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The dlscovery of the interrupted nature of many eukaryotic genes has to rank as 

one of the most startling of the era of molecular biology (Berget e t  al., 1977; Chow e t  al., 

1977). In the last 25 years, remarkable progress has been made understanding the 

structure of eukaryotic genes and the complex intracellular machme, known as a 

spliceosome, whch processes these interrupted genes to yield final, translatable mRNA 

products. However, recently the RNA splicing story has been growing more complex 

rather than less and numerous crucial questions remain unanswered. 

For many years, simplicity prevailed and all eukaryotic mRNA introns were 

believed to be processed by the same mechanism. However, thts picture of a single 

spliceosome recopsing a simple and conserved set of sequence signals has broken 

down over the last decade. In its place, we are now aware of two distinct spliceosomes, 

each processing a dsjoint subset of introns, defined not by clear and conserved signals, 

but by a variety of semi-conserved signals that combine to direct splicing in the cell. 

Now as the field of genomics continues to grow, and large-scale analysis becomes 

an important, if not dominant, research paradigm, the need to improve understanding of 

RNA splicing becomes even more acute. For the recently completed and ongoing 

genome projects of hgher organisms to reach their hll potential, it is critical that 

researchers be able to accurately identify the protein coding regions of the genome and 

thus create from the genome sequence a catalogue first of all the genes and then 

eventually of all the proteins in an organism. And a prerequisite to identifying protein 

coding regions is an understanding of how the cell demarcates coding and non-coding 

regons at RNA splice sites. 

Additionally, the recent revelations regarding the surprisingly small number of 

genes in the human genome (International Human Genome Sequencing Consortium, 

2001; Venter e t  al., 2001) have thrust the intronlexon structure of eukaryotic genes into 

the he l igh t  as a potential generator of protein diversity (Graveley, 2001). In particular, 

the process of alternative splicing, due to the potentially combinatorial increase in protein 

diversity that can result from it, has been hypothesised to account for much of the 

complexity apparently missing from the relatively gene-poor genome sequence (Modrek 

et  al., 2001). 

In short, although RNA splicing has been extensively studied both from an 

experimental and an informatics perspective over the last 20 or so years, much remains 

to be learned. Thts thesis addresses a variety of RNA splicing and intron-based analyses, 

2 



covering both major and minor class introns and hopefully will prove useful to the 

ongoing project of annotating the human and other vertebrate genome sequences. 

Chapter 2 of this thesis is a brief review, both of the mechanism of RNA splicing 

and of computational approaches to identif+ng splice sites. It is intended as an 

introduction to the non-specialist and should make chapters 3 though 5 more accessible 

to readers not famhar with either the biology of RNA splicing or basic principles of 

pattern recognition in DNA sequences. 

Chapter 3 dlscusses the identification of RNA splice sites from genomic DNA 

sequences. Two new splice site prelction models are introduced, one uuhsing hgher- 

order dependencies withm the splice site signal and one that considers local GC content 

in its predictions. Ths latter model forms the basis of a splice site prediction program 

called StrataSplice that is discussed at the end of the chapter. 

Chapter 4 discusses a scan for members of the rare subclass of UlZdependent 

introns in the draft human genome sequence. Many new UlZdependent introns were 

identified and analysis of their properties led to several interesting observations. 

Chapter 5 briefly discusses a scan for introns on human chromosome 22. Over 

three thousand introns were identified of which 20 percent were not part of current gene 

models and these should prove helpful in the ongoing project to annotate chromosome 

22. 

Finally chapter 6 concludes the thesis by discussing briefly new duections that 

could be taken, should this research be continued. 

3 
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2.1 An overview of human gene structure 

The complexity of gene structure in hgher organisms is one reason that 

automated annotation of the human and other large genomes has proven difficult 

(International Human Genome Sequencing Consortium, 2001; Zhang, 1998; Guigo et  al., 

2000). The average human gene covers nearly 30 kb of genomic sequence and consists of 

several promoter signals and numerous splice sites as well as at least one transcription 

start, translation start, translation stop and polyadenylation site. These features determine 

how mature messenger RNAs (mKNAs) are produced from the genomic DNA sequence 

and play important roles in the processing of the gene into a final protein product (see 

Figure 2.1). 

In lower eukaryotes, such as S. cerevisiae, most genes produce a single mKNA 

containing a continuous coding sequence flanked by short untranslated regions (UTRs). 

In contrast, many, if not most, human genes produce multiple messages, typically with 

long UTRs and interrupted by intervening sequences called introns that are spliced out 

during mKNA processing. The mRNA sequences that are spliced together when the 

introns are excised are known as exons and these form the final mKNA transcript. 

Internal exons tend to be short, with most less than 300 bp in length, whde introns, in 

contrast, vary greatly in size but are generally longer, with a mean size of nearly 3,400 bp 

(see Table 2.1). Terminal exons, at the beginning and end of mRNA transcripts, can be 

sipficantly longer than internal exons, and these long exons are found quite frequently 

in the 3' UTR. 

Median 
~ -_-L- 

Internal exon length 122bp 145bp 
Number of exons 
Intron length 1,023 bp 3,365 bp 
Codmg sequence length 1,100 bp 1,340 bp 
Gcnormc extent 1 14k: M 

Table 2.1 - Charactensucs of human genes. The median and mean values for a number of 
charactensucs of human genes are provided. Data from (Internatlonal Human Genome 
Sequencing Consortium, 2001). 

Human gene structure varies withm the genome as well. For instance, while exon 

length remains relatively constant across a variety of GC content levels, intron length 

decreases dramatically in regions of hgh  GC content (International Human Genome 

Sequencing consortium, 2001). 

Exon/intron boundaries are known as splice sites, and as more and more genes 

5 
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introduction to splicing, I dlrect the reader to chapter 22 of Lewin's Genes VII (2000), 

whlst for more detaded coverage, I refer the reader to a number of recent reviews below. 

In brief, the excision of a single intron from a nascent pre-mRNA transcript is a 

two-step process requiring two distinct transesterification reactions. Initially cleavage 

occurs at the 5' splice site and the first base of the intron forms a lariat by binchng to an 

adenosine nucleotide at the branch site, upstream of the 3' splice site. Next a new 

phosphodiester bond is formed between the last base of the upstream exon and the first 

base of the downstream exon and the intron is released as a product of this reaction 

(reviewed in Burge et  al., 1999). 

The reactions described above occur within the spliceosome complex, whch is 

responsible for the crucial tasks of recopsing the appropriate splice sites and catalysing 

the splicing reactions. 'The spliceosome consists largely of five RNA-protein complexes 

known as small nuclear ribonucleoprotein particles (snRNPs). 

The first step in splicing is typically the ATP-independent recognition of the 5' 

splice site by the U1 snRNA and the association of the U1 snRNP with t h s  region, 

which results in the formation of the commitment (E) complex. This interaction, whde 

thought to occur at the vast majority of introns, is not strictly required as some introns 

have been identified in whch splicing proceeds efficiently in the absence of the U1 

snRNP in vitro (Crispino e t  al., 1994, 1996; 'Tarn and Steitz, 1994). 

A key role of the U1 snRNP is to promote the association of the U2 snRNP with 

the branch point regon of the intron. U2 snRNP association depends on two key 

interactions: recoption of the polypyrimidine tract regon by the protein U2AF6' and 

the recently discovered interaction between the protein U2AF15 and the intron's terminal 

AG &nucleotide (Zorio and Blumenthal, 1999; Wu et al., 1999; reviewed in Reed, 2000; 

Moore, 2000). 'The association of the U2 snRNP with the branch point regon is an ATP- 

dependent process in which at least six proteins, components of the essential splicing 

factors SF3a and SF3b, bind either upstream or downstream of the branch point regon 

(Kramer et  al., 1999; reviewed in Reed, 2000). 'fhe association of both the U1 and U2 

snRNPs defines complex A (the pre-spliceosome). 

Association of the tri-snRNP complex containing the U4, U5 and U6 snRNPs 

with the pre-spliceosome is required to form the B complex. Recently, the splicing factor 

SPF30 has been shown to play a key role in the integration of the tri-snRNP complex 

into the pre-spliceosome although t h s  transition remains poorly defmed (Rappsilber et 
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based splicing system. However, an alternate model, known as exon recognition is 

thought to function in the splicing of longer introns; in this model, the spliceosome 

assembles initially around the shorter exon sequence as opposed to around the intron 

(Berget, 1995). Recogmtion in both models involves splicing-associated SR proteins, 

which are believed to play an important role in bridgng the sequence between 

neighbouring splice sites and bringmg spliceosome components together (reviewed in 

Gravely, 2000). 

2.3 Ul2-dependent introns and the U12 spliceosome 

Careful analysis of splice junctions in the early 1990's revealed a small number of 

introns with hghly unusual donor and acceptor sites containing AT and AC in place of 

the typical GT and AG aackson, 1991; Hall and Padgett, 1994). Experimental work 

quickly verified suggestions that this subset of introns was excised by a novel 

spliceosome and characterisation of the so-called U12 spliceosome, whch contains the 

U11, U12, U4atac, U6atac and U5 snRNPs, began (Tarn and Steitz, 1996a, 1996b). 

Many genes contain both U2- and U12-dependent introns but little is known 

about how the two spliceosomes cooperate to identify and splice the correct introns in 

vivo. Distinct differences are observed, however, between the splice site signals associated 

with the two types of introns. U12-dependent introns exhbit strongly conserved and 

informative donor and branch signals, whereas U2-dependent introns exhbit only 

moderately informative signals at the donor and acceptor sites and a hghly degenerate 

branch site signal. Additionally the polypyrimidine tract seen between the branch site and 

acceptor site of U2-dependent introns is lachng, or is at least significantly weaker (see 

Chapter 4), in U12-dependent introns. 

'The evolutionary hstory of these two classes of introns and their respective 

spliceosomes remains unclear. Burge et  al. (1998) have reported both intron subtype 

switching (e.g. conversion from AT-AC to GT-AG termini among U1 2-dependent 

introns) and U12- to U2-dependent intron conversion and concluded that U12- 

dependent introns tend to convert to U2-dependent over evolutionary time. They also 

reported a biased distribution of U12-dependent introns withm a variety of genomes, a 

result they found suggestive of a fission-fusion model of spliceosome evolution in whch 

the U2 and U12 systems diverged in separate lineages and were later united through a 

merging of genetic material in a progenitor of hgher eukaryotes (Burge et al., 1998). 
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Recent results have found a stnkmgly high degree of overlap between the 

proteins and non-coding RNAs involved in U2- and U12-dependent splicing. In addltion 

to the U5 snRNi1 (Tarn and Steitz, 1996a), all 8 snRNP Sm proteins (Will e t  al., 1999), 

the 4 proteins that constitute the splicing factor SF3b (Will e t  al., 1999), and the splicing- 

associated protein Prp8 (Luo e t  al., 1999) have been found in both the U2 and U12 

spliceosomes. Recent evidence has indicated that splicing-associated SR proteins, long 

known to function in the major spliceosome, play functional roles in U12-dependent 

splicing as well (Hastings and Krainer, 2001). Extensive similarity in secondary structures 

and interactions between the set of non-coding RNAs U11, U12, U4atac and U6atac 

involved in the U12 spliceosome and the set U1, U2, U4 and U6 involved in the U2 

spliceosome argue for homology of the two systems as well (Burge et al., 1998) as do 

recent results that have found the stem-loop structures of U6 and U6atac to be 

functionally analogous (Shukla and Padgett, 2001). Although the evolutionary 

implications of t h s  hgh degree of overlap are not entirely clear, these findlngs may 

indicate that the U12 spliceosome evolved in the presence of the U2 spliceosome rather 

than in a dlfferent lineage as the fission-fusion model sugests (Wd et ul., 1999). 

As more genomes have been sequenced, U 12-dependent introns have been 

identified in a variety of hgher organisms, including human, mouse, fly and arabidopsis. 

Interestingly, U12-dependent introns seem to be entirely laclung from the model 

organisms S. cereviszae and C. elegans. 

2.4 Computational analysis of RNA splicing 

Ever since the recoption of consensus signals for RNA splice sites, research 

into computational identification of splice sites and, thus, toward the determination of 

gene structure has been quite active. Origndy, splice sites were identified simply by 

“eyebahng” a DNA sequence and loolung for matches to the consensus splice site 

sequences. However, it quickly became apparent that many functional splice sites shared 

only a few bases of similarity and more sophsticated computer models were required. 

