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Abstract 

The "RNA world" refers to a time before DNA and proteins, when RNA was both the 

genetic storage and c atalytic agent of l ife; it also refers to today's world where non-coding RN A 

( nc RNA, RNA that does not code for proteins) is central to cellular metabolism. In eukaryotes, non­

c oding regions (introns) are spliced out of protein-coding mRNAs by the spliceosome, a massive 

c omplex comprised of five ncRNAs and about 200 proteins. This s tudy examines the nature of the 

spliceosome and other non-coding RNAs, in the last common ancestor of eukaryotes, called here 

the eukaryotic ancestor. By looking at the differences between ncRNAs from diverse eukaryotic 

l ineages, it may be possible to infer aspects of the eukaryotic ancestor's RNA systems. 

Comparing ncRNA and ncRNA-associated proteins involves the evaluation of the available 

software to search newly available basal eukaryotic genomes ( such as Giardia Iamblia and 

Plasmodium falciparum). ncRNAs are not often found using sequence-similarity based software, 

thus specialist ncRNA-search software packages were evaluated for their use in finding ncRNAs. 

One such program is RNAmotif, which was further developed during this study ( with the help of its 

p rinc iple programmer), and which proved successful in recovering ncRNAs from basal eukaryotie 

genomes. In a similar manner, sequence-based search techniques may also fail to recover proteins 

from d istantly related genomes. A new protein-fmding technique called "Ancestral Sequence 

Reconstruction'' (ASR) was developed in this thesis to aid in finding proteins that have diverged 

greatly between distantly-related eukaryotic species. 

A large amount of data was c ollected to investigate aspects of the eukaryotic ancestor, 

h ighlighting data management issues in  this post-genomic era. Two databascs were created P­

MRPbase and SpliceSite to manage, sequence, annotation and results data from this project. 

Examination of the distribution of spliccosomal components and splicing mechanisms 

indicate that not only was a spliceosome present in the eukaryotic ancestor, it contained many of the 

components found in today's eukaryotes. Splicing in the eukaryotic ancestor may have used several 

mechanisms and have already fonned l inks with other cellular processes such as transcription and 

capping. Far from being a simple organism, the last common ancestor of living cukaryotes shows 

signs of the molecular complexity seen today. 
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Terminology 

A lternative splicing: Process by which one pre-rnRNA can be processed to form any one of a number of 
different mature rnRNAs. 

Bioinformatics: Information technology applies to the management and analysis of biological data. 

Basal Eukaryote: A unicellular eukaryotic species not belonging to the crown group of eukaryotes. 

BLAST: (!!asic Local Alignment .S.earch Iool) Method for rapid screening of nucleotide and protein 
databases. 

Candidate sequence: Preliminary sequence recovered from a database with searching software. 

C rown Eukaryote: An eukaryotic species belonging to either the animal, fungi or plant lineages. 

Data-mining: Process by which useful data is extracted from a database. 

Euka ryote: Organism with membrane-bound nuclei in its cell(s). 

Euka ryotic Ancestor: The last common ancestor of living (extant) eukaryotes. 

Excavate: Lineage of basal eukaryotes comprised of flagellate protozoa that contain a ventral feeding 
groove. This lineage included Diplomonads (Giardia Iamblia) and Euglenozoa (Trypanosoma brucei). 

Ex on: Protein-coding region of a pre-mRN A. 

Exon definition: Mechanism by which the boundaries between introns and exons are recognised by protein 
binding across the exon. 

First Eukaryote: Theoretically, the ftrst organism to envelop its nucleus in a membrane and distinguish 
itself from prokaryotes. 

Intron: on-coding region within a pre-mRNA. In eukaryotes introns are spliced out of the pre-mRNA by 
the spliceosome. 

I ntron definition: Mechanism by which the boundaries between introns and exons are recognised by 
protein binding across the intron. 

LU CA: Last Universal common Ancestor: The last common ancestor of all living organisms. 

Mitochondria: An organelle found in most eukaryotes that manufactures adenosine triphosphate (ATP) 
which is used as an energy source for the cell. Mitochondrial-like organelles present in some basal eukaryotes 
are hydrogenomes and mitosornes. 

m RNA: (Messenger RNA) RNA transcribed from D A as pre-mRNA which is then spliced to form the 
mature mRNA. Mature mRNA is then translated by the ribosome into protein. 

ncRNA: (Non-coding RNA) RNA that does not code for proteins. Includes functional and sterile RNA 

Polyadenylation: The enzyrnatic addition of a sequence of 20 to 200 adenyl residues at the 3' end of an 
eukaryotic mRNA 

PolyA tail: The string of 20 to 200 adenyl residues added to the 3' end of an eukaryotic rnRNA by the 
process of polyadenylation. This region targets the mRNA to the ribosome prior to translation. 
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Polycistronic operon: One pre-mRNA transcript containing exons for more than one gene. In eukaryotes 
these genes are spliced using the SL-trans-splicing mechanism 

pre- m RN A: (Preliminary rnRNA) produced from DNA by transcription containing exons (protein-coding 
regions) and introns (non-coding regions). 

P rokaryote: Unicellular organisms (bacteria and archaea) having cells lacking membrane-bound nuclei. 

Py-tract: (Polypyrimidine Tract) Motif region near the 3' end of an intron with a high percentage of 
pyrimidines. This region binds to spliceosomal components during splicing. 

Query sequence: Sequence used to search a target genome for candidate sequences. 

Ribosome: Ribonucleoprotein complex responsible for translating rnRNA into proteins. 

RNA World: Hypothetical time in the evolution of early life, before DNA and proteins, where RNA was 
both the genetic storage and catalytic molecule. 

RNP: (Ribonucleoprotein) A complex of ncRNA and proteins. RNPs mentioned in this study include 
snRNPs, RNaseP, the spliceosome and the ribosome. 

rRNA: (Ribosomal RNA) ncRNA that together with proteins, comprise the ribosome. 

Secondary structure: Structure formed with the folding of RNA Helices (sterns) are formed by the 
hydrogen bonding between certain pairs of nucleotides. Loops are single-stranded regions at the ends of 
stems. 

SL-RNA: (Spliced Leader RNA) ncRNA used in trans-splicing to form the 5'end of the mature transcript. 

snRNA: (Small nuclear RNA) group of ncRNAs that are components of the spliceosome. 

Spliceosome: The ribonucleoprotein complex in eukaryotes that removes introns from a pre-mRNA, i.e. the 
site of eukaryotic splicing. 

Splicing: The process by which introns are removed from a pre-mRNA. 

Sterile RNA: Transcribed RNA that does not appear to have any function. 

T arget genome: Genomic database that is being searched by a particular method. 

T rans-splicing: Splicing together of two independently transcribed rnRNAs. One type of trans-splicing is 
SL-trans-splicing where an SL-RNA is joined to each exon in a polycistronic operon. 

S'UTR: (read five prime untranslated region) region of rnRNA before the start codon of the protein coding 
sequence, often contains the 5' cap. 

3'UTR(read three prime untranslated region) region of rnRNA after the stop codon of the protein coding 
sequence, contains the poly A-tail. 

Measurement 
av: Average 
bp: Base-pair 
kD: KiloDalton 
nt: Nucleotide 
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Chapter 1 Lost in the RNA World - an Introduction 

"It might look as if! am doing nothing, but at the cellular level I'm really very busy" Anon 

The "RNA world" i s  a term that originally referred to a time, before DNA and proteins 

when it was l ikely that RNA was both the genetic storage and catalytic agent of life (Gesteland 

et al. 1999). It is with a little tongue-in-cheek that I use this term to refer, not to a time in the 

past, but to the present. In eukaryotes RNA metabolism is involved with basic cellular process 

including transcription, translation and processing of other RNA molecules (Anantharaman et 

al. 2002) thus it can be easy indeed to get "lost" in the world of RNA. For convience, the world 

of RNA can be divided into two groups, messenger RNA (mRNA) which is the product of DNA 

transcription that is translated into protein (hence it is  often c alled 'coding' RNA).  Then there is 

non-coding RNA (or more accurately 'untranslated' RNA) which is transcribed from DNA but 

is not translated into protein .  Non-coding RNA (ncRNA) includes catalytically-active functional 

RNAs which are an integral part of the flow of genetic information in eukaryotes, but a lso 

includes non-functional ' sterile' mRNA 

transcripts that are often produced by 

cukaryotic cells ( Elmendorf et al. 2001; 

Lehner et a l .  2002). Some ncRNAs such as 

snoRNAs and microRNAs c an be contained in 

the intergenic regions ( introns )  between the 

coding regions ( exons) and are released from 

the mRN A transcript during splicing 

(Tycowski and Steitz 2001). T hus one mRNA 

transcript may contain both coding and non­

coding RNA (Figure l. l ) .  

ncRNAs come m many flavours 

(Table 1.1) and range in length from 21-25 

nucleotides (nt) for the M icroRNA family 

' 

Figure 1.1: Based on a figure from Mattick 
(2003), showing how in eukaryotes, one 
transcript can result in both coding and non­
coding RNA. 

(development modulators), to > 10,000 nt for RNAs involved in gene silencing (Storz 2002). 

ncRNAs are also involved in gene regulation and the transport of mRNA from the nucleus to the 

cytoplasm. Often ncRNAs form part of RNA-protein complexes ( Ribonucleoproteins, RNPs). 

One example is the ribosome itself which is comprised of ncRNA components (r ibosomal RNA 

or rRNA) and 70-80 associated ribosomal proteins. 

Knowledge of most ncRNAs has been limited largely to those from crown eukaryotes 

and even after the completion of many genome sequences, both the number and diversity of 

ncRNA genes remain largely unknown (Eddy 2001). 
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ne RNA Function Example 
tRNA Transfer RNA Amino acid transfer tRNA,1, 
snRNA Small Nuclear RNA Spliceosome component U5snRNA 
snoRNA Small Nucleolar RNA rRNA modification U l8 CID snoRNA 
miRNA Micro RNA Gene regulation /et-7 RNA, /in-4 RNA 
siRNA Small interfering RNA mRNA degradation PSK132 RNA 

target: human protein serine 
kinase HI - PSK 

rRNA Ribosomal RNA Ribosome components 12S rRNA 
RNaseP Ribonuclease P tRNA processing HI RNA 
RNaseMRP Ribonuclease MRP rRNA processing Human RNaseMRP RNA 
SRP-RNA Signal Recognition Protein secretion 7S RNA (SRP-RNA) 

Particle RNA 
Telomerase RNA Telomerase RNA Telomeric DNA synthesis Human telomerase RNA 
rsRNA Riboswitch RNA Gene regulation Winkler et al. 2004 
grRNA Gene regulatory RN As Regulate specific gene Xist, mei, DGCR5 

expression 

transcribed 
pre-RNA RNA 

processing 
mature 

RNA 

-
pre-tRNA 

�- 1 ,-: 
mRNA � pre-mRNA 

pre-rRNA Ribosome 

Table 1.1: 
Some of the 
functional 
ncRNAs 
found in 
eukaryotic 
cells. 

Figure 1.2: A representation of some of the RNA processing events in eukaryotes that lead 
to the translation of mRNA to protein within the ribosome (adapted with permission from 
Penny & Poole 1 999). Not all features of the RNA processing events are shown, only key 
elements. The blue box represents the ncRNA-protein complexes used in this study. 
Precursor ribosomal RNA (rRNA) is processed by reactions involving the RNaseMRP 
ribonucleoprotein and various small nucleolar RNAs (snoRNAs). This rRNA then binds to 
ribosomal proteins to form the ribosome. Precursor transfer RNA (Pre-tRNA) is processed 
by the RNaseP ribonucleoprotein. tRNA can then deliver a designated amino acid to the 
ribosome. Messenger RNA (mRNA) is the transcript that codes for protein synthesis. ln 
eukaryotes mRNA contains introns, non-protein coding sequences that must be removed by 
the large RNA-protein complex, the spliceosome (which contains snRNAs and many 
proteins), before proceeding to the ribosome where the transcript is used to produce the 
required protein. 

Studies of RNA processing can cast light on the early evolution of life and events surrounding 

the transition from the ancient RNA-world to present cellular systems ( Anantharaman et al. 

2002) .  

Most eukaryotic RNAs are processed by other RNAs in one way or another ( Figure l .2) .  

rRNAs and tRNAs are released from larger precursors by the action of R aseP, and in 

eukaryotes, transcribed mRNA (messenger RNA) must have any introns removed by one of the 

most intricate ribonuclearprotein complexes in the eukaryotic cell, the spliceosome. 
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Eukaryotic protein-coding genes usually contain one or more introns (depending on 

species) which need to be "spliced" out before the mature mRNA transcript can be translated 

into protein. A mass spectrometry study of the human spliceosome revealed a staggering -300 

proteins (Zhou et al. 2002) .  This large number of proteins was subsequently reduced (to -200 

proteins) core spliceosomal proteins (Jurica and Moore 2003 ), leaving still a large number of 

proteins to associate with five ncRNAs (snRNAs) during the splicing process. 

lntrons, snR As and spliceosome-associated proteins have been characterised m a 

number of eukaryotes (Archibald et al. 2000; Anantharaman et al. 2002; ixon et al. 2002) 

suggesting that both introns and the spliceosomal machinery evolved very early in the 

eukaryotic lineage. A principle aim of this project is to examine what the distribution within 

eukaryotes of spliceosomal components, introns and splicing mechanisms can reveal about 

splicing in the eukaryotic ancestor, the last common ancestor of living eukaryotes. 

1 . 1 :  Eukaryotic Phylogeny 

In order to study ncRNA and RNA processmg m eukaryotes a phylogenetic tree 

indicating relationships between the eukaryotic lineages must first be described. However, the 

phylogeny of eukaryotes is still plagued with uncertainties and is the source of much debate. 

Some unanswered questions include the root of the eukaryotic tree, the identity of early 

evolving lineages and the evolutionary relationships between many groups of unicellular 

eukaryotes (Dacks et al. 2002) .  

The eukaryotic phylogenetic tree shown in Figure 1.3 has been adapted from (Simpson 

and Roger 2002) (http://hdes,biochem.dat.ca/Rogerlab/) and indicates both branches that are 

relatively stable, and others that differ between hypotheses for eukaryotic relationships. This 

tree will be referred to throughout this project. Although there are still questions about the 

deeper relationships between the major groups of eukaryotes, the tree in Figure 1 .3  can still be 

used to hypothesise fundamental characteristics of the "eukaryotic ancestor", defmed here as 

the last common ancestor of all living eukaryotes (see later in this chapter). 

Recently some extremely mall eukaryotes have been discovered (Baldauf 2003; Stoeck 

and Ep tein 2003) .  These are nano- ( 2  to 20 11m) and pico- (<2 11m) eukaryotes, that overlap 

bacteria (-0.5  to 2 11m) in size. For example, the smallest described eukaryote, Ostreococcus 

tauri (a phytoplankton belonging to the chlorophyte (green algae) lineage) is < 1 11m in diameter 

but still has a nucleus, 14 linear chromosomes, one chloroplast and several mitochondria 

(Courties et al. 1998) .  The eukaryotic ancestor studied in this project can only represent 

eukaryotes that are known to date but there may well be other eukaryotes awaiting investigation. 
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Figure 1.3: Eukaryotic phylogenetic tree that wi l l  be used throughout this project . Th is tree is 
based on the tree shown at http://hdes,biochem.dat. ca/Rogerlab/, including information from 
Simpson and Roger 2002. A representat ive species for each l ineage are shown in green . 
Branches that join differently in alternat ive hypothesis are indicated with "?". The animal, 
fungal (Opisthokonts) and plant groups are often referred collectively as the 'Crown' 
eukaryotes, whi le the rest (Amoebozoa, Chromalveolates, Cercozoa and Excavates) are 
col lectively cal led the basal eukaryotes. In animals, Protostomes (blue l ineages) and 
Deuterostomes (green l ineages) are grouped based on differences in embryo development. 
Within the Deuterostomes are the chordates (red l ineage) which in turn contain the vertebrate 
l ineages (as marked on the tree) .  



There have been some important developments in understanding the earliest 

divergences within eukaryotes. Some of the earliest eukaryotic phylogenetic trees, based on 

gene sequence data, were derived from small subunit ribosomal RNA (SS U-rRNA) sequences 

(So gin 1 99 1 )  (F igure 1 .4) This tree splits into three parts. One contains the 'crown' eukaryotes 

namely animals, yeasts and plants. In addition the crown group included heterokonts (brown 

algae), alveolates (e. g. the malaria parasite, Plasmodium falciparum) and rhodophytes (red 

algae) appear to emerge almost simultaneously as the order of branching is irresolvable. The 

second part of the S SU-rRNA tree contains 

the basal eukaryotes, so named as they 

branch in stepwise emergence from the base 

of the eukaryotic tree. 

The position of three most basal 

eukaryotic lineages on the SSU-rRNA tree 

(Figure 1 .4) gave rise to the "Archezoa" 

hypothesis (Cavalier-Smith 1 989) This is 

that that the three early-branching lineages 

which lack mitochondria ( diplomonads, 

parabasalids and microsporidia), emerged 

before a mitochondrial endosymbiosis and 

would have been thus living relics from an 

amitochondrial period of eukaryotic 

endosymb1osi.s 

J' ' , ' 

Bact�tia 'Archa<'a 

Basal 
Eukaryotes 

Figure 1.4: An early eukaryotic phylogenetic 
tree based on SSU rRNA sequences. Eukaryotes, 
traditionally referred to as the crown eukaryotes 
are indicated. The archaeozoa hypothesis and 
position of mitochondiral endoysymbiosis are no 
longer accepted and this tree is now not generally 
accepted. 

evolution. Other eukaryotic phylogeny hypotheses include the 'eukaryotic big-bang" hypothesis 

that suggests that immediately after the endosymbiotic event leading to mitochondria, 

eukaryotes evolved in a massive radiation of 4- 1 0  groups whose interrelationships are 

fundamentally irresolvable (Philippe and Germot 2000; Philippe et aL 2000) 

Phylogenetic analysis of other genes including RNA polymerase II (Dacks and Doolittle 

200 1 ), dihydrofolate reductase (DHFR) and thymidylate synthase (TS)  (Simpson and Roger 

2002 ), completion of a number of basal eukaryotic genomes, and improved microbiological 

techniques has led to the SSU-rRNA tree being significantly changed. The main change being 

that there are no extant Archaeozoa, i . e. eukaryotes from before the origin of the mitochondrion. 

