!
0 50 100 150 200 250

Figure 3.20: Schematic showing a region of interchromosomal duplication on chromosome 22

To investigate this further, the genomic DNA from the region between bK126B4.C22.1 and

dJ222E13.C22.3, enclosing the putatively duplicated region, was compared against itself using
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the Dotter program (Sonnhammer & Durbin, 1995) (figure 3.21). Dotter is a graphical dotplot
program allowing detailed comparison of two sequences. Every residue in the sequence is
compared to every other residue in the sequence. Regions of high homology are shown by a row

of high scores, which run diagonally across the dot matrix.

This analysis revealed that the two pairs of genes are conserved in both exon and intron
sequences, indicating that the duplication could be a fairly recent evolutionary event. Three
further groups of homology are noted from repeat regions 5’ to the duplicated gene pairs. These
regions were found to contain a mixture of repetitive and unique sequences. The remaining
sequence in the duplicated is less well conserved, perhaps arising after the duplication event, or

diverging more rapidly than the conserved sequences.

There are some important differences between the duplicated gene structures. There is a large
insertion or deletion of approximately seven kilobases, highlighted by the blue box in figure
3.21. Exons VIII, I, X and XI of dJ222E13.C22.1 are encoded within this region. Interestingly,
the annotated ORF of bK126B4.C22.2 is much shorter than that of its paralogue,
dJ222E13.C22.1 (figure 3.22) and the protein sequences diverge after exon VII. Potentially, the
coding sequence of bK126B4.C22.2 was truncated by a deletion of this region of genomic

sequence and is thus a pseudogene derived from duplication of the ancestral gene.

The nucleotide sequences of dJ222E13.C22.2 and bK126B4.C22.3 were also aligned and a
difference of a 10bp deletion or insertion was seen (indicated by a red box in figure 3.23).
Interestingly, this difference disrupts the open reading frame of the dJ222E13.C22.2 and thus
truncates the protein sequence. dJ222E13.C22.2 could therefore be a pseudogene, which arose

after the tandem duplication of the ancestral gene. A second downstream insertion or deletion of

8 bp, that also alters the ORF, is highlighted by the blue box in figure 3.23.
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Figure 3.21: Annotated dot plot from identifying an intrachromosomal duplication within
chromosome 22. 156366 bp of genomic sequence between genes bK126B4.C22.1 and
dJ222E13.C22.3, containing a putatively duplicated region, is plotted against itself. Red boxes along
the axes indicate gene structures within the sequence. Further evidence of sequence conservation is
also noted in three areas (green boxes). The blue boxes indicate the position of an insertion/deletion

of ~7000 bp. The plot was generated using Dotter (Sonnhammer & Durbin, 1995).
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1 11
bK216B4,C22, 2 1 |MAEMAAPELISELKLAVPLGHIARKAWGELAGPPYLCLHGWLDHASSFDRLIPLLP E&YVQMDFGGHGLSSHYSPGVP
dJ222E13,C22,1 1 qSENﬂﬂP H{SELKLHVPMGHIﬂﬂKﬂwGSLQGPPVLELHGNLDNQSSFDRLIPLLP IETYVQMDFGGHGLSSHYSPGVP
1V V1 VII

bK216B4,C22, 2 81 WY LUTFY3EIRRWYAALKWHRF ST LGHSF FGYY GGMFFCTFPEMYDKLILLOTPLFULESDEMENLLTYEREAT EHW LAY
dIg22EL3. a2l 81 YYLATFYSEIRREWY ?%KMHRFSILGHSF G GGMFFCTFPEMYORKLILLOTFLFLLESOEMENLLTYKRRAT EHWL Y
/ [VIIT VI VII
bK216B4,C22,2 161 ERSRERSHYESEROEROR, . o000 vovevvser e BB, 0 oo JBAETSSAG, s vy v v s v srsrsrsrrrrarsrarerns
dJ222E13.C22,1 161 EASOERSHYESLCEALED LLKSNSHLSEEEGELLLQRGTTKVHTGFE&NRDQRLQ%%FNSIDFISRELEQHSIRKLQHHV
A% 1

bK216B4,C22, 2 = SCMRIPSGSERPMS. oo v v v v v vnnss B ....... 203
dJ222E13,022.1 241 LLIﬂgﬁHGYFDSRQHYSEKESLSFMIDTMKSTLq%EFPFVEVPGHHCVHMSEPQHVHSIISSFLQCTHMLPQQ 314

Figure 3.22: Alignment of the amino acid sequences of bK126B4.C22.2 and dJ222E13.C22.1. Exon
numbers are marked in blue (bK126B4.C22.2) or red (dJ222E13.C22.1). The alignment was created using

clustalw(Thompson ef al., 1994) and visualised using belvu (Sonnhammer, unpublished).

dJ222E13,022,2 - GECGCGCAGGACGARGCTCRCGREGCGRGACCLGGAGGACEGTATCCCGAGCCCACCET GLTACGCAGCTATTED 75
hk126B4,C22, 3 1 ATGETGGRCECGCAGGAGEAAGT GLGCCGLGCGRGACCLAGAGRACCETATCCCCARCCCACT GRGCTACGCAGCTATTCE 0

dJ222E13,022,2 76 RAATCAAGTTCTCTGARRRGCAACARGCTTCTCACTACCTCTATGT GAGAGCACACGGCATTCARCARGGCACCAAGTCLA 155
bk126B4,C22,3 81 ARTCAAGTTCTCTGARRRGCAACAGGCTTCTCACTACCTCTATGT GAGARCACACGGEGTTCGACARGGCACCAAGTCLA 160

dJ222E13,C22,2 156 CCTGGCCTCAGAAGAGGACTCTTTTTRTCTTCAATGT GECCCCATACTGCACAGAGLARGAGAGCCTGTCCTRCLTCCAR 235
hk126B4,C22,3 161 CCTGGECTCRGAAGAGEACTCTTTTTGTCCTCARTRTGCCCCCATACTGEACAGA, |, GRAGAGCCTGTCCCGOCTCCTG 237

dJ222E13,022,2 236 TCCACCTGTGRCCTTRTCCAGTCTRTAGAGT TRARGRRGAAGCTRGAGCTGGETE, .., .. .. . JGEAGTCARGRTCGAA 305
bKL126B4,C22,3 238 TCCACCTRTRGECTCRTCCAGTCTGTARAGTTGEARGAGARGCCGEACCTGRCTAAGAGCCCARARGAGTCARGETCRAR 217

dJ222E13,022,2 306 GITTTTTCATCCARAGCCAGT TCCGGEETTTCOAGRT AGCCTACGT GGTGTTCCAGRAGCCARGT GEEETGTCAGLGGECT 3580
bKL126B4,C22,3 218 GTTTTTTCATCCCARGCCARTTCCGEGTTTCCARGTARCCTATRTERTGTTCCAGARGCCARGT GRGRTRTCAGCRGEECT 257

dJ222E13,022,2 386 TGGCCCTGARGGGCCCCCTGCTGETGTCCACAGAGARCCACCCTGTGARGAGT GECATTCACARRT GGATCAGTGACTAC 465
hk126B4,C22, 3 398 TGGCCCTGARGRGCCCCCTRCTRATGT CCACAGAGARCCACCCT GTGARGAGT GECATTCACARGT GGATCAGTGACTAC 477

dJ222E13,022,2 46k GCAGACTCTGTGCCCGACCETGAGGCCCT GAGGGT GRAAGT GRACACGT TCATGEAGRCATATGACCAGRAGATCGCTGA 545
bk126B4,C22,3 478 GCAGACTCTGTGCCCGACCLTGAGGCCLT GARGGT GEAAGT GGACACET TCATGEAGGCATATGACCAGRAGATCGCTGA 557

dJ222E13,C22,2 046 GGAAGAAGCTAAGGCCARGGAGGARGAGEGRGTCCCT GACGAGGAGRGLTRERTRAAGRTGACCCGECARRECCAGEGEE 25
hk126B4,C22,3 568 GEAAGAAGCTAAGGCCARGEARGAGEARGEGRTCCCT BACGAGRARGECT GRGET GARGGT GACCCACCRRRECCGRERGE H37

dJ222E13,022,2 626 CTGTGCTCCCCCERACT GAGGCAGCCAGLTTRCGERT CT GEAGARGEAGAGACE GARGCGCAGCCARARAGAGLTGETE 700
bKL126B4,C22,3 638 CTGTGCTCCOCCGRACT RARGCAGCCARCTTRCRGRT BT GRAGARGEAGAGACE GARGCGCAGCCGARAAGAGCTGLTE 717

dJ222E13,C22,2 7Ok AACT, . .ACGCCTGGCAGLCATCGAGAGAGCARGAT GEAGCATCTAGCGCAGCT GEGCAAGARGT TTGAGGAGGACARGCA 752
hk126B4,C22, 3 718 RACTTCTACGLCTGGCAGCATCGAGAGARCARGATGEAGCATCTAGCGCAGCTGEGCARGARGT TCRAGGAGEACARGCA 7597

dJ222E13,022,2 783 GAGGATCGAGLTGLTGCGREGCCCAGCGCAAATTCCGACCCTACT GAGCCGTGAGAGLCGCART GLATGLETGEARGTGEA 862
hk126B4,C22, 3 798 GAGGATCGAGLTGCTRCGEECCCAGCECARATTCCGACCETACT GAGCT GTGAGAGCCGCARTGAAT GECTGEARGTGEA 877

dJ222E13,022,2 863 GGGCCARGAGGAACATGAGET GAGGCAGEGCCTGLARCGETCTCTGAGAGGCCGAGLT CTGRCCAACGRGCCCCAGRTTG 42
bk126B4,C22,3 878 GGGCCAGGAG. .. ... GAGGCEAGGCAGGGCCTGCAGCGRTCTCTGAGAGGECGAGET CTRHCCARCGRGCCCCAGETTE 951

dJ222E13,022,2 943 ARGGCCATCGLGTCCARCAGCCCCATCARARTCCACACAGRCCARGAGT GAAGGACCAGGCCACCCCTCRRGTCTTRTRE 1022
hk126B4,C22,3 952 AAGRCCACCECRTCCARCARCCCCATCAGAGTCCACACARGECAGRAGGGAAGGEACCARGCCACCCCTCGRRTCTTRTGE 1031

dJ222E13,022,2 1023 TTCAGCAGTCCTGGAGACCCAGGCATRCCTAGAGRARGACTTRTCCTTCCCACCTCTTGECTCCACACCETTE, |, JAG 1097
bK126B4,C22,3 1032 TTCAGCAGTCCTRGGGEACCCAGRCATRCCGAGAGERRGACTTRTCCTTCCTGETTCTTRCCTCCACACCCYCCTCTOMAG 1111

dJ222E13,022,2 1093 GACCCTGRGATGAATCCGTTCTGTGCTTCCTTTTCCCTCARTGCARARGCCCTTGET GGCARCARAAAAGCCTCARAAGCA 1177
bk126B4,C22,3 1112 GACCCTRGATGAATCCGTTCTGTGCTTCCTTTTCCCTCARTGCARRAGCCCTTGET GECARCHARAAAGCCTCAARAAGCA 1191

Figure 3.23: Alignment of the nucleotide sequences of bK126B4.C22.3 and dJ222E13.C22.2. A 10 bp
insertion/deletion discussed in the text is marked in red and an 8 bp insertion/deletion is marked in blue.
The alignment was created using clustalw (Thompson et al., 1994) and visualised using belvu

(Sonnhammer, unpublished).

Achaz (2001) describe a study of intrachromosomal duplications of nucleotide sequences in

two complete genomes and four partial ones, including Homo sapiens. They propose that
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intrachromosomal repeats are mostly created in tandem by recombination between sister
chromatids or by replication slippage and are turned into distant repeats by later chromosomal
rearrangements. The features of this duplicated sequence resemble those most commonly
found in the previous study: a direct repeat with the two copies close together with a physical
distance, the ‘spacer’, between them. In this example, the spacer is defined as the 34 kb of

sequence separating the genes bK126B4.C22.3 and dJ222E13.C22.1.

To investigate if the vestiges of tandem rearrangement could be determined in the
chromosome sequence, NCBI whole genome BLAST server was used to look for paralogs of
the spacer within the chromosome 22 sequence. The criteria listed by (Achaz et al.) was used
to determine matches to spacer sequence paralogs: however, no matches to chromosome 22 or
any other genome sequences were found that were at least 80% of the spacer length and
identical by more than 80%. This implies that, if the duplication did arise by replication
slippage or unequal recombination between sister chromatids, the flanking sequences may

have diverged beyond this level of recognition.

3.9 Correlation of expression evidence with annotated gene features

Several different types of evidence have contributed to the generation of a transcript map of
22q13.31 (see appendix 2). Evidence provided by EST sequences has included homologies to
the EST database dbEST (Boguski et al., 1993), and a set of EST sequences generated by the
biotechnology company Incyte, selected from BLAST matches at 85% nucleotide identity to
the genomic sequence of chromosome 22, (J. Seilhamer, Incyte, personal communication).
cDNA sequence evidence includes those generated as a result of this project, plus cDNAs

identified from the Mammalian Gene Collection (MGC) (Strausberg et al., 1999) and from

161



Chapter III Transcript map of human chromosome 22q13.31

vertebrate cDNA sequences submitted to EMBL (Baker ef al., 2000). Additionally, protein
sequences from the TREMBL and SwissProt databases (Bairoch & Apweiler, 2000) have been
used. Chromosome 22-specific exon trap sequences (Trofatter et al., 1995), and a range of
exon and gene prediction programs, including Genscan (Burge & Karlin, 1997), provided
further evidence. Finally, a database of predicted exon sequences that have been tested for
expression by microarray hybridisation was also available (Richard Glynne, Eosbiotech,

personal communication).

A region of 22q13.31 sequence that aligns to any piece of such evidence could potentially
form part, or all, of a gene. Therefore, it is of interest to investigate the correlation of these
data with the annotated gene structures in order to establish the specificity (the proportion of
putative coding nucleotides that are actually coding) and sensitivity (proportion of actual
coding nucleotides that were identified as putative coding nucleotides) of each method (see
chapter II). Such information will be useful in the generation of future transcript maps, by

identifying lines of evidence that may lead to more efficient annotation.

Some genes in the transcript map of 22q13.31 remain partial. However, the region has been
subjected to extensive experimental analysis. Many potentially coding regions have been
screened against cDNA libraries and the negative results produced showed that they were less
likely to encode true genes. It is therefore proposed that an investigation of correlation
between annotated genes structures and a range of sequence evidence is meaningful and will
allow comparison with similar previous studies of ab initio gene prediction accuracy

(Bruskewich and Hubbard, unpublished; Guigo et al., 2000).
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3.9.1 Calculation of specificity and sensitivity
The perl script MethComp (D. Beare, unpublished) was used to compare the different methods
used for gene identification/annotation against:

(A) The set of 39 annotated ‘true’ genes within 22q13.31;

(B) The set of 17 annotated pseudogenes within 22q13.31.
Specificity and sensitivity calculations were perfomed at the nucleotide level for all method
types. In addition, the fraction of exon hits (the number of reference exons hit/total number of
reference exons) and gene hits (the number of reference genes hit/total number of reference
genes) were also calculated. In all cases, multiple hits were counted as one hit. These results
are shown in table 3.16.a and .b. A plot of the specificity and sensitivity of each type of
evidence at the nucleotide level is shown in figure 3.24. Further details of this analysis can be

found in chapter II.
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Table 3.16: Analysis of the correlation of the evidence types used to annotate genes against:

A: 39 annotated true genes in 22q13.31.

Evidence type Method Alignment Nucleotide Exon Gene
method Total Sp Sn
coverage
EST dbEST' BLASTN 0.060 037 074 0381 1.00
EST Incyte’ BLASTN 0.100 023 079 0387 0.90
cDNA ad_hoc’ BLASTN 0.005 045 032 0.69 0.65
cDNA VERTRNA* BLASTN 0.029 072 072 075 0.82
cDNA human_MGC’ BLASTN 0.003 0.62 0.06 0.08 0.12
Protein Blastx’ BLASTX 0.088 0.13 039 0.68 0.92
Exon prediction Graill.3’ Graill.3 0.043 0.13  0.19 037 0.68
Exon prediction Xpound” Xpound 0.003 043 0.04 0.08 0.17
Exon prediction fexh’ fexh 0.037 0.13 0.16 0.32 0.48
Exon prediction eos" Genscan 0.026 045 040 0.75 0.85
Exon prediction exon trap"" BLASTN 0.001 0.58 0.02 0.03 0.31
Gene prediction Genscan” Genscan 0.028 040 038 0.58 0.90
Gene prediction Fgenesh" Fgenesh 0.019 049 030 0.57 0.90

The test region (22q13.31) contained 3,365,293 bp of genomic sequence. The total number of nucleotides
contained within the 39 annotated genes structures is 91,249 bp. The total number of reference exons is 400. For
more details, see chapter II.

B: 17 annotated pseudogenes in 22q13.31.

Evidence type Method Alignment Nucleotide Exon Pseudogene
method Total Sp Sn
coverage
EST dbEST! BLASTN 0.060 0.05 0.75 0.86 0.88
EST Incyte’ BLASTN 0.100 0.02 041 055 0.58
cDNA ad_hoc’ BLASTN 0.005 0.01 025 037 0.29
cDNA VERTRNA' BLASTN 0.029 0.09 0.63 0.82 0.88
cDNA human MGC’ BLASTN 0.003 034 024 024 0.41
Protein Blastx’ BLASTX 0.088 0.02 045 0.8 0.76
Exon prediction Graill.3’ Graill.3 0.043 0.01 0.13 0.34 0.47
Exon prediction Xpound® Xpound 0.003 0.00 0.00 0.00 0.00
Exon prediction fexh’ fexh 0.037 0.01 0.06 0.14 0.24
Exon prediction eos” Genscan 0.026 0.03 020 045 0.47
Exon prediction exon trap" BLASTN 0.001 0.00 0.00 0.00 0.00
Gene prediction Genscan” Genscan 0.028 0.03 020 045 0.47
Gene prediction Fgenesh" Fgenesh 0.019 0.02 021 045 0.41

The test region (22q13.31) contained 3,365,293 bp of genomic sequence. The total number of nucleotides
contained within the 17 annotated pseudogenes is 6090 bp. The total number of reference exons is 29. For more
details, see chapter II.

" dbEST: dbEST EST database (Boguski et al., 1993); > Incyte: EST database (J. Seilhamer, Incyte, personal
communication); * ad_hoc: cDNA sequences generated as a result of this project; * VERTRNA: vertebrate cDNA
sequences, EMBL database (Baker ef al., 2000); * human_MGC: full-length cDNA sequences (Strausberg et al.,
1999); * Blastx: TTEMBL and SwissProt protein sequence databases (Bairoch & Apweiler, 2000); " Graill.3:
(Uberbacher & Mural, 1991); * Xpound: (Kamb et al., 1995); ” fexh:(Solovyev & Salamov, 1997); "“eos:
Genscan predicted exons tested for expression by microarray hybridisation (R. Glynne, personal
communication); ' exon trap: chromosome 22 specific exon trap sequences (Trofatter et al., 1995); > Genscan:
(Burge & Karlin, 1997); ' Fgenesh: (Solovyev et al., 1994).
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Figure 3.24: Specificity and sensitivity of sequence evidence alignment with the 22q13.31 transcript map.

Sensitivity and specificity shown are computed at the nucleotide level.
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As expected, the specificity of the correlations with genes structures is much greater than that

demonstrated with pseudogenes. The graph shows that most pseudogenes correlate with

matches to entries in the dbEST, VERTRNA databases, and to BLASTX matches to known
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proteins (Blastx). Most of these pseudogenes were annotated from these sources by the

Sanger Institute gene annotation group.

From the analysis of correlation with 39 gene structures, it can be seen that the highest
sensitivity is achieved by BLASTN comparison to the VERTRNA mRNA sequences from the
EMBL database (Baker ef al., 2000). This is not surprising, however, as nearly all of the full
and partial gene structures are referenced in this database. The EST databases dbEST
(Boguski et al., 1993) and Incyte (J. Seilhamer, Incyte, personal communication) also provide
highly sensitive results when aligned by a BLASTN experiment against the annotated
sequence of 22q13.31. Similarly, mRNA sequences from the mammalian gene collection
(Strausberg et al., 1999) provide the most specific evidence for transcript mapping.

The data derived from the set of exon trap sequences (Trofatter ef al., 1995) shows high
specificity, but low sensitivity in this comparison against the annotated gene feature set. The
table also includes equivalent information for a number of prediction programs. Genscan
(Burge & Karlin, 1997) and Fgenesh (Solovyev et al., 1994) achieve the best results.
However, this analysis includes UTR and pseudogene sequences within the reference set,
which may skew the results against these programs, as they are designed to predict only
coding sequences. A more complete investigation of Genscan and Fgenesh accuracy is shown

below.

3.9.2 Further analysis of Genscan and Fgenesh predictions
The gene prediction programs Genscan (Burge & Karlin, 1997) and Fgenesh (Solovyev et al.,
1994) were taken as a special case, in order to allow comparison between this and previous

studies (Bruskewich and Hubbard, unpublished; Guigo et al., 2000). Unlike sequence database

166



Chapter III Transcript map of human chromosome 22q13.31

evidence, these data involve predictions of gene structures and so specificity and sensitivity at
the exon and gene level can also be meaningfully calculated. To compute these measures at
exon level, it is assumed that an exon has been predicted correctly only when both its
boundaries have been predicted correctly. Annotated pseudogenes are not included in the
calculation. Non-coding exons were also excluded, as Genscan and Fgenesh predict coding
sequences only. The programs Genscan and Fgenesh were used to generate gene predictions
across the linked clone sequences of chromosome 22. The number of predicted gene features

within 22q13.31 is shown in table 3.17.

Table 3.17: The number of nucleotides, exons and structures predicted by Genscan and Fgenesh within the
region of interest from linked clone sequences.

Prediction
Structure # Nucleotides # Exons # Gene
Set structures
Genscan 94026 657 83
Fgenesh 63196 449 77
True Genes 44312 334 38

The equivalent figures from the True Genes set of experimentally annotated structures are included for
comparison.

The gene predictions were compared at both nucleotide and exon levels against the set of
protein coding exons. Sensitivity and specificity calculations were carried out as above. In
addition, the fraction of unpredicted missing exons and genes (false negatives) (ME and MG)
and wrongly predicted exons and genes (non-overlapping with true exons or genes) (WE and
WG) were recorded in table 3.18 (see also chapter II). A plot of specificity and sensitivity

values, this time at the exon level, for each data set is shown in figure 3.25.
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Table 3.18: Analysis of the correlation Genscan and Fgenesh predictions with 38 currently annotated
protein-coding genes 22¢q13.31.

Nucleotide Exon Gene

Set Sp Sn Sp Sn ME WE | Sp Sn MG WG
Genscan' 0.40 0.85 | 0.37 0.74 0.18 0.58 | 0.06 0.13 0.14 0.43
Fgenesh2 0.53 0.75] 050 0.67 0.25 0.44 | 0.04 0.08 0.14 0.42
Genscan 0.38 0.63
Genscan 0.64 0.89 | 044 0.64 0.14 0.41 0.03 0.28
Genscan 090 0093 | 0.75 0.78 0.08 0.10
Fgenes6 0.18 0.36

'Genscan accuracy in 22q13.31; *Fgenesh accuracy in 22q13.31; *Genscan accuracy in the BRCA2 region
(Hubbard and Bruskewich, http://predict.sanger.ac.uk/th/brca2); *Genscan accuracy in the set of semi artificial
genomic sequences (Guigo er al., 2000); ° Genscan accuracy in the set of single gene sequences (Guigo ,

2000); °Fgenesh accuracy in the BRCA2 region (Hubbard and Bruskewich,
http://predict.sanger.ac.uk/th/brca2). These previously published results are included for comparison.

Calculations of sensitivity and specificity at the nucleotide, exon and gene level are shown. The test region
(22q13.31) contained 3,365,293 bp of genomic sequence. The total number of coding nucleotides was 44312 bp.
The total number of reference exons was 334, contained within 38 protein-coding genes. For more details, see

chapter II.
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Figure 3.25: Specificity and sensitivity of the alignment of ab initio gene prediction programs with a

variety of annotated human sequences. Sensitivity and specificity shown are computed at the exon level.