Simple independent weight matrices, or frequency tables, whch yield a 

probabhtic log-odds score for each base at each position in a sequence, were one of the 

first methods developed and still prove useful today (see Figure 2.2, Staden, 1984; Harr e t  

al., 1983). Weight matrices and the many derivatives of t h s  method require a training set 

of true sites to generate the frequency table and then score potential sites by summing 

the scores of individual bases in a pre-defined window. The incorporation of 
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dependencies between neighbouring bases (first-order dependencies) into the weight 

matrix framework represents one of the most significant advancements on this simple 

predictive framework (Zhang and Marr, 1993). 

Although several new approaches, such as finite state automata (Kudo e t  al., 

1987) and neural networks (Brunak and Engelbrecht, 1991), were developed to identify 

splice sites in the 1980’s and early 1 9 9 0 ’ ~ ~  the next models to gain widespread use were 

not introduced until 1997 as components of the hghly successful GENSCAN gene 

predlction system (Burge and Karlin, 1997). Maximal dependence decomposition, which 

GENSCAN uses to identify donor splice sites, is a tree-based decomposition approach 

that breaks down donor sites into a set of classes, based on dependencies between bases 

in the splice site signal, and uses a simple weight matrix to model each class individually 

(Burge, 1998). The GENSCAN system uses a new model for acceptor sites as well, 

termed a windowed weight array method, whch models the branch point region using a 

modification of the first-order dependencies approach that groups sets of neighbouring 

bases together in order to avoid problems caused by limited data (Burge, 1998). 

More recent approaches have tended to integrate multiple signals into the 

predlction process. For instance, Genesplicer (Pertea et a l ,  2001) combines a traditional 

log-odds score based on a slight variant of maximal dependence decomposition, a 

measure of local coding potential and a local optimality requirement. Although 

combining these signals does yield improvements in splice site identification, the utittty of 

t h s  approach for gene prediction is more questionable, as many gene prediction systems 

already consider the additional signals. 

Progress has been made recently as well on the problem of identifying the precise 

splice site from among a number of nearby, or proximal, false positives, a problem that 

has significant implications for automated genome analysis. One promising approach 

uses decision trees to discriminate between true sites and proximal false sites and may 

prove useful for annotation efforts (‘l’hanaraj and Robinson, 2000). However, the current 

position is that all these methods generate very large numbers of false positive 

predictions. Typical behaviour for the analysis of genomic sequences is roughly 12 false 

positives per kb if thresholds are set to include 99 percent of true sites and 6 false 

positives per kb if thresholds are set to include 95 percent of true sites. 

Finally, the large expressed sequence datasets that have been generated in the last 

few years have permitted the compilation of EST-confirmed splice sites on a large scale 
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and facilitated analysis of both canonical and non-canonical introns (Burset et  al., 2000; 

International Human Genome Sequencing Consortium, 2001). 
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Summary 

The presence of conserved sequences at splice sites has been well documented 

over the last 25 years. However, these sequences are not sufficiently informative to 

permit unambiguous identification of gene structure. Gene prediction programs, such as 

GENSCAN (Burge and Karltn, 1997), combine splice site predictions with other 

information to predict complete gene structures. Ths chapter describes two novel 

models for the identification of canonical splice sites (sections 3.1 and 3.2) and one 

model, which applies standard methodology to identify the most frequent non-canonical 

splice site (section 3.3). 'The chapter concludes with a discussion of a human splice site 

prechctor, Stratasplice, whch incorporates the best of these models and should prove 

useful for genome annotation. T h s  analysis led to the observation that splice sites in GC- 

rich regions of the genome are slightly different from, and harder to predict than, splice 

sites in GC-poor regons. 

3.1 A block dependence model for donor site identification 

Introduction 

Probabilistic signal recognition relies on the detection of differences between a 

training set of confirmed signals and a control set. Simple models, whch detect, for 

instance, only the order of individual nucleotides, require relatively small training sets, 

while more complex models, whch may consider overlapping pairs or groups of 

nucleotides, necessitate much larger sets of training data. Traditionally, a major stumbling 

block in the development of splice site detectors has been the shortage of reliable 

training data. However, the recent publication of SpliceDB (Burset et  al., 2001), whch 

contains more than 15,000 confirmed human splice site pairs has largely alleviated ths  

concern. 

Previous reports have suggested that, in addition to dependencies between 

neighbouring bases, the donor splice site contains longer range dependencies, perhaps 

relating to the binding of the U1 snRNA to the donor site (Burge and Karlin, 1997). T h s  

analysis attempts to quantify these longer-range interactions and take advantage of the 

information they provide to improve ab initio splice site identification. 
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Materials & Methods 

Test sets 

Training and evaluation sets were generated from the 15,263 confirmed canonical 

human splice site pairs in SpliceDB (Burset et al., 2001). 786 donor sites and 1,295 

acceptor sites with poor or incomplete sequence data were removed from h s  set, 

yielding a total of 14,477 confirmed 5‘ splice sites and 13,968 confirmed 3’ splice sites. A 

control set of genomic DNA used to calculate null model frequencies was extracted from 

the first 10 kb of repeat-masked DNA chosen from 100 randomly selected Ensembl 

clones (International Human Genome Sequencing Consortium, 2001). Sets of “false” 

splice sites were generated by extracting sequences around GT, GC or AG dinucleotides 

in this random set of genomic DNA. (Some small fraction of these sites will in fact be 

true). 

Independence and first-order dependence models 

Two classic pattern recognition techmques, independent weight matrices (Staden, 

1984) and first-order dependent weight matrices (Zhang and Marr, 1993) were re- 

implemented for comparative purposes. These two models yield log-likelihood scores for 

each potential splice site by comparing the frequency of either individual nucleotides 

(independent model) or dinucleotides (first-order model) at each position in the splice 

site window with background genomic frequencies. Given a sequence 

X = {x, , x2 ,..., x, } , scores were derived from each model as follows: 

Independence Model 
f:, S ( X )  = C l o g ,  - 

i 4 1, 

where f i ,  is the frequency of base x, at position i in the training set, f&-, is the frequency 

of base x, at position i following base x, , at position i - I  and q,, and q+_, are genomic 

nucleotide and &nucleotide frequencies, respectively. 

Detection rates 

Detection rate curves (see Figure 3.3, for example), whch illustrate a model’s 
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between two positions yields a value in bits indicating the degree of dependence between 

positions i and j (Durbin et al., 1998). 

Score calculations 

Based on the mutual information results (see Figure 3.2a) a model was derived 

whtch divided the region around the donor splice site into blocks as shown below: 

-4 6 

Thts model was scored using log-ltkelihood scoring considering the condtional 

probabhties of the blocks above (dependencies indicated by the horizontal black h e s )  

and using genomic dinucleotide frequencies for the null model. 'Thus, the score of a 

sequence X in bits is 

Frequency values for each possible base combination of each block gwen its 

dependencies in the model were calculated by adding pseudocounts based on genomic 

dinucleotide frequencies to the observed counts. 'Thus, for example, 

C(x-4 = z,x-3 = a,x-* = b ,L ,  = c)  + 43 q(a I z)q(b I a)q(c I b) 
C(x-, = z )  + 43 

f (abc  I z )  = 

Results 

Mutual information analysis (see Figure 3.2a) revealed a fair amount of 

information (> 0.3 bits) between non-neighbouring bases in donor splice sites and a 

novel block dependence model of donor splice sites was developed to take advantage of 

this information. 'Ths model showed moderate improvement over first-order 

dependence and independent weight matrix models for prediction of canonical donor 

splice sites (see Figure 3.3). 

Mutual information analysis was also performed on the acceptor splice site 

dataset, but no sigmficant information was found between non-neighbouring bases (see 

Figure 3.2b). 
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to 65 percent. 'These results suggest that traditional probabrlistic signal recognition 

techniques, such as those used to identify RNA splice sites, whch identify differences 

between a positive model and a genomic null model, are likely to suffer from 

substandard performance in regions where the actual genome sequence differs greatly 

from the genome average. Conversely, more accurate modelling of background DNA 

composition should allow for more accurate discrimination of true splice signals. 

The most successful gene prediction programs, such as GENSCAN (Burge and 

Karlm, 1997) fit different coding models and length distributions for regions of different 

GC content, but I am not aware of previous stratification of splice site models. I describe 

here an approach to splice site identification, whch extends the first-order dependence 

weight matrix technique (Zhang and Marr, 1993) by stratifying the prediction process 

according to local GC content. T h s  yields significantly improved performance, 

particularly in GC-rich and, thus, gene-rich areas (Zoubak e t  al., 1996). 

Materials & Methods 

Test sets were derived and detection rate curves were generated as described in 

section 3.1. 

GC stratification 

Canonical donor (GT) and acceptor (AG) splice sites were stratified by local GC 

content according to the base composition in the total surrounding sequence (generally 

80 bases, excluding 8 bases immediately around the splice junction) included in 

SpliceDB. The control set was stratified accordmg to the GC content in 300 base chunks. 

During sequence scans (and during derivation of the false set from the genomic set) 

potential splice sites were stratified according the base composition in the 75 bases 

precelng and following an eight-base window centred on the splice site itself. 

Splice site windows 

I chose splice site windows that included all positions significantly deviating from 

random background frequencies on the basis of relative entropy calculations (Durbin et 

al., 1998) and were expanded to convenient sizes. 

'I'hs yielded windows from -10 to +10 around GT donor sites (canonical G at 

position 0) and -25 to +5 around AG acceptor sites (canonical A at position 0). 
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Score calculations 

Log-likelihood scoring was used to generate a log-odds score for each potential 

splice site (Durbin et al., 1998). Conditional frequency values for each dinucleotide pair at 

each position in the splice site window ( fai,,,) were determined by addmg pseudocounts 

to the observed values as follows: 

where C:,,is the observed count of base a occurring at position i following base b at 

position i- I and qalb is the observed conditional frequency for the appropriate control set. 

Observed conditional frequencies in the appropriate stratified control set were used for 

the null model. One model was trained (e.g. calculation of bothfand q values) for each 

stratum of each splice signal. Score values in bits for a sequence X = {x, , x 2 , . . . , x n }  were 

derived from the appropriate frequency data as follows: 

Prior probability estimation 

‘The prior probabhty that a glven GT or AG dinucleotide defined a true splice 

site was calculated using estimates of the total number of G T  dinucleotides, AG 

dinucleotides and introns in the genome. The estimates of the total number of each 

dinucleotide were generated by counting &nucleotides on one strand of 2 MB of random 

genomic sequences (10 kb chunks from 200 randomly selected clones) and scaling thls 

value to fit the 3000 MB genome. An estimate of 400,000 introns in the genome was 

generated by considering a genome consisting of 40,000 genes where each gene had an 

average of 10 introns. Limiting the analysis to one strand and scaling t h s  number by the 

overall frequencies of each of the various types of splices sites (e.g. 99.24% GT-AG, 

0.69% GC-AG, etc) reported in SpliceDB (Burset et al., 2000) allowed the calculation of 

“per strand estimates” for each splice site type. Dividing by the corresponding total 

number of the relevant dinucleotide estimated per strand yielded the h a 1  priors ( P ( T )  , 

see ’Table 3.1). As gene densities vary with GC content (Zoubak et  al., 1996), the prior 

probabillties for GI‘ and AG dinucleotides were scaled accordmg to the frequencies of 

true (f (T I GC)) and false splice sites ( f ( F  I GC)) at each GC level as follows: 
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P(T I GC) = (T ’ GC) P(T)  . The necessary GC-level dependent frequency values 

were derived from the stratification of the true and false splice site sets (see Figure 3.4). 

f ( F  I GC) 