However, replacement trees retain some of the relational uncertainty between eukaryotic 

lineages due to two significant obstacles in reconstructing eukaryotic phylogeny, 1 .  long-branch 

attraction and 2. loss of information due to poor taxon sampling of free-living basal eukaryotes 

(Stiller and Hall 1 999; Dacks and Doolittle 200 I ). 

Long-branch attraction (also called long edge attraction) is an effect produced by 

phylogenetic tree-building programs where long branches tend to group together and cause 

misplacement of taxa on the tree (Hendy and Penny 1 989; Stiller and Hall 1 999), thus in 
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phylogenies rooted by a distant outgroup (such as the eukaryotes rooted by either bacteria or 

archaea) unrelated fast evolving ingroups wil l  emerge independently as the deepest offshoots, 

being attracted by the long branch of the outgroup (Gribaldo and Philippe 2002). Many of the 

branches leading to the basal eukaryotic taxa are long and it has been argued that the tree 

constructed from SSU-rRNA analysis may be an artefact due to variation in the rate of 

eukaryotic molecular evolution (Stiller and Hal l  1 999). Furthermore, it has been shown 

mathematically that on current models it is impossible from sequence data itself to reconstruct 

ancestral data at the root of "deep" phylogenetic trees, even with normal mutation rates (Mossel 

2003 ; Mossel and Steel 2004), and thus the 'correct' tree topology may not be able to be 

determined on sequence data alone. A major problem is that the majority of basal eukaryotes 

whose genomes have been sequenced or are in the process of being sequenced, are not free­

l iving but parasitic (e.g. Giardia Iamblia and Entamoeba histolytic are both human intestinal 

parasites), and thus are expected to have evolved in such a way as to enhance their parasitic 

l ifestyle. Reductive evolution (Andersson and Kurland 1 998) is one of the most common 

results, where parasites lose many features of their free-l iving relatives. In particular, parasites 

appear to have lost genes required by their free-l iving relatives (Bapteste et a l .  2002). This 

raises questions about the relationships between different parasites as some genes may be 

similar not due to the phylogenetic relationship between their species but because there may be 

similar constraints on this gene due to its parasitism, although such factors are not well defined. 

S imilar to the process shown in parasitic bacteria, horizontal transfer has occurred in the 

genomes of parasitic basal eukaryotes (Richards et al. 2003). This is unlikely to affect the 

results of this study as it has been found that genes involved in transcription, translation and 

relating processes (such as splicing and tRNA processing) are rarely horizontally transferred 

(Jain et al . 1 999). 

Figure 1 . 5  i l lustrates 

that the ancestral eukaryote is 

not the "first" eukaryote (the 

closest eukaryote to the 

prokaryotic l ineages), and is 

not defined as such in this 

study. This study does not set 

out to "sort-out" or clarify any 

of the deeper relationships 

shown on the eukaryotic tree. 

I nstead the focus ts on 

A.l:no.bo10a 
Chrca:n..�tolt.tu 

CUCO':IO&. --------.:...-:------::: 
£xt WILl' --------------=:------.:: 

Ficun 15: U nrooted tree 
showing the rel•tionship 
between the ·eukaryotic 
ancestor' (the last common 
ancestor cf present. day 
euk aryotes) and the 'first 
eukaryote' (sometimes called 
the 'stem' eukoryote, the 
ori�na.l eukaryote). Branch 
lengths are not �%awn to scale 
and ore only indicotive of Last Universal 
position Common Ancestor 

, 
, 

� 
LUCA 

Eukaryotes 
Prokaryotes 

identifying RNA processing characteristics which occur in several lineages of extant eukaryotes 

(Figure 1 . 3 ) .  Any similarities in these characteristics between say the crown eukaryotes 
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(animals, fungi and plants) and basal eukaryotes could be u niversal eukaryotic traits (Koonin et 

al. 2000; Anantharaman et al. 2002; Koonin et al . 2002; B aldauf 2003). Examination of some 

RNA processing systems, in particular tRNA processing (RNaseP) and mRNA splicing (the 

spliceosome) from both crown and basal eukaryotic lineages are used in this project to infer the 

nature of systems thought to have been present in the eukaryotic ancestor. 

There are at present a number of eukaryotes whose genomes have either been 

completely sequenced, or nearly so (underlined in red in F igure 1 . 3) . Animal genomes include 

human (Homo sapiens) ( Lander et al. 200 1 ), mouse (Mus musculus) (Bult et al. 2004), zebrafish 

(Danio rerio), nematode worm Caenorhabditis elegans (Wilson 1 999), fruitfly (Drosophila 

melanogaster) (Adams et al .  2000) and sea-squirt (Ciona intestinalis) (Dehal et a! 2002} 

Sequenced yeast genomes include Saccharomyces cerevisiae (Goffeau et al. 1 996), 

Schi�osaccharomyces pombe (Wood et al. 2002) and Neurospora crassa (Arnold and Hilton 

2003 ; Galagan et al. 2003) and sequenced plant genomes include Arabidopsis thaliana (Schoof 

et aL 2002) and Ory::::a sativa (rice) (Yazaki et al. 2004) Some basal eukaryotic genomes are 

now available including Giardia Iamblia (McArthur et aL 2000), Entamoeba histolytica 

(amoebic dysentery) (Mann 2002), the slime-mold !Jictyostelzum discoideum (Eichinger and 

Noegel 2003 ) and P. falciparum (malaria) (Gardner et aL 2002). This list is obviously 

incomplete and appears to increase weekly. 

A number of types of ncRNAs have now been characterised in crown eukaryotic 

species (such as humans, A .  thaliana, S. cerevisiae and S. pombe). However, few ncRNAs have 

been characterised from basal eukaryotes. Examining the differences between ncRNAs from 

both crown and basal eukaryotes it may be possible to reconstruct, ancestral aspects of their 

RNA processing systems. Because of the importance of identifying ncRNAs in basal eukaryotic 

lineages, it is important to describe these organisms in more 

detail 

1 .2 :  Basal E ukaryotes 

1.2. 1: fiiardia Iamblia 

One basal eukaryote of great interest in this project i s  

the pathogenic anaerobic diplomonad G. Iamblia (also called 

Giardia intestinalis F igure 1 . 6) .  It was originally described as 

"ancient and primitive" on account of its many bacterial-like 

characteristics (including a pyrophosphate-based energy 

Figure 1.6: Photograph of 
Giardia Iamblia trophozoite 
(mobile stage). Reproduced 
from Henze and Martin 2003. 

metabolism and an arginine dihydrolase pathway of energy production). It was also thought to 

be lacking organelles such as mitochondria and Golgi bodies, as well as introns, and was 

positioned as the most basal eukaryotic branch on the eukaryotic SSU-rRNA tree (Lloyd et al. 

2002) 
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Lately, advanced microbiological techniques have quashed G. Iamblia 's original 

amitochondrial status; G. Iamblia has now been shown to contain both mitosomes (highly 

reduced mitochondria-like organelles (Tovar et al. 2003) and Golgi bodies 1 (Dacks et al. 2003). 

Although G. Iamblia's  basal position on the eukaryotic tree has been modified (compare its 

position on the eukaryotic trees in Figure 1 . 3  and Figure 1 .4), it is still considered to be one of 

the most 'primitive' (oldest-diverging) living eukaryotes (Li and Wang 2004). Recently 

published genome sequence data can now allow the putative identification of ncRNA and 

protein genes known to be part of RNA processing events. Comparisons of RNA processing 

genes between G. Iamblia and other eukaryotes (especially crown eukaryotes), will give some 

insight into mechanisms that are likely to be found in all eukaryotes. 

The mitosomes from G. Iamblia are unlike classic mitochondria which use aerobic 

respiration to make ATP. Instead the giardia) mitosomes instead synthesise iron-sulphur-based 

enzymes, which then are used to make ATP in the cytosol (Henze and Martin 2003; Tovar et al. 

2003). Genes involved in the iron-sulphur cluster assembly pathway (iscS and iscU) have been 

cloned from Trichomonas vagina/is and Giardia Iamblia and show mitochondrial ancestry by 

phylogenetic analysis (Tovar et al. 2003). Mitochondrially derived genes such as cpn60 (Roger 

et al. 1 998)  and hsp70 (Arisue et al. 2002) have been found in G. Iamblia and in light of its 

"amitochondrial" status was once thought to have been the result of horizontal gene transfer 

(Homer and Embley 200 I ), either from a "lost" mitochondria or another prokaryote (Sogin 

1 997; Doolittle 1 998; Roger et al. 1 99 8) .  With the discovery of the mitosomes it is possible that 

these genes have been transferred to the nucleus from the ancestor of the reduced organelle in 

G. Iamblia although the lack of association of the giardia) Cpn60 protein with the mitosome 

cannot, for this gene rule out, horizontal gene transfer (Tovar et al . 2003). If all eukaryotes 

contain the Cpn60 protein then it is much simpler for this gene to have transferred from the 

mitochondrion to the nucleus. 

Hydrogenosomes are another class of mitochondrial-like organelles that occur quite 

widely in anaerobic eukaryotic lineages, including ciliates and fungi (Embley et al. 2003). 

Hydrogenosomes use pyruvate:ferredoxin oxidoreductase (PFO) to carry out the metabolism of 

pyruvate, transferring energy via ferredoxin to hydrogenase and producing hydrogen as the end 

product. In contrast, aerobic eukaryotes use pyruvate dehydrogenase located in the 

mitochondrion to process pyruvate and hydrogen is not produced (Embley et al. 2003). 

Phylogenetic analysis suggests that ancient eukaryotes likely contained both PFO and 

hydrogenase, thus could produce hydrogen (Embley et al. 2003). The discovery of mitosomes 

and hydrogenosomes as mitochondrial ' relatives' has removed all of the "deeply-branching" 

1 Golgi bodies serve as the major sorting point in the secretory pathway, selectively targeting proteins  and 
lipids to different organelles to prevent the inappropriate meeting of certain intracellular components 
(Dacks et al. 2003). 
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eukaryotes from the amitochondrial list leaving no ' known' eukaryote that have always been 

amitochondrial . 

G. Iamblia is a very distinctive organism among eukaryotes and has some unusual 

genetic features. Giardia! trophozoites (the mobile stage (Figure 1 . 6) as opposed to the sessile 

cyst stage) contain two nuclei, each of which contain the same amount of DNA, contain equal 

copies of rRNA genes (Kabnick and Peattie 1 990), lack nucleoli and are transcriptionally active 

(Adam 2000) D uring vegetative growth, both nuclei switch from a diploid genome (2 copies of 

genome 2N ploidy) to a tetraploid genome with a resulting eight copies (8N ploidy) of the 

genome being present in the organism (in certain strains this number can increase to 1 0  1 2N 

ploidy) (Vanacova et al. 2003 ), creating interesting problems for whole genome assembly. 

Giardia! mRNAs contain extremely short 5 '  untranslated regions (UTRs) (0- 14  nt 

compared to 90 in mammals and 52 in yeast) (Elmendorf et al. 200 1 ;  L i  and Wang 2004) The 

S'UTR is typically modified in crown eukaryotes by a methyl-guanosine cap and plays an 

important role in translation control by correctly positioning the first AUG codon for the 

ribosome (Li and Wang 2004). The majority of mRNAs in G. Iamblia do not contain a cap, 

however at least one exception has been found (Vanacova et aL 2003), and the presence of a 

number of homologues of yeast and human translation initiation factors suggest that capped 

mRNA may be present and translated in G. Lamblia (Li and Wang 2004). 

The 3'UTR regions of eukaryotic mRNAs provide a site for polyadenylation (the 

formation of a poly(A) tail of -�200 adenines), a feature that plays a role in mRNA stability and 

export from the nucleus (Vanacova et aL 2003) 3'UTR regions in both G. Iamblia and 

h"ntamoeba -'P· are polyadenylated; most are shorter (lengths of 5-43 nt) than those found in 

crown eukaryotes (with a few exceptions in both species) but similar to the length of 

prokaryotic poly(A) tails (lengths of �30 nt) (Anantharaman et aL 2002). 

'Antisense' transcripts are mRNAs that are complementary to ' sense' mRNAs (i .e code 

for proteins) (Eimendorf et aL 200 1 )  Antisense transcripts are found in both eukaryotes and 

prokaryotes and are typically ' sterile' mRNAs, lacking an open reading frame (ORF) and thus 

are unable to code for any protein (thus, in this project will be classed as ncRNAs) There is 

evidence that these sterile mRNAs could sometimes have roles in splicing (Kramer 1 996), 

rRNA maturation as well as roles in gene regulation. G. Iamblia has a higher than expected level 

(�20%) of antisense mRNAs (Elmendorf et al. 200 1 ). These transcripts come from low levels 

of expression of many loci and it is unclear as to whether they represent errors in transcription 

or they have in fact regulatory functions within the cell2 

To date a single intron has been found in G. lamblia along with a number of proteins 

known to be involved in splicing (Nixon et aL 2002) demolishing G. lamblia 's intron-less 

2 A study of some h uman sterile transcripts (Lehner et al. 2 002) suggests regulatory functions for some of 
the human antisense RNAs. 
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status. F rom these investigations and similar studies in other basal eukaryotes such as Ent. 

histolytica and Trichomonas sp. (Williams and Keeling 2003) it is likely that the eukaryotic 

ancestor already contained features such as mitochondria, Golgi bodies and introns (Dacks and 

Doolittle 200 1 )  but does not resolve the issue as to whether the "first" eukaryote (Figure 1 .  5) 

also had these features that are not found in prokaryotes. 

1. 2. 2: Plasmodium, Entamoeba and Microsporidia 

Other eukaryotic genomes used frequently m this project are the basal eukaryotes 

Entamoeba histolytica and Plasmodium falciparum, and the microsporidium Encephalitozoon 

cuniculi. Plasmodium falciparum is one of the four species of Plasmodium that infects humans 

to cause malaria and l ike other members of the apicomplexa phylum, harbour a relict plastid 

(the apicoplast) homologous to the chloroplasts of plants and algae. An international effort was 

launched in 1 996 to sequence the P. falciparum genome to open new avenues of research 

(Gardner et al. 2002). Approximately 50% of the genome encodes proteins with few ncRNAs 

(mainly rRNA and tRNA) identified (Gardner et al .  2002). Its well annotated genome sequence 

is extremely useful to comparative genomic research as predicted open reading frames and 

known gene similarities are already indicated. 

Entamoeba histolytica (abbreviated as Ent. histolytica during this project) is an amoebic 

parasite that causes amoebic dysentery in humans (Vanacova et al . 2003 ). Its genome is as yet 

unannotated in the public release (another release is available but has restricted access), but the 

data is in the advanced stages of assembly (Mann 2002). L ike G. Iamblia, Ent. histolytica 

contains mitosomes instead of mitochondria and genes of apparent mitochondrial origin (cpn60 

and hsp70) (Bakatselou et al. 2003).  Entamoeba species contain slightly longer 5 'UTR regions 

(5-20 nt) with a few longer ( 420, 1 26 and 265 nt) regions have been characterised but elements 

such as caps have not yet been described (Vanacova et al .  2003). The position of Ent. histolytica 

on the eukaryotic tree is quite distant from that of G. Iamblia and although in both of these 

species A TP synthesis occurs in the cytosol (Henze and Martin 2003), no comparative studies 

between their mitosomes has yet been done to determine any features of an ancestral 

mitochondrial-l ike organelle. 

Microsporidia are obligate intracel lular parasites infesting many animal groups. They 

are responsible for various digestive and nervous c linical syndromes in immunocompromised 

humans (such as H I V-infected and transplant patients) (Vivares et al .  2002). finf.ephalito;_oon 

cuniculi (abbreviated during this project as Ecz. cuniculi to avoid confusion with Ent. 

histolytica) is a microsporidium which was once thought to be a basal amitochondriate but is 

now recognised as being part of the fungal l ineage. Its genome is incredibly reduced (only -2.6  

MBases) and like that of P. falciparum, wel l annotated with protein and some ncRNA 

information (Katinka et al. 200 1 ). Similar to the other previously amitochondriate eukaryotes 
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(diplomonads (e. g. G. Lamblia) and parabasalids (e.g. Trichomonas vagina/is)), Ecz. cuniculi 

also contains mitosomes and a "simplified" Golgi apparatus (Katinka et aL 200 1 ). The E'cz. 

cuniculi genome, although greatly reduced, offers a lineage that branched before the split of two 

highly researched fungi (Saccharomyces cerevisiae and Schizosaccharomyces pombe) and may 

indicate ancestral genes (both protein and ncRNA) that are essential for fungal viability. 

1 .3 :  Thesis Structure and O rganisation 

Genetic similarities between the highly-researched crown eukaryotes (vertebrates, 

yeasts and plants) and recently sequenced basal eukaryotes (such as G. Iamblia, Ent. histolytica 

and P. falciparum) can indicate genetic mechanisms likely to have been present in their last 

common ancestor, the eukaryotic ancestor. This project compares ncRNA and protein sequences 

from crown and basal eukaryotes to examine splicing, and the spliceosome, in the eukaryotic 

ancestor. Investigation of the spliceosome in the eukaryotic ancestor involved a number of other 

issues (Figure 1 .  7), namely the evaluation and development of tools necessary for the search for 

relevant ncRNAs and their associated proteins, and the development of databases for effective 

genomic data management 

Biological-Modelling 
RNAmotif 

Ancestral Sequence 
Reconstruction 

(HMM - BLAST) 

Figure 1 .  7: Thesis overview. The study of splicing and the spliceosome in the eukaryotic ancestor 
(Chapter 2) was supported by a number of sub-projects (Chapters 2-3 and Appendix E). These 
subprojects involved the development or evaluation of gene-finding software (white boxes), and 
the development of a number of data management databases (light grey boxes). 

1.3. 1: ncRNA Identification - Chapter 2 

Searching for ncRNA genes, such as those involved in splicing, in genomic data is still 

a developing area. ncRNAs fold first into a two-dimensional "secondary structure" before 

folding into a three-dimensional structure (Rivas and Eddy 2000). Often ncRNAs from distantly 

related species retain the same secondary structure but have different nucleotide sequences 
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through eo-variation, a process where a nucleotide may change so long as the pamng 

characteristics of the overall sequence is retained. This means that an ncRNA gene may have 

quite different nucleotide sequences in distant species, but stil l  have all the required functional 

characteristics. This lack of sequence similarity is what makes ncRNA genes so hard to find and 

why secondary structure information is incorporated into both RNA-detection and RNA­

analysis software (Eddy 2002). 