The origin of each data set is shown in the legend to table 3.18.
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Interestingly, the specificity shown here for Genscan predicted exons is very similar to that
reported in the BRCA2 region (Hubbard and Bruskewich) and greater sensitivity is also
demonstrated. However, equivalent results for the Fgenesh program were very different and
were much lower for the BRCA2 region than those from chromosome 22. As expected,
specificity and sensitivity of Genscan performance on this ‘real” genomic DNA are generally
both lower than in tests conducted on semi artificial and on single gene sequences (Guigo et
al., 2000). One exception is that the sensitivity of exon prediction within 22q13.31 was greater

(0.74) than that shown by results from the semi artificial test set.

The Genscan results generally agree with the accepted accuracy levels of this program, which
have been derived under artificial conditions or on comprehensively annotated DNA. This
may imply that this region of chromosome 22 contains a similar level of annotation.
Surprisingly Fgenesh did much better on the chromosome 22 DNA than on the BRCA 2
region. The reason for this is unknown, but supports the observation made by Dunham et
al.(1999) that gene prediction programs show different levels of accuracy in different

sequence regions.

3.10 Discussion

This chapter has shown the identification and annotation of 39 genes and 17 pseudogenes in a
3.4 Mb region of chromosome 22 by a combined approach of sequence analysis and
experimental work. Integration of the data in a single database has aided the assembly of a
transcript map and also enabled further investigation of gene features within their genomic

environment.
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Publication of the draft genome sequence (Lander ef al., 2001) means that comparison can
now be made between a specific chromosomal region and the broad genomic environment, in
order to identify regional trends or abnormalities. Investigation of the GC and repeat content
showed that the region of interest is GC-rich, enriched in A/u repeats but LINE-poor. The
region contains DNA mainly consistent with the features of the H3 isochore. These
characteristics concur with the research of Cheung et a/.(2001), which mapped the region to

the chromosomal light band 22q13.31.

Several different lines of evidence were used as a starting point to identify potential gene
features within the sequence of 22q13.31. These included EST, cDNA and protein sequence
homologies, exon trap data and ab initio gene prediction programs. The use of a wide range of
preliminary evidence was followed up by extensive experimental confirmation and manual

database inspection to resolve ambiguities and errors.

No single line of evidence was found to be 100% accurate when compared to the current
transcript map of 22q13.31. The most sensitive and specific correlations were observed from
expressed sequence evidence, such as EST and mRNA databases. However, annotation of
genes using multiple ESTs or cDNA sequences from paralogs or orthologs may not be entirely
accurate, as data from Wolfsberg and Landsman (1997) suggests. A proportion of these
sequences may result from artefacts in generation. This study, for example, disregarded two
submitted cDNAs due to the presence of degenerate poly(A )sequence in genomic sequence at
the 3’ end of the sequence. These cDNAs may have arisen from inaccurate or incomplete
splicing, or from oligo-dT primed extension of genomic DNA contamination of the cDNA

libraries used in the generation of these sequences. Both of these cDNAs are closely
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associated with A/u and L1 repeats in the genomic sequence, which contain degenerate

poly(A) sequence (Smit, 1996).

Exon traps and ab initio gene predictions provided expression-independent information.
However, results shown in section 3.9.2 demonstrated that the accuracy of ab initio gene
programs is insufficient for gene annotation solely on this evidence alone. Similarly, although
the results provided by the ‘Trofatter’ exons demonstrated specificity equivalent to that of
EST and mRNA databases, sensitivity of this method was found to be low. Since Trofatter et
al.(1995) describes a whole chromosome exon trap, the chance of isolating all exons of a

single gene is remote so further evidence is required for full gene annotation.

To assemble a complete gene sequence from preliminary ab initio prediction or exon trap
evidence, screening of cDNA libraries or whole RNA is required. However, the success of
such experiments may depend upon the type or developmental state of tissues tested. Nearly
sixty exons predicted by Genscan, but not supported by cDNA or EST evidence, were
screened across seven cDNA libraries as part of this study. Only three exons were found to be
represented in these resources. The other predicted exons may be incorrect, or may be
expressed at low levels, perhaps only in specific tissues or at a specific time. Screening a
wider range of cDNA libraries or RNA resources may result in the confirmation of more of
these exons. This proposal is supported by a similar recent study by Das et a/.(2001),involving
screens of 230 exons predicted by Genscan from chromosome 22 sequence that were not
incorporated in the published gene annotation (Dunham ef al., 1999). RT-PCR across 17

tissues and one cell line and sequencing of the resulting PCR products identified spliced
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cDNA from 32 (14%) of the Genscan predictions. However, the remaining unsupported

predictions can still not be discounted as encoding potential true genes.

Therefore, even a combination of these methods may not yield a complete transcript map as
the limitations of expressed sequence resources mean that expression-independent lines of
evidence cannot be dismissed. Additionally, eleven genes annotated by the methods described
in this chapter are known to be incomplete. This is partly due to the inherent problems
described above in generation of the resources used (ESTs, cDNA libraries). Several
approaches could be taken in order to complete the transcript map. Screening of further cDNA
libraries may identify further sequences to add to the annotation. Additionally, 5> RACE
experiments could be undertaken to enable annotation of complete 5> UTR sequences. The
increasing availability of genomic sequence from model organism sequencing projects
provides another gene annotation tool for the identification of functionally conserved

sequences. This approach is examined in more detail in chapter IV.

The availability of the genomic sequence of chromosome 22 allows analysis of the gene
structure and surrounding sequence environment. Annotation of known genes onto the
genomic sequence has, in some cases, identified the intron/exon arrangement. The gene order
and orientation will also be of interest in the study of gene interactions. This thesis identified
instances where genes ‘shared’ a predicted CpG island (SMC1L2 and dJ102D24.C22.2) and
related genes are in close proximity (bK414D7.C22.1 and dJ671014.C22.2), which may
indicate the presence of shared regulatory sequences, although preliminary investigations did
not indicate similar mRNA expression patterns for the former pair that would be consistent

with this theory.
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Expression profiles were generated by screening Northern blots, the production and screening
of an RT-PCR panel of 32 human tissues and investigation of the tissue origin of EST hits to
the cDNA sequences. Each of these approaches demonstrates useful features, but also have
disadvantages. Analysis of EST hits allowed investigation of expression in a wide range of
tissues. However, inconsistencies may result from different methods used in library
preparation, from which the ESTs derive. EST sequences are generally derived from only
single-pass reads and therefore represent only part of the full gene sequence and may contain
inaccuracies. Additionally, a subsection of the ESTs may derive from spurious priming, mis-

splicing, genomic contamination etc. (see section 3.13) leading to further inaccuracies.

In the cases of the RT-PCR panel and Northern blots, information about the origin of each
tissue and method of preparation is readily available. The RT-PCR panel represented a wider
range of tissues than the Northern blot and screening this panel was quicker and easier than
the blot hybridisation approach. However, low levels of genomic contamination were noted in
some of the pools, although, where possible, the effects were negated by the design of intron-
spanning primers. Northern blots, as well as providing some evidence of expression patterns,
also provide information of transcript size, although resolution is limited. Northern blots can
also provide evidence of alternative splices and paralogous genes, but this may also lead to
confusion as to which band represents the transcript of interest. In the case of the RT-PCR

expression panel, generated PCR products could also be sequenced to confirm identity.

Northern blot evidence supported the annotated transcript size of 24 genes and provided
evidence of the potential size of the full-length transcript of three partial genes. The

hybridisation of probes, designed from the gene features HMG17L1 and dJ1033E15.C22.2, to
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particularly large transcripts, may indicate the presence of large paralogous genes (possibly
HMG17 in the case of HMG17L1). Additional evidence from this project indicates that
HMGI17L1 may be a pseudogene, as this feature is situated within an intron of another gene
and is a member of a large gene family known to contain a number of pseudogenes (Venter et
al., 2001). Further analysis of the coding status of this feature could include an examination of
sequence conservation in the conserved syntenic mouse region (see chapter IV) or assays of

the encoded protein in vitro.

Most of the genes within 22q13.31 demonstrated expression in a wide range of tissues, but the
expression of four genes was generally limited to reproductive tissues, suggesting that
transcriptional regulation could limit the proteins encoded by these genes to a specific role in
these organs. The high quality transcript map described in this chapter provides a foundation
for further work to determine the function of the encoded proteins. Preliminary functional
characterisation of these proteins is addressed in chapter V, utilising a range of in silico and

experimental techniques.

Successful identification of additional gene features such as polyadenylation sites and
translation start sites can increase confidence that a gene has been annotated correctly. The
analysis of translation initiation sites in this project, however, identified a discrepancy
between the annotated gene NUP50 and the scanning model of translation initiation. The
annotated translation start site is supported by evidence from orthologous genes, but the
presence of an upstream ATG in a strong Kozak consensus (Kozak, 1987) with no intervening
stop codon precludes translation from this site by the scanning model. This analysis therefore

supports the proposal of Peri and Pandey (2001) that additional mechanisms such as leaky
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scanning, reinitiation or internal initiation of translation may play a much greater role that
previously imagined (Gray & Wickens, 1998; Jackson & Kaminski, 1995; Liu et al., 1984;
Slusher et al., 1991). In support of this idea, a growing number of transcripts have recently
been reported to undergo internal initiation (Coldwell et al., 2000; Sehgal et al., 2000; Vagner

et al., 1995).

With the continuation of large-scale transcript mapping projects, efforts to identify paralogous
genes using BLAST experiments become more rewarding. Results in section 3.8.7 supported
the previous identification of several small gene families, including the parvin (Olski ef al.,
2001) and PACSIN (Ritter et al., 1999) families of related proteins, and have identified
several more potential groups of related genes. The apparent duplication of two genes on
chromosome 22 is of interest in the study of genome evolution. Further investigation of the
duplicated region showed that one copy of each gene encodes a full ORF, whilst later
mutations in the second copy may have resulted in two unprocessed pseudogenes. The
duplication may have arisen as a tandem repeat generated by replication slippage or by
recombination between sister chromatids. However, no paralogue of the spacer DNA could be
found in nucleotide searches of the chromosome 22 sequence. This may mean that the
flanking sequences have diverged as no obvious region where replication slippage or unequal
crossing-over occurred could be determined. The increasing availability of annotated human
genomic sequence makes the study of evolutionary relationships with the genome easier.
Comparison of this data with the genomes of model organisms should further enhance

knowledge of chromosomal evolution (chapter IV).
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4.1 Introduction

4.1.1 Benefits of comparative sequence analysis

The identification of the full complement of human genes as a result of the sequencing and
analysis of the human genome in isolation seems unlikely, as discussed in chapter III.
Currently, the most efficient approach to gene identification utilises expressed sequence
evidence (chapter III). However, some genes with a restricted spatial or temporal expression
pattern may not be represented in the available EST and cDNA resources. A second limitation
of the EST databases is the paucity of 5> UTR sequences in the entries. Currently the sequence
available is mainly limited to the 3’UTR of the mRNA as 5’ end information is often scarce due
to the method of construction of the resources used (section 3.1.3). In addition, most DNA
sequences involving regulation of gene expression are in non-transcribed regions, which cannot

be accessed through EST sequence.

Alternative transcript mapping methods discussed in chapter III were also noted to have
limitations. For example, ab initio gene prediction programs require validation by a second line
of evidence, as unsupported gene predictions may have only a limited level of accuracy.
Additional expression-independent methods, such as exon trapping, may yield only a few exons

of a gene, so an additional strategy is required to confirm the full intron/exon structure.

Comparative mapping and sequencing could aid the identification of conserved genomic
regions between model organisms and human which are likely to correspond to exonic or
regulatory sequences. The premise for such analyses is that functionally important sequences
are conserved, whereas other regions will differ as a result of accumulated mutations since their

divergence.
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As significant amounts of the mouse genome are now being sequenced, the opportunity to use
the mouse sequence as an analytical tool to study the human genome has become increasingly
attractive. This chapter therefore focuses on utility of mouse sequence for comparative study.
The human and mouse species are estimated to have diverged from a common ancestor 100
million years ago (Burt et al., 1999). The level of evolutionary divergence of the two genomes
is, in general, great enough to allow identification of functionally conserved regions from the
rest of the genomic background, yet small enough that comparison of syntenic linkage is

meaningful (Lundin, 1993).

4.1.2 The Mouse Genome Projects

The mouse genome is roughly 3000Mb in size and a number of genetic maps have been
constructed. Dietrich ef al. (1996) (1996) published an intermediate resolution mouse genetic
map based on single sequence polymorphisms. A refined map, based on microsatellite markers,
was published in 1998 (Rhodes et al.). These genetic maps served as the framework for the
construction of a YAC map (Nusbaum et al., 1999). An RH map of the mouse genome,
incorporating many markers from the genetic map, was produced in 1999 (Van Etten et al.,
1999). RH maps have the benefit of allowing incorporation of all sequence-based markers into
an ordered framework. These framework maps provide the resources for the construction of
bacterial clone contigs, including the determination of the bacterial clone maps of regions of the

mouse genome orthologous to human chromosome 22 (section 4.2).

In 1999, the National Human Genome Research Institute (NHGRI) implemented a program to
analyse the mouse genome and sequence areas of biological interest. A parallel approach of

restriction enzyme fingerprinting (Coulson, 1996; Gregory et al., 1997; Marra et al., 1997,
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Olson et al., 1986) and landmark-content mapping (Green & Olson, 1990) is being taken. The
C.elegans and human mapping projects (Coulson, 1996; Lander et al., 2001) have demonstrated
the utility of restriction enzyme fingerprinting. Fingerprinting has the advantage that the overlap
between two clones is assessed over the entire length in shared fingerprint bands, thus providing
information on the extent of overlap. Landmark content mapping is based on the detection of
the presence or absence of a particular small genomic segment in a clone or clones. This can be
done by hybridisation experiments in the laboratory or by electronic PCR (ePCR), a sequence
comparison to determine if the STS can be detected in the available genomic sequence (Schuler,
1997). The major advantage of landmark content mapping is that it allows the ordering of
clones based on their landmark content by integration with existing framework maps. Together,
these methods provide an accurate means to assess the extent of overlap between clones and

allow the ordering and anchoring of contigs based on their landmark content (figure 4.1).
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Figure 4.1: Contig construction strategy combining both landmark-content mapping and restriction enzyme

fingerprinting (details are explained in the text).
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Several different approaches can be used, known collectively as ‘walking’, to close gaps
between contigs. New markers can easily be integrated into the existing framework map, or new
markers that localise to the end of existing contigs can be used to isolate new clones.
Alternatively, single sequence reads can be generated from clone ends using bacterial vector

primers. Those sequences generated from contig ends can be used for STS design.

Resources that are now available for physical mapping projects include a database of over
300,000 fingerprinted clones from two BAC libraries constructed by P. de Jong from C57BL/6J

mouse DNA (Marra et al., http://www.bcgsc.be.ca/projects/mouse_mapping). One library,

RPCI-23 (Osoegawa et al., 2000) has been constructed from females and the other, RPCI-24,
from males of the same strain. A database of sequences from the ends of the cloned genomic

fragments has also been produced (Zhao et al., http://www.tigr.org/tdb/bac_ends/). These

resources have been used to construct both small, regional BAC maps and more recently to
assemble a larger physical BAC map of the whole mouse genome, now contained in fewer than
560 contigs. (The Mouse Genome Sequencing Consortium (MGSC), unpublished). The
assembly incorporates 1251 framework markers previously placed on genetic and radiation
hybrid maps by hybridisation assays or ePCR. A tiling path is currently being selected across
the assembled BAC clone contigs, which will be subjected to standard shotgun sequencing,
producing a working draft by 2003. The mouse BAC assembly has been imported into the

mouse Ensembl database (http://mouse.ensembl.org), which includes predicted transcripts

within finished and unfinished mouse sequence clone data.

A parallel effort to sequence the mouse genome was begun in 2000 by a public/private Mouse

Sequencing Consortium (MSC). A whole genome shotgun (WGS) strategy has currently
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generated over 3-fold coverage of the mouse genome sequence. Initial assembly of these
sequences has started. Assembled contigs will be anchored to the mouse BAC end sequences
and the available RH and genetic marker data by ePCR. The WGS sequence will then be
incorporated with the sequence generated from the MGSC mapping project (Collins,

http://www.nih.gov/science/models/mouse/genomics/open_letter.html).

The biotechnology company Celera is also currently engaged in work to sequence the mouse
genome, using a strategy similar to that used to sequence the human genome (see chapter I),
although, in this case, publicly available sequence has not been included in the assembly
process. The Celera assembled and annotated mouse genome is sequenced to over 5-fold
coverage representing greater than 98% of the genome, but is only available through

subscription (http://www.celera.com).

4.1.3 Comparative Analysis

4.1.3.1 Alignment packages

Human and mouse genomic sequence comparison are being increasingly used to search for
evolutionarily conserved regions. A variety of programs are available that allow easy
identification of conserved sequences that may correspond to functionally important segments

and allow the identification of novel genes and possible regulatory elements.

Percentage Identity Plots (PIPs) (Schwartz et al., 2000) have become a popular method of
comparing mouse and human sequence, since they allow the display of conserved regions at a
range of identity levels. PIPs use the SIM program (Huang et al., 1990) to identify ungapped
blocks longer than 50 bp with an identity > 50%. These blocks are then plotted against the

length of one of the sequences. PIPs have been used in a number of studies in regional
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comparisons of human and mouse sequence (for example, Footz et al., 2001; Martindale et al.,

2000).

The available mouse whole genome shotgun (WGS) sequence has been aligned with the
assembled human draft sequence at the translated nucleotide level, using the BLAT alignment

package (Kent, unpublished). The alignment can be viewed at http://genome.cse.ucsc.edu and

http://www.ensembl.org. A further large-scale nucleotide alignment of the WGS sequence

against the human draft sequence has been undertaken using the algorithm Exonerate (Slater,

unpublished) (http://www.ensembl.org/Docs/wiki/html/EnsemblDocs/Exonerate.html).

4.1.3.2 Sequence conservation

A number of comparative sequence studies have been published, which demonstrate the
conservation of exonic sequence between human and mouse genomes. Comparative sequencing
of a number of regions in mouse and human, including the human and mouse -globin gene
cluster (Collins & Weissman, 1984; Shehee et al., 1989); the human and rat y-crystallin genes
(den Dunnen ef al., 1989); the human and murine XRRC1 DNA repair gene regions (Lamerdin
et al., 1995); the human, mouse and hamster ERCC2 regions (Lamerdin et al., 1996); a gene
rich cluster at human chromosome 12p13 and its syntenic region on murine chromosome 6
(Lamerdin et al., 1996); the mouse and human AIRE regions (Blechschmidt ef al., 1999);
human and mouse T-cell receptor C-6 and C-o. regions (Koop & Hood, 1994); human and
hamster o - and B-myosin heavy chain genes (Epp ef al., 1995); human and murine Bruton’s
tyrosine kinase loci (Oeltjen et al., 1997); the human and murine ABCA1 regions (Qiu et al.,

2001), has underlined the value of comparative sequence for gene annotation.
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Conservation of non-coding sequences may, in some cases, arise due to functional constraint, or
may be the result of a lack of divergence time. The latter premise suggests that different
portions of the human and rodent genomes may evolve at different rates (Hardison et al., 1997,
Koop, 1995; Wolfe et al., 1989). This was supported by Makalowski et al.(1998), who
demonstrated that protein sequence conservation varied from 36% to 100% in a set of 1196

orthologous mouse and human protein sequences.

Many of the regions conserved between the human and mouse genome may correspond to yet
unidentified human genes. A recent study, which described the annotation of 21, 076 full-length
mouse cDNAs (Kawai et al., 2001), identified 817 mouse transcripts for which no
corresponding human gene had been described. The data indicates that comparative sequence

analysis could be an important tool in identification of previously unknown genes.

Additionally, conserved non-coding regions may highlight regulatory sequences. Gumucio et
al. (1988) described such a comparison of potential human and mouse promoter sequences, in
order to identify the determinant of tissue specificity of amylase gene expression. The first
large-scale study of non-coding sequences compared 100 kb of human and mouse DNA
containing the T-cell receptor family (Hood et al., 1995). The non-coding regions of this gene
cluster proved to have an unusually high level of sequence conservation. In a more typical 100
kb segment from chromosome 2p13, 1% of the sequence was accounted for by conserved
elements of length >80 bp with sequence identity >75% (Jang et al., 1999). Loots et al. (2000)
demonstrated the function of a conserved non-coding segment from a multi-species sequence
comparison of a 1 Mb region containing an interleukin gene cluster. Deletion of a conserved

non-coding element was shown to alter interleukin expression in T cells of transgenic mice.
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4.1.3.3 Chromosome evolution

Comparative analysis of human genetic and physical maps with those of other organisms, has
allowed mapping of the synteny relationships. Chromosome 22, for example, is a recently
formed chromosome that is only found in higher primates. In lemurs and most other primates,
information from HSA22 is found on at least two different chromosomes, both of which also
contain different subsets of HSA12 (Muller et al., 1999). These human chromosomes are
posited to have formed from a single reciprocal translocation involving two ancestral
chromosomes (Haig, 1999). In contrast, information from HSA22 is found at 21 different sites

on eight different mouse chromosomes.

Several studies have suggested that repeated sequences might be associated with genetic
instability, possibly leading to evolutionary rearrangement events. For example, the breakpoint
of translocations (HSAXp11; HSA1qg21) associated with papillary renal cell carcinoma (RCC)
were mapped to a small region of HSA1g21 between SPTAT and a clustered gene family,
including CDIC, CDI1B, CD1D, CACY and at least four other members (Weterman et al.,
1996). Interestingly, the boundary between two segments of HSA1q21 that are related to
MMUT1 and MMU3 respectively, is located between SPTA1 and CD1C, a region of <200 kb
(Oakey et al., 1992). Amadou et al. (1995) also reported a syntenic breakpoint in the HSA6p
MHC class I gene region, within a tandemly organised family of genes. Related sequences are

found on both MMU13 and MMU17.

Sequence analysis permits finer scale mapping of the human-mouse synteny relationships.
Pletcher et al. (2000), has described the first sequence level analysis of a synteny breakpoint at

one of these sites, an 18 kb region of mouse chromosome 10 (MMU 10) containing the junction
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of material represented on HSA21 and HSA22. The minimal junction region on MMU10
contains a variety of repeats, including an L32-like ribosomal element and low-copy sequences
found on several mouse chromosomes and represented in the mouse EST database. Similar
comparative sequence studies could yield further information about the mechanisms of

chromosomal evolution.

4.1.4 This chapter

This chapter aims to examine the importance of comparative mapping and sequencing in
identifying genes and their control regions. The construction of three mouse clone contigs
across the orthologous regions of human chromosome 22 is described. Generated mouse
genomic sequences, in both finished and unfinished form, were used in extensive comparative
analyses against orthologous human sequences. Dot and percentage identity plots showed
extensive conservation of coding regions. The extent of the correlation between the conserved
mouse sequence evidence and the annotated transcript map of 22q13.31 was analysed and

compared with sequence evidence from other model organisms.

Conserved non-coding sequences were examined for the presence of potential exonic or
regulatory features. More detailed analysis of gene structures and sequence content was
undertaken on a 0.5 Mb region of finished mouse sequence. This region included sequence from
a mouse clone found to span an ‘unclonable’ region in the human chromosome 22 sequence

(Dunham et al., 1999).

The utility of mouse genome sequence in the analysis of synteny breakpoints was also

examined. A synteny breakpoint junction region between mouse chromosomes 15 and 8 on
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human chromosome 22q13.1 was refined through comparative analysis of human and

unfinished mouse sequence and the sequence of the junction region was analysed.

4.2 Production of regional mouse BAC maps

4.2.1 Bacterial clone contig construction

The initial framework map used for anchoring bacterial clone contigs was the chromosome 22
transcript map (Dunham et al., 1999). BLAST searches were used to identify mouse cDNA
sequences orthologous to cDNAs situated within the 3.4 Mb region of human chromosome
22q13.31 and a 1.9 Mb region of 22q13.1. STSs were designed to the 19 mouse mRNA
sequences that were identified by this method. To increase marker density, 39 further STSs
were designed from mouse ESTs that demonstrated a level of 100% nucleotide identity to the

set of human cDNAs.