_____ 
Prior 
Posterior 
Threshold 

1 e-6 
le-5 
le-4 
lc-3 
1 e-2 
5e-2 
le-1 

-m 

GT Donor Sites 
~ ~ ~~~~~ 

1.37e-3 
Sensitivity Specificity 

100 0.1 
99.8 0.3 
99.6 0.4 
99.1 0.7 
96.6 1.5 
84.8 3.5 
58.4 7.4 
41.5 10.5 

~~~ AG Acceptor Sites 

Sensitivity Specificity 
9.94c-4 

100 
99.8 
99.7 
99.0 
96.2 
70.4 
16.3 
0.0 

0.1 
0.3 
0.4 
0.6 
1.1 
3.6 

10.1 
N/A 

Table 3.1 - Performance of the stratified splice model on genomic sequences. Prior probabilities 
and sensitivity and specificity values of the stratified splice model at various posterior probability 
threshold values are indicated. Sensitivity and specificity values are provided as percentages and 
are calculated assuming an intron density of 67/MB (see Materials and Methods). 

Posterior probability calculations 

Posterior probability values, which incorporate prior biological information into a 

statistical framework (Durbin et al., l998), were used to generate probabhty values that 

combined the log-odds scores and the estimated prior probabhties for each potential 

splice site. Bayes’ theorem was used: 

P ( S ( X )  = s 1 T)P(T)  P(T I S ( X )  = s) = 
P ( S ( X )  = s I T)P(T)  + P ( S ( X )  = s I F)(1- P(T))  

whereP(S(X) = s I T )  reads the probability that the score of sequence X is s, given the 

knowledge that the sequence is a true splice site and P(T)  is the scaled prior probabhty 

described above. 

The conditional probabdity values used in the posterior calculation were 

calculated from the strata-specific distributions of true and false splice sites (see Figure 

3.1, for example), assuming that these distributions were Gaussian. In brief, the mean 

and standard deviation were estimated for each distribution using standard formulas and 

the conditional frequency values were taken from the hypothetical Gaussian distribution 

that these two values defined. ’l’his approach led to more robust estimation of values in 

the tails of the distribution than simply using the observed values due to the small 

number of data points in the tails. 
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Model evaluation 

'The choice of GC-level boundaries for the stratification process was evaluated by 

a modified version of the equivalence number statistic (EN), whch summarises the 

selectively and specificity of a given model by comparing the number of false positives 

and true negatives (Pearson, 1995). In t h s  situation, I use probabiltty distributions rather 

than raw numbers, and define the equivalence number as the frequency of false positives 

when the log-odds bit threshold is set to equahse the frequency of false positives and true 

negatives. As my model seeks to minimise both false positives and true negatives, the 

lower the EN value, the better the model. In order to take into account the effects of 

stratifying the prediction process, the final EN value was a weighted average of the EN 

values of each individual model. Weighting was done accordmg to the frequency of true 

splice sites withn each stratum. Given a stratified splice prediction model with n strata 

(e.g. M = {m, ,m2 ,... m,}) the final EN value would be 

E N ( M )  = C E " m , )  * f t T  I m,). 
I 

In order to maximise use of the available data, I used a jack-knife procedure in whch the 

avadable data was divided into four sets. Pour training and evaluation cycles were 

performed holdmg out each set for evaluation in turn and using the other three sets for 

training. The results of these four cycles were averaged to produce the final value. 

Sensitivity and specificity 

Sensitivity and specificity values were determined using the posterior values 

generated when the model was trained and evaluated using disjoint subsets of the set of 

all true sites in SpliceDB and on all false sites in the genomic control set. A jack-hfe 

procedure identical to the one described above was used and final values are the average 

of four different training and evaluation cycles. Sensitivity was calculated as the ratio of 

true positives to all true sites. Specificity calculations depended on an estimate of the 

density of introns in the genome. Two values were used: 67 introns/MB (consistent with 

the intron density estimates for the prior probability calculations) and 563 introns/MB 

(the intron density of GENSCAN's evaluation set). Using these estimates I scaled the 

total number of observed true positives to the expected number in a set the size of the 

control set and then calculated the specificity as the ratio of true positives to true 

positives plus false positives. 
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Results 

Previous studies have indlcated that GC-rich regions of the human genome are 

also gene-rich (Zoubak et  al., 1996). This is reflected in the distribution of GC content 

levels near intron splice sites (see Figure 3.4). As expected the GC dlstribution around 

GT dinucleotides in a random genomic sample (my control set) was approximately 

normally distributed with a peak near 40 percent GC. Only 10 percent of background 

GT dinucleotides are in areas of 60 percent GC or greater. In contrast, 27 percent of true 

donor splice sites are located in areas of 60 percent GC or greater. Similar results were 

seen for AG acceptor sites (data not shown). 

'I'o determine whether splice site signals had the same composition across the full 

range of GC content levels, all true splice sites from SpliceDB (Burset et  al., 2001) were 

dlvided into 3 groups based on the surrounding sequences (excluding 8 bp around the 

actual splice junction) and simple frequency tables were derived around the splice sites 

(see 'Tables 3.2a,b). Interestingly the donor site signal is largely conserved across all GC 

levels except for the thud base in the intron, whch changes from 71 percent A and 23 

percent C in the low GC content group to 33 percent A and 62 percent G in the hgh  

GC content group. A simdar though less dramatic change involving C and T nucleotides 

is seen for the thud base of the intron (just before the AG) at acceptor sites as well. The 

polypyrimidme (C I '13 tract found upstream of acceptor splice sites is biased toward C in 

hgh  GC content regions and toward 'r in low GC content regions (data not shown). 

To explore whether splice site identification could be facilitated by considering 

local GC content, I developed a splice site identification model based on the first-order 

dependence weight matrix approach (Zhang and Marr, 1993), whch stratifies both the 

training data and the null model data according to local GC content. Figures 3.5a and 

3.6a use detection rate curves (as described in section 3.1) to compare the performance 

of two standard weight mamx models and the new stratified model. Strihngly, at GT 

donor sites, the new stratified model outperformed the non-stratified fust-order 

dependence model as least as dramatically as t h s  model outperformed the independent 

weight matrix model. Less dramatic, but still useful, improvements were seen for the 

acceptor site model. 

'I'o explore the reasons behmd these improvements, I compared the performance 

of the stratified and the non-stratified first order model on stratified test sets (see Figures 

3.5b, 3.6b). These graphs indicate the relative performance of each predictor on splice 
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introns/MB, represents the performance expected on typical genomic DNA sequences 

whde Table 3.3 uses the much hgher density of 563 introns/MB for comparative 

purposes with the GENSCAN splice site predictors. As Table 3.3 indicates, the stratified 

splice predictor described here generally gives hgher specificity values for a given 

sensitivity level at both donor and acceptor splice sites than the GENSCRN splice site 

predictors. 

Sensitivi 

13.4 18.4 8.8 13.7 
36.0 43.4 33.8 30.4 

Table 3.3 - Comparison between GENSCAN’s splice site predictors and my new stratified 
splice model. The table indicates specificity values as percentages at the indlcatcd sensitivity level. 
GENSCAN values are taken from purge, 1998). Stratificd splicc model values are calculated 
assuming the same intron density (563 introns / Mb) as GENSCAN’s evaluation set purge, 
1997). Specificity values for GENSCAN at 99 percent sensitivity have not been published. 

In theory, the stratification process can divide the data into any number of strata, 

but in practice limited data means only four or five models can be reliably trained. A 

variety of different strata boundaries were explored and evaluated using a modified 

version of the equivalence number metric (described in Materials and Methods), whch 

indlcates the frequency of false positives when a threshold is selected to balance the 

frequency of false positives and true negatives. Switchmg from a non-stratified model to 

a three-stratum (< 50 percent, 50-60 percent, > 60 percent) model decreased the 

equivalence number from 12.7 percent to 10.3 percent for the GT model and from 12.0 

percent to 10.7 percent for the AG model. S d a r  results were seen for other three- 

stratum models and for models with four or five strata. Thus, a three-stratum model with 

the boundaries at 50 and 60 percent GC was selected. 

Discussion 

’The simple approach presented here of stratifying the data and training a first- 

order model for each stratum outperforms hgher order models, such as those used in 

GENSCAN and section 3.1 and shows that stratification by local GC content levels is a 

powerful technique for improving genomic signal recoption. Although some 

differences were observed among the consensus sequences of splice sites after stratifying 

by GC content, much of the improvement seems to be due to the improved null model, 

whch was generated by stratifying the control set. ’Ths observation suggests that simdar 
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stratification approaches may yield significant improvements in other signal detection 

problems, such as promoter motif detection. 

The observation that splice site identification is more difficult in GC-rich regons 

of the genome than it is in GC-poor regons is quite intriguing, particularly considering 

the correlation between GC content and intron length seen in the human genome 

(International Human Genome Consortium, 2001). Although my results were derived in 

silico, they seem &ely to indicate a biologcal reality; splice site consensus signals provide 

less information in GC-rich regions of the genome than they do in others. These 

observations lead to the enticing hypothesis that splice site recognition by the 

spliceosome may be a significant constraint on intron evolution, particular in GC-rich 

regons. Short introns are not associated with GC-rich regons in all vertebrate genomes 

(Hurst et  al., 1777), however, and it would be interesting to consider other hgher 

organisms to see if these support the observed association. 

It is worth observing as well that the problem under consideration here, namely 

the identification of RNA splice sites from genomic sequence is rather more difficult 

than that whch the cell performs in vivo. Whereas I must attempt to identify splices sites 

from raw genomic sequence, the cell must only accurately identify splice sites on pre- 

mRJNA. If roughly a quarter of the genome is transcribed (Venter et al., 2001), the 

splicing machinery in the cell has a search space reduced 8 fold in size (the extra factor of 

two comes because &A is single stranded). Ths partially explains the low specificity 

scores seen for the genomic analysis (see Table 3.1) and emphasises the importance of 

considering as much evidence as possible when predicting genes. Systems such as GAZE 

(Howe and Durbin, unpublished) whch can integrate splice site predictions from one 

source with promoter predictions from another as well as homology and comparative 

information seem likely to be the way forward in automated gene prediction. 

3.3 - Identifying non-canonical GC donor sites 

Introduction 

Recent analyses have indicated that roughly 0.7 percent of human introns start 

with the non-canonical dinucleotide GC in place of the much more common GT 

(International Human Genome Sequencing Consortium, 2001; Burset et  al., 2001). 

However most gene prediction packages do not consider GC as a potential donor site 

and m i s s  several thousand introns for this reason. Additionally, automated analysis 

pipehes, such as the Ensembl project, whch are becoming increasingly important 
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gateways to the human genome sequence, have few of these non-canonical, but s d  

relatively common, introns annotated correctly (M. Clamp, personal communication). 

Thts chapter describes the development and performance of a simple GC donor site 

model, whtch should prove useful for genome annotation. 

Materials & Methods 

Test sets 

A training set of 122 true GC donor sites was derived from the set of 270 EST- 