Searching databases for homologues based on sequence similarity is only useful for the 

most s lowly evolving or for large ncRNAs like ribosomal RNAs, and becomes much less 

rel iable for other ncRNAs. If there is also a large evolutionary distance between the query 

species and the target species, sequence similarity methods often fail to uncover any potential 

gene candidates (Eddy 2002). A draft of the human genome showed that protein-coding 

sequences accounted for less than 2% of the total genome size leaving a lot of area uncovered 

by standard gene-finding techniques (Mattick 200 1 ). This provides good reason for developing 

tools for finding and analysing ncRNA genes, which is why this project also investigates 

software for use in searching genome sequence databases for ncRNA genes (Chapter 2). 

ncRNA-finding software was evaluated to find two ncRNAs, the U5snRNA and the 

RibonucleaseP RNA, in a number of protist species. The U5snRNP is one of the spliceosomal 

ribonucleoproteins involved in eukaryotic intron splicing, playing an important role in tethering 

the two exons to juxtapose them for catalysis (Newman 1 997; Xu et al .  1 997; Peng et a l .  2002). 

The U5snRNA has been identified in many species including human, the yeast S. cerevisiae and 

the plant A. thaliana, but also from the microsporidian Ecz . cuniculi, and the basal eukaryote P. 

falciparum. Not only could the U5snRNA be used to test ncRNA-finding software by running 

searches of the Ezh. cuniculi and P. falciparum genomes, it was likely that the U5snRNA could 

also be found in other basal eukaryotes such as G. Iamblia, Ent. histolytica and Dictyostelium 

discoideum (a soil-l iving amoeba, s l ime-mold). 

The other ncRNA used for testing ncRNA-finding software was RibonucleaseP 

(RNaseP) RNA, which also forms a complex with specific proteins. RNaseP is a ribozyme (an 

RNA-based enzyme) that cleaves 5 '- leader sequences from precursor-tRNA to leave a mature 

tRNA molecule (Xiao et a l .  2002) (Khan and Lal 2003). Although this complex is found in all 

types of cel ls there are differences in both the RNA and protein RNaseP components from 

archaea, bacteria and eukaryotes (Collins et al .  2000). Evidence has suggested that the RNA 

component of RNaseP is a molecular fossi l  dating from the RNA world as the RNA is  catalytic, 

ubiquitous and occupies a central position in metabolism (Jeffares et al. 1 998). In bacteria, the 

R NaseP complex consists of one catalytically-active RNA and one protein, whereas in most 

archaea and eukaryotes the RNA has not been shown to be catalytic in the absence of its 

associated proteins (Xiao et a l .  2002). RNaseP RNA contains both conserved and variable 

regwns m its sequence and secondary structure, making it more of a challenge for ncRNA-
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finding software. It has not been found previously in any basal eukaryote (or in microsporidia) 

although its proposed universal distribution makes it likely to be present 

Three different types of software were evaluated with the USsnRNA and the RNaseP 

RNA The first type of software requires an alignment of the ncRNA sequences annotated with 

a consensus secondary structure (RNACad - http://www.cse.ucsc.edu/�mpbrown/rnacad/; and 

E RPIN- (Gautheret and Lambert 200 1 )) ;  the second type uses a single sequence annotated with 

its secondary structure (RSEARCH - (Klein and Eddy 2003) ;  and the third type uses a grammar 

(code) representation of the ncRNA which includes sequence and secondary structure motifs in 

a biological-modelling approach (RNAmotif - (Macke et aL 200 I ). Each of these software 

types has advantages and disadvantages that are discussed in Chapter 2. The most successful in 

searching for the U5snRNA and RNaseP RNA in this study was RNAmotif which used a 

"biological-modelling" approach. This approach models biological features such as conserved 

protein and RNA binding sites that cannot be obviously designated in the other two sequence­

based approaches and offered the flexibility required to find ncRNA genes in basal eukaryotic 

genomes. The success of this program has resulted in the published manuscript "Searching for 

ncRNAs in eukaryotic genomes: Maximi:::ing bzological input with RNAmot1/" which is included 

in Chapter 2 .  

1.3.2: IdentifYing ncRNA -associated Proteins - Chapter 3 

Sometimes it may not be possible to uncover particular ncRNA genes within a genome. 

However, if essential proteins that specifically bind to that particular ncRNA can be found then 

there is more confidence that the ncRNA is also there. One example is the USsnRNA specific 

protein Prp8 considered to be the most highly conserved protein in the spliceosome (Fast and 

Doolittle 1 999). The mere presence of Prp8 has been used to argue for the presence of introns in 

Trichomonas vagina/is, a parabasalid protist, although as yet no introns have been identified in 

this species (Achsel et aL 1 998 ;  Fast and Doolittle 1 999; Nix on et aL 2002) G. Iamblia also 

contains Prp8 and to date one intron has been identified (Nixon et a! 2002) .  

F inding ncRNA-associated proteins is  not always as straight-forward as throwing query 

sequences at the B LAST software. Some of these proteins may not be well conserved between 

species, nor contain known protein motifs, making identification with standard sequence 

similarity software difficult As a result it is often difficult to identify these proteins in distantly 

related species. There is stil l  a real need for accurate and fast tools to analyse sequences and, 

especially to find genes and determine their functions (Mathe et aL 2002) and thus a new 

technique called "Ancestral Sequence Reconstruction" (ASR) was developed in Chapter 3 to aid 

in finding proteins that have diverged greatly between distant species. The resulting published 

manuscript "Using ancestral sequences to uncover potential gene homologs" (Collins et al. 

2003) is included in Chapter 3 .  
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Some eukaryotic RNaseP-associated proteins (Pop 1 ,  Pop4, PopS and Rpp2 1 )  were used 

m this study as a prelude to searching for (and finding) the RNaseP RNA in some basal 

eukaryotes (Chapter 2 ), and to the larger spliceosomal-protein study (Chapter 4). A Pop4 

protein candidate was found in G. Lamblia using BLAST but candidates for the Pop5 and Pop 1 

proteins were found only with more extensive techniques such as H MMer (that uses HMM 
profiling), and ASR (both are explained more ful ly in Chapter 3 )  indicating that different 

techniques may be required to find different proteins. 

1.3.3: Splicing and the Spliceosome in the Eukaryotic Ancestor - Chapter 4 

Splicing in the crown eukaryotes is not by any means a 'simple' process. Three types of 

splicing have been shown to be present in eukaryotes (major, minor and trans-splicing). Each of 

these splicing mechanisms requires a different, but overlapping, set of snRNA and protein 

components. Recent studies from human and yeast spliceosomes (Rappsilber et al. 2002; 

Stevens et al .  2002; Jurica and Moore 2003) have characterised a large number of splicing­

proteins that contribute to the spliceosomal complex. Basal eukaryotic spliceosomes have 

scarcely been studied but some snRNA and protein information is now available. Investigating 

the distribution of these spliceosome components among present eukaryotic l ineages, inc luding 

both crown and basal eukaryotes, can reveal how the spliceosome evolved within eukaryotes. 

This study takes a parsimonious approach, in that it is more l ikely that complex features 

common to a number of eukaryotic lineages were present in the ancestor of those lineages (the 

alternative view is that common features arose independently in exactly the same way in 

different l ineages) .  Here, computational searches of eukaryotic genomes are combined with 

literature and database information to determine the nature of the spliceosome and splicing 

present in the eukaryotic ancestor. Tools and techniques developed in the previous chapters are 

used in this study to aid in  the identification of snRNAs and spliceosomal proteins from basal 

eukaryotes to enable comparisons with those already characterised from crown eukaryotes. 

Some of the splicing proteins have been used in previously published surveys of 

eukaryotic genomes (Anantharaman et al .  2002; Koonin et al. 2004) but these surveys did not 

include any basal eukaryotic genome nor did they cover the range of spliceosomal proteins in 

depth. Previous studies at best could predict the presence of a few splicing proteins in the last 

common ancestor of animals, plants and fungi. This study incorporates information from these 

surveys but also expands the range of both the spliceosomal proteins and eukaryotic genomes 

included in the searches to look comprehensively at the spliceosome in the eukaryotic ancestor. 

Results in Chapter 4 show that in the eukaryotic ancestor it was very l ikely that a 

spl iceosome was present. F ar from being a simplified molecule, the ancestral spliceosome may 

have contained many components (e.g. the core snRNPs, Sm-proteins and RNA helicases) that 

are found in today's eukaryotes. Of the three types of splicing found in today's eukaryotes, it is 
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possible that two of these mechanisms ( i .e. maJor and trans splicing) were present in the 

eukaryotic ancestor as each contain conserved features between crown and basal eukaryotes. 

Splicing can now be seen as a fundamental and ancestrally-derived aspect of eukaryotic 

life as it is likely to have evolved before the last ancestor of living eukaryotes Contrary to the 

idea that splicing may have been a ' simplified' mechanism in this ancient organism it can now 

be suggested that this was not the case and that splicing and the spliceosome had already 

evolved in a sophisticated cellular process. Splicing has already been linked to other cellular 

processes such as mRNA export, transcriptional-elongation and polyadenylation (Lynch and 

Richardson 2002). Examples include the UAP56 protein which has multiple tasks in spliceosome 

assembly but is also a negative inhibitor of mRNA export (Luo et aL 200 1 ) , and Rds3 a 

spliceosome component which is also involved in mRNA export (Wang and Rymond 2003). 

Results in Chapter 4 show that these proteins were likely to have been present in the eukaryotic 

ancestor indicating that modern links between multiple RNA processing functions are may also 

be ancestrally derived. 

1.3.4: Additional information 

This project concludes with a summary and a look at future directions that this work 

could follow. 

A significant issue that arose during the course of this project was the importance of 

including data management practices in small genomic analysis projects It was found that with 

the large number of international databases holding very different types of genetic information, 

a very small number of proteins produced a large amount of recovered data, data that could very 

easily become uncontrollable without some type of management system. Technologies between 

databases differ and naming conventions can be inconsistent causing problems when managing 

data from a variety of databases. Appendix E summarises some of the major data management 

problems associated with small gene-finding projects which were encountered in this project. 

With the expansion of genomic sequencing there has been development of software for the 

handling and management of large genomic sequencing projects and there are many laboratory 

information management systems (LIMS) available but there is still a need for tools and 

software for small genomic project management. Appendix E looks at the problem of  "data 

explosion" where a small number of query sequences can soon snowball into a large amount of 

data. Appendix E also summarises the development of two databases created to handle genomic 

information for this project, P-MRPbase (a database of RNaseP and RNaseMRP RNA and 

protein components) and SpliceSite (a database of spliceosomal components). These databases 

were created using a popular small database program (Microsoft Access), which perhaps would 

make diehard computer scientists cringe and professional data managers cry, but the ready 
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avai lability of both the software and training enabled small databases to be quickly developed 

and modified to handle the different types of data used. 

Additional information included i n  the appendices include an article written for 

NZBioscience (The journal of the New Zealand Society for B iochemistry and Molecular 

B iology) on RNA analysis, and a (2-page) poster abstract that was selected for a "Flash" 

presentation at the ECCB'2003 (European Conference on Computational B iology, Paris, 

F rance) in  September 2003. Pert Scripts developed especially for this project are also included 

in Appendix D .  

1.4: Summary 

There are many more ncRNAs than was ever suspected (Storz 2002; Griffiths-Jones 

2004; Herbert 2004; Miriami et al. 2004). A challenge for the future wil l  be to identify the 

whole complement of ncRNAs in an organism and to investigate their functions. Techniques for 

achieving this are not as yet available though a good start has been made. Analysis of the 

spliceosome in present-day eukaryotes has shown that the eukaryotic ancestor was not by any 

means a "simple" organism and already had sophisticated mechanisms of gene regulation 

including gene splicing. Further study may show other mechanisms that are likely to be present 

in this ancient organism. This is only the first step towards looking at how RNA processing and 

other cellular processes have changed between prokaryotes and eukaryotes (or even between 

eukaryotes and prokaryotes if in fact eukaryotes are shown to have arisen earlier than 

prokaryotes (Jeffares et al. 1 998) .  

The current situation in ncRNA analysis I S  reminiscent of the early days of protein 

sequence analysis. Not too long ago the few programs available for sequence searches were 

only known to the select few but were too impractical and expensive to run on the computers of 

the time (Eddy 2002). However, since then fast heuristic tools such as BLAST appeared to 

enable the wider community access to protein computational analysis. In order to allow 

effective evolutionary and functional analysis of ncRNAs, it is now time for such tools to be 

developed and expanded in this rapidly expanding area of genomics. 

Welcome to the new R NA world !  

Three dimensional structure of the RNaseP RNA from Escherichia coli. 
Courtesy of the RNase P Database (Brown 1 999). 
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C hapter 2 :  Zen and the art of finding non-coding RNA genes 

"He who thinks everything is ea.1y will end up finding everything is difficult. Therej(Jre, the Sage, Vlho 
regards everyth ing as difficult, meets >vith no difficulties in the end " - Lao Tzu (Tao Teh Ching). 

2 .I :  Introduction 

In this post-genomic era, the emphasis is  usually on the identification of protein-coding 

genes, but it is  known that there are a large number of genes that produce RNA transcripts that do 

not code for proteins ( ncRNAs) .  There is cons iderable interest in finding homologues of ncRNA 

genes, but almost all standard methods of gene identification assume that the gene encodes a 

p rotein, and thus many ncRNA genes remain invisible ( Rivas and Eddy 2000; Eddy 2002) .  

Moreover most b iochemical a nalyses of cell fractions are not designed to detect ncRNAs (Mattick 

200 1 ). RNA is labile ( i .e .  eas ily degraded) and the main protocol for analysing ncRNA function i s  

to  use gene-knockouts, which arc technically demanding, o ften ambiguous and not undertaken 

l ightly ( Mattick 200 1 ). This p rovides good reason for the assessment of software to search for and 

investigate ncRNA candidate genes. 

Functional ncRNAs have both a two-dimensional ( secondary) and a three-dimensional 

( tertiary) component (Rivas and Eddy 2000). Structural focus is usually on the secondary-structure 

b ecause it is easier to calculate efficiently. Some RNA tertiary structure information is available 

( Tamura et al. 2004) but there is still a long way to go before tertiary structure can be calculated 

u sefully and a pp lied to prediction software. O ften ncRNAs may evolve different nucleotide 

sequences but still retain the same secondary-structure through covariation, a process where a 

n ucleotide may change so long a s  the overall pairing characteristics of the sequence is retained. 

Thus the same ncRNA in two distantly related species may have a more conserved secondary­

s tructure than sequence ( Durbin 1 998) .  This lack of sequence similarity is what makes ncRNA 

genes so hard to find and why it is desirable to  incorporate secondary-structure infonnation into 

b oth RNA-detection and RNA analysis software ( Eddy 2002) .  

Software has been developed in  order to identify ncRNA genes in genomic data. There are 

p rograms to detect specific ncRNAs such as tRNA (tRNAscan ( Lowe and Eddy 1 997 ) )  and 

H/HCA-snoRNAs ( Edvardsson et al. 2003) ,  but the majority of ncRNA molecules do not have any 

specialised detection software available. The earliest types of ncRNA-searching programs were 

p attern matching programs (e .g. Pat Scan ( Dsouza et al. 1 997) ) ,  which could only look for small but 

h ighly conserved sequence motifs and could not inc lude any secondary-structure infonnation in 

their searches, thus their use was limited. Other programs have used predicted minimum-free­

energy properties to screen for specific groups of ncRNAs ( H/HCA-snoRNAs ( Edvardsson et al. 
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200 3 )  and tRNA (Tsui et al. 2003 )). The few general RNA-detection programs available use a 

number of approaches, but all incorporate secondary-structure information, non-canonical base­

pairing, as well as nucleotide sequence information of known ncRNAs. This chapter highlights 

some of the past and current software which can be used for ncRNA gene identification and 

analysis. 

The majority of ncRNA-search software has been published with searches of specific 

ncRNAs (such as the iron-Response-Element; (Macke et al. 200 1 )) that have highly conserved 

secondary-structure and some highly conserved sequence motifs. However, none of the published 

studies attempted to search for ncRNAs that conta in highly variable as well as highly conserved 

regions. Two examples of these types of ncRNAs are the snRNAs and the eukaryotic RNaseP RNA. 

The U5snRNA is an ideal ncRNA to test ncR A-search software. It is an essential component of 

the eukaryotic spliceosome (described in more detail in Chapter 4 ), has been extensively studied 

(Peng et al. 2002 ; Malca et al. 2003 ) and contains conserved secondary-structure and sequences 

involved in protein and nucleotide binding. U5 snRNA genes have been characterised for a number 

of crown and basal eukaryotes including the 'excavates' Trypanosoma brucei and Leptomonas 

collosoma . The critical question is whether it is present in all eukaryotes, in which case it is 

expected to be present in the genomes of other basal eukaryotes such as Giardia Iamblia and 

Entamoeba histolytica. 

The other test ncRNA used in this study is the eukaryotic RNaseP RNA. RNaseP has been 

found in bacteria, archaea and eukaryotes, but it has not yet been characterised for any basal 

eukaryote although given its apparent universal distribution it is expected to be present. Apart from 

some short nucleotide motif sequences, the RNaseP RNAs have little nucleotide sequence 

homology making this gene difficult to fmd in more distant species using only sequence similarity­

based software. Because secondary-structure characteristics are the conserved feature of the 

eukaryotic RNaseP RNA, being able to find it in any basal eukaryote is a real test of any search 

software's capacity to successfully incorporate secondary-structure and sequence information. 

At present there are three main mechanisms used in ncRNA-search software : 

I .  Alignment of multiple sequences combined with secondary-structure annotation, 

2 .  A single sequence with secondary-structure annotation, 

3. Biological-modelling (using biological information by combining sequence and secondary­

structure elements that represent protein or RNA binding sites). 

ln this study four programs, covering these different mechanisms, were evaluated for their use in 

finding ncRNA genes from eukaryotic genomes (including some basal eukaryotic genomes). 
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2 .2 : Results 

2 .2 . 1 :  Align ment with Secondary-structure Annotation 

RNA Cad 

RNACad3 uses stochastic context-free grammars ( SCFGs) to model RNA sequence and 

secondary-structure infom1ation. It was designed to search databases for RNA secondary-structure 

and to produce structural multiple alignments for a set of structurally related sequences. Context­

free grammars allow for nested long-distance pairwise correlations between terminal symbols, ideal 

for storing information about base-pairings involved in RNA secondary-structure. Whereas regular 

grammars such as those used in pattern search a lgorithms generate strings from left to right, 

context-free grammars can generate strings from outside-in ( i .e. nested information). Stochastic 

(probabilistic) context-free grammars used in ncRNA searching can contain additional information 

about the likelihood of the structural event ( i .e. how l ikely is it for this nucleotide to be paired in a 

helix or remain single-stranded), and the nucleotide composition of each position. Another SCFG­

based program tRNAscan-SE (Lowe and Eddy 1 99 7 )  is available but can only be used to search for 

tRNAs (Eddy 2002). 