In order to isolate mouse clones spanning the three orthologous regions of interest, 11.2X
genome equivalents of the female mouse BAC library RPCI-23 (strain C57BL/6J) (Osoegawa

et al., 2000) were screened by hybridisation (see figure 4.3).

In initial library screens, four pools of STS PCR products were used. The pools identified 111,
135, 199 and 132 clones respectively (table 4.1). In total, 307 clones were identified (taking
redundancy into account). The identified BAC clones were transferred into microtitre plates to
form a region-specific library subset. To verify the identified clones, arrayed clone filters
(polygrids) were screened with all the markers from the pools individually (figure 4.2). Both the

verification and the initial screening data were collated and integrated into 22ace.
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Figure 4.2: Screening strategy. Mouse cDNAS/ESTs homologous to human genes were used to design PCR
primers (M1-M4). These were pooled and used to screen arrayed filters of the mouse RPCI-23 bacterial
clone library. All identified positive clones were transferred to microtitre plates and gridded onto a specific
mouse polygrid. This was then screened with the individual markers to identify specific clone-marker

relationships.
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Table 4.1: Numbers of pools, markers and isolated clones in the initial library screens

Pool Contains marker type BACs
mRNA EST

Pooll 11 0 111

Pool2 1 18 135

Pool3 1 11 199

Pool4 10 10 132

Total 23 39 577
307*

* Taking into account redundancy between the pools

4.2.2 Fingerprinting

BAC clones from duplicate copies of the microtitre plates were fingerprinted using HindIIl
(chapter II). The contigs were built using the program FPC (fingerprinting contig) (Soderlund et
al., 1997). FPC automatically clusters fingerprinted clones into contigs using a probability of
coincidence score. FPC also allows integration of landmark content data with the fingerprint
data, thus providing a workbench for contig assembly, verification and selection of sequence

tile path clones.

4.2.3 Landmark content mapping

In addition to fingerprinting, maps were also constructed by landmark-content mapping.
Polygrids were screened with each of the markers generated from cDNA information. From the
hybridisation results, contigs could be constructed based on shared landmark content using the
strategy described in figure 4.1. The initial rounds of screening led to the construction of 33
contigs spanning an estimated 3.8 Mb. (Comparison of sequence and fingerprint data
determined that for the mouse library clones, a single fingerprint band corresponded to an
average of 5 kb. This figure was used to estimate the size of a region based on the number of

fingerprinting bands.)
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Figure 4.3: Example of landmark-content mapping using three landmarks (stAF048838, stAA103626 and
stAA497915). The positives are indicated by coloured arrows, the clones drawn below in corresponding

colours.

4.2.1.4 Gap closure

Two strategies were utilised to link the contigs. Initially, the publicly available BAC clone end
sequences (Zhao et al., unpublished) were used to design PCR primers to those BACs on the
ends of the contigs for further library screens. Five pools of clones were screened in two
successive rounds of walking which resulted in the identification of 508 clones. Subsequent

fingerprinting and mapping of these clones allowed 25 gaps to be filled.
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Table 4.2: Numbers of pools, end STSs and isolated clones in gap closure screens

Pool End STS BACs
Pool5 17 137
Pool6 23 203
Pool7 23 122
Pool8 23 186
Pool9 17 132
Total 103 880
508*

* Taking into account redundancy between the pools

As an increasing number of fingerprints (Marra ef al., unpublished) and end sequences (Zhao et
al., unpublished) from the mouse BAC library became available, they were anchored by ePCR
and hybridisation using publicly available genetic and radiation hybrid markers (Gregory ef al.,
unpublished)(section 4.2.5). Incorporation of this data enabled closure of two gaps.
Additionally, the information allowed two spurious contigs, containing 261 clones and 31
markers designed to murine genes or EST sequences, that did not map to the correct mouse

chromosome and 68 singletons to be discarded.

NB. The three contigs generated during this project have since been incorporated into the large-
scale physical mouse mapping effort. Further work has resulted in joining of the two mouse

chromosome 15 contigs, creating a contig spanning approximately 6.7 Mb of mouse sequence.

4.2.4 Tile Path Clones

During contig construction, clones with sufficient mapping information (i.e. both landmark and
fingerprinting data) were selected for sequencing (Richard Evans, Sanger Institute and M.
Goward). Tiling path clones across the three contigs were selected to ensure that minimal

overlap of clones reduced redundant sequencing.
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4.2.5 Features of the sequence-ready bacterial clone map

The three contigs incorporated 486 BAC clones in total and the final sequence tile paths,
containing 34 clones, cover an estimated 3.96 Mb (excluding overlapping sequences). The
clone contigs are depicted in figure 4.4. The division of this set of clones is summarised in table

4.3.

Table 4.3: Clone contig data showing the number of clones within the contigs, the number of clones selected
for sequencing and the approximate length of the contig

Mouse Orthologous # clones in tile Approx.
Contig chromosome region Total # clones path length (Mb)
A 15 22q13.31 229 13 2.00
B 15 22ql13.1 164 15 1.59
C 8 22ql13.1 93 6* 0.37

*including two clones sequenced by the Albert Einstein College of Medicine Human Genome Research Center
(AECOM) and the University of Oklahoma Advanced Center for Genome Technology (UOKNOR) respectively.

The maps also incorporate 54 markers from a range of mouse maps listed in the UniSTS

(http://www.ncbi.nlm.nih.gov/genome/sts/index.html) database, that have been positioned by

ePCR against available mouse sequence (Gregory et al, unpublished). Shared markers between
different map types allow integration of the sequence-ready map with previously published
mouse maps and confirmed the chromosomal location of the mouse contigs. The incorporation

of marker types into the contigs is shown in table 4.4.

Table 4.4: Incorporation of marker information into mouse contigs A, B and C

Orthologous
Mouse human Marker Type Total no.
Contig chromosome region mRNA  EST  End STS UniSTS  markers
A 15 22q13.31 4 7 27 15 53
B 8 22q13.1 5 2 5 6 19

C 15 22ql3.1 6 6 6 33 55
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4.2.6 Sequencing

The tile path clones were shotgun sequenced (chapter I) (Sanger Institute sequencing teams).
During the project, sequence was released by other groups for several other clones in the
contigs. Where possible, these clones were incorporated into the tile path to minimise redundant

sequencing.

At the time of writing, finished sequence was available for nine (26%) clones and unfinished
shotgun sequence was available for a further 18 (53%) of the 34 tiling path clones. These clones
are highlighted in the FPC display shown in figure 4.5. A table of the sequenced mouse clones
showing their genomic location, accession number, author, orthologous human region and

current sequencing status is shown in appendix 5.

Approximately 85% of 22q13.31 is spanned by mouse clones that have at least unfinished
sequence. Approximately 92% of the region of human chromosome 22q13.1 under

investigation is spanned by unfinished/finished mouse sequence (see figures 4.2 and 4.6).

Figure 4.4 (foldout): Bacterial clone contigs containing mouse genomic sequence spanning regions of
conserved synteny with a) human chromosome 22q13.31 and b) human chromosome 22q13.1. The human
transcript map of each region is depicted at the top of each diagram: full genes are shown in dark blue,
partial in light blue and pseudogenes in green. Gene structures orientated 5’ to 3> on the DNA strand from
centromere (left) to telomere (right) are designated ‘+’ and those on the opposite strand ‘-’. Markers
designed from murine sequences orthologous or similar to the named human genes are shown in black.
These markers are positioned relative to both the human transcript map and the mouse clone contigs.
Mouse chromosome specific markers from the UniSTS database are shown in pink and are positioned
relative to the mouse clone contigs only. The .15 or .8 of these marker names refers to the specific murine
chromosome. Conserved mouse genes (identified from dot and PIP analyses (section 4.3) are indicated by
red arrows. The mouse clone contigs are shown in red below. Figure a shows part of contig A, a region of
MMU1S with conserved synteny to 22q13.31. Figure b. shows parts of contigs B and C, from MMUS8 and
MMUI1S respectively. The hashed red blocks denote clones that extend beyond the region of synteny with
HSA22q13.1. Only relevant regions of the contigs are shown: clones that extend these contigs further have

been mapped (see figure 4.5) but do not yet have sequence.
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TAKE THIS PAGE OUT - foldout figure 4.4a
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Take this page out too!!! fig 4.4b
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Figure 4.5: FPC display of mouse BAC clone contigs spanning orthologous regions of HSA22

A) Contig spanning region of mouse chromosome 15, orthologous to human chromosome 22q13.31

B and C) Contigs spanning regions of mouse chromosomes 8 and 15 respectively, encompassing a synteny

breakpoint with human chromosome 22. Contig diagrams extracted from FPC (Soderlund et al., 1997)

Tiling paths are indicated in blue and finished sequence clones are highlighted in red
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4.3 Comparative sequence analysis

4.3.1 Dot plot analysis
Available sequence from the three mouse clone contigs (appendix 5) was compared against the
orthologous human sequence using the dot plot program from the advanced PipMaker analysis

tools available at http://bio.cse.psu.edu/pipmaker (Schwartz et al., 2000). This program is

similar to Dotter (Sonnhammer & Durbin, 1995), used in chapter III, but reports only matches
contained within a statistically significant alignment. Another feature of this program is that
unfinished sequence contigs can be ordered according to their alignment to a second, base
sequence. Figures 4.6a and 4.6b show annotated dot plots of the two regions of chromosome 22,
aligned against the mouse ordered sequence contigs. Of course, the ordering of the mouse
unfinished sequence contigs derived from PipMaker is dependent upon the human reference

sequence. The order shown is therefore currently unconfirmed.

The dot plots above show that areas of high similarity correspond to single or multiple genes. In
regions of finished sequence, gene order and orientation appear to be conserved between human
and mouse. This is supported by the distribution of markers within the contigs, shown in figure
4.4. An apparent inversion of APOL?2 exists in AL592187.4, but this is likely due to the
unfinished nature of this sequence. Figure 4.6a indicates that two mouse clone sequences,
AL513354.14 (finished) and AL603714.4 (unfinished), span sequence gaps in the human
sequence of 22q13.31. A more detailed analysis of the finished sequence AL513354.14 is
shown in section 4.7. Figure 4.6b confirms the existence of a synteny junction region on human
chromosome 22, between genes dJ569D19.C22.1 and MB. This is discussed in more detail in

section 4.7.
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Figure 4.6a: Annotated dot plot of the human sequence of 22q13.31 (X-axis) and orthologous mouse (Y-axis)
sequences from MMU 15. Genes present in the human sequence are indicated along the X-axis. Two
sequence gaps of approximately ~50kb and ~75kb respectively are shown in the human sequence. The dot
plot indicates that these gaps are spanned by the finished mouse sequence ALL513354.14 and the unfinished
sequence AL603714.4 respectively. Tiling path clone RP23-451121, for which sequence is not yet available,
spans a gap in the mouse sequence.

Figure 4.6b (overleaf): Annotated dot plot of the human sequence of a 1.96 Mb region of 22q13.1 (X-axis)
and orthologous mouse (Y-axis) sequences from MMU15 and MMUS. Genes present in the human sequence
are indicated along the X-axis. Tiling path clone RP23-89G22, for which sequence is not yet available, spans
a gap in the mouse sequence. Further mapped clones have been selected for sequencing, which extend the
tiling path along MMU1S. However, sequence is not yet available for these clones and these have not been
included in the diagram. The dot plot indicates that a MMUS:15 synteny junction exists between genes
dJ569D19.C22.1 and MB on 22q13.1 (section 4.8).
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4.3.2 PIP analysis - investigation of exonic conserved sequences
Repeat elements in the human and mouse sequences were identified and masked using
RepeatMasker (Smit and Green, unpublished) and the resulting sequences and exon locations

were submitted to the PipMaker website (http://bio.cse.pse.edu/pipmaker) (Schwartz et al.,

2000) (section 4.1.3.1). An overview of conserved gene structures, derived from the PIP
comparisons, is shown in figure 4.4. An example of a PIP, showing in finer detail the

alignments made between a region of the human and mouse sequences, is shown in section

4.7.

The coding exons of conserved genes are easily identified by visual inspection of the PIPs.
Untranslated regions of exons often show a decrease in percent identity compared to the
protein-coding portion of the gene (see the BZRP gene region from ~112K to 124K in figure
4.12). The number of human gene features from each region demonstrating >50% nucleotide
identities to gap-free segments of mouse sequence are listed in table 4.5. Overall, over 75% of
the annotated human exons, which lay within regions spanned by finished/unfinished mouse

sequence, could be aligned with conserved sequences in the mouse.

Interestingly, no pseudogenes showed homology to the mouse sequence outside of repeat
regions. The existence of a human pseudogene on human chromosome 22 (CYKB2-ps) that
does not have a murine orthologue, has previously been demonstrated by Lund et al. (2000)
through comparative sequence analysis. A further study has described non-conservation of the
human pseudogene EEF1B3 in the mouse genome, although this research was not performed
at sequence level (Chambers et al., 2001). These human pseudogenes may have arisen since

the divergence of the human and mouse lineages. Alternatively, these non-functional
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sequences may have diverged more rapidly in the mouse genome, perhaps because of the

shorter murine generation time.

Additionally, no homology was found in the mouse to four human genes: HMG17L1 and
dJ1033E15.C22.1 from 22q13.31, and dJ1119A7.C22.4 and dJ1119A7.C22.5 from 22q13.1.
This list is not definitive, as analysis of the finished sequence may show further differences.
These four gene structures are categorised as partial (see chapter III). It may be that sequence
conservation of these genes will be noted when the complete mouse sequence is available.
Alternatively, some or all of these features may be pseudogenes (see above) or may be true

genes that are not conserved in the mouse sequence.

Table 4.5: Overview of PIP results from comparisons of available mouse genomic sequence to two regions
of human chromosome 22.

No. human gene features spanned No. human gene features
by sequenced mouse clones demonstrating >50% nt. identity to
(finished and unfinished sequence)  gap-free segments of mouse sequence
No. No.
Mouse No. No. SI;I:;&O pseudo No. No. SI:::&O pseudo
Human coverage genes  exons P -gene genes  exons p -gene
Region (%) TECNSS  exons “ECNCS  exons
22q13.31 85 29 378 12 12 26 243 0 0
22q13.1 455 1 3 4 53 0 0
(MMU 8) 9
22ql13.1
(MMUT5) 29 199 5 5 27 183 0 0
Total 88.5 62 632 18 20 57 479 0 0

Sequence from HSA 22 (6 Mb) was compared against syntenic mouse sequence using the PipMaker website
(http://bio.cse.pse.edu/pipmaker) (Schwartz et al., 2000). The resulting PIP was analysed by eye. Coverage
shows the estimated amount of the human sequence (%) for which the equivalent orthologous mouse sequence
(finished or unfinished) is available. The number of genes and pseudogenes annotated within the human
‘covered’ region is shown, together with the total number of exons in each category. The numbers of genes,
pseudogenes and exons that demonstrate >50% nucleotide identity to gap-free segments of mouse sequence are

listed.

4.3.3 Integration of mouse genomic data into 22ace

In order to allow detailed comparison between the mouse genomic data generated during this

project, the annotated gene structures described in chapter III and additional data such as
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Genscan predictions, it was necessary to generate an alignment of the available mouse
genomic sequence with the sequence of 22q13.31 in a format that could be incorporated into

the 22ace database.

The program MatchReport (Smink ez al., unpublished) generates an ace format file from
BLAST alignments above a set percentage identity. In order to determine an appropriate value
for percentage identity for a local alignment of orthologous mouse unfinished sequence data
against human 22q13.31, a preliminary comparison was performed, using three mouse clone
sequences against the orthologous human regions using MatchReport at a range of percentage
identity values. Repeats in the sequences were masked using RepeatMasker prior to alignment

(Smit and Green, unpublished). The compared regions are shown in table 4.6

Table 4.6: Mouse clones and orthologous regions of HSA22q13.31 selected for percentage identity
calibration experiment

Size of No. No.
region annotated  annotated
(human) human human
Mouse clones Orthologous region of HSA 22q13.31 (kb) genes exons
AL603867, AL513354 dJ345P10.C22.4 — dJ388M5.C22.4 300 3 52
ALS583887 TTLL1 —dJ526114.C22.3 150 6 60
Total 450 9 112

The generated files were read into 22ace. Values of specificity and sensitivity for each
percentage identity value (see chapters II and III) were calculated at a nucleotide level and

plotted in figure 4.7.
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Figure 4.7: Sensitivity and specificity of MatchReport BLAST results from three mouse clone sequences
against the equivalent human genomic sequence. The perl script MethComp (D. Beare) was used to

calculate specificity and sensitivity of mouse hits to nucleotides contained within exons

These results show that both specificity and sensitivity are compromised if the percentage
identity level is raised beyond 80% in this region. Surprisingly, sensitivity did not increase, or
specificity decrease, as percentage identity dropped below this level to 50%. A cut-off identity
level of 80% was therefore deemed appropriate for a comparative study of this region in order
to maximise specificity, without loss of sensitivity. Available mouse sequence from contig A
was thus aligned to the human sequence from 22q13.31 using MatchReport at a percentage

identity of 80%.
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4.4 Correlation of comparative genomic data with 22q13.31 transcript map

The mouse WGS sequence (MSC, unpublished) has been aligned to the draft human genomic
sequence using BLAT and Exonerate (section 4.1.3.1). Results specific to HSA22 have been
incorporated into 22ace. Additional sequence resources, derived from mouse and other
organisms and incorporated into the 22ace database, include sequence from a library of full-
length mouse cDNAs (Kawai et al., 2001), output from the ExoFish program (Roest Crollius
et al., 2000), which assesses TBLASTX sequence homology to available 7. nigroviridis
genomic sequence, and the translated predicted protein sequences from the D. melanogaster
(Adams et al., 2000) and C. elegans (Coulson et al., 1996) sequencing projects. An example
of a 22ace display showing alignment of these features to the gene dJ526115.C22.2 is shown
in figure 4.8. The diagram shows that both mouse genomic sequence resulting from this
project and mouse cDNA sequence (Kawai et al., 2001) both align to the human sequence
along the full length of the gene dJ526114.C22.2. Output from the Exofish program (Roest

Crollius et al., 2000) aligns to only two exons of this gene.

The perl script MethComp (Dave Beare, unpublished) was used to compare the different
methods used for gene identification/annotation against:

A. The set of 39 annotated ‘true’ genes within 22q13.31,

B. The set of 17 annotated pseudogenes within 22q13.31.
Specificity and sensitivity calculations were perfomed at the nucleotide level for all method
types. The fraction of exon hits (the number of reference exons hit/total number of reference
exons) and gene hits (the number of reference genes hit/total number of reference genes) were

also calculated, as before (chapter III). In all cases, multiple hits were counted as one hit.
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These results are shown in table 4.7. A plot of the specificity and sensitivity of each type of

evidence at the nucleotide level is shown in figure 4.9. Further details of this analysis can be

found in chapter II.
dJ526114.C22.2
mRNA and CDS Column number:
(two isoforms) 1234567

4 79k

g — s
1 7ok = = [ ]
=m-=
{ &5k
£ =1 et (o)

4 B0k

Figure 4.8: 22ace display showing the region surrounding the gene dJ526114.C22.2. Sequence alignments
are shown in columns to the right of the gene structure. Two isoforms of dJ526114.C22.2 are depicted.
1= Blastn_mus: genomic mouse sequence generated as a result of this project.

2 = Blatmouse: WGS mouse sequence (MSC, unpublished) aligned against the draft human genome
sequence with BLAT (Kent, unpublished).

3 = ExoMouse: WGS mouse sequence (MSC, unpublished) aligned against the draft human genome
sequence with Exonerate (Slater, unpublished).

4 = fantom: Collection of full-length mouse cDNA sequences (Kawai ef al., 2001).

5 = Exofish: Exon prediction program utilising T. nigroviridis genomic sequence (Roest Crollius et al.,
2000).

6 = flypep: translated predicted D. melanogaster genes (Adams et al., 2000).

7 = wormpep: translated predicted C. elegans genes (Coulson, 1996).

Additional features have been removed from the display to aid clarity.
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Table 4.7 Analysis of the correlation of the evidence types available from different organism genome or
gene identification projects used to annotate genes against:

A: 39 annotated true genes in 22q13.31.

) Nucleotide
Evidence type ) )
Method Organism Alignment Total Exon Gene
Sp Sn
Coverage

Genomic Blastn _mus* M. musculus BLASTN 0.016 0.62 036 0.60 0.88
Genomic Blatmouse* M. musculus BLAT 0.015 0.51 027 053 0.78
Genomic Exomouse* M. musculus Exonerate 0.017 045 026 0.50 0.82
cDNA fantom* M. musculus BLASTN 0.002 049 0.03 0.10 0.34
Exon prediction Exofish* T. nigroviridis ExoFish 0.005 0.76 0.12 030 0.58
Protein flypep* D.melanogaster BLASTX 0.006 0.69 0.15 0.33 0.56
Protein wormpep* C. elegans BLASTX 0.002 0.58 0.04 0.10 0.17

* Descriptions and references of each method are given in the legend of figure 4.8.

The test region (22q13.31) contained 3,365,293 bp of genomic sequence. The total number of nucleotides
contained within the 39 annotated genes structures is 91,249 bp. The total number of reference exons is 400. For
more details, see chapter 1.

B: 17 annotated pseudogenes in 22q13.31.

Evidence type Nucleotide
Method Organism Alignment Total Exon Pseudogene
Coverage s

Genomic Blastn_mus* M. musculus BLASTN 0.016 0.00 0.00 0.00 0.00
Genomic Blatmouse* M. musculus BLAT 0.015 0.12 044 0.58 0.76
Genomic Exomouse* M. musculus Exonerate 0.017 0.12 045 0.65 0.76
cDNA fantom* M. musculus BLASTN 0.002 045 0.18 041 0.64
Exon prediction Exofish* T. nigroviridis ExoFish 0.005 0.11 0.11 0.27 0.47
Protein flypep* D.melanogaster ~ BLASTX 0.006 0.13 0.18 0.27 0.47
Protein wormpep* C. elegans BLASTX 0.002 024 0.11 0.13 0.23

* Descriptions and references of each method are given in the legend of figure 4.8.

The test region (22q13.31) contained 3,365,293 bp of genomic sequence. The total number of nucleotides
contained within the 17 annotated pseudogenes is 6090 bp. The total number of reference exons is 29. For more
details, see chapter II.
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Figure 4.9: Specificity and sensitivity of different comparative sequence data with the 22q13.31 transcript

map. Sensitivity and specificity shown are computed at the nucleotide level.

i Blastn_mus

B B1atmouse [] =correlation with 39 annotated genes within 22q13.31
Exomouse
fantom O = correlation with 17 annotated pseudogenes within 22q13.31
gxoﬁsh Descriptions and references of the sequence evidence are given in the legend to
ypep
wormpep figure 4.8.

Once again, the sensitivity and specificity of matches to annotated pseudogenes are, in
general, lower than the correlation to annotated genes. In the case of Blastn_mus (mapped
mouse genomic sequence derived from this project), no alignment to pseudogenes was noted.

In comparison, BLAT and Exonerate alignments of the WGS mouse sequence demonstrated
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relatively high sensitivity of correlation to pseudogene structures: this is because the WGS
sequence resource is not limited to the sequence from one particular region. These matches to
human pseudogenes may be from sequence of the true mouse gene, orthologous to the true

human gene from which the pseudogene is derived.

This analysis shows that the highest sensitivity of correlation with the annotated genes is
currently demonstrated by the mapped mouse genomic sequence resulting from this project.
However, as the large-scale murine genome project is completed, and gene identification in
this and in other genomes advances, values of sensitivity and specificity will alter. The highest
values of specificity here originate from the Exofish gene prediction program, followed by
matches to DNA and protein sequence databases. These values are comparable to those
derived from human cDNA collections (chapter III) and indicates that comparison to known,
or predicted, genes in other species is a powerful tool for accurate gene annotation. However,
this high level of specificity is, in general, linked with lower sensitivities than those shown in
chapter III and may therefore enable identification of only a subset of genes present in the

region of interest.