confirmed and verified non-canonical introns included in SpliceDB (l3urset et  al., 2001). 

Control and false sets were generated as described in section 3.1. 

First-order dependence model 

A first order dependence weight matrix splice site predictor (Zhang and Marr, 

1993) was implemented as described in section 3.1 and trained using the training set of 

GC donor sites. 

Prior and posterior probabilities 

A prior probability for GC dinucleotides was derived as in section 3.2 except that 

no corrections were made for local GC content. Posterior probabhties were calculated as 

in section 3.2. 

Results 

A frrst-order dependence weight matrix was built from the training set and used 

to score sets of true and false GC donor sites. Although GC donor sites are roughly 100- 

fold less common than GT donor sites, and the prior probability is therefore roughly 

100-fold less, performance (see Table 3.4) is only marpally worse at GC sites when 

compared to GT sites. The GC model is dlfficult to evaluate accurately due to h t e d  

data, but specificity of GC donor predlctions tends to be roughly 15-25 fold worse than 

for G'T donor predictions at a gven sensitivity level. For instance at a threshold that 

includes roughly 96 percent of all true sites, 150 out of 10,000 predicted G T  donor sites 

will be true whde 7 out of 10,000 predicted GC donor sites would be true. 

Although the G'T and GC donor consensus sequences are similar, the GC donor 

consensus is more highly conserved and contains nearly 13 bits of information, as 

opposed to approximately 8 bits of information in the GT donor consensus. For this 
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Prior 
Posterior 
Threshold 

le-6 
le-5 
le-4 
le-3 
1 e-2 
5e-2 
le-1 

-00 

reason, the GC model developed here should be expected to significantly outperform the 

simple approach of identifying GC donor sites by simply replacing the T with a C in a 

standard GT donor site model. 

GT Donor Sites GC Donor Sites 
1.37e-3 1.12e-5 

Sensitivity Specificity Sensitivity Specificity 

100 0.1 100 0.001 
99.8 0.3 100 0.008 
99.6 0.4 100 0.02 
99.1 0.7 95.9 0.07 
96.6 1.5 76.2 0.3 
84.8 3.5 48.4 1.7 
58.4 7.4 27.9 6.9 
41.5 10.5 17.2 76.8 

Discussion 

The model described here for identifying GC donor sites is interesting not 

because it is novel or complex, but because it is immedately useful. Many of the 2000 or 

so genes with GC introns may have been incorrectly annotated during the early stages of 

automated genome analysis. Yet, if the goal of delineating the full collection of human 

genes is to be acheved, these genes, whch contain non-canonical introns, must be 

included. 

Although the number of false positives is high for GC donor site identification, 

ths  result is not unexpected, nor is it a major concern. Many gene prediction systems are 

tailored to work with a large set of predlctions and can combine a variety of types of 

evidence to separate true and false signals. 

3.4 - Stratasplice: A human splice site predictor 

Introduction 

Stratasplice is a stand-alone splice site predlctor designed for use on human 

genomic sequences. It utilises the stratified splice site identification model described in 

section 3.2 to identify canonical GT and AG splice sites and the model described in 
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section 3.3 to identify non-canonical GC donor sites. Stratasplice uthses a Bayesian 

probabilistic framework and reports both log-odds bit scores and posterior probabhties 

for all of its predlctions. For easy integration into gene predlction systems such as 

DOUBLESCAN (Meyer and Durbin, unpublished) or GAZE (Howe and Durbin, 

unpublished), Stratasplice accepts fasta files as input and outputs its predlctions in GFF 

format (see http://www.sanger.ac.uk/Software/formats/GFF/GFF-Spec.sh~). 

Stratasplice is avadable free of charge from the Sanger Centre website at 

http://www.sanger.ac.uk/software/analysis/s~atasp~ce/). 

I 

Program usage 

GC prior probabhty 1.12~-5 

StrataSplice is a command-line program written in Java 1.2 (available from 

http://java.sun.com). It has been extensively tested on a variety of Unix platforms but 

should run on Windows and other environments that support Java as well. Stratasplice is 

provided as a Java Archive file (.jar) and is run in its default mode as follows: 

java -fast -jar Stratasplice. jar filename 

In addltion to the filename, whch should be the full path to any valid fasta file 

containing one or more sequences, a number of parameters (see 'Table 3.5) may be used 

to customise Stratasplice's performance. 'The order of the parameters is not important as 

long as each parameter is provided at most one time and all parameters precede the file 

name. 

S 

P 

g 

a 
b 

d 

f 
h 
i 

C 

C 

Numeric 
Numeric 

String 

String 
String 
Numeric 
String 
String 
Numeric 
String 
String 
Numeric 

-~ De fault 
~~ _______ ~ 

Flag 1 Type Description 
Log-odds bit threshold Negative infinity 
Posterior probability 
score threshold 
Genomic data file 

AG true file 
AG false file 
AG prior probability 
GT true fie 
GT false file 
GT prior probability 
GC true file 
GC false file 

0 

-1 Mb taken in 10 kb chunk from 100 random 
genomic clones 
training file derived from SpliccDB 
training file derived from genomic data set 
9.94e-4 
training file derived from SpliceDB 
training file derived from genomic data set 
1.37~-3 
training file derived from SpliceDB 
training file derived from genomic data set 
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Summary 

U12-dependent introns are found in small numbers in most eukaryotic genomes, 

but their scarcity makes accurate characterisation of their properties challengmg. A 

computational search for U12-dependent introns was performed using the draft version 

of the human genome sequence. Human expressed sequences confirmed 404 U12- 

dependent introns w i t h  the human genome, a 6-fold increase over the total number of 

non-redundant U1 2-dependent introns previously identified in all genomes. Although 

most of these introns had AI’-AC or GT-AG terminal dinucleotides, small numbers of 

introns with a surprising diversity of termini were found, suggesting that many of the 

non-canonical introns found in the human genome may be variants of U12-dependent 

introns and, thus, spliced by the minor spliceosome. Comparisons with U2-dependent 

introns revealed that the Ul2-dependent intron set lacks the “short intron” peak 

characteristic of U2-dependent introns, suggesting that UlZdependent introns may be 

recopsed exclusively in an exon dependent manner. Analysis of t h s  UlZdependent 

intron set confirmed reports of a biased dstribution of U12-dependent introns in the 

genome and allowed the identification of several alternative splicing events as well as a 

surprising number of apparent splicing errors. This new larger reference set of U12- 

dependent introns will serve as a resource for future studies of both the properties and 

evolution of the U12 spliceosome. 

Introduction 

Two distinct types of pre-mRNA introns, termed U2- and UlZdependent based 

on the spliceosome complexes that excise them during RNA processing, are found in 

most higher organisms (reviewed in Burge et  a l ,  1999). W e  the roughly 99.9% of 

introns spliced by the major (U2-dependent) spliceosome have been extensively 

characterised (International Human Genome Sequencing Consortium, 2001 ; Zhang, 

1998), less is known regarding the remaining 0.1% of introns, whch fall into the U12- 

dependent class. T h s  minor class of introns was originally identified due to its unusual 

conserved donor and branch signals and hghly atypical AT-AC terminal dinucleotides 

(Jackson, 1991; Hall and Padgett, 1994). More recently, analyses have found that AT-AC 

termini are not strictly required and identified many U12-dependent introns with GT-AG 

terminal dinucleotides as well as a few with other termini (Sharp and Burge, 1997; Burge 

et al., 1998; Wu and Krainer, 1999). Additionally, a small number of U2-dependent 

introns with U12-like AT-AC terminal dinucleotides have been identified, confirming 
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that analysis of the entire splice site signal and not just the terminal dmucleotides is 

required for accurate classification (Dietrich et al., 1997). 

Although U12-dependent introns have been identified previously through 

homology searches and by analysing annotated intron junctions (Burge e t  al., 1998), the 

h t e d  number of U12-dependent introns available to researchers remains a major factor 

hmdering understanding of this rare class of introns. The analysis presented here 

represents the first large-scale search for U1 2-dependent introns in the recently 

completed human genome sequence. A greater than expected diversity in the terminal 

dmucleotides of U12-dependent introns was observed, gving further evidence to the 

idea that flexibhty in these positions has played an important role in intron evolution 

(Burge et al., 1998; Deitrich et al., 1997). Ths analysis generated a new reference set of 

human U1 2-dependent introns eight-fold larger than the previously available set and 

allows a more extensive characterisation of these introns to be carried out. 

Materials and Methods 

Human U1 2-dependent introns were identified using a two-step procedure. First 

potential donor and branch site signals were identified based on statistical pattern 

recopdon  techniques. Low threshold values that detected almost all known sites whde 

accepting a large number of false positives were used. Prom these signals, potential 

introns (donor/acceptor pairs) were generated and expressed sequence evidence was 

used to identify a subset of these potential introns as v&d. All genomic scans used the 9 

January 2001 assembly of the 7 October 2000 freeze of the human genome draft 

sequence (International Human Genome Sequencing Consortium, 2001 ; available from 

http://genome.cse.ucsc.edu/). 

Candidate U12-dependent intron donor and branch sites were identified using a 

standard weight matrix approach (Staden, 1984). 'The weight matrix models were trained 

using a previously described non-redundant set of 48 U12-dependent introns from a 

variety of species (Sharp and Burge, 1997). Simple pseudocounts based on genomic 

nucleotide frequencies (the null model) were added during the training process to avoid 

overfitting the model to the training data. Any sequences whose log-odds scores from 

the donor signal weight matrix exceeded an empirically derived bit threshold were 

considered as potential U12-dependent intron donor sites. Potential U1 2-dependent 

acceptor sites were identified by considering all hgh scoring branch signals (again using 

an empirically derived threshold) and includmg only those that had a putative acceptor 

site (an AC dinucleotide, for instance) within a certain &stance range from the putative 
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branch site. 'The traditional consensus branch site for U1 2-dependent introns is 

TTCCTTAA, although my search pattern extended slightly beyond thts consensus and 

none of the bases were strictly required in my analysis. All pairs of potential donors and 

acceptors that met the above criteria and were within a certain distance of each other 

were considered to define potential U12-dependent introns. For each of these cases, 64 

bp of potential exon sequence, 32 bp from before and 32 bp from after the hypothetical 

intron were extracted and saved for later analysis. 

The analysis described above involved five parameters: a donor site score 

threshold (9 bits), a branch site score threshold (6 bits), both a minimum and a maximum 

branch site to acceptor site &stance (8 bp, 21 bp), and a maximum intron size (20 kb). 

The first four of these were selected to be as inclusive as possible (based on the training 

data) while still minimising time required for computation, while the final parameter, 

maximum intron size, had to be h t e d  to relatively small values to render the analysis 

computationally tractable. The analysis &d, therefore, overlook some longer U12- 

dependent introns (see Discussion). After confirmation of introns, the distributions of 

donor scores, branch scores and the branch to acceptor distance were plotted and 

showed approximately normal dstributions with the thresholds well separated from the 

peaks (see Figure 2 and data not shown), suggesting that the empirical thresholds &d not 

eliminate a large number of valid results. Parameter values for the GT-AG and AT-AC 

scans are provided above; parameter values for all scans are provided in the legend to 

Table 4.1. 

Expressed sequence data were used to confirm a small portion of the large set of 

potential U12-dependent introns as true introns. For this purpose a specialised human 