Unfortunately, although, the RNACad software offered great potential for ncR A genomic 

searches, and despite help from departmental "experts", this software would not compile correctly 

on any Linux computer. Communication was tried to the programs ' author and des ignated help e­

mail address but no reply wa ever received. Refereed publications that used R ACad could not be 

found although this program is  l isted at lM B-Jena (The RNA world site:  http ://www.imb­

jena.de/RNA.html) under RNA software. After some time spent (with much appreciated assistance 

from Dr. Paul Gardner and other Linux gurus) it was decided to leave RN ACad for now and 

concentrate on other ncRN A-search software. 

Another program COVE ( Eddy and Durbin 1 994) also uses SCFGs ( Stochastic-context­

free-grammars) to model annotated RNA alignments .  This software was not evaluated in this study 

due to time constraints but has been described as requiring heavy processing abi lity. This would be 

an  ideal program for future testing of SCFG-based ncRNA software. 

3 RNA Cad does not have a pub lished reference, but is available under the G U public licence fi·om 
http ://www .cse.ucsc.edu/-mpbrown/macad/. 
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Fig u re 2 . 1 : Human U S  snR A sequence and secondary structure showing the different ways that 
ncRNA can be represented. 
A :  Human-readable fom1at, a graphical representation but hard for computers to read. 
B :  "Bracket notation", a machine-readable fom1at, good for computers but hard for humans to read. 
' ( ' indicates the 5 '  base of a basepair and ' ) '  the 3' base of a basepair. ' . ' indicates an unpaired 
nucleotide. 
C: RNAmotif 'descriptor' representing the U5snRNA. Lines beginning with "h5" represent the 5 '  
side of  a helix ,  "h3"  represents the 3 '  side of the helix and "ss" represents a single-stranded region. 
"!en" gives the length of this region; a variable length can be stated with "minlen" (minimum 
length) and "maxlen" (maximum length) .  "seq" can be used to state a compulsory motif within a 
region. An additional user-defined scoring section can also be added . This is only a representative 
descriptor to show how a model can be translated into this computer-readable format. A full 
U5snR A descriptor is shown in the submitted manuscript 
D: Stockholm format that is used for input into the RSEARCH program. '>'  represent the 5' base 
of a base-pair and '<' the 3' base of a base-pair ( Note that this is ' opposite to the bracket notation). 
' . '  indicates an unpaired nucleotide. 
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E RPIN (Easy R N A  Profile ldentificationN) 

The ERPIN ( Easy RNA Profile IdentificatioN) (Gautheret and Lambert 200 1 )  software uses 

multiple aligned RNA sequences in together with a consensus secondary-structure, to perfonn first 

a profile construction and then a database search. This software is  useful if a number of sequences 

are known for an ncRNA family and are able to be reliably aligned. It has the advantage of being 

able to statistically capture biases in an alignment that could escape human inspection. It is  written 

in the C p rogramming language and has source code and Linux executable files available  for 

down load (http:! /tagc .univ-mrs. fr/pub/erpin ) . 

The input of E RP l N  is a multiple sequence alignment of RNA sequences annotated with 

secondary-structure infonnation. A log-odds score ( lod-score) profile is constructed for each helix 

and single s trand in the a lignment .  Given aligned sequences, this is a score that gives a measure of 

the relative likelihood that the sequences are related (as opposed to being unrelated) .  This score is 

constructed from two parts; the first calculates the probability that a particular nucleotide in each 

position is independent of the others. The other part calculates the probability that the nucleotidcs a 

and b have each been independently derived from some unknown nucleotide c in their common 

ancestor � c might be the same as a and/or b) .  The ratio of these two probabilities is known as the 

odds ratio. In order to arrive at an additive scoring system, the logarithm of this ratio is taken a nd is 

known as the log-odds ratio ( lod). Alignment gaps arc not pcnnittcd in helical regions ,  but helical 

bulges may be accounted for by breaking a helix into two sections with a single-stranded region 

between them. 

E R P IN installed without problem and was tested usmg an alignment of U5snRNA 

sequences. Alignments of  known U5snRNA sequences were available from the Rfam database 

(Griffiths-Jones et al. 2003 )-http:/irfam.\vustl.edu/). The U 5 snRNA has been characterised from the 

microsporidian Encephalitozoon wnicu/i (Chromosome XI :  position I 1 4087 - I  1 4 1 98) thus searches 

against the Ecz. cuniculi genome would be expected to recover this sequence. 

A lignments with different combinations of sequences were used to test the ERPIN program. 

The first alignment consisted of U5snRNA sequences from human, mouse, rat, Xenopus laevis 

( frog), Drosophila melanogaster ( fruitfly) and Caenorhabditis elegans (nematode). A second 

alignment also included the U 5 snRNA from the yeast Schizosaccharomyces pomhe which added 

more gaps to the alignment but included a sequence that was more closely related to the Ec::.. 

cuniculi U5snRNA sequence than the animal sequences used in the first alignment. The 

Saccharomyces cerevisiae U 5snRNA sequence is known to have an additional helix in the IL2 

region ( indicated in F igure 2. 1 A) which would have added an additional large insertion into the 

alignment so this sequence was omitted from the test alignment. A third (positive control) 
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alignment contained all the sequences in the first and second alignments but a lso included the Ecz. 

cuniculi U5 snRNA sequence. 

A 
>Sec st ructure 
. .  ( . ( ( . .  ( ( ( ( ( ( ( ( ( ( ( - - - . . .  ( ( . . . ( ( ( ( ( ( ( ( . . . . . . . . . . . ) ) ) ) ) ) ) ) . ) ) ) ) ) ) ) ) ) ) ) ) ) . - . . . . . .  ) ) . ) 
>Human 
AUACUCUGGUUUCUCUUCA- - -GAUCGCAUAAAUCUUUCGCCUUUCAUCAAAGAUUUCCGUGGAGAGGAACA-ACUCU-GAGU 
>Mouse 
AUACUCUGGUUUCUCUUCA- - -GAUCGUAUAAAUCUUUCGCCUUUUACUAAAGAUUUCCGUGGAGAGGAACA-ACUCU-GAGU 
>Rattus 
AUACUCUGGUUUCUCUUCA- - -GAUCGUAUAAAUCUUUCGCCUUUUACUAAAGAUUUCCGUGGAGAGGAACA-ACUCU-GAGU 
>Xenopus 
AUACUCUGGUUUCUCUUCA- -AAUUCGAAUAAAUCUUUCGCCUUUUACUAAAGAUUUCCGUGGAGAGGAACG -ACCAU-GAGU 
>Drosophi l a  
AUACUCUGGUUUCUCUUCA- -AUGUCGAAUAAAUCUUUCGCCUUUUACUAAAGAUUUCCGUGGAGAGGAACACUCUAA -GAGU 
>Ce l egans 
CAACUCUGGUUCCUCUGCAUUUAACCGUGAAAAUCUUUCGCCUUUUACUAAAGAUUUCCGUGCAAAGGAGCA-UUUACUGAGU 

B 
>Sec s tructure 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 00 0 0 0 0 0 0 0 0 0 0 0 0 0  
3 3 0 3 0 0 3 3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 3 3 3 0 0 3 3 3 1 1 1 1 1 1 1 1 4 4 4 4 4 4 4 4 4 4 4 1 1 1 1 1 1 1 14 0 0 0 0 0 0 0 0 0 0 0 0 0 4 04 4 4 4 4 4 0 0 4 0  
1 1 2 3 4 4 5 5 6 6 6 6 6 6 6 6 6 6 6 1 1 1 7 7 7 8 8 9 9 9 0 0 0 0 0 0 0 0 1 1 1 1 1 1 1 1 1 1 1 0 0 0 0 0 0 0 0 3 8 86 6 6 6 6 6 6 6 6 6 6 5 3 7 77 7 7 7 4 4 92 
>Human 
AUACUCUGGUUUCUCUUCA- - -GAUCGCAUAAAUCUUUCGCCUUUCAUCAAAGAUUUCCGUGGAGAGGAACA -ACUCU-GAGU 

>Ce l egans 
CAACUCUGGUUCCUCUGCAUUUAACCGUGAAAAUCUUUCGCCUUUUACUAAAGAUUUCCGUGCAAAGGAGCA -UUUACUGAGU 

c 
Tra ining s e t : 

Database : 

Cutof f :  

>Human US 

" e rp in_al ign1 . epn " : 
6 sequences of l ength 1 2 6  
" enceph . genome2 " 
2 4 9 5 5 3 8  nuc leot ides to be proces sed in 13 sequences 
ATGC ratios : 0 . 2 6 4  0 . 2 6 3  0 . 2 3 8  0 . 2 3 5  

3 0 . 2 6 1 2 6 . 1 6 

FW 1 3 . .  1 1 3  1 4 1 . 6 5  
A . C . TC . TG . GTTTCTCTTCA . - - - . GAT . CG . CAT . AAATCTTT . CGCCTTTCATC . AAAGATTT . C . CG . TGGAGAGGAAC . A . ­
. ACTCT- . GA . G . T . CTTAACCC . - . AATTTTTTGA . G - . CCT . TGCC . - . TT . - - . GGCA . AGG 

4 9 9 3 5 96 bases processed 
cutof f :  3 0 . 2 6 
1 2  con f i g .  per s it e  
1 h i t  

Figure 2.2 :  ERPlN ncRNA search software input and output example. 
Lnput for ERP lN consists of an RNA sequence alignment annotated by secondary structure 
information. The alignments shown are truncated from those used in the study and do not contain the 
single-stranded "Sm-binding region" nor the second-loop structure 
A :  The secondary structure can be annotated using bracket notation where "." represents single­
stranded nucleotides and "(" and ")" represent the open ing and closing of a base-pair within a helix. 
Gaps are represented by "-" in both the sequence alignment and the secondary structure annotation . 
B: The bracket notation is converted (using the supplied Per! script) to an ERP l  format with the 
numbers (read down each column) representing the open and closed pairings. These numbers can be 
adjusted to indicate non-canonical and/or pseudoknot pairing events. 
C: Example output of ERP lN which gives information about the alignment used "Training set" and 
the database searched which in this case was the Ecz. cun iculi genome (with added positive controls) .  
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The secondary-structure used to annotate the E RPlN-test alignments was b ased on 

vertebrate U5sn RNA sequences (Frank et a l .  1994; Dix et a l .  1998; Peng et al. 2002). Areas where 

the structure varied between species were annotated as being s ingle stranded. E RP IN does not allow 

any gaps in any helical position so these regions were annotated as being single stranded. An 

annotated a lignment using the widely-used bracket notation (Figure 2 . 1  B) can be converted into the 

E RPIN-readable format using a Per! script (provided with the ERPIN package) .  An example 

a lignment with its secondary-structure in both bracket and ERPIN notation is shown in Figure 2 .2 .  
The human and the Ecz. cuniculi U5 snRNA sequences, were added to the end of the Ecz. 

cuniculi and G. Iamblia genomic databases as positive controls .  These controls were expected to be  

recovered with a l l  alignments and indicated that the program was working correctly. Although the 

Ec:::.. cuniculi U5snRNA is expected to be recovered from within its genome, the known U5snRNA 

sequence was added to the end of its genome-file as a separate sequence. This ensured that this 

p ositive control would still be recovered even if s urrounding sequences obscured the true sequence 

within the genome�. Prior to ERPIN testing, B LAST searches of the Ec::. cuniculi genome, with all 

other known U5snRNA sequences did not recover the Ecz. cuniculi U5snRNA sequence indicating 

that sequence alone could not recover the desired sequence from this genome. 

ERPIN results (shown in Table 2 . 1 ) showed that the Ecz. cuniculi sequence was not 

recovered except with itself in the positive control alignment - A lignment 3. This indicates that the 

nucleotide sequence information is perhaps the major influence on the model with which E R P IN 

conducts its search. 
Table 2.1 Ecz. cuniculi Genome Search 

Table 2 .1 : Erpin Results. Recovery o f  
the positive control sequences from the 
Ec::.. cun iculi and G. Iamblia genomic 
databases. + indicates that the control 
was recovered, indicates that the 
control was not recovered. 

Ali!,'llment 

I 
2 
3 
4 

Posi tive 
control 1 

-

-

-

-

Positive control 1 ·  Human US snR:\A sequence added to end of database 
Pm;itive control 2: Ec:::. cuniculi US snR:\A sequence added to end of database 

Positive Positive 
contro\ 2 control 3 

-

-

Positive control 3: Ec:::. cunint!i U5 snR:\A seqtlence contained in genome (Chromosome XI : 1 1 4087- 1 1 4 1  9H) 

G. Iambiia Genome 
Search 

Positive Ci lamh/ia 
control l sequences 

-
-

Alignment 1 ( human. mouse. rat. Xenopus laevis (trog). Drosophila melanugasta ( fruitfly) and C clcgans ( nematode)).  This 
alignment did not detect the Ec::.. cuniculi U5snRNA sequence (positive controls 2 and 3 )  in either genome. 
Al ignment 2 added the S. pombe US snRNA sequence into alignment !  to sec if a fungal sequence could detect 
the Ec::.. cuniculi U5snRNA but it made no difference to the results. 
Alignment 3 added Ecz cuniculi to alignment 2 (Positive control alignment). All positive controls were 
expected to be recovered with this alignment which was the case. 
Alignment 4 used the U5  seed alignment (minus the S. cerevisiae sequence) from the Rfiun database 
(Griffiths-Jones 2003 ): 1 9 8  sequences. This alignment contained both human and Ec::.. cuniculi control 
sequences but sequence information could be diluted by the presence of the many other sequences. A large 
number of vertebrate sequences arc present in this alignment, and thus the human U5snRNA control sequence 
was recovered. However, there were no other microsporidian sequences present and the Ecz. cuniculi control 
was not recovered with this alignment. 

4 This was not the case with any of the sequences tested in this study but could still be a factor in genomes 
that are either AT -rich or AT -poor. 
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Searches of the G. Iamblia genome did not recover any U 5 sn RN A  candidate sequences 

with any of the alignments. Parameters were adjusted to extremely low levels to search both 

genomes but had the same negative results. 

A chance meeting at the ECCB 2003 conference ( Paris, France in late September 200 3 )  

with ERPIN 's primary author ( Dr. Daniel Gautheret) al lowed further discussion of the use o f  this 

program for ncRNA gene searches. E RP IN is presently being developed for the computational 

detection of M icroRNAs (miRNA) in animal genomes (presented at ECCB ' 2003 ) and is very useful 

when conserved sequence alignments of short nucleotide sequences can be constructed. A later 

version of ERPIN ( version 3 .9 . 8 )  was sent to me to detennine if the latest improvements to the 

algorithm and scoring mechanism would improve my results, however this was not the case as the 

results were identical to those produced with the earlier version. 

It is l ikely that ERP IN ' s  dependency on the nucleotide sequence infonnation in annotated 

al ignments might preclude using this program to search for ncRNAs with conserved secondary­

structure, but little primary sequence conservation. lt is unlikely that this method would work with 

ncRNAs that also contain areas of secondary-structure variabil ity such as the eukaryotic RNaseP 

RNA (personal communication, D. Gautheret). Alignments of some RNaseP RNAs (both whole 

sequence and with the conserved sections) tested with ERPlN confirmed this (data not shown). 

2 . 2 . 2 :  Biological-modelling software 

RNA motif 

The RNA.motif program ( Macke et al. 200 1 ) models biological information, in addition to 

sequence and secondary-structure, to search for ncRNA candidate genes through the design of an 

appropriate descriptor. The RNA.motif program was developed from an earlier program RNAMOT 

(Laferriere et al. 1 994), but uses an expanded syntax for describing motifs and implementation of 

nearest-neighbor rules, and other schemes, for ranking hits. RNA.motif is written in the C 

programming language and is freely downloadable from ftp .scripps.edu/pub/macke/mamotif­

version.tag.gz (where "version" is the version number, currently 3 .3 .0) .  An RNAmotif descriptor is a 

short p iece of code using special grammar rules to model a particular ncRNA (Figure 2 . 1 C ). The 

descriptor incorporates secondary-structure and sequence characteristics into the search model 

without the requirement for RNA sequence alignments. Sequence length ( including min imum and 

max imum allowable lengths) and any sequence motifs (representing protein/RNA binding s ites) 

contained in s ingle-stranded or helical regions can be incorporated into the descriptor allowing for 

max imum flexibil ity in designing the search model. Small protein or RNA-binding motifs are 

extremely useful in descriptor design and offer powerful selection criteria within the search with 
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R NAmotif. A downside of this flexibility is that in order to design an effective descriptor, it is 

necessary to research the desired ncRNA thoroughly for its b iological characteristics, incorporating 

sequence and secondary-structure information from a full l iterature search. 

The first version of RNAmotif that was trialled (Version 2.2.0) compiled easily but ran very 

s lowly against the smallest genomic databases (e.g. the Ecz. cuniculi genome of 2 .6 M Bases).  An 

additional problem was the massive amount of data retumed by R Amotif for each sequence area; 

results files > 1 gigabyte of infonnat ion were often returned. In a later vers ion (Version 3 .0.0) these 

problems were overcome in by the use of parallel processing to increase speed, and a mechanism 

for filtering the results, thus RNAmotif became a practical program to use for ncRNA genomic 

searching. 

The testing of RNAmotif for genome searching is detailed in the accompanying manuscript 

- "Searching for ncRNAs in eukaryotic genomes: Maximizing biological input with RNAmotif' ' .  

This study was done with the aid of one of the principle authors of the RNAn1otif software, Dr. 