4.5 Investigation of intronic and intergenic conserved sequences

The results shown in table 4.7 indicate that there are areas where high similarity is observed
outside of the annotated human genes. These regions may just be non-functional sequences
that have not diverged or could indicate the presence of regulatory element. Some of these
conserved features may also be unidentified human exons. This latter possibility was initially
investigated through a comparison of the conserved human-mouse sequences and Genscan

predicted exons.
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4.5.1 Correlation of Genscan predictions with human-mouse conserved sequences

A correlation analysis of Genscan predictions with the gene annotation of 22q13.31 is
described in chapter III. From this study, 384 (58%) of the 657 Genscan predicted exons are
identified as ‘wrong’ i.e. do not overlap an annotated true coding exon. Eighteen of the
‘wrong’ predictions overlap annotated pseudogenes and are therefore discounted from this

analysis.

The correlation of the remaining 366 Genscan predicted exons with the Blastn mus,
Blatmouse and Exomouse alignments were manually assessed by eye from the visual display
of the 22ace database. Genscan predicted only six exons outside of the annotation, which
contained sequence that aligned to mouse genomic DNA. The results of this analysis are

shown in detail in table 4.8

Table 4.8: The position of exons predicted by Genscan, which do not overlap annotated true exons, but
overlap aligned mouse genomic sequences

Genscan  Position on human Correlates with Human-Mouse genomic alignment:
exonno. transcript map
ExoMouse Blatmouse Blastn_mus

1 intergenic .

2 within dJ345P10.C22.4 . o o

3 intergenic .

4 within dJ474112.C22.2 o . o

5 within ARHGAPS . o o

4.5.2 Test of expression
The three intergenic Genscan predictions had previously tested negative for expression in
seven cDNA libraries by PCR (see chapter III). In a similar experiment, primers were

designed to the remaining three Genscan predictions, as well as to an additional twenty-five
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exon candidates identified from the Blastn mus alignment, which were over 30 bp long and
contained an ORF. Altogether, six exon candidate regions were not associated with any
annotated gene structures, whilst 22, including those supported by Genscan predictions, lay

within introns of annotated genes.

The twenty-eight primer pairs were used in PCR screens of seven cDNA vectorette libraries
(see chapter II). Only one positive result was obtained from a candidate exon (not supported
by a Genscan prediction) within the gene E46L. cDNA sequence from the resulting vectorette
PCR product partially matched the existing exon structure, but appeared to result from
spurious poly(dT) priming within a repeat. No new human exons or genes were therefore

experimentally confirmed in this test.

4.6 Finished mouse sequence analysis

Two finished mouse clone sequences, AL583887.9 (bM121M7) (220050bp) and
AL513354.14 (bM150J22) (22703bp) were selected for more detailed analysis. These clones
map in close proximity to each other (see figure 4.5) but do not overlap, as a gap of ~60kb
(estimated from fingerprint data) exists between them. This gap is spanned by clone

bM85M21, which is currently being sequenced.

4.6.1 Mouse gene annotation
Initial annotation of the finished mouse clones was performed by Dr. Laurens Wilming
(Sanger Institute) by similarity comparison to:

1. EMBL vertebrate cDNA sequences (see appendix 2)

2. Publicly available EST sequences (see appendix 2)
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3. Human annotated gene sequences from 22q13.31.
This initial annotation was extended by similarity comparison to non-publicly available ESTs
(appendix 2) and partial, but not submitted, cDNA sequences from 22q13.31 (chapter IIT) (M.
Goward). The approach is similar to the human sequence analysis discussed in chapter III. In
total, eight genes were annotated in the mouse clones. The longest isoforms of these genes are
summarised in table 4.9. Figure 4.10 shows the genomic distribution of the mouse genes in

comparison with the syntenic human region.

Table 4.9: The annotated mouse genes and their exon number, genomic span, transcript size and ORF size.

Human Genomic size Transcript OREF size
Mouse gene orthologue No. of exons (bp) size (bp) (bp)

bM121M7.1 TTLL1 12(12) 26956(49751) 2003(1684) 1272(1272)

Biklk BIK 5(5) 17795(19110) 1370(1099) 453(483)
bM121M7.3  bKI1191B2.C22.3 4(4) 15727(11180) 1679(2048) 1146(1173)

Bzrp BZRP 4(4) 10623(11697) 849(850) 510(510)
bM121M7.5 dJ526114.C22.2 14(14) 19502(20479) 3209(3353) 1920(1935)
Scubel* dJ526114.C22.3 >19(22) >72041(139476)  >4914(5741")  2886°(2967)

bM150J22.1 C220RF1* 6(>4) 66530(>63349) 3180(2323" 981(909")
bM150J22.2*  dJ345P10.C22.4 >26(33) >121975(283449) >4032(4878)  >3965(4575)

*Gene structure extends beyond available genomic sequence
# Size calculated from EMBL cDNA entry
The equivalent values for the orthologous human genes are shown in brackets.

Figure 4.10 (foldout): Alignment of the human and mouse annotated genes. The figure depicts the human
clones (blue boxes) with sequence accession numbers, the human and mouse CpG islands (yellow), the
human gene features (genes with orthologues shown in the mouse sequence are shown in dark blue, genes
for which equivalent mouse sequence is not yet available in light blue and pseudogenes in green), mouse
genes (red) and mouse sequence clones (red boxes) with accession numbers. Similar exons are indicated by

the grey lines.
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Additionally, five alternative splice forms were annotated based on mouse EST evidence (L.
Wilming). Three isoforms of bM121M7.3 have been annotated. Two of these are orthologous
to alternative splices verified in human: bK1191B2.C22.3a (Em:AL359401) and
bK1191B2.C22.3b (Em:AL359403). The remaining isoform of bM121M?7.3 shows a possible
alternative 5’ end. Additionally, alternative 3’ ends are indicated from EST evidence for
bM121M?7.5 and Scubel. However, there is currently no evidence to support the existence of
these isoforms in the orthologous human genes. EST evidence can be unreliable (chapter III)

so further experimental evidence is required to confirm these structures.

4.6.2 Human-mouse finished sequence alignment
4.6.2.1 Dot plot
The annotated mouse and human sequences were compared using the PipMaker dot plot

program (http://bio.cse.psu.edu/pipmaker) (Schwartz et al., 2000). Figure 4.11 shows the

mouse sequence displayed on the x-axis and the human sequence on the y-axis. Drawn along
both of the axes are boxes corresponding to each of the annotated genes. Regions of high
similarity correspond with gene structures. Gene order and orientation are conserved. The
human gene dJ754E20A.C22.4 lies within the mouse sequence gap. The genomic span of the
human sequence is approximately 1.6X greater than the equivalent genomic mouse sequence
(see sections 4.6.4 and 4.6.5). The mouse clone bM150J22 spans a gap in the human sequence.

This is discussed in more detail in section 4.7.
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Figure 4.11: Annotated dot plot of the mouse (x-axis) and human (y-axis) sequences. The plot was
generated using the PipMaker suite of analysis tools (Schwartz et al., 2000). The boxes along the axes
indicate the positions of human (blue) and mouse (red) genes. Light blue boxes depict possible human

pseudogenes, which are not conserved in the mouse sequence.
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4.6.2.2 PIP analysis

A PIP (Schwartz et al., 2000) was generated to show the conservation of this region between
finished human and mouse sequences in more detail. The plot displays the human sequence
along the x-axis, incorporating features such as genes, repeats (generated from RepeatMasker
output) etc. The y-axis displays the percent identity of the mouse sequence. Figure 4.12 shows
that overall the areas of high similarity correspond well with the annotated human genes.
There are a few exceptions:

e Conserved sequences are located in an intergenic region around 62K (between TTLL1
and bK1191B2.C22.3) and between 157.5K and 164K (between dJ526114.C22.2 and
dJ526114.C22.3) (indicated by red arrows).

e Conserved sequences are also found in the 5’UTR of TTLL1 (yellow arrow) and in the
introns of most genes.

These sequences may highlight additional exons that have not been annotated in the

human sequence, or may indicate the presence of regulatory regions.

e The cDNA sequence Em:AL442096 (Bloecker et al., unpublished), was previously
noted as possibly resulting from spurious priming of an adjacent genomic poly(A) tract
(chapter III). The sequence is not conserved in mouse (blue arrow), which supports the
premise that this cDNA does not originate from a true gene.

e Similarly, the human pseudogenes bK1191B2.C22.1 and dJ345P10.C22.1 were not

conserved in the mouse sequence (green arrows).
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4.6.3 GC content

4.6.3.1 Comparison of human and mouse GC content

The fraction GC content in 1kb intervals was calculated by GC profile (Gillian Durham) and
the GC content profiles plotted (Figure 4.13). The two GC profiles are similar, although direct
comparison is complicated by the expansion of the human sequence to 1.6X the length of the
equivalent mouse sequence. The 5° ends of genes align well with peaks in GC content. The
human sequence has a higher overall GC content of 51% compared with the mouse sequence

value of 49%.
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4.6.3.2 CpG islands

The 5° UTRs of six of the eight genes shown above are contained in the available finished
mouse sequence. In human, all six genes contain a CpG island, but four of the mouse genes
lack a CpG islands, using the criteria of the CpG island prediction package CPGFIND
(Micklem, unpublished) (chapter III). An additional predicted CpG island does correspond to
exon 2 of bM121M7.3 however. Antequera and Bird (1993) suggested that approximately
20% of mouse genes lack a CpG island. In this region, 66% of genes lack a CpG island at the
5’UTR, although the sample size is very small and figure 4.13 indicates that there are still
peaks in the GC content associated with the starts of all genes. Details of the CpG islands are

summarised in figure 4.14.

4.6.4 Repeat content

The repeat content of the human and mouse regions was analysed using RepeatMasker (Smit
and Green, unpublished), with human- and rodent-specific repeats as appropriate. Figure 4.15
shows that the human and mouse SINE density are similar. The coverage of the SINEs in
human, however, is four times that of mouse. This greater genomic coverage contributes to the
difference in size noted between the equivalent regions of the human and mouse genomes: the
human region is 1.6X larger than the mouse region. One third of this difference is caused by
the greater coverage of the human SINE repeats. Simple sequence repeats and MaLRs are far
more abundant in the mouse sequence. The MaLLRs in mouse are still actively expanding,
which is the most likely reason for the higher density of these repeats in mouse (Smit & Riggs,

1995).
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Figure 4.14: Comparison of human and mouse CpG island GC content (A) and length (B). CpG islands
were predicted using CPGFIND (Micklem, unpublished).
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Figure 4.15: Repeat density (A) and genomic coverage by repeats (B) for human and mouse.
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4.6.5 Comparison of coding regions

Exon number is conserved for all of the complete genes shown in table 4.9. The conservation of
exon and intron sizes between mouse and human was examined by plotting the mouse exon
sizes against the human (figure 4.16a); the equivalent comparison was carried out for intron size
(figure 4.16n), and included analysis of the SINE content of the intron. A more detailed

depiction of the 500 bp window of the human-mouse exon sizes is shown in figure 4.16c.

Generally, most of the internal coding exons are exactly the same length. The lengths of the 5°
and 3° UTR exons, however, do show differences, as illustrated in table 4.9. The intron sizes are
less well correlated (figure 4.16b). Introns containing SINEs generally tend to be larger in
human genes, which contributes to the difference in sizes of the two equivalent regions (section
4.6.4). This is also reflected in figure 4.10 where the intron-exon structures are shown for all the
genes. Together, this evidence reflects a high degree of conservation of the coding exons, with a

lesser degree of conservation of gene structure.
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Figure 4.16: Scatter plots depicting (A) exon sizes and (B) intron sizes between human and mouse gene

structures. (C) A more detailed view of the 500 bp exon interval is also shown.

Nucleotide and amino acid sequence conservation was examined using clustalw (Thompson et
al., 1994) and sequence identities calculated (belvu; Sonnhammer, unpublished). These results

are shown below.

Table 4.10: Percentage identities of mouse and human gene sequences

mRNA nt. sequence ORF nt. sequence  Amino acid sequence

Orthologous gene pair identity (%) identity (%) identity (%)
bM121M7.1 & TTLL1 79.4 86.7 96.9
Biklk & BIK 57.6 64.0 41.3
bM121M7.3 & bK1191B2.C22.3 69.7 78.1 75.9
Bzrp & BZRP 75.5 81.8 81.1
bM121M7.5 & dJ526114.C22.2 76.4 85.7 86.2
Scubel and dJ526114.C22.3* 81.7 87.8 87.1
bM150J22.1 & C220RF1 70.8 90.2 98.2
bM150J22.2* & dJ345P10.C22.4* 72.4 72.6 78.0

*Gene currently incomplete; only partial sequences aligned
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The percentage identity of all nucleotide sequences was increased by the exclusion of the 5* and
3’ UTR sequences, which contain more divergent sequences. In four cases the level of
conservation of the predicted amino acid sequence was lower than the equivalent nucleotide
value. This was most marked between the human BIK gene and mouse Biklk (figure 4.17). This
is due to a reading frame shift, caused by the insertion or deletion of a 7 bp sequence
(highlighted in red). The conserved reading frame is restored by a 2 bp insertion/deletion
downstream of the 7 bp difference. Five other in-frame insertions/deletions are also present.
Altogether, these changes have the effect of lengthening the human protein, or shortening the
mouse protein, by 10 amino acids. Additionally, there are 142 nucleotide changes (excluding
deletions/insertions), of which only 28 are synonymous changes (do not alter the amino acid
sequence). However, the number of amino acid changes that result from non-synonymous
nucleotide changes is less than 114, as some changes occur in two different positions within the
same codon. The existence of insertions/deletions in the sequence means that other, although

perhaps less parsimonious, codon alignments exist in addition to the one shown below.
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A BIKLk = BIK
BIK1lk 1 TRACCCGLCTCCAGCCAGCGCCCCCGACTCCGCCACCGGCGTCLCAGCCGAGAGLGRTRTTCGRGEAGTTCGCCCGOCGET
BIKlk 81 ACGCCAGCTCAGCTTGGCAGGTARGCGTCTTGCAGCCCTAGCCCARGTTGCTGGAARGTTGGGGACCCGTGCCCARATED

BIKLk 161 CTCGGTGGCCCCGGCTCTGRARCGTCCCCTCTGOGTCTGACACCCCAGRAGGTGLTAGTCTGETCCGCGTRTCTCGLTET

BIKlk 241 GCGTCCATGCACTGGGGTGGCCCTTGTGTCCTGRTTCTAGEGRCGCGETGAGCARGTRRCCTTCGTTRTCGCTGTRECCTR
BIK B P T PR ) GETTCTGTTRECAAT
BIKlk 321 GTTGICGRARACTTAGGGGRAGCAGCTTRARACCAGRGCECGGLA, . CTRECACARTARGECERECABGETGABCECERR
BIK 1e GCCATTCAGACCCCAGTCCRGE. ATTCCRCGCTEGRERT GEGAGAGGECGET CECRELEARGEGEGGEACCCGRGEGRER
BIKlk 399 CCRCAGGCRGAAGATEGEGTCEGE. ACCTRTCTECGEGAGEACCRGABRRT TCGCATETGTCCCTECETERRRGATECTR
BIK 95 CGEGAGGGECGGEGCRCLCGGRCETAT TARGT CECRCECCGRGEAGCCEGRCCGCAGALCACGARGCETCCCRRRT GGETTA
BIKlk 478 GGATTCGCACEGTECCTRECGLGACCTERA, . ACACATGTCGGAGGCGAGACTTATGGECAGAGACGTE, | , ATCAAGACT
BIK 175 CAGACGCTGEEAGEAT CRCCGLCGECARAGGAGARATETCT GAAGT ARGACCCCTCTECAGAGACATCT T GATGGAGACT
BIKlk 553 GITECACACBACCAGGTCCCCCARCCTEEAGT, ., ... BGCCTCTGA, . .. .. BACTCCCAGCATEAR. . GRAGECTGT
BIK 255 CICCTGTATGBAGCAGCTCCT GGARCCCLCGACCATGEABET TCTTGGCATGACTRACTLT GARGAGRACCTEREACCCTAT
BIKlk 618 GRGAGACGTGGACCTCATGGRAGTRCGTGEAAGECAGAARACCAGGTGRCCTTRAGGCTGRCCTRCATCAGCEATGAGATEE
BIK 335 GGAGGACTTCGATTCTTTEGARTGEATGRGAGGECAGT GACGCATTGECCCTRCGECTERCCTRCATCGEGGACGAGAT GE
BIKlk 638 ACCTRTRTCTGCGEAGCCCCLGTCTRATCCARCTGCCTRGEATTRETATACACAGALTCS. | . ., . CTGTCACCTACAGE
BIK 415 ACGTGAGBCETCARGGCECCGOGCCTRGCCCAGET CTECEAGGTGECCATGEACAGCCTGEGTCTGLEETTTEATETACGAL
BIKlk 772 EGGAL. . ,ARGTGTCRAGAGGTATTTTCAGGAGCTTGATTCGARGCCTCACCAACETCAGRRARARCATCT, ., BRTCETE
BIK 435 CABACTGAGRACATCAGGGATGTTCTTAGARGT TTCATGGACGET TTCACCACACTTARGEAGAARCATAATGAGRTTETE
BIKlk 846 GAGAGTETTRACTECTGGCGECTREGRTGTCACCT RACCAGRACECT GLACARETRTTTECRATGGTRCTRETGGTCTTICT
BIK 575 BAGATCECCHARCCCCGRGTECTRGETATCCT GCEARCAGRT GETGCTRGCRCTRCTGETGCTGCTRGCEETRCTGCTGE
BIK1k 926 TEETGETGGETRGREGCETGETATTTGEAGETTCARTGAARGT. | . . GEAGET , GREGCARGGETGETECLT GECECCCARD
BIK 655 CEETGETCARCGEREGEGECTRCACCTRETGETCAAGT GAGECCCCGREGEETCABEEEGRGECTGRCCCCACCCCCATGAC
BIKlk 1001 E,.,..CCTRGAGETGCEGRCACCETARCTRAGGTGTTTTCTGACTGTCCECECCCCTTTTTRTATATATATTTAACTEA
BIK 735 CACTGCLCTGRAGRTRGEGRCCTGETG. CTGTTATCTTTTTARCTGTITTETCATGATGCCTTITTATATTTARACECER
BIKlk 1076 GGATAGTGCTGRGATTTCATACAGGTTTTCT, ... . GEGTTTTTETAAGGCARATG, |,  ARTTCACT GTACCTEAGGAG
BIK 814 AGATAGTGCTGGARCACT GLTGAGETTTTATACTCARGT TTTTTGT T TTTTTTTEATTCCRGTTT TEGTTTTTECT ARAR
BIKlk 1147 CRTTACTGGETAARGTRCCCCTGAGGCTTGGETERCCCTTCTICTETTGACCECTRCTE, . EETTCETETETGCAGGETR
BIK 894 GATGARTTCLTATE.BETCTGCAATTGTCACCEET TRACTGIGEECTET GECCARGRAGAGECATTCACTECTGCCCETR
BIKlk 1224 GTECTGTRBGRECATCAGTGEGRGEGARTGCTRECCACACCCCTGTCTETGRAGCCTTGA. , . GRCACAGGATCTACTGGEAL
BIK 973 CCCACACRECAGGTARCAGRGRGAGTGCTEET CACACCCCTRTGTEATATRTGATECCCTCEREARAGAATETACTRERAR

BIKLk 1300 TF!GF!GTCETTTEGEGTGEFIEb’-]GTTCFlFITTF|FlGTGGTGTTTGEF!GGEF!F]GTTEF!F]TF]RF]RTETTTEERGEEH 1370
BIK 1053 TAGATTCLGAGRAGCAGGAGT GCTCARTARRATGT TRGTTTECARCA

BIKlk & BIK

B Biklk 1 ATGTCGGEAGRCGAGACT TATGGCCARARACGTE. . . ATCARGACTGT TECACACGACCAGGTCCCCCAACCTECAGT. . .
BIK 1 ATGTCTGAAGTARGACCCCTCTCCAGAGACATCT TGATGGAGACCCTCETGTATRAGCAGCTLLT GGAACCCELGACCAT
Biklk 75 LBECCTCTEA. o o0 v s v GACTCCCAGCATGAA. |BGAGCCT GTGAGAGACGT GGACCT CATGEAGT GEGTGEARGEER
BIK 81 GGABRTTCTIGACATGACTBACTET GAAGAGRACCBEACCETATEGAGEALT TCGATTCT T TGEAAT GEATGEAGEELA

Biklk 143 BRARCCAGGTGGECCTTGRAGGCT GRCCTECATCEGRCGATGAGATEGACCTRTETCT GCERAGCCCCCRTETRERETCCAGETG
BIK 161 RTGACGCATTGRECCCTGCEECTGRCCTRCATCERGRACGAGATGEACGTGAGCET CAGRGCECCREGCETRECECAGETC

Biklk 223 CCTGGEATTGETATACACAGALTCE...... CTGTCACCTACAGCLEGGAL. . . ABGT GTCAGRGGTATTTTCAGGAGCTT
BIK 241 TECEABGTGECCATGCACAGCCTGEGTCTGGETTTCATETACGACCAGACT GAGRACATCAGGEATGTTCTTAGARGTTT

Biklk 2394 GATTCGARGCCTCACCAACCTCAGERARARCATCT. . . BETCETGGAGAGTET TEACTCCTGECGECTGRETGTCACCTE
BIK 321 CATGGACGETTTCACCACALTTARGRAGARCATART GAGETT CTGGAGAT CECCRARCEECGRGT CETGEETGICCT LG

Biklk 371 ACCAGEACCCTGGRCAGCTGETTTECRATGETGCTEETGETCTTICTTRETGET GGETRERGCET GETAT TTGEAGETTCAG
BIK 401 ARCARETGETGCTEGCAETECT GETECTRCTRGCEETRCTGLTGCCEETRET CAGCRERGLECT RCACCTRETEETCARG

Biklk 451 TGA 453
BIK 481 TGA 483

C BIKlk & BIK
BIKIk 1 MSEARLMARDVIK.TVPHOGVPORE. .. .. VASETPSMKERYROVILHECVEGRNOVALRLACT GOEMDL CERSPRLYAL
BIK 1 MSEVEPLSROTLMETLL YEQLLERRTMEVL GMTDSEEDL DPMEDF IS LECMERSDAL ALRLACT RDEMDY SLRAPRLAGL
BIKlk 75 PGIATHREAVTYSRTG. ..VRGIFRSLIRSLTNERENIS . URVLTPGAIVSPDEDPGALFFifyLEvFLELGEAWYEAED 150
BIK &1 SEVAMHSLGLAFTYDOTEDIRTVL RSFMOGF TTLKENTMRFURSPNRGSUMSCERVLUALLLLLALLLPLLSBGLALLLK 160

Figure 4.17: A) Alignment of Biklk and BIK including 5’ and 3’ UTRs. B) Greater conservation is shown in
the alignment of the cDNA sequences without the UTRs. An insertion/deletion of 7bp causes a frameshift,
which is corrected downstream by a further 2bp insertion/deletion (red box). C) Alignment of Biklk and
BIK peptide sequences. Alignments were created with clustalw (Thompson ez al., 1994). The alignments

were formatted for printing using belvu (Sonnhammer, unpublished).

4.6.6 Splice site comparison
The splice sites of both the human and mouse genes were compared using the sequence logo

technique described in chapter III. Eighty splice acceptor and donor sequences from equivalent
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introns were extracted from gff files and used to generate sequence logos (D. Beare). The
cumulative height of each position reflects the importance of this position in the splice
consensus sequence. The height of each nucleotide reflects the frequency of that nucleotide at
that particular position. Figure 4.18 shows the human splice donor and acceptor (A),and mouse
splice donor and acceptor (B). This shows that, overall, the splice consensus is well conserved
between human and mouse. The important GT nucleotides (positions 7 and 8) in the splice
donor and AT (24 and 25) in the acceptor are well conserved between human and mouse.
Differences are limited to the C/T tail where a C is more commonly found at position 14 in
mouse whereas T is commonly found in human. These results support those of a previous study

of 84 human and mouse introns (Smink, 2001).