expressed sequence database was developed whtch contained 54,484 human mRNA 

sequences from EMBL release 65 (Baker e t  al., 2000) and 3,268,161 human ESTs from 

dbEST downloaded from the NCBI on 28 February 2001 (Bogush et al., 1993; available 

from ftp://ncbi.nlm.nih.gov/genbank/). 

High-speed SSAHA similarity searches (Ning, Z., Cox, A.]. and Mullikin,J.C., in 

press) were performed loohng for matches between each potential U12-dependent 

intron and a repeat-masked version of the database described above. Repeat masking was 

performed using DUST (Tatusov and Lipman, unpublished). SSAHA (version 1.1) was 

used with the following options: wordlength, 13; minprint, 39; maxstore, 50000; 

reportmode, replaceC. 'The results of t h s  search were parsed to include only those 

expressed sequence matches that extended at least 15 bp on both sides of the 

37 

ftp://ncbi.nlm.nih.gov/genbank


hypothetical splice junction. Two potential introns were considered duplicate if they 

showed identical sequences along the full 64 bp of potential exon regons. Although such 

a situation could potentially result from gene duplication events and represent a valid 

intron, redundancy in the draft sequence assembly presents an equally plausible 

explanation. Accordingly only one copy of each potentially duplicate intron was saved for 

further analysis. Introns supported by a variety of SSAHA matches extending from at 

least position 3 to position 61 were considered verified at this point. As SSAHA 

functions in a phased manner and does not necessanly report the full length of the 

sequence match, introns whch showed support but did not meet this stringent SSAHA 

criterion were analysed using BLAST (Altschul e t  al., 1997, version 2.0.6, installed locally). 

Introns supported by a perfect BLAST match over all 64 bp were considered as verified. 

The remaining set of candldate introns, whch showed some support but met neither the 

SSAHA nor the BLAST criteria were examined and classified manually. 

Scans were performed for standard UlZdependent introns with AT-AC and 

GT-AG terminal &nucleotides as well as a variety of non-standard introns (see Table 

4.1). Non-standard donor signals were identified using modified training sets, whch had, 

for instance, each G T  dinucleotide at the donor position replaced with a GC 

&nucleotide. Non-standard acceptors were identified by using the orignal branch site 

training set but scanning the downstream regon after h g h  scoring branch sites for the 

non-standard dinucleotide of interest. 

Non-standard splice junctions were checked for possible ambiguties in the form 

of cases where a single expressed sequence could support a variety of splice junctions, as 

previously described (Burset et al., 2000). No such cases were found. 

Distributions of U12-dependent introns in the genome were modelled using 

binomial distributions as previously described (Burge et al., 1998). 

Results 

Characteristics of human U12-dependent introns 

Scans of the human genome draft sequence were performed to identify both 

typical AT-AC and G'T-AG U12-dependent introns and atypical U1 2-dependent introns 

with a variety of other splice junctions (see Table 4.1). The searches for AT-AC and GT- 

AG introns examined all candldate introns up to 20 kb in length whde the other searches 

only examined potential introns of up to 2 kb in length. Accordmgly atypical introns are 

likely to be somewhat underrepresented in my results. Unlike the only previous large 
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Intron I Reported in purge et  Total Found Putative Splicing Total Confirmed 

GC-AG 
Totals 

Termini 
GT-AG 
AT-AC 

GT-AT 
AT-AT 
GT-GG 
AT-AA 
GT-AA 
GT-CA 

AT-AG 

1 0 0 0 
49 41 9 15 404 

aL., 1998) 
34 279 
12 109 
1 8 
0 5 
0 4 
0 7 
1 5 
0 1 
0 . 1  

Errors 
4 275 
1 108 
1 7 
1 4 
0 4 
4 3 
3 2 
0 1 
1 0 

scale U1 2-dependent intron search, these scans analysed unannotated genome sequence 

data and were neither biased nor aided by previous annotation (Burge e t  al., 1998). 

The search for Ar-AC and G'T-AG introns examined approximately 20 milhon 

candidate introns found by pairing hgh-scoring U12-dependent donor and branch site 

signals. 388 of these candidates were confirmed by expressed sequence data using the 

stringent criteria described above. Five out of these 388 were classified as likely splicing 

errors and removed from further analysis. The 383 AT-AC and CX-AG human U12- 

dependent introns reported here represent an increase of 337 (more than %fold) over the 

introns reported in the only similar study (Burge e t  al., 1998). 

In total, scans for U12-dependent introns with 16 dlfferent combinations of 

terminal dinucleotides were performed (see Table 4.1). 419 introns, including the 388 

AT-AC and GT-AG introns discussed above, met the confirmation criteria. Of the 

additional 31 introns, 10 were classified as likely splicing errors, leaving a total of 21 non 

AT-AC or G'T-AG human U1 2-dependent introns, distributed among 6 classes, 

including the previously documented AT-AG and AT-AA (Burge et al., 1998) as well as 

several previously undocumented classes. Examination of the donor and acceptor signals 

of the atypical U12-dependent introns reveals almost perfect conservation of both the 

donor and branch sites with the U12-dependent intron consensus sequences. Detded 
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information for all 404 confirmed U12-dependent introns is available as supplementary 

information in Appendix A or from http://www.sanger.ac.uk/Users/rd/U12/. 

Despite searches for introns starting with GC or GG, all confirmed introns 

showed standard AT or GT dinucleotides at the donor position, suggesting that these 

bases may be almost universally required for successful splicing. One GC-AG U12- 

dependent intron, whch was missed during my analysis due to its atypical and low- 

scoring donor site, has been reported previously indicating that an AT or GT 

&nucleotide is not an absolute requirement (Burge et al., 1998). In contrast, a variety of 

terminal dinucleotides (including AG, AC, A T ,  AA, and GG) were observed at the 

acceptor position. The dlversity of terminal dinucleotides observed at the acceptor site of 

human U1 2-dependent introns confirmed recent experimental work, which indicated 

that a variety of d~nucleotides can serve as functional U12-dependent acceptor sites in 

vitro (Dietrich et al., 2001). Ths flexibdity fits well with the idea that the branch site serves 

as the primary recognition point for the 3' end of U12-dependent introns and suggests 

that the mechanism of 3' site identification may be only loosely constrained. 

282 confirmed G T  donor sites were also scored as U2-dependent donor sites, 

using the stratified splice predictor described in section 3.2. The vast majority of these 

sites scored poorly as U2 sites. Only 7 out of 282 (2.5y0) received a log-odds score 

greater than 5 bits and even these scores were generally well below the mean score 

(mean: 8.66, SD: 2.31) for a set of 3,620 true sites scored with the U2 model. 

Estimating the frequency of UlZdependent introns w i t h  the genome is a 

difficult problem and, due to the lack of comparable data for U2-dependent introns, my 

results do not lead to an easy solution. However, comparing the small sample of 11 U12- 

dependent introns I identified on chromosome 22 with the 3,199 U2-dependent introns 

identified in a similar search for U2-dependent introns on chromosome 22 (see Chapter 

5) suggests that as many as 0.34 percent of human introns are spliced by the U12 

spliceosome. T h s  number is larger than earlier estimates that suggested roughly 0.1 5 

percent of human introns were ltkely to be U12-dependent (Burge e t  al., l998), but, due 

to the small sample size, must be taken as only a rough estimate. 

Access to t h s  large set of confirmed U12-dependent introns allowed me to 

analyse several characteristics of t h s  rare class of introns. Figure 4.1 compares the length 

distribution of 168 confirmed AT-AC and GT-AG UlZdependent introns with 11,402 

RefSeq-confirmed UZdependent introns (length < 1 kb) from version 1 .0 of Ensembl 
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Figure 4.1 - The length of 168 U12-dependent introns and 11,402 RefSeq-confirmed U2- 
dependent mtrons less than lkb in length are plotted. Grey bars represent the counts of U12- 
dependent introns grouped into 50-bp urlde bins and the black line represents the frequency of 
U2-dependent introns grouped in 10-bp wide bins. 

(International Human Genome Sequencing Consortium, 2001). U2-dependent introns 

have a two-component distribution, with a peak at approximately 90 bp and an 

exponential-like component for longer lengths. U12-dependent introns seem to be 

l a c h g  the short component of the U2-dependent intron length distribution. In contrast, 

UlZdependent introns show a gradual peak between 200 and 250 bp, then a slow decay. 

'The distributions are s d a r  for larger introns between 1 and 20 kb (U2: mean: 4,130 bp, 

SD: 3,720 bp. U12: mean: 3,600 bp, SD: 3,300 bp, and data not shown), showing that the 

exponential components are s d a r .  

The dmribution of the distance between the branch site and the acceptor site for 

both AT-AC and GT-AG U12-dependent introns is dustrated in Figure 4.2. These 

results confirm earlier findmgs that t h s  distance is much more sharply restricted for 

U12-dependent introns than it is for U2-dependent introns and verify suggestions 

(Dietrich et al., 2001) that AT-RC and G'1'-AG U12-dependent introns show different 

distributions for t h s  distance (Ch-square test: P < 0.001). No functional relevance for 

t h s  difference has been identified. 

Table 4.2 compares the phase of 284 of the U12-dependent introns found in t h s  

study with 11,117 predominately U2-dependent introns previously analysed (Long e t  al., 

1995). 'The two distributions differ sipficantly (Ch-square test: p < 0.001) with the 
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Figure 4.2 - The distance between the branch site and the acceptor site is plotted for 108 AT- 
AC U12-dependent introns (black bars) and 275 GT-AG U12-dependent introns (grey bars). 

11,117 100 I 284 100 

most striking difference being the bias against phase 0 introns in the UlZdependent 

intron data, compared to the bias toward phase 0 introns in the U2-dependent intron 

data. These results generally agree with previously analysed intron phase data from a 

smaller dataset (Burge et al., 1998). 

Analysis of the base composition between the branch site and the acceptor site of 

UlZdependent introns reveals a slight pyrimidine bias in this region. 66 percent of a 

sample of 2,191 nucleotides from between the branch and acceptor consensus sequences 

were pyrimidmes, while only 54 percent of a control set of 3,060 nucleotides from 

upstream of the branch site consensus sequence were pyrimidines. Although extracting a 

comparable set of data for U2-dependent introns is difficult, pyrimidmes make up nearly 
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Confirmed Intron I Putative Splicing Error I 3' Difference 

ID Termini Evidence 
2 GT-AG 8 
14 GT-AG 94 
45 GT-AG 7 
92 GT-AT 2 
97 AT-AC 7 
122 GT-AG 60 
124 GT-AG 266 
127 GT-AG 12 
145 AT-AC 12 
216 AT-AC 16 
226 AT-AC 3 
236 GT-A<; 15 
25 1 GT-AG 7 
290 AT-AC 13 
393 GT-AG 24 

Termini Evidence 
GT-GG 1 -4 
GT-CA 1 -1 
GT-AG 1 -3 
GT-GG 1 +3 
AT-AC 1 +4 
GT-AG 1 +2 
GT-GG 7 +1 
GT-AT 1 -2 
AT-AA 1 +5 
AT-AA 1 -3 
AT-AA 1 +6 
C; T-<; G 1 -3 
GT-AG 1 -4 
AT-AG 1 +2 
GT-AG 1 +2 

80 percent of the nucleotides in the 9 bp upstream of the acceptor site consensus (CAG), 

suggesting that the pyrimidine bias at U12-dependent introns is not as strong as it is at 

U2-dependent introns. 

High error rates at the acceptor site in UlZdependent splicing 

A surprisingly high number of introns were identified whch met all confirmation 

criteria, yet seemed unlikely to represent real introns. In general, these introns shared 

donor sites with other confirmed introns yet differed slightly (1-6 bp) in acceptor site 

positions. In most cases one member of these pairs of introns had typical terminal 

&nucleotides and was strongly supported by a large number of expressed sequences 

while the second exhibited atypical dmucleotidcs and was weakly supported. In many 

cases the second intron led to the subsequent exon being out of frame and thus is 

unlrkely to represent a true alternatively spliced variant of the gene. 15 introns exhibited 

these criteria and were classified as likely splicing errors (see Table 4.3). Although a few 

of these so-called splicing errors may represent errors in EST sequencing, most seem 

likely to represent mistakes made by the U12 spliceosome. 

In total 21 ES'l's were observed confirming likely splicing errors and 5,864 ESTs 

were observed confirming accepted introns. These numbers suggest that splicing 