Thomas Macke (The Scripps Research Inst itute, La Jolla, CA, U SA). In this manuscript my 

contribution was to supply the concepts and to conduct the genome searches, with Dr. Macke 

making valuable adjustments to the R Amotif code to allow efficient parallel implementation and 

results-fi ltering. In this paper, descriptors were constructed for two ncRNAs, the U5snRNA and the 

eukaryotic RNaseP RNA, and then used in genomic searches of some eukaryotic genomes including 

those from the basa l eukaryotes Giardia Iamblia and Entamoeba histolytica . RNAmotif descriptors 

for the U5snRNA were successfully trialled against test data, and against the Ecz. cuniculi and P. 

falciparum genomes in which this ncRNA has already been identified. RN Amotif then recovered 

U 5snRNA candidates from other basal eukaryotes ( G. Iamblia, Dictyoste/ium discoideum and Ent. 

h istolytica) and the sea-squirt Ciona intestinalis. T he success of this software with the U5snRNA 

led to descriptors being created for the eukaryotic RNaseP RNA. RNaseP descriptors were more 

challenging to construct, but were a lso successfully tested and recovered candidates from Ecz. 

cuniculi, and the basal eukaryotes Ent. h istolytica and G. Iamblia. These are the first RNaseP R As 

to be recovered from any basal eukaryote and although they contain all features shown to be 

essential for an RNaseP RNA ( Frank et al. 2000) wil l  require some biochemical analysis for 

val idity . RT-PCR and sequencing of the G. Iamblia U5 snRNA and RNaseP candidates5 con finned 

that these sequences were expressed (contained in the R A content of G. Iamblia) and that the 

sequences shown in the manuscript are correct. Although it requires more non-computational input 

( i .e. l iterature searches for initial model creation), than other sim i lar software, RNAmotif software 

has proved very successful to date, in ncRNA searches of basal eukaryotic genomes. 

5 Many thanks to Tri h, Anu and Alica who fitted this in over a couple of summers. 
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A long ( two page abstract ( included in Appendix A. I )  based on this research was accepted 

for a "flash" (five minutes- no questions) presentation at the European Conference on 

Computational Biology held in Paris, France (September 2003 ) .  

Further analysis of the candidate ncRNA sequences uncovered using RNAmotif is  shown in 

Figures 2 . 3 -2 . 5 .  RNAalifold ( Hofacker 2003 ) is a program which, given a sequence alignment, wil l  

compute the l ikely consensus secondary-structure to fit that alignment. The five Ciona intestinalis 

candidate U 5 snRNAs were a ligned and annotated with the RNAalifold consensus secondary­

structure (F igure 2 . 3 A  - displayed using GeneDoc6). Results were visua lised using RNAforester 

( S czyrba et al. 2003 ) to show the differences between the C. intestinalis consensus U5snRNA and 

the human U 5 snRNA ( Figure 2 . 3 B )  . 
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A: Alignment of Ciona intestinalis 
U5snRNA candidate sequences with the 
conserved secondary structure predicted by 
R Aalifold ( Hofacker 2003 ) annotated 
above the alignment. (The darker the column 
shadings, the more conserved the nucleotide 
position). 

.!',/"' B: RNAforester representation showing the similarities and differences 

1'�4u::.- g between the human US snRNA and the C. intestinalis l 1 2 -region 
uc ) U5snRNA candidate. RNAforester draws the modelled sequence a little 

\ h differently from the "accepted" secondary structure with no mechanism 
for manually adjusting the output. However, it provides a clear comparison 
of the two secondary structw-es. ucleotides in black are conserved in both 
sequence and secondary structure. ucleotides in red have different 
nucleotides but maintain the ame secondary structure. ucleotides found 
in the C. intestinalis sequence only are in blue and those found only in the 
human sequence are in green. 

6 icholas Karl 8. ,  and icholas Hugh B. Jr., 1 99 7 .  GeneDoc, a tool for editing and annotating multiple 
sequence aligmnents. Distributed by the author. http://www.cris.com/-ketchup/genedoc.shtrnl. 
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Comparison of the human and C. intestinalis U 5 sn RNA sequences indicate that the C. 

intestinalis sequences contain essential U 5 snRNA elements such as the consensus loop I and Sm­

protein b inding site sequences as well as conserved structural elements such as helix 1 c. Thus there 

is high confidence that the C. intestinalis U 5 snRNA candidate sequences are genuine. Similar 

analysis of the candidates from G. Iamblia, Ent. histolytica and D. discoideum, with the human US 

sequence ( Figure 2 .4 A-C ) also show considerable conserved secondary-structure between these 

RNAs although the sequences are very different. The candidate sequences from Ent. histolytica and 

D. discoideum contain the consensus loop 1 and Sm-protein binding site sequences but the D. 

discoideum U5snRNA has only 5 base-pairs in hel ic l c  as opposed to the consensus 8 base-pairs 

found in other eukaryotes. 

Figure 2.4 :  RN A forester structures comparing the 
human U5snR A sequence and secondary structure 
with the candidates from A :  D. discoideum, 8 :  Em 
histolytica and C: C. Iamblia. .  ucleotides in black 
are conserved in both sequence and secondary 
structure. Nucleotides 111 red have different 
nucleotides but maintain the same secondary structure. 

ucleotides fow1d in the indicated protist sequence 
only are in blue and those found only in the human 
sequence are in green. 

c 

l<Jfl 
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The G. Iamblia U5 snRNA contains some differences in its loop ! sequence 

(AUCCUGGUACG as opposed to the consensus CGCCUUUUACU) but maintains other essential 

features such as the Sm-protein binding s ite and helix l e  of 8 base-pairs, as weLl as the optional PSF­

binding site.  The loop 1 sequence has an important function during splicing and binds to the 5 '  spl ice 

site of the pre-mRN A  ( McConnell et al. 2003 ) .  The one intron published for G. Iamblia (N ixon et 

al .  2002 ) is short ( 3 5bp) contain ing a canonical 3' splice site (AG )  and a non-canonical 5' spl ice site 

(CT). Thus the differences in the loop ! sequence found in the G. Iamblia U5 snRNA candidate may 

be a reflection of subtle d ifferences in the splicing mechanism of this organism. In yeasts there is 

some variabi l ity permitted in loop 1 sequences (O'Keefe 2002) indicating that the highly conserved 

sequence found in most organisms may represent the optimal sequence for efficient splicing of the 

full complement of pre-mRNAs in a cell . The low (to date: 1 )  nwnber of introns found in G. 

Iamblia may have al lowed the loop l sequence of its U5snRNA to evolve d ifferently from 

U5snRNAs found in other organisms . 

RNaseP RNA is a difficult ncRNA to draw usmg RNA-drawing software, thus 

RNAforester results ( Figure 2 .5C)  look somewhat different to the consensus eukaryot ic RNaseP 

structures (Figures 2 . 5 A  and B ). RNAforester results comparing the G. Iamblia candidate RNaseP 

RNA with the human RNaseP RNA (Figure 2 .5 C )  indicate that there is a high level of secondary­

structure conservation a lthough their nucleotide sequences are quite different (positions shown in 

red) .  RNaseP sequences from crown eukaryotes contain a distinctive P3 -region containing a large 

bulge in the middle of both the top and b ottom helical strands ( Figure 2 . 5 ), whereas the P3 -region in 

bacteria is shorter and does not contain this bulge. The RNaseP candidates found in G. Iamblia, Ent. 

histolytica and Ecz. cuniculi contain the "bacterial-like" P3 hebx region instead of the expected 

crown-eukaryotic-like P3 -region. Some archaeal RNaseP RNAs also contain the bacterial-type of 

P3-region ( Harris et a l .  200 I )  indicating that either the bacterial and crown-eukaryotic-type of P3-

region, or an intennediate-type, may have been present in  the ancestral RNaseP. Biochemical 

analysis including protein-binding studies wil l  be required to confinn that the candidate RNaseP 

sequences found during this study are genuine but this l ies outside the scope of this project. A 

summary of the U5snRNA and RNaseP candidates found with RNAmotif i s  shown in Table 2 .2 .  

RNA motif Results U5snRNA RNaseP RNA Ta ble 2 . 2 :  Summary of results from the 
Ecz. cuniculi K + U5snRNA and R aseP descriptors used with 
P. falciparum K - the RNAmotifsoftware. 
G. Iamblia + + K Sequence was known prior to this study. 
Ent. h isto lytica + + + Candidate sequence was recovered. 
D. discoideum + - - No candidate sequence was recovered. 
C. intestinalis + -
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A: Human RN aseP RNA secondary structure, available at 
the RNase P Database; (Brown 1 999). 
B :  Sequence and secondary structure of the RNaseP R A 
candidate sequence from G. Iamblia. 
C :  RNAforester stmcture comparing the human RNaseP 
RNA and the candidate RNaseP from G. Iamblia. 
Structures in blue are contained in the human sequence 
only. Nucleotides in b lack are conserved in both sequence 
and secondary structure. ucleotides in red have different 
nucleotides but maintain the same secondary structure. 

ucleotides found in the human sequence only are in blue 
and those found only in the G. Iamblia sequence are in 
green. This structure does not look much like the two 
shown in A and 8 but shows instead that there is a high 
level of secondary-structure conservation although the 
sequences are different (po itions in red) .  
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2.2.3 : Sequence with Secondary-structure Annotation 

RSEARCH 

RSEARCH ( Klein and Eddy 2003 ) is a program that takes a single RNA sequence and its 

known secondary-structure and uti l ises a local al ignment algorithm for database searches. It also 

reports back the statistical confidence and the structural a lignment for each hit. The power of this 

program comes when only a single member of an ncRNA family is known. Uncertainty in 
secondary-structure can have a significant effect on the results, thus the secondary-structure of the 

ncRNA family must be wel l  establ ished. This program is slow but like RNAmotif, is aided by 

para llel-implementation using a clustered computing environment. RSEARCH offers a "BLAST­

like" approach to ncRNA-searching with a simple input of a single sequence and its secondary­

structure in "Stockholm" format (F igure 2 . 1 0 page 2 0  ) .  

This program has the advantage that neither a comprehensive model of the desired ncRNA, 

nor an RNA sequence a lignment need be constructed, and that an independent statistical confidence 

score can be calculated. The disadvantage to this approach is that, like B LAST, a sequence from 

one species may not have enough sequence and secondary-structure similarity to fmd a candidate 

sequence in a distant genome (however, this has not yet been fully tested) .  

RSEARCH (version 1 . 1 )  was tested with some U 5 snRNA sequences (hwnan, S. pombe and 

Ecz. cuniculi) against the Ecz. cuniculi and G. Iamblia genomes, both of which were appended with 

the human U 5 snRNA sequence. The human and S. pombe U5snRNAs successfully recovered the 

Ecz. cuniculi U5snRNA from its genome but the S. pombe query did so only just. None of the above 

sequences recovered any v iable U5snRNA candidates from the G. Iamblia genome. Some G. 

Iamblia sequences were recovered but all  either had large gaps in the alignment with the query 

sequence/structures and did not contain essential features such as the Sm-protein b inding site or 

anything resembling a loop ! consensus sequence. The candidate U 5 snRNA recovered from the G. 

Iamblia genome with RNAmotif was not recovered with RSEARC H .  S imilarly, a search with the 

G. Iamblia U5snRNA candidate sequence found by RNAmotif, did not recover e ither the human 

nor Ecz. cuniculi U5 snRNA seq uences during testing. Thus the RSEARCH testing could not 

confmn the G. Iamblia U5snRNA candidate but could not offer any a lternative candidates. 

Some RNaseP RNA sequences were used during the original testing phase of RS EARCH 

(Klein and Eddy 2003 ) on a number of archaeal genomes. This testing showed that RS EARCH 

outperfonned sequence similarity programs (such as B LAST and FAST A) in recovering the 

appropriate R NaseP RNA sequences. Searches of the Ecz. cuniculi and G. Iamblia genomes 

(appended with the human RNaseP sequence) and a test database consisting of some eukaryotic, 

archaeal and bacterial RNaseP sequences, with the human RNaseP sequence were attempted but ran 
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into processing p roblems causing the program to prematurely abort. The nature of this problem is 

n ot known at this stage. This effect was not seen during the U5 snRNA tests and time constraints 

h ave precluded attempting to solve the programming problems. Once the problems have been 

solved then it will be interesting to see if the RNaseP candidate sequences recovered with 

RNAmotif can also be recovered with RSEARCH and if RNaseP candidates can be recovered from 

other eukaryotic genomes with this method. 

2 .3 :  Concluding remarks 

There is still much work to be done in the area of ncRN A  genomics. R NA-detection 

software still requires considerable development to generate robust searching techniques and for the 

large part, requires a sizable amount of computer processing power. The current situation in RNA 

analysis is reminiscent of the early days of protein sequence analysis. As Eddy (2002)  commented, 

it is not too long ago that the few programs available for sequence s earches were too impractical 

and expensive to run on early computers. However, since these early days fast heuristic tools such 

a s  B LAST enabled the wider community access to protein computational analysis. In order to allow 

e ffective evolutionary and functional analysis of ncRNAs, it is now time for equivalent tools to be 

developed and expanded for RNA analysis in this rapidly expanding area of genomics. 

Each of the approaches taken by the present ncRNA-search software may be better for 

finding specific types of ncRNA. The advantages of the annotated secondary-structure approach are 

that it is comparatively quick to set up the search, will run on a s ingle processor (parallel-processing 

is not required but could, in theory be  applied if necessary), and that the annotation can represent 

p seudoknots and other RNA-characteristic features.  The model is constructed automatically from 

the sequence alignment annotated with bracket notation (the most common torrnat for representing 

secondary-structure) .  T he dmvnside to this approach is that it relies on the ncRNA b eing alignable. 

with no gaps in any of the helices and little variability in the consensus secondary-structure used to 

annotate the alignment. Areas of secondary-structure variability can cause a large n umber of gaps  in 

the alignment which leads to an inaccurate search model. This approach may be more appropriate 

for finding closely related ncRNA families where sequence and/or secondary-structure has little 

variability. 

The "biological-modelling" approach taken by RNAmotif requires much more background 

work in constructing a descriptor using infonnation largely taken from the literature. However, this 

approach has had good success when searching basal eukaryotic genomes whereas the " secondary­

structure annotated alignment" approach did not. At p resent this was the most successful approach 

w ith ncRNAs that contain variable sequence and secondary-structure. The current drawback to the 
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RNAmotif software is its lack of any statistical significance calculation attached to any returned 

sequences. With a sequence and/or secondary-structure input, a value indicating the amount of 

similarity between the query and the recovered sequence can be calculated but this is not an easy 

issue when the input is based on a 'b iological'  model (as it is with RNAmotit). A calculation of 

some value of statistical significance associated with RNAmotif results should be possible. Future 

development of RNAmotif may include a statistical value calculation based on randomised 

representative RNA, randomised sections of a genome-database or even randornised sections of the 

descriptor itself. Another future option may be to use a algebraic dynamic programming (ADP) 

approach (Meyer and G iegerich 2002 ) to compare (in a similar way to RNAmotit) two ncRNAs. 

This technique requ ires presently, the ncRNA model to be described in a grammar based on the 

"Haskell" programming language; a specialist language not for the faint-hearted. It may be possib le 

to design some type of "translation" software to enable an ncRNA to be described in both the 

RNAmotif and ADP grammars enabling a non-programmer to use these potentially powerful 

methods. 

RSEARCH offers a faster approach for ncRNA searches ( in a BLAST-like way) and wou ld 

be very useful as a first step in finding a particular ncRNA from a sequenced genome, before 

alignments and/or descriptors are created. This software ha only been recently published and is 

like ly to become more efficient in later versions. 

Although there are now some ncRNA-fmding programs available, at present all require a 

measure of computing skills not normally associated with molecular b iology. ncRNA models have 

to be translated in a number of machine-readable formats that are often not very human-readable 

and the programs tested in this study required the knowledge of L inux, paral lel-processing and 

some programming language skills. It is hoped that future versions of ncRNA-finding and analysis 

software will take a user-friendly approach, incorporating common input/output languages and 

graphical interfaces. In this way, the tools that will be of great use to ncRNA researchers can 

actually be used by them. 
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Summary 

Non-coding RNAs (ncRNAs) contain both characteristic secondary-structure and 
short sequence motifs. However, "complex" ncRNAs (RNA bound to proteins in 
ribonucleoprotein complexes) can be hard to identify in genomic sequence data. 
Programs able to search for ncRNAs were previously l imited to ncRNA molecules 
that either a lign very well or have highly conserved secondary-structure. The 
RNAmotif program uses additional information to find ncRNA gene candidates 
through the design of an appropriate "descriptor" to model sequence motifs, 
secondary-structure and protein/RNA binding information. This enables searches 
of those ncRNAs that contain variable secondary-structure and limited sequence 
motif information. Applying the biologically-based concept of "positive and 
negative controls" to the RNAmotif search technique, we can now go beyond the 
testing phase to successfully search real genomes, complete with their background 
noise and related molecules. Descriptors are designed for two "complex" ncRNAs, 
the USsnRNA (from the spliceosome) and RNaseP RNA, which successfully 
uncover these sequences from some eukaryotic genomes. We include explanations 
about the construction of the input "descriptors" from known biological 
information, to al low searches for other ncRNAs. RNAmotif maximizes the input 
of biological knowledge into a search for an ncRNA gene and now allows the 
investigation of some of the hardest-to-find, yet important, genes in some very 
interesting eukaryotic organisms. 

1 Introduction 

Non-coding RNAs (ncRNAs) make transcripts that function as RNA, rather than 
encoding proteins, the best-known examples being ribosomal-RNA (rRNA) and 
transfer-RNA (tRNA) [ 1 ] . Many ncRNAs form part of RNA-protein complexes 
(Ribonucleoproteins, RNPs) and play roles in cellular processes such as RNA 
processing and splicing. Some ncRNAs have catalyt ic functions e.g. RNaseP RNA, 
whereas others serve key structural roles in ribonucleoprotein complexes e.g. snRNAs 
[2] .  Searching databases for homologues based on sequence similarity is only useful for 
the larger, more slowly evolving ncRNAs (such as ribosomal RNAs) and is less reliable 
for other ncRNAs. Sequence similarity methods may fail to fmd ncRNA gene 
candidates when there is a large evolut ionary distance between the query species and 
the target genome being searched [3 ] .  

• Formatting has been changed from the published manuscript to  enable integration into th i s  thesis. 
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In  the past, programs such as RNAMOT [4] and PatScan [5 ]  were developed to 
defme and search for RNA structures and these led to programs such as tRNAscan-SE 
[6] , which were designed to look for specific kinds of structural RNA Recent ncRNA 
search techniques (e.g. ERPIN [7] and RSEARCH [8]) take both sequence and structure 
into account but are unable to model small sequence and secondary-structure motifs that 
correspond to protein or RNA binding sites in the ncRNA. These programs rely on 
sequence and secondary-structure alignment, either between multiple ncRNA sequences 
(ERPIN) or between query and subject sequences (RSEARCH). Alignment is difficult 
for such ncRNAs as there is often little sequence homology between distantly related 
species. Although these RNAs have both a conserved secondary-structure and some 
highJy conserved sequence motifs, they also contain some secondary-structure 
differences [9, 1 0 ] .  