Human splice donor Human splice acceptor

Intron Intron

1 23456 78 910111213 141516 17 18 19 202122 23242526 27 28 29 30 123456 78910111213 141516 17 18 19 20 2122 23242526 27 28 2930

5 bl 3 b 5 b
Mouse splice acceptor

Intron Intron Exon

1 23456 789 10111213141516 1718 19 20 21222324 25 262728 2930 1 234 56 78910111213 141516 17 18 19 20 2122 232425 2627 28 29 30
5’ 35
Figure 4.18: The splice acceptor and donor sites for human (A) and mouse (B). The splice site sequences
were extracted by D. Beare (Sanger Institute) and visualised using Sequence Logo (Steven Brenner)

(http://www.bio.cam.ac.uk/cgi-bin/seqlogo/logo.cgi).
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4.6.7 Regulatory regions

Sequence conservation between human and mouse DNA in inter- and intragenic regions may
indicate the existence of functional features, such as exons or regulatory regions, or may be
non-functional sequence inherited from a common ancestor. CpG islands are associated with
the promoter of ~50% of all mammalian genes (Antequera & Bird, 1993; Larsen ef al., 1992)
and often contain multiple binding sites for transcription factors (Somma et al., 1991). General
conservation of the GC profile and peaks seems to suggest conservation of possible CpG islands
(see section 4.6.3). The PIP (figure4.12), however, demonstrated conservation upstream of only

one gene, TTLLI.

DBA (DNA Block Aligner) (Jareborg et al., 1999) is an alignment algorithm designed to
identify conserved collinear blocks in two DNA sequences. The main difference between DBA
and PIP alignments is that DBA identifies gapped blocks. Also, blocks identified by DBA can
be shorter than 50 bp, although the nucleotide identity must be greater than 60%, whereas PIPs
will highlight only ungapped alignments longer than 50 bp with an identity >50% (section
4.1.3.1). Jarebourg et al. propose that these features of DBA make the program particularly
suitable to identify small conserved functional motifs whose relative positioning may not be
conserved and which may be separated by large pieces of non-functional DNA sequence due to

random insertions in one species compared with another.

To investigate whether any further sequence conservation could be observed in these putative
regulatory regions, three kilobases of sequence was extracted upstream of the transcription start
site for both human and mouse, containing the entire length of any CpG islands predicted at this

position. The human and mouse sequences were aligned with DBA. DBA identified significant
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alignments 5’ of the transcription start sites of the genes TTLL1, BIK, BZRP and C22orf1 (see

appendix 6). An example of a region aligned by DBA is shown in figure 4.19.

The consensus sequences were used to scan the TRANSFAC 4.0 transcription factor database
(Wingender et al., 2000), using MatInspector V2.2 (Quandt et al., 1995). Thresholds were set
so that only exact matches to the core sequence of the matrix (capitalised) and overall matrix

similarity >0.9 were listed, in order to enhance accuracy of the search results. The sites found

are shown in table 4.11

bM121M7.1 -582 CCGCCTGCTTCTGCCTCCCAAAGTGCTGGGATTAAAGGCATGCGCCACC
Consensus D CC CC GC TCTGCCTCCC AAGTGCTGGGATTA AGGC TG GCCACC
TTLL1 -1559 CCACCCGCCTCTGCCTCCC-AAGTGCTGGGATTACAGGCGTGAGCCACC

Figure 4.19: Sequence alignment (DBA, Jareborg et al., 1999) of mouse and human sequence upstream of
TTLL1 (human gene) and bM121M7.1 (mouse orthologue). A potential binding site for the zinc finger
protein Ik-2 is highlighted in red (Molnar & Georgopoulos, 1994)(see table 4.11).

The expression patterns of the human genes (chapter III) were examined in order to determine if
there was a relationship between tissue distribution of the human transcript and what is
currently known about the putative functional regions listed in table 4.11. TTLL1, BIK and
BZRP are expressed in a wide variety of tissues. Examination of the TRANSFAC sites
preceding these genes did not preclude this expression pattern. C22orfl demonstrated a more
limited expression pattern in RT-PCR screens of RNA from human tissues and previous
research has shown that C22orf1 is predominantly expressed in adult brain (Schwartz & Ota,
1997). However, examination of the 24 sites found did not suggest specific involvement with

adult brain transcription.
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Table 4.11: Resulting sites from TRANSFAC screen with consensus sequences from DBA alignment of

putative promoter regions.

Gene (human Matrix
nomenclature) Matrix Orientation  similarity Sequence
TTLLI1 GFI1_01 - 0.905 angcctntAATCccagcacttngg
TTLLI1 IK2 01 - 0.911 cttnGGGAggca
TTLL1 IK2 01 + 0.946 tgctGGGALttan
TTLL1 LYF1 01 - 0.911 ttnGGGAgg
TTLLI1 RFX1 01 - 0.922 nggngnectnGCAAccn
BIK IK2 01 + 0.928 cttnGGGAtntt
BZRP DELTAEF1 01 - 0.954 ncacACCTnta
BZRP GFI1 01 - 0911 acacctntAATCccagcacttngn
BZRP HFH2 01 + 0.911 nttTGT Ttnntt
BZRP HNF3B 01 + 0.908 ttnttTGT Ttnnttn
BZRP IK2 01 + 0.946 tgctGGGALttan
BZRP SRY 02 - 0.931 nnaaACAAanaa
C22o0rfl AP4 Q5 - 0.94 ctCAGCagtt
C22o0rfl BRN2 01 + 0.923 aagatttgTAATgagt
C22o0rfl BRN2 01 - 0.93 ctcattacAAATcttt
C22o0rfl CREL 01 - 0.98 ggenntTTCC
C22o0rfl DELTAEF1 01 + 0.953 cnccACCTgen
C22o0rfl E47 01 - 0.933 nnnGCAGgtggngac
C22orfl FREAC2 01 - 0.912 atttteTAAAcaggnn
C22orfl GFI1 01 - 0.902 tcattacaA ATCtttccanctcag
C22o0rfl GKLF 01 - 0.93 aaagagggagAGGG
C22orfl GKLF 01 - 0.927 aanggaggeaGGGG
C22o0rfl IK2 01 - 0.917 nntgGGGAacag
C22orfl LMO2COM_01 - 0.969 nngCAGGtggng
C22o0rfl MYOD 01 - 0.926 nngCAGGtggng
C22o0rfl MYOD Q6 + 0.947 ncCACCtgen
C22orfl MZF1 01 - 0.975 nmtGGGGa
C22orfl MZF1 01 - 0.982 ggaGGGGa
C22o0rfl NFAT_Q6 + 0.944 agntgGAAAgat
C22o0rfl NFKAPPABG65 01 - 0.958 ggenntTTCC
C22orfl NKX25 02 + 0.951 caTAATta
C22orfl S8 01 + 0.968 ngcacataATTAaaat
C22o0rfl S8 01 - 0.968 acattttaATTAtgtg
C22o0rfl S8 01 - 0.934 ngacaaaaATTAgaga
C22o0rfl S8 01 - 0.948 naaaacaaATTAgatt
C22orf1 SRY 02 - 0.925 naaaACAAatta

Core sequences are capitalised
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4.7 Chromosome 22 sequence gap

Figure 4.11 shows that the mouse BAC bM150J22 spans one of the few remaining ‘unclonable’
gaps in the human genomic sequence of chromosome 22. This gap has been estimated to be
approximately 50 kb long by fibre-FISH (Dunham ef al., 1999) and is known to contain the 3’
end of the C220rf] gene at the centromeric end. The telomeric end of the gap is adjacent to the
gene dJ345P10.C22.4. The mouse sequence spanning the gap is approximately 34 kb long. The
sequence was analysed in more detail in order to identify any possible reasons why the region
may be unclonable in human. To obtain equal start- and end-points for this comparison,
sequence from bM150J22.1 to the 3* exons of bM150J22.2 was analysed. These features are
equivalent to the closest gene features annotated in the human genome sequence flanking the
gap. The mouse ‘gap’ region, shown in figure 4.20, contains the 3’ end of the murine C22orfl
gene and provides evidence that the full human gene may be arranged in six exons. No further

mouse EST or cDNA evidence was found to map to this region.
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Figure 4.20: Diagram showing GC content, gene content and repeat content (mouse sequence only) of
sequence spanning an ‘unclonable’ sequence gap in human chromosome 22. Human GC content and genes
are shown in blue and mouse GC content and genes in red. GC fraction was calculated for 1kb windows
using gc profile (Gillian Durham, unpublished). The distribution of mouse SINE, LINE and tandem repeats

are also shown.

The graph of mouse GC content shows that a high proportion of GC dinucleotides are found

throughout the region spanning the human sequence gap. The overall human GC content of the
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region of interest is higher than that of mouse (section 4.6.3.1). Extrapolation of the graph
indicates that human GC content is maintained above a level of 50% throughout the gap region.
This high GC distribution may have an adverse affect on the ‘clonability’ of this DNA segment

(section 4.9).

The repeat content of the 30216bp of mouse sequence that spans the human sequence gap was

analysed in more detail using RepeatMasker. Results are shown below.

@ Unique

m SINE/B1
OSINE/B2-B4
mSINE/ID

W LINE/LINE1
mLINE/LINE2
mLTR/MaLR

O Simple repeat

Figure 4.21: Repetitive and non-repetitive DNA distribution of 30216bp of mouse sequence, spanning an

equivalent ‘unclonable’ sequence gap in human chromosome 22.

This region of mouse sequence contains no LTR elements or DNA transposon repeats.
Although figure 4.21 shows that this region contains a greater coverage of SINE and LINE
repeats than the immediately flanking sequences, the coverage and density of these repeats is
comparable to the analysis of 50.2 kb of finished mouse sequence shown in section 4.6.4. No
specific repetitive features were identified that could result in instability of this chromosomal

region, leading to the difficulties in cloning the equivalent human DNA.
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4.8 Localisation of synteny breakpoint

4.8.1 Definition of the junction region
A synteny breakpoint between HSA 22q13.1 and mouse chromosomes 15 and 8 was previously
identified by Dunham et al. (1999), by combining data from the genomic sequence of HSA22

with information from the Mouse Genome Database (MGD) (http://www.informatics.jax.org/).

The genes, HMOX and MB, situated 160 kb apart on HSA22, and their murine orthologues

Hmox1 on MMUS8 and Mb on MMU 5, were identified as flanking the syntenic breakpoint.

In order to further narrow the breakpoint region boundaries, two mouse BAC contigs were
constructed across the syntenic regions of mouse chromosomes 8 and 15 (section 4.2). Figure
4.4 shows that marker data from the two contigs localised the synteny breakpoint to a 130 kb
region in the human sequence between genes MCMS5 and MB. The available sequence from the
contig tiling paths was compared with corresponding finished sequence from HSA22 using dot
and PIP plots. Mouse BACs were identified that contained both conserved regions and sequence

that extended beyond the syntenic breakpoint.

Currently, only unfinished sequence is available from the majority of adjacent mouse clones

(see table 4.12) but detailed analysis is still possible.
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Table 4.12: Mouse BAC genomic sequence clones adjacent to and spanning the syntenic breakpoint with
human chromosome 22q13.1

Sequencing Centre Genomic
Clone name Author location Accession number
bM290L7 Grills et al. AECOMF MMUS AC084823.10 (finished)
bM254F2 Sims Sanger Institute MMUS8 AL603837.2 (unfinished)
bM267J18 Deschamps et al. UOKNOR’ MMUS8 AC076974.23 (unfinished)
bM422F22 Sims Sanger Institute MMU15 AL591892.2 (unfinished)
bM412D17 Sims Sanger Institute MMU15 AL603843.2 (unfinished)

* AECOM — Albert Einstein College of Medicine. "UOKNOW — University of Oklahoma

A dot plot comparison of these mouse sequences with the finished sequence of the orthologous
region of human chromosome 22 is shown below (figure 4.22). The syntenic breakpoint
junction is clearly delineated between genes dJ569D19.C22.1 and MB. Gene order and
orientation also appear to be conserved. Intergenic sequences are generally divergent, although
strong conservation is noted in the genomic sequence 5’ to the RBM9 gene, which may denote

conserved regulatory regions or a novel gene structure.

The genes APOLS5 and APOLG6, however, do not appear to be conserved in this dot plot
alignment. The nucleotide and protein sequences of these human genes were therefore

compared against the available mapped mouse sequence (http://mouse.ensembl.org) using

BLAST. The best matches for the protein sequences were found to be within Em:AL603843
(23% and 27% sequence identity respectively), but no matches were found at the nucleotide
level, which may explain their absence in the dot plot. Analysis of the finished sequence, when
available, may allow annotation of these genes within the mouse sequence. Alternatively, these
genes may not exist in mouse, perhaps having arisen from duplication events in the human

genome after divergence from the mouse lineage.
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Figure 4.22 : Annotated dot plot of regions of mouse chromosome 8 and 15 available sequences (Y-axis)
against the syntenic region of human chromosome 22 sequence (X-axis). The boxes along the X-axis indicate
the human genes (dark blue). Human pseudogenes are indicated in light blue. The MMUS:15 syntenic
breakpoint on HSA22 lies between dJ569D19.C22.2 and MB (indicated in red). The dot plot was generated

using the PipMaker suite of analysis tools (http://bio.cse.psu.edu/pipmaker)
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The schematic in Figure 4.23 shows the genes found adjacent to the junction region in the

human and mouse chromosomes.

HSA22
A -
Hmg2l1
Toml
MMUS |
A Hmoxl1
HMG2L1
Mcm5
TOM1
Dexrasl1
HMOXI — M
MCM5 £
HSA?
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Figure 4.23: Comparative maps define the MMUS:15 chromosome junction region on human chromosome
22. HSA22 gene order is used as the reference. Apart from the apparent absence genes APOLS and APOL6
and pseudogenes dJ569D19.C22.4 and dJ41P2.C22.5 in the mouse sequence, linkage is conserved within the

two mouse chromosomal regions.

Sequence similarity between HSA22 and MMU15 decreases after the gene MB. BLAST
experiments using the mouse sequence against the NCBI human genome database show that

mouse sequence after this point may be syntenic with HSA8. Additionally, gene predictions in
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the unfinished sequence provided by the mouse Ensembl website (http://mouse.ensembl.org)

also matched HSAS8 sequences in similar BLASTP experiments. This finding correlates with

data from the NCBI human-mouse homology map (http://www.ncbi.nlm.nih.gov/Homology).

Similarly, sequence similarity between HSA22 and MMUS decreases after dJ569D19.C22.1.
BLASTP experiments of the mouse sequence against the NCBI human genome database
showed low-level similarity to HSA13 and HSA20. However, no genes have been predicted to

lie within bM267J18 by Ensembl prediction methods (http://mouse.ensembl.org) and no further

information is available on the NCBI human mouse homology map for this region.

4.8.2 The junction region

<4— dJ569D19.C22.1
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Figure 4.24: Comparative sequence analysis defines the MMUS8:15 junction region on human chromosome
22. The junction region is composed of a variety of human repetitive DNA sequences. A cluster of Incyte

EST sequences and 3 EOS sequences (see chapter III and appendix 2) are also included within the region.

Repeat sequences make up 40.65% of the 52763 bp MMUS:15 junction region on HSA22

(figure 4.24) and consist of several classes of repetitive DNA elements. Thirty-three
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mammalian-wide interspersed repeats (MIRs) were found, distributed throughout the region.
The current unfinished nature of much of the mouse sequence in this region, however, makes it
difficult to ascertain if these MIR repeats are conserved in the mouse genome. MIRs are
believed to have amplified before the radiation of mammals, and their transposition has been
implicated in gene control and evolution (Hughes, 2000). A single MIR repeat has also been
observed in a HSA21:22 junction region on MMU10 (Pletcher et al., 2000), although no

similarity is noted in the distribution of repeat sequences between these two examples.

Three ‘EOS’ sequences, that have been predicted to be coding by Genscan and which have
tested positive for expression by microarray hybridisation (R. Glynne, personal communication)
(chapter IIT and appendix 2), were also contained within the region. Two showed a high level of
conservation with sequences on mouse chromosomes 5 (EOS38349), 15, 11, 3, 18 and 6
(EOS38350). EOS38351, along with seven overlapping ESTs from the Incyte database (J.
Seilhamer, personal communication) (chapter III and appendix 2) identified in this region, but
did not show significant similarity to any other human or mouse DNA or protein sequence by
using BLASTN and BLASTX. The remaining 27980 kb of unique sequence was not similar to

any known human or mouse sequences.

The sequence analysis of this region and of evolutionary chromosomal breakpoints previously
described at the sequence level by both Lund ef al. (2000) and Pletcher et al. (2000), has so far
revealed no unusual sequences or repeat structure that might suggest chromosomal instability
underlying the rearrangements. As increasing amount of mouse genomic sequence become
available, perhaps further examination of similar regions will identify common features of

evolutionary chromosomal breakpoint regions.
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4.9 Discussion

This chapter has described the construction, sequencing and comparative sequence analysis of
approximately 3.5 Mb of the mouse genome, spanning regions of conserved synteny with
human chromosome 22q13.31 and with a syntenic breakpoint between mouse chromosomes 8

and 15, within a region of human chromosome 22q13.1.

The use of both fingerprinting and landmark content mapping initially contributed to the
construction of three contigs across regions of interest on mouse chromosomes 15 and 8.
Restriction enzyme fingerprinting allows analysis over the length of the clone and the
construction of contigs relies on the number of bands shared between overlapping clones. The
disadvantage of fingerprinting is that it does not allow the orientation of the contigs relative to
each other, nor does it allow integration with the framework map. Initial landmark STSs were
designed from known orthologous mouse mRNA sequences. Increased marker density was
achieved by including STSs to mouse ESTs that demonstrated high similarity to the remaining
human genes. The increasing availability of marker and fingerprint data from the mouse
physical mouse mapping effort (MGSC, unpublished) anchored the initial contigs to existing
mouse framework maps. This combined approach offered the best strategy for contig
construction, determining accurately the overlap between clones and integration of the
constructed contigs with the framework maps. The resulting BAC maps from this effort provide
a resource for the genomic sequencing of these regions of mouse chromosomes 15 and 8 and
have been incorporated into the mouse physical map produced by the MGSC

(http://mouse.ensembl.org).
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PIP analysis of regions of available sequence, show that approximately 90% of annotated gene
features within 22q13.31 and 22q13.1 are conserved. 76% of the annotated exons within these
regions of HSA22 demonstrate >50% sequence identity with mouse genomic sequence.
Interestingly, no mouse sequence homology was noted, outside of repeat regions, of the 18
human pseudogenes annotated in these regions. It may be that these non-functional sequences
have diverged more quickly in the mouse genome, possibly because of the much shorter
generation time of mouse. Alternatively, some, or all, of the pseudogenes may have arisen in
the human lineage after divergence from the common mouse-human ancestor. Otherwise, gene
order is generally conserved in these regions. Exceptions were seen with the genes APOLS5 and
APOLG6, which were not found in the available mouse sequence and the APOL2 gene, which
may be inverted in mouse. However, a large part of this analysis is based on unfinished

sequence and is therefore unconfirmed.

A percentage identity level of 80% was selected for alignment of the mouse genomic sequence
generated from this project against the sequence of 22q13.31 and incorporation into 22ace for
further analysis. The basis for this choice was the result of preliminary alignment experiments
on a subset of the region at a range of identity levels, which suggested that beyond a level of
80% identity, specificity and sensitivity were compromised. This observation is supported by
Makalowski and Boguski (1998), who reported that protein-coding exons show an average

ercent identity of ~85% for many comparisons between human and mouse genes.
p y y p g

The alignment of the 39 annotated gene structures within 22q13.31 (chapter I1I), with both the
mouse genomic sequence generated from this project and other examples of sequence evidence

from model organisms, was analysed using MethComp (D. Beare) (chapter II). Higher levels of
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specificity and sensitivity were noted for genomic sequence resulting from BLASTN
comparison at a level of 80% nucleotide identity of sequence generated by a clone-by-clone
shotgun approach than from the WGS mouse project (MSC, unpublished). This may be because
the clone-by-clone approach has generated more complete data over the region than the current
stage of the WGS project. Interestingly, BLAT alignments (Kent, unpublished) of the output
from the WGS project showed greater sensitivity and specificity than alignments from the
Exonerate program (Slater, unpublished). The completion of the mouse genome project and
reanalysis of these alignments should provide a definitive measure of the correlation of human

and mouse sequence in this region.

Overall, these results and those from the equivalent calculations described in chapter II,
indicated that the most efficient approach to annotation is through comparison to known gene or
protein sequences, both from human and from model organisms. However, this study showed
that mouse genomic sequence has the potential to provide an important tool in annotation of the
human genome sequence, although comparative sequence analysis utilising mouse genomic
sequence supported, but did not add to, the annotation of this already well-studied region (see
below). The utility of mouse genomic sequence in this field may therefore lie in the annotation

of human genes in previously unstudied regions.

The two regions of human chromosome 22, unlike other examples (Epp ef al., 1995; Koop &
Hood, 1994; Oeltjen et al., 1997) do not show extensive conservation of intronic and intergenic
sequences with mouse, although several isolated examples were noted. Only six conserved
regions were also predicted to contain exons by the gene prediction program Genscan (Burge &

Karlin, 1997). Three of these predicted exons had already tested negative for expression by
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PCR screening of cDNA libraries (chapter III). The remaining three predictions, together with a
further 25 candidate exons identified from the human-mouse alignment were tested for
expression in seven cDNA libraries. No new exons were confirmed. It is possible, however, that
these conserved regions could be transcribed in different tissues or under different conditions
than the seven cDNA populations tested. A benefit of mouse sequence comparison is that,
unlike EST and cDNA evidence, identification of putative coding regions is not limited by
spatial or temporal restrictions on transcription. However, this also means that expression of
these regions is difficult to confirm. Analysis of the finished mouse sequence, using techniques
similar to those described in chapter III, including detailed comparison to the related human
sequence, additional homology searches and use of gene prediction algorithms, may provide

additional evidence that these conserved regions encode genes.

The conserved non-coding sequences may also indicate the presence of regulatory elements.
The putative promoter regions of six genes, present in both human and mouse finished
sequences, were examined for the presence of potential transcription factor binding sites.
Thirty-six putative sites were identified in conserved sequences upstream of the annotated
transcription start sites of four genes. This investigation represents only a preliminary in silico
analysis and identification of these regions represents a starting point for further analysis (see
chapter I). Many of the consensus sequences listed for possible transcription factor binding sites
are very short — only a few nucleotides long in some cases. These could be expected to occur
frequently in both functional and non-functional genomic sequence. Recent studies by Gottgens
et al. (2000) and Frazer et al. (2001) have demonstrated the utility of including a third
vertebrate species in comparisons of non-coding sequences. Potentially, inclusion of, for

example, genomic sequence from chicken or dog, will increase the specificity of this analysis of
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potential regulatory regions. Non-coding sequences conserved in all three species will provide

strong candidates for future investigation.

Investigation of a 0.5 Mb region of finished mouse sequence showed that the gene structure
overall is well conserved in this region between the two species. Comparison of exon and intron
size in mouse and human shows that coding regions are more stringently conserved. Increased
variation is noted in the sizes of UTR exons. Within coding regions, most insertions/deletions of
nucleotides occur in multiples of three, so the reading frame is maintained. Exceptions, such as
the shift in reading frame shown between the human and murine versions of BIK, result in a
decrease in identity between the predicted protein sequences. It would be interesting to

determine if this change has an affect on the functions of the orthologous BIK genes.

The comparison of splice donor and acceptor sites has shown that human and mouse splice sites
in this region are highly conserved. The consensus donor and acceptor sites reported in this
study are very similar to those reported by Stephens and Schneider(1992) from a study of 1800
human introns, and by Smink (2001) from a study of 84 human and mouse introns. It is
therefore clear from the studies that the core splice donor and acceptor sites are strongly

conserved in mouse and human.

The repeat density of the 0.5 Mb finished sequence region in mouse (1.33 repeats/kb) is higher
than in human (1.26 repeats/kb). This may be explained by the faster murine generation time.
Most of the higher repeat density is attributable to the increase in numbers of simple and MalLLR
repeats. MaLRs retrotransposons are known to be still active within the mouse genome (Smit,
1996). The overall repeat coverage is greater in the human (41.28%) than in mouse (31.90%).

This is mainly attributable to the larger size of the human A/u repeat, in comparison to the
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mouse B1 and B2 repeats (Ansari-Lari et al., 1998). The increased coverage of human repeats
contributes to the 1.6X expansion of the sequence length in human compared to mouse. The
overall coverage of the repeats in this region are slightly higher than those found in other
comparative studies. Ansari-Lari et al., (1998) have shown an overall repeat coverage of
33.36% (human) and 26.39% (mouse) whilst Oeltjen et al., (1997)(1997) have shown values in
the BTK region to be 31.22% (human) and 16.49% (mouse). An additional study by Smink
(2000), found repeat coverage to be 39.2% (human) and 11% (mouse) over a 150kb region of

human 22q13.3/mouse 15.