mistakes at the 3' end of U12-dependent introns occur at a rate of approximately 1 error 
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in every 280 splices. This value hkely underestimates the true error rate in U12 acceptor 

site selection as only a small subset of terminal dinucleotides was considered in this 

study. S d a r  genomic scans with other pairs of bases at the acceptor position could 

potentially uncover even more evidence of errors during UlZdependent splicing. 

Alternative splicing of U12 introns 

The approach to intron identification used for these analyses allowed me to 

identify alternative splicing situations in whch one splice site was used in two or more 

confirmed introns. Among the 404 U12-dependent introns, 13 such pairs of alternatively 

spliced introns were observed (see Table 4.4). Eleven cases were identified where the 

same donor site was used with a different acceptor site and two cases were found in 

whch hfferent donor sites were paired with the same acceptor site. Interestingly, three 

of these alternative splicing events involved introns with different pairs of terminal 

&nucleotides, the first time, to the best of my knowledge, ths  has been observed. For 

instance 14 expressed sequences supported an AT-AT intron of length 620 bp in a 

hypothetical human protein (genbank accession NM-024549) whle two expressed 

sequences supported an AT-AC intron with the same donor site but a different acceptor 

site 3,344 bp downstream of the donor site. 

These results suggest that, at a minimum, 13 out of 391, or roughly 3.3 percent, 

of human UlZdependent introns have an associated intron truncation/extension type 

alternatively spliced form. A bias (11 out of 13) towards alterations at the acceptor site 

was also observed, although the numbers are too small to draw any strong conclusions in 

this regard. A s d a r  analysis of approximately 3,200 expressed sequence confirmed U2- 

dependent introns (of length < 20 kb) on human chromosome 22 found 

truncation/extension alternative splicing events to occur at roughly 12 percent of introns 

and only negligble differences between the frequency of events involving donor and 

acceptor sites (see Chapter 5). 

Non-random distribution of Ul2-dependent introns in the genome 

The distribution of U12-dependent introns w i t h  the human genome has 

important implications for understanding the evolutionary history of the major and 
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Gene 1 ID Termini Length Evidence Accession 
Porphobilinogen deaminase (PBG- I 3 GT-AG 1145 26 X042 1 7 
D)&NA - 
Quinone oxidoreductase homolog-1 
mRNA 

4 GT-AG 1593 2 R06263 
343 AT-AC 4501 3 AA370151 
342 AT-AC 4522 11 AF029689 

Von Hippel-Lindau binding protein 
(VBP-1) mRNA 
Calcium channel, alpha 2/delta 

132 GT-AG 2403 35 U96759 
133 GT-AG 3187 1 BF667071 
247 GT-AG 103 2 A1251367 

subunit 2 CACNAiD2 gene &A 
Unknown 

248 GT-AT 97 4 iZF042972 
105 GT-AG 2951 2 AV725561 

I68 GT-AG 2677 1 AL523899 

Unknown 

Unknown 

106 GT-AG 5038 1 A1917412 
304 GT-AG 13385 1 BF373273 
303 GT-AG 13423 2 BE887649 
158 AT-AC 3344 2 AK024780 

Unknown 

Unknown 

I 368 GT-A(; 1301 3 L35004 

157 AT-AT 620 14 BE275895 
287 GT-AG 1471 39 AKOOl916 
288 GT-AG 2747 1 BE263460 
67 GT-AG 605 17 T50022 

Unknown 

C u h  4a (CUL4A) 

Unknown 

GT-AG 5038 1 A1917412 I i:; AT-AG 1984 5 A1023856 

257 AT-AC 8926 21 AF077188 
258 AT-IZC 277 1 AL560997 
386 GT-AG 12503 2 AK000443 

Table 4.4 - Alternatively spliced U12-dependent introns. 13 examples of alternatively spliced 
U12-dependent introns are shown. For each splicing variant, the ID matching the supplementary 
intron table, the intron terminal dinucleotides, the intron length, the total evidence supporting 
the intron and an accession number of a confirming expressed sequence are presented. 

INK1 protein kinase 

minor spliceosomes. Among the 404 U12-dependent introns identified in thls analysis, 

16 cases were identified where the same expressed sequence confirmed two or more 

UlZdependent introns, indicating that the two introns occurred withm a single gene (see 

Table 4.5). One of these cases (Homo .@ens NHE-6, genbank accession AF030409) had 

3 U12-dependent introns (1 RT-AC, 2 GT-AG) supported by a single expressed 

sequence. 

Assuming that U1 2-dependent introns are randomly distributed throughout the 

genome, the probabhty of identifying 16 or more genes with multiple UlZdependent 

introns among 388 genes with at least one Ul2-dependent intron is P < 0.009. Tlvs 

strongly confirms earlier reports that suggested U1 2-dependent introns were rllstributed 

non-randomly withm genomes purge et al., 1998). It is worth noting that the strict 

requirement for multiple introns to be supported by a single expressed sequence almost 

387 GT-AG 14540 4 AK022732 
367 GT-A<; 1727 2 L26318 
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G ene 

Smg GDS-associated protein (SMAP) mRNA 

Transcription elongation factor TFI1S.h 

Inositol polyphosphate 5-phosphatase (5ptase) mRNA 

WDRlOp-1, (WDR10) mRNA 

Diaphanous 1 (HDIA1) mRNA 

Erythroid ICC1 cotransporter (IKC1) mRNA 

Hypothetical transmembrane protein SBBI53 mRNA 

Spermidine aminopropyltransferase mRNA 

Dihydropyridine-sensitive I>-type calcium channel alpha-1 
subunit CACNLIA3 (CACNAIS) mRNA 
Hypothetical protein FLJ22028 

Autoantigen mRNA 

KIAA0136 gene mRNA 

Histidase &A 

ERCC5 excision repair protein P G )  mRNA 

K I M 1  176 gene &A 

Sodium-hydrogen exchanger 6 (NHE-6) mRNX 

U12-dependent Accession 
Introns 
GT-AG (84) 
AT-AC (85) 
AT-AC (239) 
GT-AG (240) 
GT-A(; (321) 
AT-AG (322) 
GT-AG (235) 
GT-AG (236) 
AT-AC (81) 
AT-AC (82) 
GT-AG (243) 
GT-AG (244) 
GT-AG (381) 
GT-AG (382) 
AT-AC (312) 
GT-AG (313) 
GT-AG (9) 
GT-AG (10) 
GT-AG (105) 
AT-AG (107) 
GT-AG (245) 
GT-AG (246) 
AT-AC (344) 
GT-AG (345) 
GT-AG (98) 
GT-AG (99) 
GT-AG (212) 
AT-AT (213) 
GT-AG (188) 
GT-AG (189) 
AT-AC (401) 
GT-AG (302) 

U59919 

A5223473 

M74161 

AF2449 3 1 

AF05 1782 

AF047338 

AF242523 

AD001 528 

L33798 

AV725561 

L26339 

D50926 

D16626 

L20046 

AB033002 

AF030409 

Table 4.5 - Genes with multiple U12-dependent introns. 16 Genes with at least two U 1 2  
dependent introns are shown. For each U12-dependent intron in the specified gene, the terminal 
dinucleotides and ID (matchmg the complete intron list provided as supplementary information) 
are provided. The accession number of a confLrmng expressed sequence is provided for each 
gem. 

certainly leads to an underestimate of the true number of genes with multiple U12- 

dependent introns and, thus, an overestimate of the hkelihood of thls chstribution 

occurring by chance. Thls underestimation occurs due to the short length of most ESTs 

and the correspondingly small chance that a single EST’ would support multiple introns. 

Furthermore, in h s  analysis duplicate U12-dependent introns, whch arose from gene 

duplications during evolution, are counted as chstinct introns. If each group of duplicate 

introns was counted as a single intron, the hkelihood of seeing this distribution arising 

randomly would be reduced. 
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Relative utility of the mRNA and EST datasets 

Total Introns 
Exclusive Introns 
Mean 
Median 
Maximum 

’The use of expressed sequences to confirm introns in this analysis provides an 

opportunity to compare the coverage and uality of the two major expressed sequence 

datasets: the set of mRNA and the set of ESTs (see ’Table 4.6). Of the 404 introns 

identified in t h s  analysis, 267 (66 percent) were supported by both mRNA and EST 

sequences, 101 (25 percent) were supported only by EST sequences and 36 (9 percent) 

were supported only by mRNA sequences. As expected, there was much hgher 

redundancy in the EST set, as the me&an number of EST sequences supporting an 

intron was four and the median number of mRNA sequences supporting an intron was 

one. 

mRNA EST 
303 (75”/,) 368 (91%) 

36 (9”/0) 101 (25%) 
1.5 14.5 

1 4 
14 284 

Table 4.6 - Summary of expresscd sequences supporting U12-dependent introns. The total 
number o€ introns and the number of introns exclusively supported by each type of expressed 
sequence are shown in the top two rows. The averagc and median numbers of expressed 
sequences supporting each U12-dependent intron are shown as well as the maximum number of 
expressed sequences supporting a single intron. 

These results suggest that the coverage of both datasets is good but far from 

complete. Furthermore the differing characteristics of the two sets render them useful 

for different types of analyses. In some cases the hgher coverage of the EST set may be 

required, while in others (such as the analysis of the distribution of U12-dependent 

introns above) the longer length of sequences in the mRNA set may make t h s  collection 

of sequences more valuable. 

Discussion 

The analysis presented here greatly increases both the number of U12-dependent 

introns identified and the diversity of these introns. The observation that a significant 

number of U12-dependent introns exhbit atypical terminal &nucleotides suggests that a 

good number of the so-called non-canonical introns identified in a variety of genomes 

(Burset et al., 2001), may represent variants of U12-dependent introns. Furthermore, due 

to the different parameters used in the searches for typical and atypical U12-dependent 

introns, the results presented here most likely reflect an under-representation of atypical 

U12-dependent introns. For instance, only 76 percent of AT-AC and G‘T-RG U12- 
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dependent introns have lengths under 2 kb. If t h s  ratio holds for atypical U12- 

dependent introns as well, the 21 examples reported here should increase to 27 or 28. 

Furthermore, scans for introns with pairs of terminal dmucleotides not considered in thls 

study may identify additional atypical U12-dependent introns. 

'The 404 U12-dependent introns identified here represent a lower bound on the 

genome's full complement of these introns for a variety of reasons. Firstly, as noted 

previously, the arbitrary h u t  of 20 kb as the maximum intron length for AT-AC and 

GT-AG U12-dependent introns almost certainly excluded a sipficant number of true 

introns from my analysis. For comparison roughly five percent of Ensembl U2- 

dependent introns confirmed by RefSeq entries are greater than 20 kb in length 

(International Human Genome Sequencing Consortium, 2001). In addition the threshold 

values used for donor and branch site scores, whde chosen to be inclusive, likely 

excluded a small number of valid introns from the analysis. 

Furthermore, the incomplete nature of the EST and mRNA sets used to confirm 

introns means that some number of true introns, whch were identified as potential 

introns in the fast stage of this analysis, faded to meet the confirmation criteria and were 

not included in the fmal counts. EST datasets in particular are biased towards the 5' and 

3' ends of genes and are less hkely to provide evidence for introns near the middle of 

larger genes. 

A large majority of the human U12-dependent introns reported previously were 

identified in h s  large-scale genomic analysis. However a few were missed. For instance, 

intron 5 of FHIT (human fragde histidme triad gene), and intron 16 of HPS (human 

Hermansky-Pudlak syndrome gene) previously noted to be U1 2-dependent introns 

purge et al., 1998), were both missed by my analysis. Careful examination of these 

particular introns reveals that the FHIT intron was missed due to its exceptionally long 

length whde the HPS intron was missed to due to its atypical and low scoring donor and 

branch sites. 

The large set of U12-dependent introns presented here should prove helpful for 

future studies regarding the evolution of the two-spliceosome system. Comparisons with 

the nearly complete mouse genome should prove useful in analysing the frequency of 

subtype switching, as well as intron conversion and loss. 

The differences observed between the length distribution of U12- and U2- 

dependent introns raise interesting questions about the two splicing mechanisms. In 

particular the accurate pairing of donor and acceptor sites is thought to occur by two 
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different models in hgher eukaryotes, an intron definition model, whch functions in the 

excision of small introns (Talerico and Berget, 1994), and an exon definition model, 

whch functions in the excision of larger introns (Berget, 1995). U12-dependent introns 

have been shown to participate to some degree in exon definition interactions (Wu and 

Krainer, 1996) and one possible explanation for the relative dearth of short U12- 

dependent introns may be that they are recognised exclusively in an exon-dependent 

fashon, e h n a t i n g  any selective benefit potentially associated with the short length of 