The RNAmotif program [ 1 1 ]  was developed from RNAMOT [4]  and uses an 
expanded syntax for describing motifs along with an implementation of nearest­
neighbor rules and other schemes for ranking hits. RNAmotif has previously been used 
to fmd two groups of ncRNAs; tRNA [ 1 2 ]  and the Iron Response Element ( IRE) [ 1 1 , 
1 3] ,  both of  which contain highJy conserved secondary-structures. This program uses a 
user-defmed "descriptor" as input, modelling allowable secondary-structure and 
sequence motifs .  It also has a scoring section that assesses the different features of the 
match [ 1 1 ] .  A criticism of RNAmotif software is the lack of any value of statist ical 
significant attached to any returned sequences .  This value can be easily calculated based 
on sequence and/or secondary-structure similarity but is difficult to compute based on a 
biologically-derived model. To overcome this hurdle, and until more sophisticated 
RNA-model comparison techniques become available, we introduce "positive and 
negative controls", a fundamental concept of molecular biology, to provide significance 
to the RNAmotif results. First a test database is constructed consisting of positive 
controls (sequences we expect to be returned with a descriptor) and negative controls 
(sequences we do not expect to be returned). A second testing phase tests the 
performance of a descriptor against genomic background noise and a third testing phase 
was to search a genome for its known ncRNA sequence, testing a descriptor against 
similar ncRNAs found in that genome. 

This study also shows how the use of a user-defmed scoring section, results 
filtering and parallel implementation reduce the problems associated with searches of 
both crown (animal, yeast and plants) and basal (protist) eukaryotic genomes. This 
resulted in the identification of candidates for both the U5snRNA and the RNaseP 
RNA, from Giardia Iamblia, Entamoeba histolytica (Ent. histolytica) and the 
microsporidian, Encephalitozoon cuniculi (abbreviated here as Ecz. cuniculi to avoid 
confusion with Ent. histolytica), and the U5snRNAs from Dictyostelium discoideum and 
Ciona intestinalis. 

The U5 snRNA molecule is part of  the U5 snRNP ribonucleoprotein complex 
that is involved in the splicing of nuclear pre-messenger RNA [ 1 4] .  U5snRNA has 
already been identified from a number of completely sequenced genomes including Ecz. 
cuniculi and Plasmodium falciparum making them ideal test subjects for this study. 
After the test ing stage, the U5 descriptors were used to search other small eukaryotic 
genomes such as G. lamblia[ 1 5] ,  Dictyostelium discoideum, [ 1 6] ,  Entamoeba histolytica 
[ 1 7] and Ciona intestinalis [ 1 8] .  

The other ncRNA investigated here is Ribonuclease P (RNaseP) RNA, part of 
the ribonucleoprotein complex that cleaves 5 '-leader sequences from precursor-tRNA to 
leave a mature tRNA molecule [ 1 9] .  Apart from some short nucleotide motif sequences, 
eukaryotic RNaseP RNAs have little nucleotide sequence homology (except between 
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closely related species) making this gene difficult to fmd in more distant species.  
RN aseP RNA contains features that make it more challenging to write an effective 
descriptor. We used an improved version of RNAmotif implementing parallel 
processing to search for the RNaseP RNA in the genomes mentioned above. A common 
criticism of software descriptions is often there is not enough detail on parameter-tuning 
to enable a researcher in the biological field to effectively use the program (20] . To this 
end, we provide a comprehensive explanation of the construction of the U 5snRNA and 
RNaseP descriptors from known biological information (i .e .  RNA and protein binding 
s ites), to enable researchers in the ncRNA field to design descriptors for their molecules 
of choice. 

2 Methods 

RNAmotif [ l l ] is written in ANSI C and available as source code via 
'anonymous ftp ' from (ftp.scripps.edu/pub/macke/mamotif-version. tar.gz where "version" is the 
version number, currently 3 . 0 . 0) .  RNAmotif supports parallel searches via an MPI 
based driver, called rnrnamotif, which is included in the RNAmotif d istribution. P arallel 
processing was done on the Heli,x Cluster, a distributed-memory Beowulf cluster w ith 
65 nodes ( 1 28 processors) running the L inux RedHat (version 7 . 3 )  operating system and 
communicating with the MPI protocol (http://helix.massey.ac.nz) . All nodes used in testing 
and searching with RNAmotif had AMD Athlon MP-2 1 00 processors running at 
1 73 3 . 33 5 MHz. A Perl script used to split large databases into smaller units suitable for 
parallel processing is available from the corresponding author upon request. 

The program "Getbest" (available from the corresponding author upon request) 
was incorporated into the RNAmotif searching technique filtering the results from each 
worker node to give a condensed results file. Getbest works by selecting only the best 
solution found at each position of the sequence being searched, in this case, the position 
with the lowest free energy (�G). As expected thermodynamic stabilities improve with 
length [2 1 ] , the sequence with the lowest free energy will tend to have the longest 
sequence which is retained using Getbest . 

2.1  Sequences a n d  Genomes 

U 5snRNA sequences were downloaded from the Rfam database [22] and the 
databases at NCBl (http://www.ncbi .nlm.nih.gov/). The genomes of Encephalitozoon 
cuniculi [23],  (AL39 1 737 and AL590442-AL59045 1 ), Ciona intestinalis ( 1 8] (AABSOOOOOOOO) 

and Pyrococcus abyssi (AL096836) were also downloaded from NCBL The Plasmodium 
falciparum genome was downloaded from PlasmoDB [24, 2 5 ]  http://plamodb.org) . 

Dictyostelium discoideum (soil-living amoeba) [ 1 6] preliminary sequence data was 
obtained from The Wellcome T rust Sanger I nstitute (http://www.sanger.ac. uk) .  The 
Entamoeba histolytica genome sequencing data [ 1 7] was produced by the S anger 
I nstitute Pathogen Sequencing Unit at the S anger I nstitute 
(ftp://ftp.sanger.ac.uk/pub/pathogens/E-histolytica) . 

E arly releases of the Giardia Iamblia genome (WB strain, clone C6) was kindly 
provided by the Giardia Iamblia Genome Project [ 1 5] is based at the Marine B io logical 
Laboratory at Woods Hole, Massachusetts ,  U . S .A. (http://jbpc.mbl .edu/Giardia­

HTML!index2 html) . This "Whole Genome Shotgun" sequencing project has now been 
completed and deposited at DDBJ/EMBL!GenBank under the project accession 
AACBO lOOOOOO . RNaseP RNA sequences were downloaded from the RNaseP Database 
([26], http://www.mbio.ncsu.edu/RNaseP/main.html) and NCBI .  The RNaseP eukaryotic 
consensus secondary-structure was taken from Frank et al. 2000 [27] . 
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2.2 RNAmotif Descriptors 

2 . 2. 1 Descriptor Design - U5sn R NA 

A descriptor is read by the RNAmotif program from the S' end of the model to 
the 3' end, so both ' sides' of a helix must be represented in the code. For example, h5 

(tag = 'helix I ', fen = 4) opens a helix of 4 base-pairs, and h3(tag = 'helix I ')  closes the helix. 
S ingle-stranded regions are represented by ss(tag = 'single_ stranded 1 '). Both helices and 
single-stranded regions may contain length (minlen - minimum length; ma.xlen - maximum 
length), sequence, mismatch and rnispairing parameters to allow for the small 
differences that are found in ncRNAs from different species. For all descriptors in this 
study, parameters were set to allow G:U pairing, and the folding of the structure to have 
a user-defmed maximum energy level (emax) .  

The scoring section was designed to allow the user to see at a glance the 
different type of motifs that have been added together to produce the final score . The 
absence of a motif recorded a ' * '  in the motif position in a string of motif characters. 
The presence of a motif changed this ' * '  into a letter designating the selected motif This 
motif scoring visualization is useful when looking for an ncRNA that contains some, 
but not other, elements, yet can still be a legit imate candidate. 

Three descriptors were constructed for the USsnRNA based on features found in 
different combinations of species. The USsnRNA consensus secondary-structure 
contains a Sm protein-binding site, a highly conserved loop of eleven nucleotides next 
to a helix of 6-8 base-pairs [9, 14] (Figure 1 A) .  Features that are not present in 
USsnRNA sequences from some species include a second helix-loop structure and a 
PSF/pS4"rb protein-binding site. F igure 1 shows the US_A descriptor and l ists the 
differences between that descriptor and the other two USsnRNA descriptors used in this 
study, US _B and US_ C. Secondary structure regions either absent or extremely variable 
between species (e .g. Helix l a) were not included in the descriptors or converted to 
single-stranded regions. Mispairing events (i .e. mispair = I) were permitted in some of 
the helices to improve the range of sequences recovered during testing, however 
including these events increased processing time. Highly variable single-stranded 
regions such as "IL2" were given a wide length range (in this case, between 3 and 1 8  
nucleotides to allow for an extra helix that is present in some yeast species) . 

Helix 1 c, Loop 1 and the Sm-binding site are important biological features of the 
USsnRNA [9] .  Helix l c  in some species has an internal rnispairing event (a G:A pairing) 
which was modelled differently in descriptors US_A and US_B .  US_A allowed a 
rnispairing on either end of the helix as well as internally (mispair = I ,  ends = 'mm') 
whereas U S_ B used stricter settings with rnispairing only permitted on the distal 
(farthermost from the loop) end (mispair = I ,  ends = 'mp' ) .  Loop 1 consists of eleven 
nucleotides containing a highly conserved sequence motif [28] . Loop 1 was modelled 
differently in the three descriptors as shown in Figure 1 8  to allow for differences from 
the consensus model shown in the few basal eukaryotic USsnRNAs available (e.g. P. 
falciparum and L. collosoma). US_A allowed for proximal rnispairing whereas the 
US_B descriptor was again stricter. The sequence within loop 1 was scored the same 
between US_ A and US_ B but an alternative "less-strict" scoring scheme was used in 
US_C. The Sm-protein binding site provides an example of how a sequence can be used 
for selection (in the "descr" section) then have viable sequence alternatives scored 
against in the scoring section. The Sm-binding sequence was also anchored to the end of 
the single-stranded region (using $). This greatly improved processing speed (non-
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anchored sequence, "ayuuuung" = 4 minutes, anchored sequence "ayuuuung$" = 33  
seconds) and lowered the number o f  redundant hits and the output file-size. 

Optional sequence motifs (e.g. The PSF-binding site on the 3 '  side of helix 1 b)  
can be scored against in the scoring section but not included in the "descr" section as 
this would make this motif inclusion compulsory. 

A B 

Figure 1: U5 snRNA model and RNAmotif descriptor. A: Consensus model of the U5snRNA secondary­
structure based on the model of Peng et al. 2002. Loop2 is not present in the U5snRNAs of some species. 
B: U5_A descriptor used to search for potential U5snRNA genes. Other U5snRNA descriptors were based 
on this descriptor but contained the following differences: 

U5_B descriptor 
Point I ,  h5(tag=' l c' ,minlen=6, maxlen=8, mispair= l ,  ends='mp'); 

Point 2. ss(tag='loop l ', !en = 1 1 ) ;  

Point 3, deleting these two lines thus not scoring on the length of helix l e  and loop! 

U5_C descriptor 
Point 4, the sequences scored upon were as follows: 

if(ss(tag='loopl ') =- "ygccuuuuacu") { s i += I .O:t 'a':} 

else if(ss(tag='loopl ') =- "ccuuuuac")  { s i += 0.7;t = 'b' : )  

else if(ss(tag='loopl ') = - "ccuuuu") { s i += 0.5;t = 'c' ; }  

The scoring for option d is the s a me  a s  i n  U 5 _A. 

In the scoring section for each descriptor the individual letters i .e. 'A' , ' B ' ,  ' x ' , 'y' , 't' , 'r' and 'q' represent 
the option scored for each sub-element allowing the user to see in the output the makeup of the overall 
score. 

2.2.2 Descriptor Design - RNase P 

The eukaryotic RNaseP RNA has a generally conserved secondary-structure 
(Figure 2A) with parts of the structure highly conserved while other parts contain 
variability in both sequence and secondary-structure [ 1 0, 29] . Thus the RNaseP RNA 
descriptor had to take into account both conserved and variable features . 
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h5(tag='P3', minlen = 3, maxlen = 1 2) 
ss(tag='P31oop', minlen = 3, maxlen = 45) 
h3(tag='P3') 

I ss(tag='pre-CRf, minlen = 0, maxlen = 3) 
ss(tag='CRI', minlen = 12 ,  maxlen = 25, seq = "Agnaannuc") 
h5(tag='P7', minlen = 3, maxlen = 6) 
ss(minlen = 2, maxlen=50) 
h5(tag='PIO', minlen = 5, maxlen = 10, mispair = I)  
ss( tag = 'CRII', minlen = 40, maxlen = 150, seq = "ugnna") 
h3(tag = 'PlO') 
ss(minlen = 0, maxlen = 5) 
h3 (tag = 'PT) 

B 

score 
{ 

c 
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c 1 1 1 1 1  1 1 1 1  
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, . . 

s i = 0.0; 
l = '*'; 
if(ss(tag='CRf) =- "ggaamucngng") { s i += 2.5 ;  t = 'a' ; }  
else if(ss(tag='CRI') =- "gaamucngng") { s i += 2.0; t = 'b'; }  
else if(ss(tag='CRr) = - "ggaaanucc") { s i += 1 .7;t = 'c';} 
else if(ss(tag='CRI') =- "ggaannuc") { s i += 1 .7;t = 'd' ; }  
else if(ss(tag='CRf) =- "gnaannuc") { s i += I .O;t = 'e'; } 
s2 = efn( h5 [ 1 ] ,  h3[NSEJ ); 
if( s2 > emax ) REJECT; 
if( s l < 1 .7) REJECf; 
SCORE = sprintf( '%s,% 1 .2f,% 1 .3f,t,s l ,s2 ); 
} 

Figure 2 :  A. Consensus secondary-structure model for the eukaryotic RNaseP RNA taken from 
Frank et al. (2000). Named nucleotides are conserved within Eukaryotes and circled nucleotides 
are conserved within all three kingdoms. Arrows indicate where optional helices may be inserted 
showing areas of variabibty within the RNaseP RNA secondary-structure model. B. General 
secondary-structure of the P7 descriptors. C. Example of a "eukaryotic-type" P3-region from the 
human RNaseP RNA. D. Example of a "bacterial-type" P3-region from the Escherichia coli 
RNaseP RNA. E. P7 _B descriptor. P7 _A descriptor has the two lines at point 2 replaced by a 
single line: ss(tag='C RI', rninlen = 1 2, maxlen = 25, seq = "gnaannuc"). The P7_C descriptor has an 
additional helix added to simulate the conventional P3-region structure of eukaryotic RNaseP 
RNA. The lines at Point 1 have been replaced by the following lines: 

h5( tag='P3', minlen = 3, maxlen = 1 2 )  

ss(tag='P31oop I ', minlen = 3 ,  maxlen = 20) 

h5(tag = ' P3b' , minlen = 3, maxlen = 1 2) 

ss(tag=' P31oop2', mini en = 3, maxlen = 1 0) 

h3(tag = ' P3b' ) 

ss( tag = ' P31oop3 ' ,  minlen = 3, maxlen = 20) 

h3(tag='P3') 

It was found that descriptors designed for the full eukaryotic secondary-structure 
were computationally-prohibitive, requiring weeks to search the simplest databases and 
often failed to return accurate, if any, results (data not shown). Using a descriptor for 
part of the RNaseP RNA structure allowed sequences to be returned that were then 
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analyzed further for essential downstream elements (e. g. CR V pseudo knot pairing) . 
Descriptors were designed (Figure 2E) for the P3-CRI -P7-P 1 0  section of the complete 
secondary-structure (Figure 28) and designated P 7  _A, P7 _B and P7 _C. 

The P3-region consists in archaea and bacteria of one helix-loop structure, but in 
eukaryotes has a large bulge in the middle of both the 5 '  and 3' strands of the helix 
forming two stacked helices (shown in F igures 2C and D) thus it was decided to allow 
for both types of structures in the RNaseP descriptors. Descriptors P7 _A and P7 _B code 
for a single helix-loop structure but allow a large loop length to compensate for any 
second helix. Descriptor P7 _ C codes for a second helix with a minimum length of 3 
base-pairs and single-stranded regions on e ither side. Adding this second helix both 
dramatically increased the processing time (from 3 minutes to 3 5 mins) and lowered the 
specificity of the descriptor; however, most folding energies were improved w ith P7 _ C 
for each sequence region recovered. Designating the second helix optional (i .e .  setting 
the minimum length of helix 1 b to 0) recovered those sequences not detected w ith the 
P7 _ C descriptor, but increased the processing t ime tenfold. The lesson learnt here was 
to keep the number of helices to the minimum required for the desired species 
specificity. 

The C RI region is the most highly conserved sequence motif in the RNaseP 
RNA and is critical for selection as an RNaseP RNA gene candidate. The C RI-minimal 
sequence motif (found in all RNaseP RNA sequences from all three kingdoms) was 
made mandatory for selection by including it in the CRI -motif parameter settings. This 
is the only sequence motif scored in the RNaseP descriptors as other CR-regions in the 
descriptor area (CR-II and CR-III ) were too general to be useful. The C RI-minimal 
sequence motif was anchored in descriptor P 7  _B by adding a separate s ingle-stranded 
region (tag 'preCRI ') before this sub-element (tag 'CRI ') . 

The P 1 0  region contains allowances for the characteristic mispairing event that occurs 
in bacteria and some archaea but does not occur in sequences from crown eukaryotes 
(the s ituation in basal eukaryotes is unknown) . The CRI I -P l 2-CRI I I  single-stranded 
region (tag 'CRH') is highly variable in length, and the number and position of helices 
between species and kingdoms [27 ] .  This region was set to a s ingle-stranded loop with a 
large range in length (between 40 and 1 5  0 nucleotides) to allow for this variability. 

2 .2 3 Descriptor Testing 

Known U5snRNA and RNase P sequences were downloaded from the Rfam 
database [22] and from the NCBI databases. Test databases, TestDatabaseA (Table 1 )  
and Pdatabase (Table 2) were constructed containing sequences that were expected to be 
returned with the descriptors (posit ive controls), and sequences from other ncRNAs that 
were not expected to be returned (negative controls) . Descriptors were tested against 
test databases to understand the performance o f  different variations of the descriptor. 