The GC content of both human and mouse genomes in this region follow a similar pattern,
although the difference in length of the equivalent sequences prohibits direct comparison. This
is also reflected by the distribution of predicted CpG islands in the region. All of the six human
genes fully annotated in the mouse sequence are associated with a CpG island at the 5’ end,
whereas only two of the mouse genes start in a predicted CpG island. Peaks in GC content can
still be observed for the genes lacking a CpG island, indicating that these regions are relatively
GC rich, but not sufficiently so to be predicted as a CpG island. Erosion of mouse CpG islands
is generally observed due to deamination of methylated cytosine to thymidine (Cooper &
Krawczak, 1989; Coulondre et al., 1978). This also occurs in humans, but the shorter generation
time of mouse may account for the faster rate of cytosine deamination and CpG island erosion
observed in this and other studies (Aissani & Bernardi, 1991; Antequera & Bird, 1993; Matsuo

et al., 1993).

This region of finished mouse sequence was also interesting as it was found to span an

‘unclonable’ gap in the sequence of human chromosome 22. Analysis of the repeat content of
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the mouse ‘gap’ subregion showed no obvious deviation from that of the total analysed
sequence. GC content, however, was maintained at a high level throughout this section. The
human GC levels are estimated to be maintained above 50% throughout the gap region. This
observation could be a reason why efforts to identify a clone containing the equivalent region in
human have so far been unsuccessful. In Escherichia coli, (CpG)n repetitive sequences have
been shown to be deletion prone (Bichara ef al., 1995, 2000). Two pathways have been
suggested by which this could occur;
(1) (CpG)n tracts are potential Z-forming DNA sequences and this DNA structure could be
processed by an unknown cellular mechanism to give rise to the observed deletions
(2) (CpG)n monotonous runs can be considered as a succession of direct or palindromic
repeats, allowing formation of DNA structures that are known to participate in
frameshift mutagenesis.
The sequence of the mouse clone and putative structure of the human C22orf1 gene identified
by this study could be used in the design of new hybridisation experiments in attempts to

identify a human genomic clone spanning this gap from the available libraries.

Examination of unfinished sequence from mouse chromosomes 8 and 15 enabled a more
precise definition of the MMUS:15 synteny junction on human chromosome 22q13.1.
Investigation of the finished mouse sequence, when available, may further reduce this region.
Analysis of the finished human sequence of this junction region identified a range of different
repetitive features, including MIR repeats. MIRs are thought to have arisen before the radiation
of mammals, and their transposition has been implicated in gene control and evolution (Hughes,
2000). Comparison of this region with the synteny breakpoints analysed by Pletcher et al.

(2000) and Lund ef al. (2000), identified no similarity in the distribution of repetitive
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sequences. As additional comparative sequence information becomes available, analyses of a
range of such synteny breakpoint junction sequences may enable identification of common

elements.

In summary, this chapter has shown that comparative sequencing is a powerful tool for the
annotation of genomic sequence. Although all the genes annotated during this project were
identified without the aid of mouse genomic sequence, the high levels of correlation of the
mouse-human sequence alignments with the human transcript map indicate that a completed
mouse genome sequence resource will provide a useful gene-finding resource. Comparison of
human and mouse genomic sequence will therefore speed the annotation of both genomes.
Comparative sequence analysis also enhances in silico prediction of conserved regulatory
sequences. As the genomic sequence from other vertebrate model organisms becomes available,
this process may become more efficient. Comparative analysis also enables detailed, sequence-
level analysis of chromosome evolution. This study showed that the availability of genomic
sequence permits a level of definition of evolutionary breakpoints that was previously
unavailable. An understanding of the mechanism behind these evolutionary changes may

develop as more of these detailed comparisons are perfomed.
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5.1 Introduction

The ultimate goal of the post-genomic era is to determine the function and biological role of
each newly determined sequence (Orengo et al., 1999). Traditionally, small-scale functional
characterisation has been successfully carried out on single genes and proteins. Functional
genomics is an emerging field, which seeks to establish functional information for all genes or
proteins at once in a systematic fashion. Large-scale, high throughput experimental and

bioinformatic methods are being developed to further this aim (chapter I).

The starting point for such analyses is ideally a high quality transcript map, providing
experimentally verified gene sequences. The previous two chapters have described the
production and analysis of such a transcript map of human chromosome 22q13.31. The aim of
this chapter is therefore to systematically explore the potential functions of the genes
identified in this region, starting with an investigation of the range of data that can be derived
in silico from the genomic, cDNA and predicted protein sequences, before moving on to

preliminary experimental studies of protein function.

Current strategies to functionally characterise proteins generally fall into one of two classes:
bioinformatic (in silico) analysis and experimental investigation. These approaches are

outlined below.

5.1.1 In silico methods

5.1.1.1 Database searching

Bioinformatic techniques normally assign functional data by searching for well-characterised
relatives in sequence databases. This approach has proven successful although, from a formal
point of view, the hypotheses generated must be experimentally verified (Eisenhaber ef al.,

1995). Information transfer from well-studied proteins to uncharacterised gene products has to
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be done carefully, since (i) a similar sequence does not always imply similar protein structure
(Sander & Schneider, 1991) or function and (ii) the annotation of the database protein may be
incomplete or even wrong. Standard database searches may also fail to pick up distant
structural relationships. These may only be recognised from comparison of the 3D structure if
available, which is highly conserved during evolution. For these reasons, many resources that
aid computational functional characterisation of a protein at different levels have been
developed, but there is still a need for more programs to be designed. Output from such
programs provides a large amount of information, which needs to be experimentally verified

to obtain preliminary data.

5.1.1.2 Domain analysis

Many proteins are modular and have a multidomain architecture. Protein domains are multiply
adapted by evolutionary processes and often re-used in a different context. Several databases
exist that comprise of patterns or profiles of classified domains, including Pfam (Bateman et
al., 1999), PRINTS (Attwood et al., 2002), PROSITE (Hofmann et al., 1999), ProDom
(Corpet et al., 2000), SMART (Schultz et al., 2000) and SWISS-PROT and TrEMBL data
(Bairoch & Apweiler, 2000). Although somewhat redundant, they each have different
strengths (reviewed by Bork & Koonin, 1998). Several resources exist which allow the user to
search several of these databases at once and integrate the output. The current release of the
InterPro database (3.2) (Apweiler et al., 2000) is built from Pfam 6.2, PRINTS 30.0,
PROSITE 16.37, ProDom 2001.1, SMART 3.1 and the current SWISS-PROT + TrEMBL
data. This release of InterPro contains 3939 entries, representing 1009 domains, 2850 families,

65 repeats and 15 post-translational modification sites.
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5.1.1.3 Intrinsic feature analysis

Protein sequences can contain low complexity regions with a reduced residue alphabet. These
common regions can generate spurious matches between otherwise non-related proteins and
therefore must be filtered out from database searches. However, these residues may contain
useful functional and structural information and several programs exist that are designed to
predict their presence (section 5.3.1). The results must be treated with caution though as
different prediction algorithms can produce different results. Several major classes of intrinsic

features are described here.

Transmembrane regions contain helical structures with a hydrophobic exterior, adapted for a
lipid-bilayer environment. Membrane proteins often mediate communication across cell

membranes. Despite their biological and medical importance, there is very little experimental
information about their 3D structures: <1% of the proteins of known structure are membrane

proteins (Liu & Rost, 2001).

Coiled-coil proteins, containing heptarepeats with patterns of hydrophobic and polar residues,
are typically formed as bundles of several right-handed alpha helices twisted around each
other, forming a left-handed super helix (Lupas, 1996). Coiled-coils often mediate protein-

protein interaction, or form filaments and other microscopic structures.

Proteins may also contain small repeats that lead to a bias in amino acid composition and other
regions with biases towards one or several amino acids, such as proline-rich regions. Signal
peptides are an additional feature of interest and are predicted fairly accurately (Emanuelsson
et al., 2000; Nielsen et al., 1997), although signal peptides from different proteins may have
diverse sequences. Signal peptides at the N-terminal end target many prokaryotic and
eukaryotic proteins to the secretory pathway or membrane organelles (Cleves, 1997; Nakai &

Ishikawa, 2000; Nielsen et al., 1997; Thanassi & Hultgren, 2000).
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5.1.1.4 Similarity analysis

A database search using BLAST often reveals significant similarities. A recent BLASTP
search by Lander et al.(2001) revealed that 74% of known human proteins had significant
matches to other known proteins. Only in a minority of cases, however, can functional and
structural features of a homologue be transferred to the query sequence because often only

some of the features are shared.

Functional equivalence is only likely for orthologues: genes whose independent evolution
reflects a speciation event rather than a gene duplication event (Fitch, 1970). They are likely to
perform the same function in various species and hence represent a refinement over
homologues in sequence analysis and annotation. Orthologues are expected to have the highest
level of pairwise similarity between all the genes in two genomes (Huynen & Bork, 1998;
Tatusov et al., 1997; Tatusov et al., 1996). However, unambiguous assignment of human gene
orthologues on this basis alone is difficult. Current database search techniques are not able to
discriminate whether the best hit is an orthologue (and therefore potentially functionally
equivalent) or only a paralogue, i.e. a homologous member of a multigene family that shares,
at best, only some functional features with the query sequence. A large-scale ‘all-against-all’
sequence comparison of human, C. elegans and D. melanogaster proteins has shown that most
human proteins do not exhibit simple 1:1:1 orthologous relationships and only a minor

fraction of homologous relations could be classed as orthologues (Lander ef al., 2001).

Subsequent phylogenetic analysis to derive the evolutionary relationships of the identified
similar proteins can identify potential orthologous genes, but phylogenetic approaches have
inherent limitations. Different methods can produce conflicting results because of ambiguities
in identifying homologous characters of alignments, sensitivity of tree-making methods to

unequal evolutionary rates, biases in species sampling, unrecognised paralogy, functional
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differentiation, loss of phylogenetic informational content due to fast evolution and difficulties
with the assumptions and approximations used to infer phylogenetic relationships (reviewed
by Brocchieri, 2001). Additionally, phylogenetic analyses are computationally expensive and

so difficult to perform on large data sets.

5.1.2 Experimental approaches to determining protein function

Generally, only the molecular function of a protein can be transferred by analogy: it is rare
that a particular sequence motif strongly correlates with cellular function. Sometimes, only the
expression pattern and the tissue context determine the final functionality (for example, high
sequence identity and even sequence equivalence between metabolic medium-chain
dehydrogenases and eye lens crystallins (Persson et al., 1994; Piatigorsky & Wistow, 1991)).
EST databases can provide information on the tissue distribution of genes, but transcripts that
have low levels of expression, or limited spatial or temporal distribution, may escape detection
(chapter I1I). Large-scale expression analysis techniques have been developed, (chapter I).
However, the power of such analyses is limited by the current lack of a full catalogue of
human genes, once again highlighting the need for full and accurate annotation of the human
transcriptome. In addition, accessibility to, and analysis of, the mass of new data is limited, as
there is a lack of sufficiently powerful mathematical and visualisation tools for whole-genome

expression studies and most is not available on the web, or may not be publicly available.

Knowledge of the mRNA expression pattern alone, however, does not necessarily indicate
protein function. Several methods, that have been adapted for large-scale analysis of
expression and function at the protein level, have also been described, for example, mass
spectrometry of protein complexes, structural analysis and two-hybrid protein-protein
interactions. However, improved techniques are still needed for the global analysis of protein

expression, post-translational modification, protein subcellular localisation, protein-protein
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interactions and chemical inhibition of pathways. New computational technologies will be

needed to use such information to model cellular circuitry (chapter I).

5.1.2.1 Subcellular protein localisation

This chapter concentrates on techniques for analysis of subcellular localisation. The eukaryotic
cell achieves spatial and temporal regulation of biochemical reactions by a high degree of
compartmentalisation. Localisation of proteins involved in a specific network to a particular
organelle or compartment both facilitates interactions and allows the segregation of different
networks. Information is exchanged between the compartments by active transport of material

to ensure that the cell functions properly.

Bioinformatic tools have been developed with the aim of predicting protein localisation based
on features within the amino acid sequence. For instance, PSORT (Nakai & Horton, 1999)
detects in sequences the signals required for sorting proteins to particular subcellular
compartments and generates a prediction of protein localisation. However, as with all the
bioinformatic approaches described above, these predictions require experimental

confirmation.

Several papers have been published that describe efforts to generate large-scale subcellular
protein localisation techniques and are reviewed by Pepperkok ef al. (2001). The techniques
described by Ding et al. (2000), Merkulov & Boeke (1998), Pichon et al. (2000), Rolls et al.
(1999), Sawin & Nurse (1996), involve the fusion of the coding sequence of green fluorescent
protein (GFP) to either fragments from genomic libraries or individual clones from cDNA
libraries. The fusions are then expressed in cells or tissues and their subcellular localisation
determined by microscope inspection. Subsequently the respective cDNA was rescued, cloned
and sequenced. Although this research has resulted in the localisation of many previously

uncharacterised proteins, at least 50% of the cDNAs were already known and had been
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characterised (Merkulov & Boeke, 1998; Pichon et al., 2000; Rolls et al., 1999). The genome
projects have resulted in the identification of many previously unknown proteins. Individual
tagging of the full-length cDNAs encoding only these genes enhances the efficiency of these

approaches (Hoja et al., 2000; Simpson et al., 2000).

A major drawback of GFP-fusion techniques is that the reporter protein could mask targeting
signals contained within the expressed protein. For example, amino-terminal fusions of GFP
to target proteins have been shown in some cases to block signal sequences associated with
import into mitochondria and endoplasmic reticulum (Simpson et al., 2000). Different
versions of full-length GFP-fusions, tagged at either the amino or carboxyl terminus, can be
generated and compared to try to circumvent this risk (Simpson et al., 2000) but it is unclear

what affect the position of the GFP fusion has on less well-characterised signal sequences.

5.1.3 Summary

This chapter describes the use of a variety of approaches to functionally characterise 27
complete protein-coding genes, including the initial characterisation of 15 previously
unstudied novel genes. Bioinformatic approaches, including domain and secondary structure
predictions and phylogenetic analyses, were combined with expression and subcellular
localisation studies, to increase understanding of the function of the proteins encoded within

22q13.31.

5.2 Previously published functional data

This thesis has described the production of a high quality transcript map of human
chromosome 22q13.31. Thirty-nine genes have been found within this genomic region. One of
these, dJ222E13.C22.7, encodes a snoRNA involved in splicing of U12-dependent introns
(Montzka & Steitz, 1988). The remaining 38 gene structures potentially encode peptide

sequences. Eleven of these structures, however, remain only partially complete. The remaining
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27 “full’ genes, which have an experimentally verified, unambiguous ORF with a defined start
and stop codon, are included in the preliminary study of functional characterisation described
in this chapter. Additionally, 15 different gene isoforms have been identified from expressed
sequence evidence and are included for functional characterisation. In all, analysis of 42

potential protein sequences is described in this chapter.

Database searches with the nucleotide and predicted amino acid sequence of the 27 full genes
showed that 12 of them had previously been cloned and the mRNAs and/or encoded proteins
have undergone a range of functional classification analyses. A brief description of what is
currently known about each of the mRNAs and/or proteins is contained in table 5.1. Where
possible, the SwissProt protein accession number has been listed. SwissProt entries are not yet
available for cB33B7.C22.1, and PACSIN2, but some functional characterisation of these
proteins has previously been described. ARFGAP1 and TTLL1 also do not have a SwissProt
entry, but have been analysed at the mRNA level. EMBL accession numbers for these genes

are listed overleaf.
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Table 5.1: The available functional information for 12 mRNAs and/or proteins encoded within human
chromosome 22q13.31. Functional descriptions are summarised from the referenced papers.

Gene Accession A brief description of functional characterisation References
DIA1 Sw:P00387 Desaturation and elongation of fatty acids, cholesterol Yubisui et al., 1984;
biosynthesis, drug metabolism. Methemoglobin reduction ~ Shirabe ef al., 1991
in erythrocytes (functional assay).
cB33B7.C22.1 Em:AB037883 Globotriaosylceramide (Gb3)/CD77 synthase (al,4- Kojima et al., 2000;
galactosyltransferase). Transfection in L cells produces Steffensen et al., 2000
neosynthesis of Gb3/CD77 and sensitivity to Shiga-like
toxins. Cell extracts show al,4-galactosyltransferase
activity (functional assay). The genetic basis of the p histo-
blood group phenotype.
ARFGAPI1 Em:AF111847 Possible role in the function of sperm (by similarity). Zhang et al., 2000
PACSIN2 Em:AAD41781  Binds to endocytic proteins, inhibits endocytosis Ritter et al., 1999
(functional assay).
TTLL1 Em:AL58967; Possible role in the post-translational modification of a- Trichet et al., 2000
Em:AL096883;  tubulins (by similarity).
Em:AL096886;
Em:AF104927
BIK Sw:Q13323; Accelerates programmed cell death. Binding to BCL-X, Boyd et al., 1995;
Sw:Q16582 BHRFT1 or BCL-2 represses this death-promoting activity Castells et al., 1999;
(functional assay). Chittenden et al., 1995;
Han et al., 1996
BZRP Sw:P30536 Manifestation of peripheral-type benzodiazepine Riond et al., 1991
recognition sites. Contains binding domains for
benzodiazepines and isoquinoline carboxamides. Role in
the transport of porphyrins and heme (functional assay).
C220rfl Sw:015442 Possible role in CNS development (by similarity). Schwartz & Ota, 1997
NUPS50 Sw:Q9UKX7 Associated with the nuclear pore (by similarity). Trichet ef al., 2000
UPK3 Sw:075631 Part of the asymmetric unit membrane (AUM). Possible Yuasa et al., 1998
role in AUM-cytoskeleton interaction in terminally
differentiated urothelial cells. Role in the formation of
urothelial glycocalyx, which may be involved in
preventing bacterial adherence (by similarity).
FBLN1 Sw:P23142; Secreted into the extracellular matrix (functional assay). Argraves et al., 1990
Sw:P23143;
Sw:P23144;
Sw:P37888,;
Sw:Q9UGR4
E46L Sw:Q9UBB4; Defects in SCA10 (E46L) result in spinocerebellar ataxia Matsuura et al., 2000
Sw:014998; type 10, an autosomal dominant disorder characterised by
Sw:015009; cerebellar ataxia seizures. The molecular basis of the

disease is due to an ATTCT nucleotide repeat expansion in
intron IX.

5.3 In silico analysis

The remaining fifteen full genes were not identified in database searches of previously

characterised nucleotide or protein sequences. A range of in silico analyses was therefore

performed on the predicted protein sequences to investigate the presence of any domains or

intrinsic sequence features that may give an indication of potential function. The twelve
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previously characterised sequences were included in these analyses to provide a useful control

and to possibly uncover additional information about them.

5.3.1.1 Intrinsic feature analysis

A large number of programs are available, which recognise features of a protein sequence that
may be consistent with a range of secondary structural characteristics. The PIX suite of protein
analysis programs provides predictions of secondary structures (DSC, Simpa96), low
complexity regions and long/short globular domains (Seg), coiled coil predictions (Coils),
transmembrane regions (Tmpred, Tmap and DAS), helix-turn-helix predictions (HTH), signal
peptide predictions (Signal, Sigcleave), antigenic regions (Antigenic) and enzyme digest

predictions (Digest) (http:// www.hgmp.mrc.ac.uk/Registered/Webapp/pix/). An advantage of

using PIX is that results from these programs are displayed together, so similarities and
differences from different algorithms can be noted. Individual amino acid properties including
acidity, polarity, hydrophobicity, aromaticity, charge and size are also included in the PIX

display output.

An example of the PIX output is displayed in figure 5.1. The results from the other 41
complete protein sequences are catalogued in appendix 7 and an overview is provided in
figure 5.2. PIX can also provide output from limited domain and motif database searches of
the SPTREMBL, ProDom, Pfam, Blocks and Prosite databases. The results of a more
comprehensive search are addressed in section 5.3.2 and so are not included here.

This analysis of dJ222E13.C22.1 (isoform a) shows that the two predictions of secondary
structure prediction provided by DSC and Simpa96 generally agree, although several
discrepancies are noted in the sizes of the predicted a-helix and B-strand regions. Both
programs also predict beta strand regions that are not supported by the other. Two possible

transmembrane regions are supported by more than one prediction program (Tmpred, TMAP
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and DAS, and Tmpred and DAS respectively). These, as expected, correspond with
hydrophobic regions of the peptide sequence. The existence of supporting predictions provides
additional confidence in predictions of secondary structure. Use of two different matrices of
the Coils prediction program supports the existence of a coiled coil region between the two
transmembrane sections of the peptide. Again, as expected, this corresponds to a low
complexity segment of the sequence. Of further note in this analysis is the consensus reached
by Sig and Sigcleave of a potential signal sequence at the N terminal of the peptide. This

occurs between amino acids 47 and 48 and may indicate the existence of a signal peptide.

5.3.1.2 Overall results

An overview of this analysis is shown as part of figure 5.2. Thirty-seven of the 42 protein
sequences (86%) contained at least one consensus prediction of a transmembrane region.
BZRP contains the most (five) and has previously been described as an integral membrane
protein (Riond ef al., 1991). Similarly, UPK3 is predicted to contain three transmembrane
regions and has previously been shown to be a type I membrane protein (Yuasa et al., 1998)
found in the asymmetric unit membrane (table 5.1). The remaining 35 proteins contain
between one and four consensus predictions of transmembrane regions and might play a wide

variety of roles in transmembrane communication, cell signalling etc.

Twelve protein sequences (29%) contained coiled-coil regions that were predicted by more
than one program. Ten of these also contained transmembrane regions. Involvement of coiled-
coil proteins with protein-protein interactions and formation of structural microfilaments has
previously been noted (Creighton, 1993). The proteins in which coiled-coil regions form more
than 50% of the predicted structure, ARFGAP1, PACSIN2, bK414D7.C22.1, dJ671014.C22.2

and dJ102D24.C22.2, may be particularly likely to be involved in these processes.
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Interestingly, no helix-turn-helix regions were predicted in any of the protein sequences
queried. The helix-turn-helix motif is often observed in proteins that have no other structural
similarities. Often found in transcription factor proteins, it protrudes from the protein structure

in order to penetrate the DNA major groove (Creighton, 1993).

N-terminal signal peptides were predicted to be present in dJ222E13.C22.1a, ARFGAPI,
bK268HS5.C22.4, UPK3, and all four isoforms of FBLN1. The export of FBLNI1 to the
extracellular matrix and UPK3 to the asymmetric unit membrane has previously been
experimentally confirmed (table 5.1). The subcellular location of dJ222E13.C22.1a,
ARFGAPI and bK268H5.C22.4 may also be directed by possible signal peptide motifs. The

subcellular location of all the proteins described here is investigated more fully in section 5.4.
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Figure 5.1: PIX display out put showing analysis of the translated coding sequence of dJ222E13.C22.1
(isoform a).

The sequence is displayed in several colour schemes in order to highlight various aspects of the sequence.
The key is shown below: letters refer to amino acid symbols.

Sequence: Normal (rasmol) colouring. DE bright red; KR blue; G light grey; A dark grey; H pale blue;
CM yellow; ST orange; NQ cyan; LVI green; W pink; P flesh.

Acidity: Acidic/Basic (Red=acidic, Blue=basic). DE red; RKH blue.

Polarity: Polar (Red=Polar). RNDQEHKSTWY red.

Hydrophobicity: Hydrophobic (Red=Hydrophobic). ACGILMFPSTWYYV red.

Aromaticity: Aromatic/Aliphatic (Red=Aromatic, Blue=Aliphatic). HFWY red; ILV blue.

Buried: Surface/Buried (Red=Surface, Blue=Buried). RNDEQGHKPSTY red; ACILMFWY blue.
Charge: Positive/Negative charge (Red=Positive, Blue=Negative). RHK red; DE blue.

Size: Tiny/Small/Large (Red=Tiny, Green=Small, Blue=Large). AGS red; NDCPTYV green;
REQHILKMFWY blue.