many U2-dependent introns. 

A number of the U12-dependent introns found in the human genome occur 

within larger gene farmlies, suggesting that the intron arose origmally in a single ancestral 

gene and was duplicated along with the rest of the gene as the f a d e s  grew. The 

presence of U12-dependent introns in some gene f d e s ,  including the calcium and 

sodium voltage-gated cation channels (Wu and Krainer, 1999), the m a d m  famdy 

(Muratoglu et  al., 2000), the protein hnase superfamily (Burge et al., 1998) and the E2F 

transcription factory f d y ,  has been well studied. Ths analysis found conservation of 

U12-dependent introns in the phospholipase C famdy, the transportin f d y ,  the 

diaphanous family and the CAMP-binding guanine nucleotide exchange factor family (see 

supplementary information) in addition to these previously identified gene f a d e s .  

Additionally, U12-dependent intron containing genes seem to be over-represented in the 

ras-raf signal transduction pathway, although further work is required to determine the 

significance of t h s  observation. 

'The observation of alternative splicing of U12-dependent introns poses 

interesting evolutionary questions as well. If U12-dependent introns convert to U2- 

dependent over evolutionary time by accumulation of mutations at the splicing junctions 

as previously hypothesised (Burge et al., 1998; Dietrich et  al., 1997), how would t h s  work 

for alternatively spliced introns. In the case of an intron truncation event where two 

dlfferent acceptors could pair with a single donor, the intron conversion process might 

necessitate either the seemingly unlikely simultaneous conversion of multiple intron 

junctions or the loss of one of the splicing alternatives. 'Ths scenario suggests that 

alternatively spliced UlZdependent introns would be preferentially preserved, but is in 

conflict with the observation that alternative splicing is rarer at U1 2-dependent introns. 

A possible explanation may be that the U12 spliceosome is less amenable to the complex 

regulation patterns that alternative splicing requires and that alternative splicing, 

therefore, arises less frequently at U12-dependent introns. 
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Although little is known about error rates of U2-dependent splicing, the 

calculation of a p r e h n a r y  error rate for U12-dependent splicing presents some 

interesting possibhties. In particular, if errors occur with a significantly hgher frequency 

at U12-dependent introns than at U2-dependent introns, th~s  may point to a reason that 

U12-dependent introns seem to be selected against during evolution and even are found 

to be lacking entirely from some eukaryotes, such as C. eleguns. 

In addition to the observations made here, I hope the set of UlZdependent 

introns generated by this analysis will provide a useful resource for future examinations 

of the minor spliceosome and its evolution. 
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Summary 

A computational scan for U2-dependent introns on human chromosome 22 

identified 3,199 introns strongly supported by expressed sequences. Of these, 0.7 percent 

were non-canonical GC-AG introns and the remaining 99.3 percent were canonical GT- 

AG introns. Approximately 12 percent of introns were involved in an intron 

truncation/extension alternative splicing event, with roughly equal numbers of these 

occurring at the donor and acceptor ends of the intron. This large set of confmed 

introns should prove to be a useful resource for continued detailed gene annotation. 

Introduction 

Chromosome 22 was the first human chromosome to be essentially completely 

sequenced (Dunham et al., 1999) and has been extensively annotated using both 

computational and experimental approaches. Because of thts annotation, chromosome 

22 has become the de facto test sequence for a large variety of novel informatics 

analyses. However, annotation is s t d l  not complete. In order to assist in the ongoing 

annotation of chromosome 22, I have developed an expressed sequence based intron 

identifier, whch pairs strong donor and acceptor signals in an attempt to identify as 

many U2-dependent introns as possible. Results of a p r e h a r y  analysis on 

chromosome 22 and prospects for performing such an analysis on a genomic scale are 

discussed. 

Materials and Methods 

Human UZdependent introns were identified using a two-step procedure, similar 

to that used in Chapter 4 to identify U12-dependent introns. Potential donor and branch 

site signals were identified based on statistical pattern recopt ion techniques, as 

implemented in Stratasplice (see section 3.4). A posterior probabhty threshold value of 

le-3 was selected to balance sensitivity with computational demands. Earlier analysis (see 

sections 3.2, 3.3) suggests that t h s  included roughly 96 percent of G T  donor sites, 76 

percent of GC donor sites and 96 percent of i lG acceptor sites. From these s e a l s ,  

potential introns (donor/acceptor pairs) of less than 20 kb were generated and expressed 

sequence evidence was used, as described in detad in Chapter 4, to identify a subset of 

these potential introns as valid. All scans used the 19 May 2000 ‘Release 2’ b d d  of the 

chromosome 22 sequence (Dunham et  al., unpublished, avadable from 

http://www.sanger.ac.uk/HGP/Chr22/). 
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Confirmed introns were compared to a collection of known repeats on 

chromosome 22 generated using RepeatMasker (Smit, A.P.R. & Green, P., unpublished) 

and introns with at least one splice site withn a known repeat were discarded and 

ignored in later analyses. 

Results 

The computational scan for U2-dependent introns on chromosome 22 generated 

roughly 72 rmllion potential introns less than 20 kb in length. 4,719 of these potential 

introns were strongly confirmed by either mRNA or EST sequences. 1,520 of these were 

found to have at least one splice site (and usually both) within an annotated repeat 

element. Removing these 1,520 introns left a total of 3,199 expressed sequence 

confirmed introns on chromosome 22. Nearly 80 percent of these introns agree precisely 

with chromosome 22 annotations, and t h s  accounts for approximately 70 percent of 

previously annotated introns (see Table 5.1). 671 of the identified introns were missing 

from the chromosome 22 annotations and some of these may represent either 

alternatively spliced forms of known genes or previously unidentified genes. 

Number of Introns 
Chromosome 22 Annotation 3,584 
U2-Dependent Intron Finder 3,199 
Both Sets 2,528 
Annotation only 1,056 
Intron Finder onlv 67 1 

Table 5.1 - Comparison between introns identified in this study and annotation of chromosome 
22. The total number of introns identified by the chromosome 22 annotation team and the intron 
finder described in this chapter are provided. The number of introns found in both sets or 
exclusively in one set is shown as well. ilnnotation data (Release 2.3, 6 March 2001) were 
produced by the Chromosome 22 Gene Annotation Group at the Sanger Centre and were 
obtained from the World Wide Web at http://www.sanger.ac.uk/HGP/Chr22 (Dunham e t  U / ,  

unpublished). 

3,178, or 99.3 percent, of the introns identified in t h s  study were canonical G T -  

AG introns and the remaining 0.7 percent were non-canonical GC-AG introns. Although 

the thresholds used in t h s  analysis were biased slightly toward the inclusion of GT-AG 

introns, these percentages compare well with previously determined estimates of GC-AG 

intron frequency (International Human Genome Sequencing Consortium, 2001; Burset e t  

al., 2000). 

'The 3,199 introns identified on chromosome 22 were searched for intron 

truncationlextension type alternative splicing events in whch one splice site remained 

the same. Of the 3,001 unique donor sites found in the set of 3,199 introns, 175, or 5.8 
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percent, were associated with two or more acceptor sites. S d a r l y ,  187 or 6.2 percent, of 

the 2,996 unique acceptor sites were associated with two or more donor sites. Combining 

these numbers for individual splices sites suggests that roughly 12 percent of U2- 

dependent introns on chromosome 22 showed intron truncation/extension type 

alternative splicing. Most alternatively spliced introns only had one alternative form, but a 

small number of donor and acceptor sites were found that were used in three or four 

introns (see Table 5.2). 

Donor Sites 
Number Percent 

1 Intron 2,826 94.17 
2 Introns 154 5.13 
3 Introns 19 0.63 
4 Introns 2 0.07 
Total 3,001 

Acceptor Sites 
Number Percent 

2,809 93.76 
173 5.77 
12 0.40 
2 0.07 

2,996 

Discussion 

The study described here shows the u d t y  of large-scale intron identification 

projects for genome annotation and analysis. Preliminary examination of t h s  data by the 

chromosome 22 annotation team at the Sanger Centre suggests that t h s  approach has 

identified a variety of potentially novel introns and has provided additional evidence for a 

large number of previously annotated gene structures. 

However the analysis is computationally quite intensive. For instance the analysis 

of the roughly 35 Mb chromosome 22 sequence involved the generation of 

approximately 72 d o n  potential introns, which required roughly 9 GB of storage 

space. Addtionally, the search time, even using the htgh speed SSAHA search algorithm 

(Ning, Z., Cox, A.J. and Mu&nJ.C., in press) was significant. Searchng the 72 million 

potential introns took 5.5 days of processor time on a 16 GB machme. Furthermore, 

such an analysis would ideally be performed using more inclusive thresholds, but thls 

would lead to even more sipficant requirements in terms of disk space and processor 

time. Because the disk space is needed only transiently, the search time is the key factor 

determining whether or not such an analysis could be performed on a genomic scale. As 

analysis of the complete human genome using the same search parameters would take 

over a year on a hgh  memory machme, the answer at the current time is, realistically, no, 

at least not as done here. 
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Ths approach is much more efficient, however, if the expressed sequences are 

localised withm the genome first, allowing the searches to be performed against much 

smaller databases, and thls approach could make such an analysis feasible on a genomic 

scale. However, it would arguably make more sense to work in the opposite duection and 

ahgn full ESTs to the genome as done at Ensembl/UCSC and use these sequences to 

confirm introns. Comparing the results of Ensembl's alignment of ESTs to chromosome 

22 with the results reported here would be an interesting project, but time to complete 

dus work was not available. 
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The process of annotating the human genome has now begun in earnest with the 

completion of the draft sequence and will continue for many years as the sequence is 

finished and as understanding of the genome’s complex structure improves. The work 

described in t h s  thesis aimed to assist this ongoing process by using a variety of 

computational approaches to help identify introns, and in the process also add to our 

knowledge about the mechanisms of RNA splicing. Below I ou the  briefly a few of the 

many ways these investigations could be taken further. 

One step toward ths goal was taken with the development of a new model for 

splice site identification that uthses local GC content to generate improved predictions 

compared to standard non-stratified models. Ths  model identified differences in intron 

recognition signals that varied with GC content. These lead to interesting questions 

regardmg the role of splice site recoption in genome evolution. It is worth exploring 

whether splice site recoption has played a role in genome evolution, by, for instance, 

restricting most introns in GC-rich regons to short lengths. Another possibllity that 

merits further examination is that small and large introns may exhibit slightly different 

splice site signals. If t h s  is the case, my stratified model may capture ths  signal indirectly 

as a by-product of most small introns occurring in GC-rich regons of the genome. 

Splice site signals are insufficiently informative by themselves and the chance of 

pinpointing splice sites in genomic sequences based on their signals alone seems s h .  

However, improvements in splice site identification lead to improvements in gene 

precbction and are worth exploring. In t h s  regard, it seems that future work will further 

blur the distinction between splice site prediction and gene prediction with the emphasis 

falling on programs that take advantage of a variety of signals to accurately identify either 