Other ncRNAs contain some of the motifs found in our descriptors and thus 
representative sequences from all these ncRNAs were included in these test databases.  I t  
is  unnecessary to construct overly large test databases (such as downloading the 
complete Rfam database) as long as appropriate positive and negative controls, usually 
determined with the biological knowledge of the ncRNA, have been included. I f  
appropriate controls cannot b e  selected for a desired ncRNA then the Rfam database, 
although large, w ill be a reasonable alternative . S coring cutoffs for each descriptor are 
selected after the analysis of positive and negative control results and determine the 
selectivity of the descriptor. 
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I n  order to test the level of background from other ncRNAs, three U5snRNA 
sequences, human (M23822) Schizosaccharomyces pombe (X l 5504) and Caenorhabditis 
elegans (Z69665) and the human RNaseP RNA (X l 5624) were randomly inserted into the 
Pyrococcus abyssi genome. To date there have been no USsnRNA sequences described 
for any archaeal species so it was expected that the inserted human, C. elegans and S. 
pombe sequences would be recovered with higher scores than any 'native' P. abyssi 
sequences. P. abyssi contains its own RNaseP but as the RNaseP descriptor was 
designed primarily for eukaryotic RNaseP, it was expected that the human RNaseP 
would be recovered with higher scores than the native P. abyssi RNaseP. 

Tablet Species us U1 U2 U4 U6 U l l  U l 2  RNaseP 

Plants Arabidopsis thaliana X l 30 1 2  X53 1 75 X06474 X67 1 46 X52527 
Rice AC I 04 1 79 AC025 783 AFI 06845 AB026295 AC079 1 2 8  
Pea X l 5934 X l 5926 X l 5936 X l 593 1 

Fungi Aspergillus nidulans AC004395 AL683874 AY I 36823 
Saccharomyces cerevisiae M l 65 1 0  M l 74 l l  M l 4625 U l 8778 Z73279 M27035 
Schizosaccharomyces X 1 5 3 1 0  X55773 X55 772 X l 549 l  M55650 X04 0 1 3  
pombe 
Encephalitozoon cuniculi AL590450 AL590448 

Animal Human M77840 .-\(097369 :\59360 :\593 6 1 AC I I -t'JR2 X D 70 7  L-13R.f(, :\ 1 5 (>2-+ 

Mouse M I 0336 M l 4 1 2 l  K00027 M I 0328 AC l l 6657 
Zebra fish AL59 1 593 AL929029 AL92 1 08 AL929029 
Frog X06020 K02698 K02457 AF044330 
Caenorhabditis elegans Z682 1 5  Z 8 1 556 X5 1 372 X5 1 3 82 Z22 1 78 
Drosophila melanogaster AC099022 X02 1 36 X0424 l K03095 M24605 

Basal Entosiphon sulcatum AF09539+ AF095839 AF09584 1 
Leptomonas collosoma AF006632 X56453 AF20467 1 X790 1 4  

Plasmodium falciparum AE0 1 4823 AE0 1 4 8 4 l  Z98547 
Tetrah�mena thennophila X63789 X5 8845 X63786 X58844 X63790 
Chlan1ydomonas X67000 X70869 X7 1 483 X7 1 486 
reinhardtii 
Trypanosoma brucei X04678 M25777 X l 3 0 1 7  

Table 1 :  Accession nwnbers of  the sequences contained i n  the test database "TestDatabaseA" used i n  the 
evaluation of the U5snRNA descriptors. An empty cell indicates that this sequence was not available for 
inclusion in this database. Theoretically all U5snRNAs should be returned with the U5snRNA descriptors and 
thus be positive controls and all non-U5snRNAs be negative controls. For practical reasons only some sequences 
were selected to be specific positive and negative controls in the testing of the U5snRNA descriptors. Blue 
indicates a positive control and red indicates a negative control . 

Another testing stage is to run a descriptor against a genome in which the 
ncRNA has already been characterized. This could be done easily for the U5snRNA 
descriptors as the Ecz. cuniculi and P. falciparum U5snRNAs have already been 
identified and are available from the Rfarn database (AL590450 and AE0 14823 
respectively). This could not be done, however, for the RNaseP descriptors as to date 
there have been no RNaseP RNAs characterized in any of the small eukaryotic genomes 
that were available. 

All genomes used in this study were appended to contain positive controls (a file 
of U5snRNA and RNaseP sequences attached to the end of the genome file), so that if 
there were no sequences returned with a search, it could be determined that the program 
had run to completion successfully. 
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Table 2 :  Sequences in the "Pdatabase" 
used for evaluation of the RNaseP 
descriptors. Included in this database are 
RNaseP RNA sequences from 
Eukaryotic, Archaeal and Bacterial 
species and RNase MRP sequences from 
Eukaryotic species. Note that RNase 
MRP has not been found in any Archaeal 
or bacterial species to date. An empty 
cell indicates that this sequence was not 
available for inclusion in this database. 
Theoretically all RNaseP RNAs should 
be returned with the RNaseP descriptors; 
however certain sequences are selected 
to be specific positive and negative 
controls. Blue indicates a positive control 
and n I indicates a negative control. K -
From Kiss and Filipowicz ( 1 992) 

3 Results 

3 . 1  U5sn RNA 

3 . 1 .  1 Descriptor Testing Results 

Table 2 Species 
Eukaryote Saccharomyces cerevisiae 

Schizosaccharomyces pombe 
Homo sapiens 
Mus musculus 
Danio rerio 
Xenopus laevi s 
Drmophila melanoga:-;ter 
Arabidopsis thaliana 
Bos Taurus 
Nicotiana 
Rattus norvegicus (Rat) 

Archaea Pyrococcus 
Sulfolobus ""'"'''·"'""" 
Mcthanobacteriurn 
thcrrnoautotrophicum 
Mcthanococcus vannielii 
Archaeoglobus 
Halo bacteri urn 
At..1opyrum pernix 

Badcria Escherichia coh 
Bacillus subtil is  
'Therm us aquatin1s 
StrejJlomyces li vidans 

tumefac1ens 

RNaseP RNase MRP 
M27035 Z14231 
X0401 3  AL009 197 (3 1 2 1 6-31615) 
X l 5624 
LORR02 
U511408 
AF044330 / 

AF434763 

AJ248283 
L ! 3597 
U42986 

A F 1 92357 
AE<XJ0782 
U42983 
AP000060 

V00338 
M l 3 l 75 
Z 1 5W6 
MfA552 
M59352 

X65942 (34) 
Z25280 
K 
J050l4 

RNAmotif searches against TestDatabaseA with each U5snRNA descriptor 
indicated their sensitivity (USsnRNA sequences from which species were returned) and 
their specificity (which ncRNAs other than the U5snRNA were returned) . Results are 
shown in T able 3 .  All three descriptors returned all the designated positive controls 
(U5snRNAs from human, Ea cuniculi, P. falciparum and Entosiphon sulcatum). The 
looser U 5_A and U 5_C descriptors detected other ncRNAs with scores lower than 3 . 0, 
determining this number as the minimum score cutoff for subsequent genomic searches .  
The tighter US_B descriptor did not return any other ncRNAs from TestDatabaseA and 
also failed to detect some of the known basal eukaryotic U 5snRNAs. 

RNAmotif searches of the 'doctored'  P. abyssi genome with the U5 descriptors 
recovered all three inserted USsnRNA sequences above the cutoff score . The S pombe 
U5snRNA was recovered with a lower score than some native sequences, indicating that 
with the parameters set in these descriptors, yeast-like USsnRNA sequences could not 
be expected to be recovered reliably above background noise. 

In genomic testing of the U 5snRNA descriptors, the known Ecz. cuniculi 
U5snRNA sequence (AL590450) was successfully recovered from its genome as the 
only top s coring hit with all three descriptors. The known P falciparum U 5 snRNA 
(AEO 1 4823 )  was also easily recovered from the P. falciparum genome by all three U 5 
descriptors with the highest score. Recovery of their known U5snRN A  sequences from 
the Ecz. cuniculi and P. falciparum genomes indicated that it was possible with the 
U5snRNA descriptors to distinguish between the U 5snRNA and other closely related 
ncRNAs in their own genornes. 
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Table 3 
Test Database Testing 
Processing Time 
Output File Size 

Human U5 
Drosophila melanogaster U5 
Caenorhabd.itis elegans U5 
Arabidopsis thaliana U5 
Oryza saliva U5 
Schiwsaccharomyces pombe U5 
Tetrahymena themophila U5 
Encephalitowon cuniculi U5 
Plasmodium falciparum U 
Pysarum polycephalum U5 
Entosiphon sulcatum U5 
Human U l l  
Mouse U 1 2 
Caenorhabditis elegans U4 

Genome Searches 

Ecz. cuniculi genome 

"P. abyssi" genome 

G. Iamblia genome 

P. falciparum genome 

Ent. histolytica genome 

D. discoideum genome 

C. intestinalis genome 

US A 

39.5  seconds 
69 K.B 

Highest Scores 
4.49 
3.99 
4.49 
3.49 
4 .50  
3.49 
4.00 
4.00 
3 .99 
4.99 
4.49 
2.99 
2.49 
2.49 

Processing Time 

26 m in 49 sec 

19 m in 43 sec 

1 7  min 33sec 

738min 41 sec 

640 min 0 sec 

1 0 14min 52sec 

495min 3 5 sec 

US_B 

5 .9 seconds 
33 KB (40 KB) 
Highest Scores 

1 . 50 (3.5) 

2.49 (4.49) 
2 .49 (3.49) 
2 .50  (4.50) 

2.00 (4.00) 
2.00 (4.00) 
3 . 00 (5.00) 
2 . 5 0  (4 .50) 

Processing Time 

5 min 35 sec 

3 min 12 sec 

3 min 19 sec 

1 32min 14sec 

I 06min 39sec 

366min 30sec 

83min 14sec 

us c 

3 1 .9 seconds 
5 6K.B 

H i ghest Scores 
3 .99 
2.99 
3 .49 
2.49 
3 . 50 
2.69 
3 .00 

3 . 5 0  
3 .00 
3 .99 
3 . 49 
2.99 
2.49 
2.49 

Processing Time 

26 min 5 0  sec 

19 min 46 sec 

1 7  min 4 1  sec 

746min 58sec 

Not run 

Not run 

Not run 

Table 3:  Evaluation results for the U5snRNA descriptors. Representative results from searches of 
TestDatabaseA are shown although other simi lar sequences that were in this database were also returned. 
All descriptors had "emax = 5". Scores below this threshold were not rejected during descriptor testing 
but had "0.0 I "  subtracted from their overall score for indicative purposes. Descriptors U5 _A and U5 _ C 
had score cutoffs set to 2 . 5 .  U5_8 was run with two variations, the first containing scoring for the length 
ofhelix I c and loop l ,  and the second without this scoring. The scoring cutoff was set lower at I .  5 for latter 
run to compensate for the lessened maximum possible score. Timing differences between the two runs 
were the same so only one set of timing results are given. The P. abyssi genome has a number of 
U5snRNA sequences inserted for testing purposes. '='  indicates that this sequence was not detected with 
this descriptor. Species in bold were positive control for testing the U5snRNA descriptors. 

Other small eukaryotic genomes (C. intestinalis, G. Iamblia, Ent. histolytica and 
D. discoideum) were then searched with the U 5snRNA descriptors . A prior BLAST 
search of these genomes with all known U 5snRNA sequences returned no s ignificant 
results. With RNAmotif and the US descriptors, five candidate sequences were returned 
from the C. intestinalis genome, all of them contained the consensus loop 1 sequence 
and could be folded into the consensus U5snRNA secondary-structure (Scaffold l l 2 : 58432-
5833 1 ;Scaffold7 1 :40056-39955 ;Scaffold 1 849: 5070-5 1 72;Scaffold l 028: 1 598 1 -5885;Scaffold l 08 : 1 8565-
1 8656). An al ignment of these candidate sequences show that they are extremely similar 
to each other, with only a few nucleotide differences between them. Subsequent analysis 
showed that the C. intestinalis U5snRNA candidates showed similarity to other 
vertebrate U5snRNAs including human and mouse U5snRNAs. The proposed 
secondary structure for one of these sequences is shown in Figure 3 E  
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Figure 3 :  Predicted Secondary-structures of A .  Fez. 
cuniculi, B. G. Iamblia, C D. discoideum, D. Ent. 
histolytica and E. C mtestinalis U5snRNAs. Only one 
of the C. intestinalis U5snRNA candidates is shown. 
The other candidates differ only in a few nucleotides 
between them and these changes do not occur in the 
loop !  or helix lb regions. The human U5snRNA is 
shown in F. as a comparison secondary-structure [9] . 

RNAmotif searches against the G. Iamblia genome with the U 5 _A and U 5 _ B 
descriptors (the U 5 _ C de script or failed to recover any clear candidate sequence) 
recovered a candidate sequence (AACBO J 000 1 56 :  1 7548- 1 7456) that could be folded into 
the consensus U 5snRNA secondary-structure . The sequence in loop l does not conform 
entirely to the consensus loop 1 motif (constructed from crown and basal eukaryotic 
U 5 snRNA loop 1 sequences, [28 ] .  The loop 1 sequence in particular, affects splice s ite 
selection, particularly for introns with non-ideal 5' splice s ites [30], and thus the 
d ifferences in the loop 1 sequences of the G. Iamblia U 5 snRNA candidate may be a 
reflection of a difference in the splicing mechanism of this organism. T he G. lamblia 
U5snRNA candidate has been shown to be expressed using RT-PCR ( data not shown) 
and its sequence has been confirmed. The proposed secondary-structure of the G. 
Iam blia U5snRNA is shown in Figure 38.  

An U 5 snRNA candidate was also recovered from the D. discoideum genome 
( Figure 3C). H elix l c  is shorter than those found in other species, having only 5 bp but 
allowing some non-canonical base-pairing i .e .  G-A pairing could lengthen this helix. As 
the candidate D. discoideum U5snRNA sequence was recovered from only preliminary 
cont ig data, more work needs to be done to establish its viability when the genome has 
been more fully sequenced and assembled.  However, a search of the Rfam database 
w ith the candidate D. discoideum U 5snRNA sequence returned the U 5snRNA 
alignment increasing the validity of this candidate. 

Searches of the Ent. histolytica genome also produced a candidate U5snRNA 
sequence (Figure 3D) .  Again this candidate U 5 snRNA sequence was recovered from 
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preliminary sequencing data and will require more investigat ion once the complete 
genome has been sequenced. As w ith the D. discoideum candidate, the Ent. histolytica 
U 5snRNA returned the U5snRNA al ignment with a search against the Rfam database. 

3.2 RNaseP RNA 

Testing against the Pdatabase (results shown in Table 4) showed that although 
the RNaseP descriptors covered only part of the total RNaseP RNA secondary-structure, 
they were stil l  able to detect RNaseP RNA sequences from all three kingdoms. 
Descriptor P7 _A showed the greatest ability not only to recover RNaseP RNA 
sequences from all three kingdoms, but to distinguish between them using CRI -motif 
scoring. RNaseMRP sequences were selected as negative controls during RNaseP 
descriptor testing because the RNaseMRP CRI-regions are similar to the RNaseP CRI­
regions, with the expectation that the RNaseP descriptors should distinguish against the 
two d ifferent ncRNAs. RNaseMRP sequences were detected with the RNaseP 
descriptors at the lowest level (CRI-motif = 'e ' ;  the consensus CRI motif common to all 
three kingdoms), indicating that results returned with this motif may not be specific to 
RNaseP. 

The RNaseP descriptors were also tested against TestDatabaseA to determine if 
other ncRNAs were also detected. Some U4 snRNA sequences were returned with the 
lowest scoring motif (CRI-motif = 'e ' )  but no other snRNAs were detected above this 
level .  Thus, future genomic searches used score cutoffs above this level. The P7 _ B 
returned the same sequences from both the Pdatabase and TestDatabaseA with less than 
half the processing time but d id not dist inguish clearly between the RNase MRP and the 
archaeal and bacterial RNaseP sequences. The P7 _ C descriptor took longer than the 
other two descriptors and did not return some of the archaeal and bacterial sequences, 
but gave much higher folding scores for the eukaryotic sequences. 

To date there have been no RNaseP RNA sequences described for G. Iamblia, 
Ecz. cuniculi, Ent. histolytica, D. discoideum, P. falciparum and C. intestinalis. BLAST 
searches of these genomes w ith all known RNaseP RNA sequences failed to find any 
significant sequences. Candidate sequences were required to contain the CRIV, CRI I 
and CRI I I  consensus regions in expected places and the CRI-region had to contain 
conserved nucleotides present in RNaseP RNAs from all three kingdoms. 

RNAmotif searches against the Ecz. cuniculi genome recovered an RNase P 
candidate (Figure 4C) (Chromosome VI I  - start position 87 1 84) which also contains some 
sequence s imilarity to RNaseP RNA sequences from rat and mouse. Another candidate 
was recovered from the Ecz. cuniculi genome (Figure 4A) with a proposed secondary 
structure that fits the general eukaryotic consensus secondary-structure; except for the 
P3 -region which is more bacterial-like (compared with the example structures shown in 
F igures 20 and E) .  
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Table 4 
Pdatabase Testing 
Processing Time 
Output File Size 

Human RNaseP 
S. cerevisiae RNaseP 
S pombe RNaseP 

P. abyssi RNaseP 
S. acidocaldarius RNaseP 
M. therrnoautotrophicum 
RNaseP 
A fulgidus RNaseP 
H .  cutribricum RNaseP 

E. coli RNaseP 
B. subtilis RNaseP 
A tumefaciens RNaseP 

S lividans RNascP 

A thal iana RNase MRP 

N .  tabacu m  RNase MRP 

Human RNase MRP 

S .  pombe RNa:.e MRP 

S. cerevisiae RNase MRP 

Other snRNA"i that oct;ur 
v.ith des.;riptor· 
Processing Timt" 
TestDatabaseA (Used for 
U5 
E<.::z genome 

P.  falciparum genome 

G. lamblia genome 

Ent. histulytlca gennme 

D discoideum genome 

' A  

AG - :i 
V - !< A  
A , c  

' ' 
' _ ,  

" ' ' 
' ' 

P7_A 
7 min 54 sec 

47 KB 
CRI motif 

a (- 1 5.03) 
b 
e ( - 1 4  

d ( -2243) 
d (-1 3 . 52 )  
d ( - !7 . 1 5) 

d (-26.70) 
c (-25.53) 

c (-3 1.73) 

e (- 1 9.95) 

e ( - 1 8.92) 

e (- 14.74) 

e (- 1 2 10) 

L collosoma U4 (e) 
T.  brucei U4 (e) 

2 min 54 SC'C 

R66 min 25 sec 

Not run 

508min 52 sec 

Not run 

Not run 

P7_B 
3 min 1 2  sec 

3 6 KB 
CRI motif 

a ( - 1 3.8 1 )  

d (-24. 8 1 )  
c (- 16 2 5 )  
c (-24.08) 

0 (-29 .33) 

a (-2 1 46 )  
0 (- 1 5 .2 7 )  
a (-26.89) 

d (-25.63) 

c (- 1 9 . 9 5 )  

c ( - 1 8 .92) 

c (- 1 3 4 3 )  

L .:ollosoma U4 

l m 18 sec 

290 m in 26 sec 

6 1 7min 27scc 

174 m in 48 sec 

1627 m in 37 sec 

I 093 m in 26 sec 

A <,; G 
A L Gt C AC G A  GCCt" c 

P7_C 
35 min 28 sec 

39KB 
CRI motif 

a (-2043) 
a (- 1 9.75) 

c (-27 4 ! )  

d (-2038) 

a (-25.87) 

c (-27 93) 

c (-26 . 1 5) 

c (-22 96) 

d-2 1 74) 

c (- 1 6.5 1 )  

L collosoma U 4  (d) 
T brucei U4 (d) 

8 m in 23 sec 

l 6 ! 9 min 9 

Not run 

Not nm 

Not run 

Not run 

1 1  ' cccc lJ 

R 

.. 