DSC & Simpa96: Prediction of protein secondary structure. Coil region white; alpha helix magenta; beta
strand yellow.

Seg: segment sequence by local complexity. Low complexity region green.

Seg short/long: prediction of short/long non-globular regions. Non-globular region green.

Coils MTK/MTIDK, wt/uwt: prediction of solvent-exposed left-handed coiled coils. ‘Excellent’ prediction
light brown; ‘good’ prediction mid-brown; ‘marginal’ prediction dark brown.

Tmpred, TMAP, DAS: prediction of transmembrane segments. ‘Excellent’ prediction light purple; ‘good’
prediction mid-purple; ‘marginal’ prediction dark purple.

HTH: Helix-turn-helix prediction.

Signal/Sigcleave: Signal sequence prediction.

Antigenic: prediction of antigenic regions of protein sequence. antigenic red.

Digest/trypsin: prediction of peptide fragments produced by digestion with trypsin. (Key adapted from
Williams and Faller M. (1999) (http://www.hgmp.mrc.ac.uk/Registered/Webapp/pix/).

5.3.2 Domain Analysis
InterPro 3.2 was searched to identify possible domains, families, repeats or post-translational

modification sites contained within the translated full coding sequences annotated within
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22q13.31. Where possible, InterPro attaches potential functions to the domains. The coding
sequences of known alternatively spliced gene structures were included in the search to

identify whether the alternative splice altered the domain content of the protein sequence.

A diagram of each peptide showing InterPro features (depicted above the line in each diagram)
and transmembrane, coiled coil regions and potential N-terminal signal peptides (depicted
below the line in each diagram), is shown below in figure 5.2. Minimum (dark shades) and
maximum (light shades) lengths of a particular predicted protein feature are shown where two
or more prediction programs gave conflicting results. The domain descriptions are listed in

table 5.2 below.

Table 5.2 shows that overall 16 of the 27 protein coding (ignoring alternative splice forms)
contained a domain or other InterPro feature. Six of these were identified as multidomain
genes. Interestingly, the alternative splice forms of dJ222E13.C22.1, dJ222E13.C22.3 and
bK1191B2.C22.3 contained different numbers of domains. This could mean that the different
alternative splice forms encode proteins with different, or modified, functions. Domains noted
in the genes DIA1, BIK, C22orfl, and FBLN1 support previously published functional studies
(table 5.1). No known domains were found in BZRP, NUP50, UPK3 or E46L, which is also

consistent with published reports.
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Figure 5.2 incorporates results from both the secondary structure and domain analysis to allow

an overview of the amino acid sequence contents.

Protein Length Interpro feature 250 500 750
(No. | | I
amino Scale: No. amino acids
acids)

dJ222E13.C22.1a 314 IPR000073 I

IPR000379
IPR003089 ? m
dJ222E13.C22.1b 134 —
dJ222E13.C22.1¢ 250
THTI W
dJ222E13.C22.3a 451 IPR0000504 m
dJ222E13.C22.3.b 391
!
DIAI 301 IPR001230 |
IPR0O01221
IPR001433 %
IPR001709 1L 0B I
IPRO01834 il 0
1]
cB33B7.C22.1 353
il | T N
ARFGAPla 516 IPRO01164 F
SN  E—
ARFGAP1b 472 IPRO01164 F
ST E—
PACSIN2a 486 IPR001452 o0
IPRO01060 I
N |
PACSIN2b 445 IPR001452 imml
IPRO01060 E-j
TTLLla 394
|
TTLLI1b 385
| TT I
TTLLIc 423 - —
TTLL1d 422
I I
BIK 160 IPR000712 i
bK1191B2.C22.3a 357 IPRO01617
IPR001227
bK1191B2.C22.3b 180 IPRO01617
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FBLNI1b 601 IPR0O00152

IPR000561 Eﬁ é é é
IPR000020

] 3 3
A

FBLNIc 683 IPR000152
IPRO00561
IPR000020 [EEE E

FBLN1d 703 IPR0O00152
IPR000561
IPR000020
IPR0O01881

“ aﬂééé
r r
i

E46L 475

Different isoforms are denoted by a, b, ¢ etc. InterPro features are shown above the line.
Transmembrane regions, coiled coil regions and predicted signal peptides are denoted below the
line.

[0 Maximal predicted transmembrane region, predicted by >=1 program
Il Minimal predicted transmembrane region, predicted by >1 program
[[] Maximal predicted coiled coil region, predicted by >=1 program

B Minimal predicted coiled coil region, predicted by >1 program

* N terminal signal peptide, predicted by >1 program
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Table 5.2: Domain-containing proteins. The domain, InterPro accession number and potential function are

listed.
Protein InterPro Title InterPro function
accession
dJ222E13.C22.1a IPR000073 Alpha/beta hydrolase fold
IPR000379  Esterase/lipase/thioesterase family active site enzyme
IPR003089  Hydrolases hydrolase
dJ222E13.C22.1b IPR000379 Esterase/lipase/thioesterase family active site enzyme
IPR003089  Hydrolases Hydrolase
dJ222E13.C22.3.a  IPR0000504 RNA-binding region RNP-1(RNA recognition motif) nucleic acid binding
DIAL1 IPR001230  Prenyl group binding site (CAAX box)
IPR0O01221 Phenol hydroxylase reductase family
IPR001433 Oxidoreductase FAD/NAD-binding domain electron transfer
flavoprotein
IPRO01709  Flavoprotein pyridine nucleotide cytochrome reductase electron transfer
flavoprotein
IPR001834  FAD/NAD-binding cytochrome reductase/cytochrome
BS reductase
IPR0O01834 FAD/NAD-binding Cytochrome reductase/cytochrome  electron transfer
BS reductase flavoprotein
ARFGAPla & b IPRO01164 Zinc-finger GCS-type DNA binding
PACSIN2a & b IPR001060 Cell division control protein 15 (CDCI15)
IPR001452 Src homology 3 (SH3) domain
BIK IPR000712 Apoptosis regulator protein, Bcl-2 family BH domain  apoptosis regulator
bK1191B2.C22.3a  IPR001227 Acyl transferase domain transferase
IPROO1617 ABC transporters family
bK1191B2.C22.3b  IPR001617 ABC transporters family
C22orfl IPR000934 Serine/threonine specific protein phosphatase phosphatase
SULTX3a &b IPR000863 Sulfotransferase sulfotransferase
bK414D7.C22.1 IPRO01715 Calponin homology (CH) domain actin binding
dJ671014.C22.2a  TPR0O01715 Calponin homology (CH) domain actin binding
&b
ARHGAPS IPR000198  RhoGAP domain
IPR0001251  Cellular retinaldehyde binding protein (CRAL)/Triple
function domain (TRIO)
dJ127B20.C22.3 IPR001965 PHD-finger DNA binding
bK268HS5.C22.4 IPR0O01472  Bipartite nuclear localisation signal
FBLNla,b,c & d IPR000020 Anaphylotoxin domain plasma glycoprotein
IPR000152 Aspartic acid and asparagine hydroxylation site
IPR000561 EGF like domain
IPR001881 Calcium-binding EGF _like domain calcium binding

5.3.3 Orthologues

Additional functional information about a protein can be derived from a previously

characterised orthologous gene. Potential orthologues of the 27 full protein sequences from

22q13.31 were identified as described below. The full criteria for database searches and tree

construction are listed in chapter II.
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Refined data sets of homologous sequences from BLASTP searches of the NCBI
nonredundant protein sequence database showed that 25 of the proteins had significant
matches to known proteins. These sequences were aligned using clustalw (Thompson ef al.,
1994) and results visualised using belvu (Sonnhammer, unpublished). Neighbour Joining
(NJ)-tree analyses of the datasets were then produced using the Phylowin package (Galtier et
al., 1996), in order to distinguish between potential orthologues and paralogues amongst the
similar sequences. Additionally, the chromosomal position of potential mouse orthologues
was verified as far as possible by searching with the nucleotide sequence against the available

mapped mouse genomic sequence (http://mouse.ensembl.org) using BLAST. In all cases, the

potential mouse orthologues were positioned on mouse chromosome 15, within a region that
demonstrates conserved synteny to human chromosome 22 (chapter IV). Literature searches
were then undertaken to ascertain if any of the candidate orthologues had previously been
functionally characterised. An example of this analysis is provided by dJ222E13.C22.1, shown

below.

Figure 5.3 shows an alignment of five similar protein sequences identified from BLASTP
searches of the NCBI protein sequence database with the predicted protein sequence of the
human gene dJ222E13.C22.1. The phylogenetic comparison of dJ222E13.C22.1 and the
similar proteins, shown in figure 5.4, segregates the human and mouse proteins into a
potentially orthologous group. Comparison of the Mus musculus protein sequence
NP_075964.1, against the NCBI nonredundant protein sequence database using BLAST,
confirmed that the potentially orthologous pair were the two most similar known proteins
found between the two organisms. Additionally, the nucleotide sequence of NP_075964.1 was
compared against the available mouse genomic sequence using BLAST, in order to verify, as

far as possible, chromosomal position using the Ensembl mouse database
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(http://mouse.ensembl.org). NP_075964.1 was localised to the region of mouse chromosome

15 with conserved synteny to human chromosome 22q13.31.

Literature searches were then carried out to determine if NP_075964.1 had previously been
characterised. Sadusky et al. (2001) describe that this murine protein encodes Serhl, which
immunolocalises to perinuclear vesicles when transiently expressed in muscle cells in vitro.
The mRNA is expressed in murine skeletal muscle and undergoes increased expression in
response to passive stretch. In comparison, expression of dJ222E13.C22.1 is noted in skeletal
muscle and a range of other tissue (chapter III), although analysis of subcellular localisation
(see section 5.4) does not indicate localisation to perinuclear vesicles, but instead suggests
localisation in the cytoplasm. Both the mouse and human proteins contain putative o/
hydrolase folds and a serine hydrolase active centre (figure 5.2). Sadusky et al. (2001)
conclude that Serhl’s expression pattern and response to passive stretch indicate that it may
play a role in normal peroxisome function and skeletal muscle growth, in response to

mechanical stimuli.

dJ222E13.022.1

dJ222E15,022,1 1 LMSEN oo AAPGLISEL KEAYPWERTAAKANESL OGPPYL CEHEWLDNASSFORL
Mmus_NP_075964.1 L it ieete et e MGLHSELKLAVPWEHTAL KWHGSOKNPPYL CLHEWLONANSFORL
Dmel _CG7E32 1 ovenns MKW SRELFLLKULPHYRNSSSGPTKRFKILNKHF DEISEFY¥PWGHI S GRLYGP K HY RPIWVGHHEWUONAGTFOTL
Dmel _CAAD4153,1 1 HGQTE\f’FlF!TTFlF!QSF'F!FlELSPETNGQTEEPLQLLGEDSMEEFEIQVPNGT\IEQKMNGSKEEQPIIHLHGL\IQDNEGSFDEL
Dmel_CG15873 O 15 DFKEYRIPAPWGEHISGRIFGENRT ERPILATHGEWLONL GEFORL
Paer_NP_260313.1 L i it ety MSLOVEEVRESEPHIELARHLEGPPOGKPYI ALHGWL DNAMSESEL
dJezzEl3.ca2,1 52 IPELPODFYYYAMOFGEHGLSSHY SEGYPYYLR, TFMSEIRRMY AALKWHRFETEGHSF GEYY GGMEF CTEPEMYOKETL

Mmus_NP_075964.1 45 IPLLPODFCYHMAMOFGGHEL SSHYMPELPY YL, HFWMSEVRRWAT AFKWNOFTELGHSF GECYGETEACMEPEMVOKLEIL
Dmel _CG7E32 76 APLLPSHLSFLSIOAPGHGLSSLLPRGTSYHST , BLWL I TRREMEEY NWOKT STUAHSMS ST MGFYRESALEPDKWIL FMG
Dmel_CAAD415E3,1 81 CPLLPADTSILATOLPGHGKSSHYPMEMIYFTFWBGECLIRREYRIY MWK MNYTEEGHSL GRAL TFMYAASERT EWVEKETH
Dmel CG15879 48 IPLLPDYIGYLCIOLPGHGERSAHIORGEMHYAY N, OYML LI FR¥MKEY GWSKYSLMGHSLGET ISFYT SLAPDTWOMYELS
Paer_HP_Z2G50313,1 47 APKLAG, LRIVALDFAGHGHSAHRAEGASYLLL, BY ALDYL MAE DL GWERFSEEGHSMGATWSYLL AGALPERTEREAL

i)

dJ222E13.C022.1 131 BOTPLFLLESDEMENLLTYKRRRIEHVLUYEASWEPS, .. .. HYFSLKEALLARLLEK . SHSHLSEECGELEERRGT TKYAT
Mmus_HP_075964.1 125 LDSTPFFLOSMEMENILTYRRRMIEHTLOVEASOKKSL, , ., RAVSPEEMLAGFLN, NMSHLDKOCGELTLARGT TKVIA
Dmel _CG7E32 155 LOVLKEPYRSA, , RGIVDSLTERTESALKLERRLKSG, , SEPRAYDLDALYTRLHEGSNKSYSTOACKY LLARNCKPSTH
Dmel_CAAD4153,1 lel IOIAGRTYRGT, .URMAEGTGRALDKFLOYETLPESKA. , ., PCYSYDEMIKLYLDAYDGSYDEPSYRYLMNREMRHNPS
Dmel _CG15879 127 LOILLPLSKDP,  KTWIKYLMHSLDKHLYEEERUWEGHLHEPRSYTLARLTAVLAKGSONSYTPEF ARHLEHRUVSKSOL
Pasr_NP_250313,1 125 EOGLIBYTGEA,..... DKAPAKLGEALKAGDLALRHER, , , KBVYAELEKAYEARMRGYRETSREAREL EAAREGLEPYPG

dJ222EL13.C22,1 205 G, ..LVYLNEOOREAWAENSIOFISRELCAHSIRKLA. AHYLLIKAYHGYFDSR, UNYSEKESLSFMIDTMKSTLKEUFQR
Mmus_HP_075964,.1 200 G, ., LYLHEORRISWFPENSFOFWSKEMFWHSARSLE. ASYLYIKALOGY DY RRANDADKAPMHFMYDTLRSTLKEREGAF

Dmel_CGre32 231 EPHKYYFSRONRLKS, . SLFYTLHOEVPHEMARRIK. CPHLFIKALG, . ... APTYERKEYFOEVLAELQKH. PLEEY
Dmel_CAARD4153,1 235 K,MGYLFARDLELKWS. | LLGMFTAEUTLATARUIR. CRYLNIRGIP, .. .. .. GMKFETPUVYADWIATLRENARKYWY
Dmel _CG15573 205 YPORFFFSROGRMKY , . vYSHLAMEPEF GEALYKRIRRIPCLITKGSK, ...y . SOFVEAR, . TEKAYATLRONNFHFER
Pasr_NP_250313.1 196 G,. . YTWRTOARETLP, , SPLRLTUAHALHFYRSWYECPWSLYEAEDG, (o vv v v vns s MLAVEPRMRALLETLPEER

dJ222F13,C022,1 280 WEMPG, NHCYHMSERAHYASTHSSELO, CTHMLPALL , o4 v v v v v e s v vssrssranrsrssvanrs 314
Mmus_NP_075964.1 276 VEWRG, NHYIHMNKF‘Q\NQG\NGPFLQGLQEMTSQRL . 311
Dmel_CG7e32 300 HEWEG. THHYHENMEREKYAPLENSFIMRYRPL. 330
Dmel_CAAD4153,1 304 VEMBEG, THHLHLWTRORYAFHEIRFLKERA, ., .\ 331
Dmel _CG15879 274 EMEGGTHHVHLHAREECERY BvPETRHHRPPAL TENS] S6KEEN] SAEERRRODERFFRRSTHAKSKL 342
Pasr_HP_250313.1 257 HHERG. GHHLHEDDEAGAUAYARYEAARFFAR. o ot ittt i it cieineeraananeaanensn 286

Figure 5.3: Clustalw alignment of the amino acid sequence of dJ222E13.C22.1 against five homologous
protein sequences identified from a BLASTP search of the NCBI nonredundant protein sequence

database.
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& species, mean length : 291 {pairwise gap removal)
Neighbor Joining Method

PAM distance 0.258
500 bootstrap replicates

D, dJ222E13.C22.1

M.mus NP 075964.1

D.mel_CAA04153.1

D.mel CG15879

D.mel_CG7632

P.aer NP_250313.1

Figure 5.4: Phylogenetic tree derived from the above alignment using the Phylowin package (Galtier et al.,
1996). The human protein dJ222E13.C22.1 from chromosome 22q13.31 is highlighted in red. The distance-
based tree making method used was the Neighbour-joining method (Saitou & Nei, 1987). The numbers
circled in red show the percentage number of times each branch was reproduced from 500 bootstrap

replications (chapter II).

Table 5.3: Key to figures 5.3 and 5.4, showing title, organism and accession number of protein sequences.

Gene Title Organism NCBI Accession
dJ222E13.C22.1 H. sapiens

M.mus NP_075964.1 serine hydrolase protein M. musculus 2i|13443008|refINP_075964.1
D.mel CAA04153.1 kraken D. melanogaster  gi|2274926/emb|CAA04153.1|
P.aer NP _250313.1 probable hydrolase P. aeruginosa gi|15596819|ref]NP_250313.1]
D.mel CG15879 CG15879 D. melanogaster ~ gi|7292201|gb|AAF47611.1|
D.mel CG7632 CG7632 D. melanogaster gi|7296419|gb|AAF51706.1|

Similar analyses were carried out on all proteins (appendix 8). Interestingly, in two cases,
pairs of proteins from 22q13.31 were shown to be similar to each other and were therefore
included in the same phylogenetic trees (figure 5.5). dJ671014.C22.2 and bK414D7.C22.1
share 42.8% identity at the protein level. Olski ez al. (2001) has named these genes - and -
parvin, part of the parvin subfamily, but these members have not previously been functionally
characterised. Similarly, dJ549K18.C22.1 and the partial gene dJ388M5.C22.4 were shown to
share 38.3% identity at the protein level. Phylogenetic analysis of these four proteins showed
that each 22q13.31 protein clustered with its potential mouse orthologue. More distantly

related proteins from C.elegans and D.melanogaster were not shown to cluster in this way.
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Several trees also identified segregated orthologous groups, clearly distinguishing the
22q13.31 protein from similar paralogous human genes: DIA1, cB33B7.C22.1, ARFGAPI,
PACSIN2, TTLL1, C22orfl, SULTX3, ARHGAPS and bK268H5.C22.4. The separate groups
may serve distinct cellular functions in the human body. Other trees highlighted groups of
similar proteins whose sequences were highly conserved across different species: BIK,
bK1191B2.C22.3, BZRP, dJ526114.C22.2, CGI-51, NUP50, bK268H5.C22.1, UPK3 and
E46L. Interestingly, bK1191B2.C22.3 demonstrated extensive potential orthology with both
eukaryotes and prokaryotes, suggesting that the gene encodes an essential protein conserved

throughout evolution.

Overall, these results showed that paralogous sequences identified within each organism are
generally more different from each other than they are from their orthologues in other species.
This suggests that the paralogues have differing functions within a species, which may be

conserved in orthologous proteins in other species.

Over 20 potential orthologues had undergone some functional characterisation, which could be
potentially transferred to 14 genes from 22q13.31. These results are shown in table 5.4. In two
cases (dJ222E13.C22.1 and bK1191B2.C22.3), identification of these orthologues provides
the first preliminary functional characterisation of these novel genes from 22q13.31. In other
cases, these results confirm, update and extend previous phylogenetic analyses of these protein
groups. The domain and secondary structures of the potential orthologous proteins were
reanalysed using the InterPro database and PIX analysis programs, to allow comparison
between the human protein and its putative functionally characterised orthologue. An

overview of these results is shown in figure 5.6.
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Figure 5.5: Phylogenetic trees derived using NJ methodology from clustalw protein alignments

(Phylowin, Galtier ef al. 1996). Proteins from 22q13.31 are highlighted in red. Other protein

identifiers are listed in appendix 8.

A: Potential phylogenetic relationship between dJ388MS5.C22.4 and dJ549K198.C22.1

B: Potential phylogenetic relationship between dJ671014.C22.2 and bK414D7.C22.1

C: Phylogenetic tree showing relationship of bK1191B2.C22.3 to >30 potential orthologues
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Table 5.4: Potential orthologues of proteins from 22q13.31 identified by phylogenetic analysis.
Sequence identifiers are provided in appendix 8.

function of the human protein. Calcium-
dependent binding to basement ligands
(functional assay.

Gene Functionally characterised Function Author
putative orthologue
Accession Organism
dJ222E13.C22.1 Em:CAC20674 M. mus Immunolocalises to perinuclear vesicles; Sadusky et al., 2001
induced by passive stretch of skeletal
muscle in vivo
DIA1 SW:P07514 B. tau Sequence analysis and functional assays to  Ozols et al., 1984;
test catalytic activity are consistent with Strittmatter et al., 1992;
the function of human protein. Tamura et al., 1987
SW:P20070 R. nor Sequence analysis is consistent with the Murakami ef al., 1989;
function of human protein. Pietrini et al., 1988;
Zenno et al., 1990
cB33B7.C22.1 Gb:AAF82758 R. nor Gb3 synthase activity consistent with the Keusch et al., 2000
human protein.
bK1191B2.C22.3 >30 >30 Essential enzyme in the biosynthesis of
fatty acids. Catalyses the transacylation of
malonate from malonyl-CoA to activated
holo-ACP, to generate malonyl-ACP, an
elongation substrate in fatty acid
biosynthesis.
PACSIN2 Gb:AAD41780 M. mus Protein localised to cytoplasm. Ritter et al., 1999
Gb:AAF22213  R. nor Colocalises with proteins involved in Qualmann & Kelly,
endocytosis and actin dynamics. 2000
Em:CAA90678 G. gal Localises to focal adhesion sites. Merilainen et al., 1997
Em:CAC17814 X lae Localised to cytoplasm and membrane Cousin et al., 2000
ruffles. Colocalises with ADAMI13 in
migrating neural crest cells during
embryonic development. Binds ADAM13
in vitro and rescues developmental
alterations induced by over expression of
ADAMI13.
BZRP SW:P50637 M. mus Manifestation of peripheral-type Taketani et al., 1994
benzodiazepine binding sites. Possible role
in porphyrin transport.
SW:P16257 R. nor Manifestation of peripheral-type Casalotti et al., 1992;
benzodiazepine binding sites. Contains Sprengel et al., 1989
benzodiazepine and isoquinoline
carboxamide binding domains.
SW:P30535 B. tau Manifestation of peripheral-type Parola et al., 1991
benzodiazepine binding sites.
dJ549K18.C22.1 Gb:AAK68636 M. mus mRNA restricted to adipose tissues. Baulande et al., 2001
mRNA levels fall under fasting conditions,
but increase under high carbohydrate diet.
Protein localises to membranes, absent
from the cytosol.
bK414D7.C22.1  Gb:AAG27172 M. mus Member of parvin family. Other members  Olski et al., 2001
may be involved in cell matrix adhesion
dJ671014.C22.2 Gb:AAG29542 M. mus See bK414D7.C22.1
NUP50 Gb:AAF70057 M. mus Cyclin E-mediated elimination of p27. Muller et al., 2000
UPK3 SW:P38574 B. tau Sequence analysis consistent with the Wu & Sun, 1993
function of the human protein.
FBLN1 SW:Q08879 M. mus Sequence analysis consistent with the Pan et al., 1993
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Figure 5.6 shows that putative functional domains are generally conserved between
the 22q13.31 proteins and their functionally characterised putative orthologues.
Exceptions were observed in the bovine version of DIA1, which appears to lack a
prenyl group-binding site (IPR001230) and prokaryotic versions of bK1191B2.C22.3,
which lack a sequence feature conserved between ABC transporter proteins
(IPRO01617). Additionally, small differences are seen in the number of SH3 domains

present in orthologues of PACSIN2.