introns or exons. An improved understanding of the splicing process in vivo will play a 

key role in ths  progression as udsing the information provided by intronic and exonic 

splicing enhancer sites (reviewed in Blencowe, 2000) is hkely to be a difficult but 

important step in ths  process. 

The advent of large expressed sequence libraries is having a dramatic impact on 

genome annotation. In regard to splicing, alignments of expressed sequences to the 

genome can identify splice sites with hgh confidence and are a powerful tool for 

determining gene structure. Expressed sequence datasets, however, are generally both 

incomplete and biased toward the start and end of transcripts and, whde a valuable 

annotation tool, complement rather than replace other annotation efforts. 
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Due to their scarcity, U12-dependent introns have traditionally been ignored in 

large-scale annotation efforts, hindering the accurate annotation of several hundred 

human genes. My analysis of these rare introns will help define these gene structures and 

work is ongoing to add these introns into Ensembl (International Human Genome 

Sequencing Consortium, 2001). 

I hope that this research will also have implications for understanding the origm 

of the two spliceosome system found in many eukaryotes. In particular, comparative 

analysis of the processes of gain and loss of U12-dependent introns and conversion of 

U12- to U2-dependent introns (and perhaps vice versa) will increase our understanding 

of both splicing systems, and perhaps offer insights into eukaryotic evolution more 

generally. Scanning the mouse genome, once its sequencing reaches a suitable stage, 

would be the logical next step, as many genes and even gene structures should be 

conserved between mouse and human. 

Although my analysis has led to a number of new observations regardmg U12- 

dependent introns, the calculation of a preliminary error rate for U12-dependent splicing 

is particularly interesting. To the best of my knowledge, no previous estimates for 

splicing error rates by either spliceosome exist, and whde my estimate is only prelirmnary, 

it points the way toward an effective use of expressed sequence data to more accurately 

estimate ths  value and provide a comparable estimate for U2 splicing. These estimates 

could be obtained as by-products of the large-scale EST to genome alignment projects 

ongoing at the Sanger Centre and elsewhere. 

Developing an accurate understandmg of the frequency and mechanisms of 

alternative splicing looms as the next big goal in the ongoing effort to understand 

eukaryotic gene structure and hopefilly a combination of expressed sequence based 

analysis and ab initio predictions can yield sipficant progress on t h s  front. Although my 

work has not focused on ths  problem, I have identified a variety of alternatively spliced 

U12-dependent introns and hope that my stratified splice predictor will help in the 

determination of potential alternative U2-dependent splice sites. 

Nearly 25 years of research into RNA splicing has yielded enormous progress in 

terms of understanding, but many key questions remain. Although in vivo work is crucial 

to an eventual understanding of RNA splicing, the wealth of data becoming avadable 

through genome projects has enabled informatics approaches to also make a sipficant 

contribution. As sequence data continues to accumulate, I expect ths  trend to continue 
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and imagine that computational approaches wdl play an important role in answering 

many of the sd l  unresolved questions regardmg RNA splicing. 
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��� FWJ����� ������� ������� JWDJ ���� �� � �LQVXOLQ�LQGXFHG�SURWHLQ

��� FWJ����� ������ ������ DWDF ��� �� � �QR�51$

��� FWJ����� ������� ������� DWDF ���� �� � ��QR�51$

��� FWJ����� ������� ������� JWDJ ��� �� � �QR�51$

��� FWJ����� ������ ������ JWDJ ��� �� � ��SRO\�$'3�ULERVH��SRO\PHUDVH

��� FWJ����� ������� ������� JWDJ �� �� � �QR�51$
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��� FWJ����� �������� �������� JWDJ ���� �� � �XQDVVLJQHG�51$

��� FWJ����� �������� �������� JWDJ ���� �� � ��1�WHUPLQDO�DFHW\OWUDQVIHUDVH�FRPSOH[�DUG��VXEXQLW

��� FWJ����� �������� �������� DWDF ���� �� � �XQDVVLJQHG�51$

��� FWJ����� ������ ������ JWDJ ���� �� � ��:'5��S�63*

��� FWJ����� ������ ������ JWDJ ���� �� � �:'5��S�63*

��� FWJ����� ������ ������ JWDJ ���� �� � �QR�51$

��� FWJ����� ������ ������ DWDF ���� �� � �(�)��WUDQVFULSWLRQ�IDFWRU

��� FWJ����� ������ ������ DWDF ���� �� � �WUDQVFULSWLRQ�HORQJDWLRQ�IDFWRU�7),,6�K

��� FWJ����� ������ ������ JWDJ ���� �� � �WUDQVFULSWLRQ�HORQJDWLRQ�IDFWRU�7),,6�K

��� FWJ����� ������� ������� DWDJ ��� �� � �QR�51$

��� FWJ����� ������� ������� DWDF ��� �� � �(�)��WUDQVFULSWLRQ�IDFWRU

��� FWJ����� ������� ������� JWDJ ��� �� � �HU\WKURLG�.�&O�FRWUDQVSRUWHU��.&&��

��� FWJ����� ������� ������� JWDJ ��� �� � �HU\WKURLG�.�&O�FRWUDQVSRUWHU��.&&��

��� FWJ����� ������� ������� JWDJ ��� �� � �DXWRDQWLJHQ

��� FWJ����� ������� ������� JWDJ ��� �� � �DXWRDQWLJHQ

��� FWJ����� ������ ������ JWDJ ��� �� � �FDOFLXP�FKDQQHO��DOSKD��GHOWD����&$&1$�'��

��� FWJ����� ������ ������ JWDW �� �� � �FDOFLXP�FKDQQHO��DOSKD��GHOWD����&$&1$�'��

��� FWJ����� ������� ������� JWDJ ���� �� � �XQDVVLJQHG�51$

��� FWJ����� ������� ������� JWDJ ��� �� � �+,9���9SU�ELQGLQJ�SURWHLQ��9SU%3�

��� FWJ����� ������� ������� JWDJ ���� �� � �XQDVVLJQHG�51$

��� FWJ����� ����� ����� JWDJ ��� �� � �'1$�ELQGLQJ�UHJXODWRU\�IDFWRU��5);��

��� FWJ����� ������ ������ JWDJ ��� �� � ��XQDVVLJQHG�51$

��� FWJ����� ����� ������ DWDF ���� �� � �QR�51$

��� FWJ����� ������� ������� JWDJ ���� �� � �YROWDJH�GHSHQGHQW��FDOFLXP�FKDQQHO�DOSKD��'�VXEXQLW��&$&1$�'�

��� FWJ����� ������� ������� DWDF ��� �� � �FDOFLXP�FKDQQHO�DOSKD��GHOWD��VXEXQLW��&$&1$�'��

��� FWJ����� ������ ������ DWDF ���� �� � ��FXOOLQ��$��&8/�$�

��� FWJ����� ������ ������ DWDF ��� �� � �XQDVVLJQHG�51$

��� FWJ����� ������ ������ DWDF ��� � � ��XQDVVLJQHG�51$

��� FWJ����� ����� ����� JWDJ ���� �� � ���FDOFLXP�GHSHQGHQW�SURWHDVH

��� FWJ����� ������ ������ JWDJ ���� �� � �QR�51$

��� FWJ����� ������ ������ JWDJ ���� � � ��LQRVLWRO�KH[DNLVSKRVSKDWH�NLQDVH����,3�.��

��� FWJ����� ������ ������ DWDJ ��� �� � �F$03�ELQGLQJ�JXDQLQH�QXFOHRWLGH�H[FKDQJH�IDFWRU�,,,��F$03�*(),,,�

��� FWJ����� ������ ������ JWDJ ��� �� � �SKRVSKOLSDVH�&�EHWD��

��� FWJ����� ������ ������ JWDJ ���� �� � ��$'3�ULERV\ODWLRQ�IDFWRU�OLNH�SURWHLQ����$5/��

��� FWJ����� ������� ������� DWDF ��� �� � �

FDOFLXP��DQG�GLDF\OJO\FHURO�UHJXODWHG�JXDQLQH�QXFOHRWLGH�H[FKDQJH

IDFWRU�,��&DO'$*�*(),�

��� FWJ����� ������� ������� JWDJ ��� �� � ��FDOFLXP�DFWLYDWHG�QHXWUDO�SURWHDVH�ODUJH�VXEXQLW

��� FWJ����� ������� ������� JWDJ ���� �� � ��'1$�SRO\PHUDVH�DOSKD

��� FWJ����� ������� ������� JWDJ �� �� � ��'U��DVVRFLDWHG�FRUHSUHVVRU��'5$3��

��� FWJ����� ������� ������� JWDJ ���� �� � ��XQDVVLJQHG�51$

��� FWJ����� ������ ������ DWDF ���� �� � ��QR�51$

��� FWJ����� ������ ������ JWDJ ��� �� � ��XQDVVLJQHG�51$

��� FWJ����� ����� ����� JWDJ ��� �� � �QR�51$

��� FWJ����� ������� ������� JWDJ ��� �� � �QR�51$

��� FWJ����� ������� ������� JWDJ ��� �� � ��QR�51$

��� FWJ����� ������ ������ JWDJ ���� �� � �QR�51$

��� FWJ����� ����� ����� DWDF ���� �� � �XQDVVLJQHG�51$

��� FWJ����� ������ ������ JWDJ ���� �� � ��QR�51$

��� FWJ����� ������� ������� DWDF �� �� � �SUROLIHUDWLQJ�FHOO�QXFOHRODU�SURWHLQ�3���
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��� FWJ����� ������� ������� DWDF ��� �� � ��%�FHOO�UHFHSWRU�DVVRFLDWHG�SURWHLQ��%$3�5($�

��� FWJ����� ������� ������� JWDJ ���� �� � �QR�51$

��� FWJ����� ������� ������� JWDJ ���� �� � �XQDVVLJQHG�51$

��� FWJ����� ������� ������� DWDF ��� � � ��SURWHLQ�NLQDVH�1MPX�5�

��� FWJ����� ������� ������� JWDJ ���� �� � ��]LQF�ILQJHU�WUDQVFULSWLRQ�IDFWRU��=1)����

��� FWJ����� ����� ����� JWDJ ���� �� � ����SKRVSKRLQRVLWLGH�GHSHQGHQW�SURWHLQ�NLQDVH����3'.��

��� FWJ����� ������ ������ JWDJ ���� �� � ��XQDVVLJQHG�51$

��� FWJ����� ������ ������ JWDJ ���� �� � �QR�51$
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��� FWJ����� ������� ������� JWDJ ��� �� � �XQDVVLJQHG�51$

��� FWJ����� ������ ������ JWDJ ��� �� � ��QR�51$

��� FWJ����� ������ ������ DWDD ��� �� � �DUJLQLQH�PHWK\OWUDQVIHUDVH

��� FWJ����� ������� ������� JWDJ ���� �� � �QR�51$

��� FWJ����� ������ ������ JWDJ ���� � � �QR�51$

��� FWJ����� ������ ������ DWDF ���� �� � �XQDVVLJQHG�51$

��� FWJ����� ������� ������� JWDJ ���� �� � �QR�51$

��� FWJ����� ������ ������ JWDJ ���� �� � ��XQDVVLJQHG�51$

��� FWJ����� ������� ������� JWDJ ��� �� � ��+RPR�VDSLHQV�F\FOLQ�.��&35���P51$��FRPSOHWH�FGV�

��� FWJ����� ������� ������� JWDJ ���� �� � �HFKLQRGHUP�PLFURWXEXOH�DVVRFLDWHG�SURWHLQ�KRPRORJ�+X(0$3

��� FWJ����� ������� ������� JWDJ ����� �� � �QR�51$

��� FWJ����� ������� ������� JWDJ ����� �� � �QR�51$

��� FWJ����� ����� ���� JWDJ ���� �� � �6�3

��� FWJ����� ������ ������ DWDF ��� �� � �XQDVVLJQHG�51$

��� FWJ����� ���� ����� JWDJ ����� �� � �7),,%�UHODWHG�IDFWRU�K%5)��+%5)�

��� FWJ����� ������ ������ DWDF ��� �� � ��1RW���OLNH�SURWHLQ

��� FWJ����� ������ ������ JWDJ ��� �� � �%�UDI

��� FWJ����� �������� �������� DWDF ��� �� � ��VHULQH�WKUHRQLQH�SURWHLQ�NLQDVH��366$/5(�

��� FWJ����� �������� �������� JWDJ ��� �� � �SURWRQ�JDWHG�FDWLRQ�FKDQQHO�$6,&��P51$�

��� FWJ����� ����� ����� DWDF ��� �� � ��VSHUPLGLQH�DPLQRSURS\OWUDQVIHUDVH

��� FWJ����� ����� ����� JWDJ ���� �� � ��VSHUPLGLQH�DPLQRSURS\OWUDQVIHUDVH

��� FWJ����� ������ ������ DWDF ��� �� � �QR�51$

��� FWJ����� ������ ������ JWDJ ���� �� � ���QR�51$

��� FWJ����� ������ ������ JWDJ ���� �� � �XQDVVLJQHG�51$
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��� FWJ����� ���� ���� DWDF ���� �� � �+�VDSLHQV�P51$�IRU�VWUHVV�DFWLYDWHG�SURWHLQ�NLQDVH��
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��� FWJ����� ����� ����� JWDJ ��� �� � �LQRVLWRO�SRO\SKRVSKDWH���SKRVSKDWDVH���SWDVH�

��� FWJ����� ������ ������ DWDJ ��� �� � �LQRVLWRO�SRO\SKRVSKDWH���SKRVSKDWDVH���SWDVH�

��� FWJ����� ������ ������ JWDJ ��� �� � �'2&.������F\WRNLQHVLV�UHODWHG

��� FWJ����� ����� ����� JWDJ ��� �� � ��SKRVSKRHWKDQRODPLQH�F\WLG\O\OWUDQVIHUDVH

��� FWJ����� ������ ������ JWDJ ���� �� � ��XQDVVLJQHG�51$

��� FWJ����� ������ ������ JWDJ ���� �� � �XQDVVLJQHG�51$

��� FWJ����� ������� ������� DWDF ���� �� � �XQDVVLJQHG�51$

��� FWJ����� ������� ������� DWDF ���� �� � ��(�)��WUDQVFULSWLRQ�IDFWRU
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��� FWJ����� ������� ������� JWDJ ����� �� � �SKRVSKDWDVH��$�EHWD�VXEXQLW

��� FWJ����� ������ ������ JWDJ ���� �� � ���XQDVVLJQHG�51$���PXVFOH�VSHFLILF

��� FWJ����� ����� ����� DWDD ��� �� � �QR�51$

��� FWJ����� ������ ������ JWDJ ��� �� � ��);�SURWHLQ
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��� FWJ����� ������� ������� JWDJ ���� �� � �+XPDQ�[DQWKLQH�GHK\GURJHQDVH�R[LGDVH�P51$�
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��� FWJ��ILQ� �������� �������� DWDF ��� �� � �XQDVVLJQHG�51$

��� FWJ��ILQ� �������� �������� JWDJ ��� �� � �XQDVVLJQHG�51$

��� FWJ��ILQ� ������ ������ JWDJ ��� �� � �*7����SURWHLQ���VRGLXP�WUDQVSRUWHU"

��� FWJ��ILQ� ������ ������ DWDF ���� �� � ��*7����+(6�

��� FWJ��ILQ�� ������ ������ JWDJ ��� �� � �(5.��P51$�IRU�H[WUDFHOOXODU�VLJQDO�UHJXODWHG�NLQDVH

��� FWJ��ILQ� ������� ������� JWDJ ���� �� � �&'&��/���FHOO�F\FOH�UHJXODWRU

��� FWJ��ILQ� ������� ������� JWDJ ��� �� � �WKLRUHGR[LQ�UHGXFWDVH�,,

��� FWJ��ILQ� ������� ������� JWDJ ���� �� � ��PLWRJHQ�DFWLYDWHG�SURWHLQ�NLQDVH��0$3.��

��� FWJ��ILQ� ������� ������� JWDJ ��� �� � ��XQDVVLJQHG�51$

��� FWJ��ILQ� ������� ������� JWDJ ���� �� � �XQDVVLJQHG�51$

��� FWJ��ILQ� �������� �������� JWDJ ��� �� � ��QR�51$

��� FWJ��ILQ� �������� �������� JWDJ ��� �� � �QRQPXVFOH�P\RVLQ�KHDY\�FKDLQ�$��0<+��

��� FWJ��ILQ� �������� �������� DWDF ���� �� � �QR�51$

��� FWJ��ILQ� �������� �������� JWDJ ���� �� � �XQDVVLJQHG�51$

��� FWJ��ILQ� �������� �������� JWDJ ��� �� � �XQDVVLJQHG�51$

��� FWJ�� ������� ������� JWDJ ���� �� � �XQDVVLJQHG�51$

��� FWJ����� ������� ������� JWDJ ���� �� � ��VHULQH�NLQDVH�653.�

��� FWJ����� �������� �������� JWDJ ���� �� � �8��VQ51$�DVVRFLDWHG�6P�OLNH�SURWHLQ�/6P��P51$�

��� FWJ����� �������� �������� DWDF ���� �� � ��XQDVVLJQHG�51$

��� FWJ����� �������� �������� JWDJ ���� �� � �XQDVVLJQHG�51$

��� FWJ����� ����� ����� DWDF ���� �� � ��513�/�SURWHLQ

��� FWJ����� ������� ������� DWDF ����� �� � �F$03�UHJXODWHG�JXDQLQH�QXFOHRWLGH�H[FKDQJH�IDFWRU�,,��F$03�*(),,�

��� FWJ����� ������� ������� JWDJ ��� �� � �+RPR�VDSLHQV�JDPPD�61$3�P51$��FRPSOHWH�FGV�

��� FWJ����� ������ ������ JWDJ ���� �� � �SURWHLQ�NLQDVH�-1.�DOSKD

��� FWJ����� ������ ������ JWDJ ���� �� � �SURWHLQ�NLQDVH�-1.�EHWD
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��� FWJ���� ������� ������� JWDJ ��� �� � �QR�51$

��� FWJ���� ������� ������� JWDJ ��� �� � �SKRVSKOLSDVH�&�EHWD��

��� FWJ���� ������� ������� DWDF ���� �� � ��XQDVVLJQHG�51$
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