Discrepancies are also seen in the results of similar functional assays previously
carried out on the orthologous proteins (table 5.4). For example, the subcellular
localisation of the PACSIN2 chicken orthologue FAP52 to focal adhesion sites
(Merilainen et al., 1997), has not been reported in similar experiments involving the
mouse, rat and Xenopus orthologues (Cousin et al., 2000; Qualmann & Kelly, 2000;

Ritter et al., 1999).
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Chapter V Functional characterisation of protein coding genes from 22q13.31

Potentially, the functional evidence derived from orthologous proteins could be transferred to
the human versions. However, this approach must be tentative for several reasons. The
techniques described here identify only putative orthologues — confirmation requires
completion and accurate annotation of the model organism genomes. Even then,
complications arising from gene duplication and other evolutionary mechanisms mean that,
for many genes, simple orthologous relationships cannot be discerned (Lander et al., 2001). In
addition, as shown above, differences can exist between a protein and its putative orthologue,
which may or may not affect function. Potential functional characteristics transferred between
orthologous proteins must therefore be experimentally verified. Nevertheless, this study of
putative orthology provides a starting point for future investigation of the functional

characteristics of the proteins encoded within 22q13.31.

5.3.4 In silico prediction of subcellular localisation

The subcellular localisation of a protein can have a large affect on function (section 5.1). It
was therefore decided to experimentally determine the subcellular localisation of a subset of
the proteins encoded within 22q13.31 (section 5.4). An additional in silico investigation was
undertaken (see below), in order to compare the results to those generated from the

experimental system.

5.3.4.1 PSORT prediction of protein subcellular localisation

The program PSORT (Nakai & Horton, 1999) was used to detect sorting signals in the 42
peptide sequences (including known alternative splice forms) and predict their subcellular
localisation. These results are shown in figure 5.7. The horizontal bars depict the probability
of protein localisation at a particular location: the longest bar shows the most likely subcellular
localisation according to the PSORT algorithm. Protein localisations that generated a

probability value of less than 0.12 were classed together as ‘Other’.
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Figure 5.7: Predicted subcellular localisation (PSORT, Nakai & Horton, 1999). The length of each

coloured horizontal bar depicts the probability of localisation at a particular cellular location.

The most common predicted subcellular locations for this group of 42 proteins is the nucleus
(33%), the cytoplasm (30%) or both (9%). One protein (bK268H5.C22.4) was predicted as
equally likely to be found in the nucleus, cytoplasm or mitochondria. A further three proteins,
bK1191B2.C22.3a, C220rfl and ARHGAPS, were predicted to contain mitochondrial
localisation signals, whilst DIA1 was predicted to be localised to the endoplasmic reticulum
(ER). FBLNI1 and UPK3 localisation was predicted to be the extracellular matrix and, in the

case of UPK3, also in the plasma membrane.

The subcellular localisations of seven of these proteins are already known from experimental
data in the literature. The PSORT predictions were compared with these experimental derived

localisations. The four isoforms of FBLN1 were correctly predicted as secreted into the
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extracellular matrix (Argraves et al., 1990). DIA1 was correctly predicted to be localised to
the endoplasmic reticulum but is also found in mitochondrial and other membranes, as well as
existing in a soluble form in erythrocytes (reviewed in OMIM Accession: 250800). PSORT
predicted BZRP to be localised in the nucleus, whereas it has previously been shown to be an
integral membrane protein in the mitochondria (Hirsch et al., 1998; Mukherjee & Das, 1989),
although other localisation results have been noted for this protein (Olson ef al., 1988). BIK
was predicted as being localised in the cytoplasm, but has previously been placed around the

nuclear envelope and cytoplasmic membranes (Han et al., 1996).

PSORT therefore demonstrated an accuracy of 71% in these seven cases. However, four of
these peptides are isoforms of the same gene, FBLNI. If these are excluded, the success rate
falls to 50%, highlighting the necessity for experimental verification of predicted protein

characteristics.

5.4 Experimental analysis of subcellular localisation

5.4.1 Overall strategy

The approach used included the cloning of full-length cDNAs, generated by RT-PCR, derived
from the genes encoded within 22q13.31. The generated clone inserts were sequenced in order
to identify possible PCR errors or SNPs. The cloned ORFs of these genes provide a valuable
resource for all future work on the proteins of this region. Initial experiments of protein
subcellular localisation are described here, but these clones are available for research on all

aspects of protein function.

For the experimental investigation of subcellular localisation, it was intended to individually
tag the N- and C- termini of the encoded protein with a T7 amino acid tag (T7.Tag), to which

monoclonal antibodies are commercially available. The T7.Tag encodes the peptide sequence
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Met-Ala-Ser-Met-Thr-Gly-Gly-Gln-GIn-Met-Gly and is the natural amino terminal end of the
T7 major capsid protein. Since the T7.Tag mouse monoclonal antibody used reacts
specifically with this peptide sequence, it can be used as an epitope tag to follow target
proteins by sensitive immunological procedures (Lutz-Freyermuth ez al., 1990; Tsai et al.,

1992).

Dr. B. Aguado (HGMP Resource Centre, Cambridge) kindly provided vectors suitable for the
C-terminus tagging process. A further novel vector was created containing the T7.Tag
sequence in a context suitable for N-terminal tagging (chapter II and figures 5.11 and 5.12).
Tagged protein expression constructs were individually transfected into COS-7 cells (SV40
transformed African Green monkey kidney cell line). The cells were used in
immunofluorescence experiments to determine subcellular localisation and the cell protein
extracts were used in Western blot experiments to confirm the size of the expressed protein

product.

5.4.2 Selection and generation of full-length cDNA clones

At the time of investigation, 23 of the 27 full protein-coding genes analysed in this thesis had
annotated 5 and 3’ UTRs enclosing an ORF. Nested PCR (see chapter II) was used to amplify
the ORF from the start to the stop codon. Seventeen different PCR products, representing 13
genes and splice variants, were successfully generated from 13 of the 23 nested primer pairs.
These were cloned into a ‘holding’ vector, pPGEMEasyT (Promega), to provide a resource both
for this project and for future research. The clone inserts were then sequenced (E. Huckle) and

compared to the genomic human DNA. These results are summarised in table 5.5.

Attempts to generate full-length cDNA sequences from dJ222E13.C22.3, DIA1, ARFGAPI,
ARHGAPS, NUP50, bK268HS5.C22.1, UPK3, bK268H5.C22.4, FBLN1 and E46L by nested

PCR failed. This was probably due to the large size of the ORFs involved (up to 2.1 kb in the
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case of FBLN1) and the difficulty of designing primers in the GC-rich DNA frequently found

at the 5° end of the gene.

Table 5.5: cDNAs from 22q13.31 were generated by nested PCR, cloned and sequenced.

Locus Isoform amplified RNA Accession no. ORF Remark
source
dJ222E13.C22.1 dJ222E13.C22.1¢ Testis AL590120 203 Novel isoform
dJ222E13.C22.1e Kidney AL590118 250 Novel isoform
c¢B33B7.C22.1 c¢B33B7.C22.1 F. liver AB037883 353 Possible SNPs
PACSIN2 PACSIN2a F. brain AF128536 486
TTLL1 TTLLla Lung AL096886 423 Possible SNP
TTLLIc Kidney AL0589867 394 Novel isoform
BIK BIK F. liver X89986, U34584 160
bK1191B2.C22.3 bK1191B2.C22.3a Kidney AL359401 390
bK1191B2.C22.3b Kidney AL359403 180
BZRP BZRP Kidney M36035 169
dJ526114.C22.2 dJ526114.C22.2b Kidney AL590888 210 Novel isoform
SULTX3 SULTX3a F. brain AL590119 284
SULTX3b Testis AL590119 260 Novel isoform
dJ549K18.C22.1 dJ549K18.C22.1 F. brain AKO025665 481 Possible SNPs
CGI-51 dJ796117.C22.2 Kidney AF151809 469 Possible SNPs
dJ671014.C22.2 dJ671014.C22.2b Testis AL590887 273 Novel isoform
dJ102D24.C22.2 dJ102D24.C22.2 Testis AL442116 309

Novel isoforms were submitted to EMBL. These, and other cDNAs previously identified in this study are

shown in bold.

5.4.2.1 SNP analysis

Sequence reads from the cDNA clone inserts were imported into ACeDB and the aligned

sequences were examined using blixem (Sonnhammer & Durbin, 1994). The quality of the

reads was examined using trev (Staden, unpublished) in order to identify discrepancies

between the cDNA sequence and genomic sequences. Differences were found to be restricted

to five clones. Available cDNA and EST sequences were also examined at these positions

using blixem (Sonnhammer and Durbin, 1994) to determine if the discrepancies also existed in

other expressed sequence evidence.
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Figure 5.8: Blixem alignment of dJ549K18.C22.1 cDNA clone sequencing reads. The arrow indicates a

discrepancy between the cDNA and genomic sequence.

Both transitions (pyrimidine to pyrimidine or purine to purine substitutions) and transversions
(purine to pyrimidine or pyrimidine to purine substitutions) were noted. Twelve variations
were identified in total, several of which altered the amino acid code. These variations are

listed in table 5.6.

Table 5.6: Discrepancies discovered between cDNA clone and genomic sequences.

Cloned gene DNA Type Amino acid cDNA/EST
change change evidence
dJ549K18.C22.1 AAG-GAG  Transition substitution Lys-Glu AAG & GAG
TTLL1a ATC-ATT Transition substitution - ATC only
dJ671014.C22.2a CTC-CCC Transition substitution Leu — Pro CTC & CCC
CCC-CCG  Transversion substitution - CCC only
cB33B7.C22.1 CCC G- Multiple alterations Disrupts original CCC G only
ACCTCC ORF
CCA
CGI-51 GCG-GCT  Transversion substitution - GCG only
GGA-GGG  Transition substitution - GGA & GGG
AGT-AAT Transition substitution Ser-Asn AGT only
TTC-ATC  Transversion substitution Phe-lle TTC only
CGG-CAG Transition substitution Arg-Gln GGG only
CCC-CTC Transition substitution Pro-Leu CCC only
TTA-TTG Transition substitution - TTA only
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To determine whether these changes were the results of genomic polymorphisms, or instead
the results of PCR errors, PCR primers were designed and used to amplify fragments
containing the candidate variations from the DNA of 24 different individuals (set M24PDR of
24 human DNAs, Coriell cell repository). Samples from each product were electrophoresed
and visualised to confirm amplification. The remainder were purified (chapter 1) and

sequenced (E. Huckle).

The trace files were imported into a Gap4 sequence-editing database (generated by K. Rice)
(Bonfield et al., 1995). Sequences flanking the cDNA discrepancies were highlighted for ease
of analysis. All differences between the clone and genomic sequences were examined.
Discrepancies are shown as dashes in the consensus sequence at the bottom of the Gap4
graphical user interface (figure 5.9). The traces were inspected at the positions of the

discrepancies (figure 5.10).

I Contig Editor: _ -56 SCHP10845 g -
<7 o8 <@g =l | .1 Insert] Edit Modes| i Cutoffs| Undo| Next Seflirch| Commands/ Settings Guit| Help
<< < > > s 2|

AR e 200 250 260 270

—56 SCNP10845 AGCAGGACTGGCCCT] A AAAGCAGAGGCCACCCCGCGGTC:
—-19 SCNP10829 AGCAGGACTGGCCCT] G AAAGCAGAGGCCACCCCGCGGTC
—23 SCNP10831 AGCAGGACTGGCCCT] G AAAGCAGAGGCCACCCCGCGGTC
—74 SCNP10851 AGCAGGACTGGCCCT] G AANGCAGAGGCCACCCCGCGGTC
-170 SCNP10813 AGCAGGACTGGCCCT] n NANGCAGAGGCCACCCCGCGGTC
—-15 SCNP10827 AGCAGGACTGGCCCT] G AAAGCAGAGGCCACCCCGCGGTC:
—27 SCNP10833 AGCAGGACTGGCCCT] A AAAGCAGAGGCCACCCCGCGGTC
-172 SCHNP10815 AGCAGGACTGGCCCT] G AAAGCAGAGGCCACCCCGCGGTC
-39 SCNP10839 AGCAGGACTGGCCCT] n AANGCAGAGGCCACCCCGCGGTC
-174 SCNP10817 AGCAGGACTGGCCCT] G AAAGCAGAGGCCACCCCGCGGTC:
-154 SCNP10807 AGCAGGACTGGCCCT] A AAAGCAGAGGCCACCCCGCGGTC:
—80 SCNP10853 AGCAGGACTGGCCCT] G AAAGCAGAGGCCACCCCGCGGTC
-177 SCNP10819 AGCAGGACTGGCCCT] n AANGCAGAGGCCACCCCGCGGTC:
-50 SCNP10843 AGCAGGACTGGCCCT] G AANGCAGAGGCCACCCCGCGGTC
-157 SCNP10809 AGCAGGACTGGCCCT] G AAAGCAGAGGCCACCCCGCGGTC:
—62 SCNP10847 AGCAGGACTGGCCCT] G AAAGCAGAGGCCACCCCGCGGTC:
—31 SCNP10835 AGCAGGACTGGCCCT] G AAAGCAGAGGCCACCCCGCGGTC
-4 SCNP10821 AGCAGGACTGGCCCT] n AANGCAGAGGCCACCCCGCGGTC
—35 SCNP10837 AGCAGGACTGGCCCT] G NANGCAGAGGCCACCCCGCGGTC
—7 SCNP10823 AGCAGGACTGGCCCT] A AAAGCAGAGGCCACCCCGCGGTC
—11 SCNP10825 AGCAGGACTGGCCCT] A AAAGCAGAGGCCACCCCGCGGTC:
—68 SCNP10849 AGCAGGACTGGCCCT] G AAAGCAGAGGCCACCCCGCGGTC
-168 SCNP10811 AGCAGGACTGGCCCT] G NANGCAGAGGCCACCCCGCGGTC
—45 SCNP10841 AGCAGGACTGGCCCT] G AANGCAGAGGCCACCCCGCGGTC
169 SCNP10812 AGCAGGACTGGCCCT] A AAAGCAGAGGCCACCCCGCGGTC:
153 SCNP10806 AGCAGGACTGGCCCT] A AAAGCAGAGGCCACCCCGCGGTC
155 SCNP10808 AGCAGGACTGGCCCT] G AAAGCAGAGGCCACCCCGCGGTC
72 SCNP10850 AGCAGGACTGGCCCT] G AANGCAGAGGCCACCCCGCGGTC
65 SCNP10848 AGCAGGACTGGCCCT] G NANGCAGAGGCCACCCCGCGGTC
> CONSENSUS ————AGCAGGACTGGCCCTGCTGGACTCCCTGCTCCCCC=A*GGGCTGTCCAGCAGAGACCARAGCAGAGGCCACCCCGCGGTC: »
Reading:SCNP10825(#11) Length:364{405) VYectoriunknown Clone:NONE Chemistry:primer Primer:reverse universal [

Figure 5.9: Visual display from Gap4 database. The red arrow indicates a potential SNP within the cDNA
sequence of dJ549K18.C22.1.
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Figure 5.10: Inspection of the forward and reverse traces from two (of 24) individuals. The red arrow

indicates a candidate variation in the cDNA sequence from dJ549K18.C22.1.

5.4.2.2 Genomic variation
Of the 12 candidate variations, only one (dJ549K18.C22.1) was supported by genomic
evidence from the twenty individuals and confirmed as a SNP. Additionally, one non-coding

variation (C-T) was identified within an intron of CGI-51.

This clone was therefore included in further studies, together with those containing
discrepancies that not alter the amino acid sequence (TTLL1 and dJ671014.C22.2a), or that

were evident in independent cDNA or EST evidence (dJ671014.C22.2a).

New clones were generated by nested PCR (see chapter II) to represent the only two genes that
would otherwise have been excluded from these investigations (cB33B7.C22.1 and CGI-51),
due to discrepancies not supported by other evidence that resulted in a changed amino acid
sequence. The annealing temperature used was increased by 2°C in order to enhance
specificity of primer-template binding. The new clones did not contain any discrepancies

between the cDNA insert and genomic sequence. The original discrepancies may therefore
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have been generated by PCR errors, or amplification from paralogous sequences, which was

not repeated in the second attempt to amplify these cDNAs.

5.4.3 Addition of T7.Tag
A schematic showing the strategy used to incorporate the T7.Tag at the N- and C- termini of

each ORF is shown in figure 5.12.

5.4.3.1 C-terminal T7.Tag

PCR primers were designed to amplify the cDNA from the start ATG to the stop codon from
the holding vector. The amplified cDNA was subcloned into pBlue-CT7 (a kind gift from B.
Aguado), removing the stop codon and incorporating the T7.Tag, in-frame, at the C-terminus.
The construct was then subcloned into the mammalian expression vector pPCDNA3
(Invitrogen) (chapter II) and sequenced to ensure that PCR errors had not been introduced and
the T7.Tag was correctly positioned in-frame. Ninety-four percent of the experiments to tag
the ORFs at the C-terminal end and insert into an expression vector were successful (table
5.7). The experiment to clone the tagged dJ671014.C22.2b construct failed despite repeated
attempts to transfer the insert into the expression vector. Later sequencing of the tagged
construct showed that the 5’ restriction site was corrupted. This may have been caused by an

error in primer design or generation.

5.4.3.2 Modification of pcDNA3 expression vector to include N-terminal T7.Tag

In order to eliminate the possibility of deriving spurious results from steric interference of the
C-terminal T7.tag or masking of internal protein localisation signals, it was desirable to
position a T7.Tag at the N-terminal of the proteins. To avoid repeated digestion and ligation
steps (see above) it was decided to modify the pCDNA3 expression vector to include the
T7.Tag in an appropriate context so that the cDNA of interest could be inserted by just one

round of digestion and ligation.
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The plasmid pcDNA3-NT7 was designed to include an additional unique restriction enzyme
site (Notl) at the end of the T7.Tag to allow in-frame insertion of the cDNA of choice. The
creation of this restriction site was necessary to produce a wide enough choice of restriction
enzyme sites for later cDNA insertion; none of the genes of interest contained an internal Notl
site. The resulting vector pPCDNA3-NT?7 also contained the T7.Tag in a modified context,
including the incorporation of a strong Kozak consensus sequence. A vector diagram is shown
in figure 5.11.

T7.Tag >

T7 M A S M T G G Q Q M G R SP6
-l-ecc ACC ATG GCT AGC ATG ACT GGT GGA CAG CAA ATG GGT CGG GAT CCT GCG GCC GCT

1

Hind Il
Bam HI
Not |
Xba |
Apal

Pvul

Figure 5.11: Schematic of the mammalian cell expression vector pPCDNA3-T7-C. The PCDNA3 vector

(Invitrogen) polylinker site was modified as described in the text.

5.4.3.3 N-terminal T7.Tag

Appropriate primers were designed to amplify the ORF of each cDNA from the start to the
stop codon, incorporating suitable restriction sites. The amplified cDNAs were incorporated
into the pcDNA3-NT7 vector via one round of restriction enzyme digestion and ligation. The

constructs were then sequenced to confirm that the expression vector inserts were correct.
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These results are summarised in table 5.7. Again, dJ671014.C22.2b failed attempts to clone it

into the expression vector, due to corruption of the 5’ restriction site.

Table 5.7: Outcome of restriction, ligation and transformation reactions to generate N- and C-terminally
T7 tagged cDNA inserts.

Gene N-terminal T7.Tag construct C-terminal T7.Tag construct
Successfully generated? Successfully generated?

dJ222E13.C22.1a Y Y

dJ222E13.C22.1 b Y Y

cB33B7.C22.1 Y Y

PACSIN2a Y Y

TTLL1a Y Y

TTLLI1c Y Y

BIK Y Y

bK1191B2.C22.3a Y Y

bK1191B2.C22.3b Y Y

BZRP Y Y

dJ526114.C22.2b Y Y

SULTX3a Y Y

SULTX3b Y Y

dJ549K18.C22.1 Y Y

dJ796117.C22.2 Y Y

dJ671014.C22.2b Failed ligation reaction Failed ligation reaction

dJ102D24.C22.2 Y Y

5.4.4 Expression in COS-7 cells

To confirm expression and elucidate the sizes of the protein products, COS-7 cells were
transiently transfected and the proteins analysed by SDS-PAGE, three days post-transfection.
Figure 5.13 shows the results of western blot analysis of the protein constructs and table 5.8

summarises the expected and obtained protein sizes.
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I ORF amplified by nested
PCR from cDNA template

PCR product cloned into
holding vector and sequenced

PCR product reamplified by PCR and
subcloned into vector containing the
T7.tag at the C-terminus

( pBlue-CT7
PCR product reamplified by \\
-

PCR and subcloned into
expression vector with the
T7.Tag at the N-terminus

OREF plus C-terminus T7.Tag
subcloned into expression vector

Figure 5.12: Schematic showing strategy used to generate N- and C- terminally T7-tagged clones. The ORF
of the gene under investigation (shown in red) was amplified from a cDNA template by nested PCR. The
PCR product was then cloned into a holding vector, pGEMEasyT (Promega) and the insert sequenced (E.
Huckle).

For C-terminal tagging, the clone insert was reamplified by PCR using primers that removed the stop
codon and incorporated specific restriction enzyme sites flanking the ORF. The PCR product was then
digested and subcloned into the vector pBlue-CT7 (a kind gift from B. Aguado), thus incorporating the C-
terminal T7.Tag (shown in blue), in-frame with the gene ORF. The ORF plus T7.Tag were then subcloned
into the expression vector pCDNA3, containing a promoter sequence (yellow) (Invitrogen) and sequenced.
For N-terminal tagging, the holding clone insert was reamplified by PCR using primers that incorporated
specific restriction enzyme sites flanking the ORF. The PCR product was then digested with appropriate
enzymes and subcloned into the vector pcDNA3-NT7 (figure 5.11). The clone insert was then sequenced (E.
Huckle).

See chapter II for more details.
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Figure 5.13: Western blot analysis of transiently transfected COS-7 cells. N- and C- terminally
tagged constructs are shown. A) dJ222E13.C22.1a; B) dJ222E13.C22.1b; C) ¢B33B7.C22.1; D)
PACSIN2a; E) TTLL1a; F)TTLL1c; G) BIK; H) bK1191B2.C22.3a; I) bK1191B2.C22.3b; J)
BZRP; K dJ526114.C22.2b; L) SULTX3a; M) SULTX3b ; N) dJ549K18.C22.1; O) CGI-51; P)
dJ102D24.C22.2
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Table 5.8: Expected and obtained protein sizes, estimated from SDS-PAGE. Obtained sizes that are
equivalent to expected, according to the limit of gel resolution, are highlighted in blue.
Protein Expected size (kDa) Obtained size (kDa)

N-terminal T7.Tag C-terminal T7.Tag

A dJ222E13.C22.1.a 28.3 28 28

B dJ222E13.C22.1.b 22.5 22 22

C c¢B33B7.C22.1 40.5 40 40, 38, 35

D PACSIN2a 55.6 55 55,45, 40, 36, 19
E TTLLla 48.9 48, 45, 27 48, 45,27

F TTLLIc 45.4 45,36,27,25,15  45,36,27,25,15
G BIK 18.0 18 18

H bK1191B2.C22.3a 429 42 42

I  bKI1191B2.C22.3b 19.1 42,19 42,19

J  BZRP 18.8 18 -

K dJ526114.C22.2b 23.6 23 23

L SULTX3a 33.0 33 33

M SULTX3b 30.2 30 30

N dJ549K18.C22.1 52.8 55 55

O CGI-51 51.9 51 51

P dJ102D24.C22.2 37.0 37 37,30

Proteins of expected size were expressed from both the C- and N-terminally tagged constructs.
No overall difference in expression levels was noted between the two construct types.
However, no bands were observed from the western blot experiment using the C-terminal
construct of BZRP (Figure 5.13.J). Repeated transfections using fresh DNA preparations also
failed. An attempt to resequence the insert sequence also failed, so it may be that the insert

was lost after plasmid construction.

The presence of extra bands, smaller than the expected size of the protein construct, was noted
in several cases (figure 5.13.C, D, E, F and P). These bands may be caused by partially
degraded copies of the protein construct, or could be the result of post-translational
modifications. Interestingly in bK1191B2.C22.3b (figure 5.13.1), faint bands of approximately
twice the expected size of both N- and C-terminal constructs were observed. These bands were

also noted in two repeat transfections (data not shown). These may indicate dimerisation,
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although the use of -mercaptoethanol in the sample preparation should preclude this.
Alternatively, these larger bands could result from glycosylation, or similar post-translational

modification, of the expressed protein construct.

5.4.5 Analysis of T7.Tag protein subcellular location

To investigate the subcellular localis