Table 4:  Evaluation results from the 
RNaseP descriptors.  Indicative results are 
shown. For processing times all descriptors 
had the following settings "emax = 1 5 "  
with scores below this threshold being 
rejected and score cutoffs at 1 .  7 .  Detection 
of sequences with an "e" motif was 
achieved by setting the emax to - 1 2  and the 
score cutoff to 1 .0. The best folding energy 
scores are shown in brackets next to the 
CRI motif Searches of the P. falciparum, 
G. Iamblia, and D, discoideum genomes 
used parallel processing with emax at -20 
and the score cutoff at 2 .0 .  Searches of the 
G. Iamblia genome were run with 8 nodes. 
Searches of the P. falciparum, D. 
discoideum and Ent. histolytica genomes 
were run with 1 6  nodes. ' - '  indicates that 
this sequence was not detected with this 
descriptor. 
CRI motif a "ggaarnucngng" (Eukaryotic consensus 
CRI with first ··g .. ): 

CRI motifb "gaarnucngng" (Eukaryotic consensus 
CRI without first .. g .. ) :  

CRI motif c "ggaaanucc" (Bacterial consensus 
CRI): 

CRI motif d "ggaannuc" (Archaeal consensus CRI): 
CRI motife "gnaannuc" (Universal consensus CRI) 
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Figure 4: Putative RNaseP RNA secondary-structures of A :  Ecz. cuniculi, B :  G. Iamblia and C:  Ent. 
histolytica RNaseP RNA candidates. Circled nucleotides are those that are conserved between all three 
kingdoms (refer Figure 2 )  and must be present in these locations for the candidate to be considered a 
potential RNaseP RNA. 
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RNAmotif searches against G. Iamblia using P7 _A and P7 _ B descriptors (P7 _ C 
was not used due to its much longer processing time, even with parallel processing) 
returned a candidate RNase P sequence (Figure 4B)(AACB0 1 0000 1 2 :  65 1 52-649 1 8) .  As 
with the Ecz. cuniculi candidate, the P3-region was bacterial-like but the rest of  the 
structure fitted the eukaryotic model. RT -PCR has shown that this sequence ts 
expressed in G. Iamblia and the sequence has been confirmed by sequencing. 

RNAmotif searches against the Ent. histolytica genome also recovered a 
candidate RNaseP RNA sequence (Figure 4C) (Entl359g08.plk:355-440). The P3-region 
was longer than that found in the Ecz. cuniculi and G. Iamblia RNaseP candidates, and 
although there was a two-nucleotide bulge in the 3' s ide of the helix, the Ent. histolytica 
P3-region still resembled the bacterial-like P3-region as opposed to the eukaryot ic 
model. As this sequence was obtained from preliminary sequence data, further 
investigat ion will be required when the genome sequencing has been completed. 

RNAmotif searches against P. falciparum failed to fmd any viable RNaseP RNA 
candidates, which may be due in part to its high A+ T content. RNAmotif searches 
against the D. discoideum genome also failed to fmd any RNaseP RNA candidate. The 
genomic data for this genome is st ill preliminary and it is possible that the region 
containing an RNaseP RNA has not yet been sequenced. New releases of this genome 
will be screened in the future for possible RNaseP RNA candidates. 

The RNaseP RNA candidates found in Ecz. cuniculi, Ent. histolytica and G. 
Iamblia contain all the features that are expected in an RNaseP RNA, including 
nucleotides that have been shown to be conserved between RNaseP RNAs from all 
three kingdoms [27] .  The Rfam database was searched with the three RNaseP candidate 
sequences from G. Iamblia, Ent. histolytica and Ecz. cuniculi but returned no hits. As a 
test, the RNaseP sequence from the fruitfly, D. melanogaster (the only eukaryotic 
RNaseP RNA not found in Rfam, AF434763), also failed to return any hits from Rfam. 
The eukaryotic RNaseP RNA is notoriously difficult to align which may account to 
some extent to the lack of any posit ive results from Rfam for any of our RNaseP 
candidates. 

4 Discussion 

Non-coding RNA genes are hard to fmd in genomic data. Previously, RNAmotif 
has been used to fmd ncRNAs with highly conserved secondary-structure, using very 
"tight" and efficient descriptors [ 1 1 , 1 2] .  This technique has now been taken to the next 
level, integrating sequence and secondary-structure sub-elements (representing protein 
and RNA binding sites) to search for ncRNA genes in eukaryotic genomic data. 

A potential criticism of the RNAmotif software is that it cannot yet give a value 
of statistical significance on each returned sequence. Here positive and negative controls 
are used instead, because they can compensate at least part ially. The concept of posit ive 
and negative controls is fundamental in molecular biology (as many of its techniques 
also lack statistical analysis) . However, a measure of statistical s ignificance would be 
desirable to compare whole ncRNA sequences. Sequence and secondary-structure alone 
may not be enough to produce a true representation of the features required by an 
ncRNA molecule in order to retain biological function. Algebraic dynamic 
programming techniques that can model the complete structure in a similar way to 
RNAmotif, are being developed [3 1 ] .  Such methods at present are mathematically 
challenging but in future may result in a statistical evaluation method that will integrate 
well with RNAmotif and other ncRNA-associated software. 
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The design of appropriate descriptors is presently not a s imple task Testing has 
shown as the "descr" section of the descriptor becomes more complicated (i .e .  more 
helices, sequences and parameters) ,  processing time increases dramatically. I de ally the 
simplest possible descriptor should be designed to search for a particular ncRNA. 
However, this may not be appropriate when searching for ncRNAs for which little 
information is available. In these cases, ' atypical' elements found in some species but 
not in others may have to be included to facilitate sequence recovery. An example of 
this is the specific descriptor U 5 _A which was more accurate in finding candidates in 
"typical" e ukaryotic organisms such as C. intestinalis, but did not work as well as the 
less-specific descriptor (U 5 _B) for searching basal eukaryotic genomes. By having 
descriptors with differing stringency and related in different ways, candidates could be 
recovered from distant genomes. At present, there is still a balance that must be 
achieved between a descriptor that can run in a realistic t ime-frame and one that allows 
enough variability for a search of a d istantly-related genome. 

Testing of the RNaseP descriptors showed that the complete ncRNA need not 
be modelled, and areas of high variability between species can be described as s ingle­
stranded regions, aiding both processing performance and species detection. Analysis o f  
regions "downstream" o f  the descriptor region was done manually in this study, but 
could also be automatically incorporated into future RNAmotif releases. 

The RNAmotif p rogram is still a program under development. The largest 
genome s ize that we used here was that of the sea-squirt C. intestinalis ( 1 5 5 Mbases). I t  
is  feasible to search larger genomes using parallel processing and descriptors, "fine­
tuned" for performance efficiency. However, when searching into a little known 
genome such as those basal eukaryotes, many descriptor parameters cannot be 
completely optimized for performance w ithout running the risk of not recovering the 
ncRNA of choice . Future RNAmotif releases may include the incorporation of other 
biological information, such as whether a resulting sequence is within an open reading 
frame, or ways to compensate for AT -rich target genomes. However, RNAmotif now 
offers a realistic and biologically-orientated way to search for other non-coding RNAs 
within the increasingly wide range of sequenced genomes. 
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Chapter 3 Having a B LAST with Ancestral Sequences 

"A wise man gathers from the past what is to come "- Sophocles 

One of the fundamental paradigms in computational biology is function prediction by 

homology. A gene is compared against others in a database and if a second sequence is detected 

whose s imi larity to the ftrst gene is statistical ly significant; then the funct ion of the unknown 

protein is inferred based on the funct ion of the known protein (Sjolander 2004). A number of 

computational ly efftcient methods for pairwise sequence comparisons have been developed 

inc luding BLAST (Altschu l et al. 1 990), FAST A (Pearson and Lipman 1 988)  and PSI -BLAST 

(Altschul et al .  1 997), which have been used in high-throughput, homology-based predict ion 

( Sjolander 2004). 

However there are three evolutionary factors that can cause ' interpretation errors' with 

these programs (Sjolander 2004). The first factor is gene duplication where genes related by 

dupl ication events (paralogous genes) can diverge in function, but st i l l  contain stat istically 

simi lar sequences. A homologous sequence from a distantly related species may be more simj ]ar 

to the sequence from the duplicate copy and an incorrect function can be inferred. The second 

evolutionary factor is the shuffl ing of protein domains where in two functional ly different 

proteins, motifs may be  highly conserved but in different positions. Standard methods typical ly 

ignore whether two proteins al ign global ly or only local ly, and thus again the wrong protein 

may be used to assign funct ion. The third factor that can cause interpretation errors is speciation, 

where orthologous proteins share a common ancestor but have different functions if the species 

are distant ly  related. The correct function may be assigned if the species that are being 

compared are c lose but not if the species are evolutionarily distant . Automated prediction 

programs may predict incorrect coding region limits and/or split long genes into several coding 

region ( or alternatively merge several regions into one) (Mathe et al. 2002 ). Current programs 

aim at optirnising performance on the majority of data, usual ly at the expen e of the 'outl i ers ' ,  

however these 'outliers' may, in  some organisms be more frequent than suspected. The 

predict ion of protein encoding genes is sti l l  in need of improvement (Mathe et al. 2002). 

Within this project, spliceosomal protein studies depend on the accurate prediction of 

protein function, thus techniques were developed to test this accuracy. From this, a new method 

was developed for protein prediction using inferred ancestral sequences (Ancestral Sequence 

Reconstruction - ASR). This chapter wi l l  examine protein predict ion and the ASR technique 

using a number of RNaseP-associated proteins that may have been present in the eukaryotic 

ancestor. It contains a publ ished manuscript, "Using ancestral sequences to uncover potential 

gene homologues" (Col lins et al. 2003). This was presented initially at the ew Zea land 

B ioinformatics Conference 2003 , and shows how inferred ancestral sequences can be used in 
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combination with standard search algorithms to identify candidate gene homologues from newly 

sequenced genomes (such as Giardia Iamblia and Entamoeba histolytica) .  

In genome comparisons of distantly related species, i t  i often difficult to identify highly 

diverged protein-coding regions (Coll ins et al. 2003 ). This is especially true when searching for 

either protein or ncRNA genes from any of the basal eukaryotes. Theoretically ident ifying an 

ncRNA from a genome increases the c hance of finding suspected associated-proteins, and vice 

versa. Thus finding the RNaseP RNA from G. Iamblia (Chapter 2) makes it poss ible that 

proteins (such as Pop 1 ,  Pop4, PopS and Rpp2 1 )  known to be part of the RNaseP from other 

eukaryotes, are also present in G. Iamblia. This study used these prote ins to test this premise, 

and evaluated techniques that would be used later for studying the large group of proteins 

associated with the spliceosome (Chapter 4 ) .  

RNaseP processes the S' ends of precursor tRNA molecules i n  all organisms (Altman 

1 989). In bacteria RNaseP may also processes other RNA substrates as several polycistronic 

mRNAs have recently been found to be c leaved by RNaseP in Escherichia coli intergenic 

regions (Li and Altman 2003 ). Cellular processes other than tRNA processing may also be 

affected by bacterial RNaseP inc luding  the maturation of SRP-RNA (a major component of 

bacterial protein secretion) and protein translocation (Li and Altman 2003). 

In eukaryotes, RNaseP contains a single catalytic RNA and multiple protein subunits 

(possib le exceptions inc lude the spinach chloroplast which may not contain a functional RNA 

component) (Xiao et al .  2002; de la Cruz and Vioque 2003). Because the RNA provides the 

catalytic function, evolution maintains h igher-order protein structure rather than conservation of 

amino-acid sequences. As a result, it is often difficult to identify homologous R aseP proteins 

in distantly related lineages. There are 9- 1 0  proteins (depending on eukaryote) and all are 

essent ial to the function of the ribonucleoprotein (Xiao et al. 2002). Only some of these proteins 

( Pop4 - also called Rpp29; Rpp2 l ,  Rpp30 and Rpp38 in humans) bind to the RNA whi le others 

act as stabil isers or aid in transport throughout the cel l  (Xiao et al. 2002). Recent studies show 

that the human RNaseP RNA ( H I RNA), Rpp2 1 and Rpp29 are suffici ent for the S' c leavage of 

precursor tRNA ( Mann et a l .  2003 ) .  F inding RNaseP proteins in other eukaryotes should help in 

understanding the nature of RNaseP in t he ancestral eukaryote (Penny and Poole 1 999). 

The four RNaseP proteins chosen for this study are Pop I ,  Pop4, PopS and Rpp2 1 ,  

which were used to search the Encephalitozoon cuniculi (Ecz. cuniculi), Giardia Iamblia and 

Entamoeba histolytica (Ent. histolytica) genomes. The first step in phylogenomic analys is 

involves the identification of homologous proteins from different species (Sjolander 2004). 

Homologue identification can then lead to sequence al ignments, that in turn are used for input 

into H M M-based programs, or as is seen later in this chapter, ancestral sequence reconstruction. 

Searches of the protein databases at NCBI (http://ncbi .nlm.nih.gov) found a number of 

sequences for each of the four proteins ( Pop 1 ,  Pop4, PopS and Rpp2 1 ) .  Proteins, accession 
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numbers and references are shown in Table ASR-3 . 1 ,  page 7 1 ) . Downloaded data was stored in 

a custom des igned database "P-MRPbase", named because the majority of proteins that bind to 

RNaseP also b ind to a c losely related ncRNA, RNaseMRP ( Mann et al .  2003) .  This database 

was central to managing a wide range of information about RNaseP and is discussed in more 

deta i l  in Appendix E .. Database management techniques developed and applied in studying 

RNaseP proteins were also applied to the larger spliceosomal project (Chapter 4 ) .  

BLAST involves taking a known sequence (the ' query' sequence) and attempting to 

align it to any part of any sequences in  a designed database (the 'subject'  database) and thus 

recover a homologous ( ' candidate' )  sequence from the subject database. By BLASTing in turn, 

the query sequences from different species against a genome, consistency indicates if there are 

any query sequences that have been clustered in error, as wel l  as recovering sequence regions 

corresponding to the desired candidate protein. For example a BLAST search with the human 

Pop4 as query sequence wi l l  recover a Pop4 candidate protein from the G. Iamblia genome - but 

homology is scattered throughout the alignment between the two protein . The S. pombe Pop4 

a lso recovers the same G. Iamblia candidate but there are differences in the aligned sequences 

(due to equence differences between the human and S. pombe query sequences). I f, 

theoret ica l ly, a kiwi Pop4 sequence (only used here as examp le) recovered a different sequence 

from G. Iamblia with very different scores and alignment then the kiwi sequence would have to 

be examined to see if it real ly belonged in the Pop4 sequence cluster. This checking for 

anomalies is extremely useful when multiple alignments are being created for any protein. 

Other factors such as length and physiochemical properties can also be used to check 

both the query and the recovered candidate sequences ( Han et al. 2004). Amino-acid 

composition, charge, polarity and hydrophobicity play prominent roles in protein c lassificat ion. 

Amino-acid composition and hydrophobicity are important factors for the interaction of a 

protein with other biomolecules, as well as for protein folding. Simi larly, charge and polarity 

are important for electrostatic interactions and hydrogen-bonding to RNA ( Han et al. 2004), and 

thus it is expected that candidate sequences wil l  contain s imi lar physiochemical properties to 

those of the known protein sequence . Such features can be predicted using software such as 

WinPep (Hennig 1 999), however predictions based on amino-acid sequence alone may differ 

from biochemical ly determined features. 

Using this procedure of 'comparative' BLASTing, the Pop4 protein was ident ified in G. 

Iamblia, Pop I in Ent. histolytica and Ecz. cuniculi, Rpp2 1 in G. Iamblia and Pop5 in Ecz. 

cuniculi and Ent. histolytica. Results and candidates are indicated in the included manuscript . 

' Back-BLASTing' (BLASTing the candidate sequence against the NCBI protein databases) 

c hecks to see if a candidate sequence is simi lar only to i t 's  original query protein or is similar to 

multiple proteins (e.g. the candidate protein could belong to a protein fami ly) .  This tests the 

reciprocity of the BLAST search and was used here to check the validity of protein candidates. 
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Some proteins were not found within the basal eukaryot ic genomes using BLAST, so other 

techniques were invest igated that could recover potential sequences. B LAST is a useful quick 

method but more powerful methods are sometimes required. 

One such program is the H M M er software (Eddy 1 998) that builds a bidden markov 

model profile from an input alignment then searches a database to fi nd candidate sequences to 

fit this profile. H idden Markov models ( HMMs) are statistical models of the consensus of 

sequences from a protein family (Our bin 1 998); Eddy - HMMer users guide). They develop 

scores for amino-acids (or opening and extending gaps) that are specific for each amino-acid (or 

nucleot ide) posit ion. I n  contrast, traditional pairwise alignment (for example, BLAST or 

FAST A) uses position-independent scoring parameters (a match or mismatch is scored equal ly 

anywhere in the sequence). This position-dependent property of H MM-profiles captures 

important information about the degree of conservation at various positions in multip le  

al ignments, and the varying degree to which gaps and insertions are permitted. HMM- or 

profile-based methods typically outperform pairwise methods, such as BLAST, in both 

al ignment accuracy and database search sensitivity and specificity, but do not capture any 

higher-order correlations such as sequence folding ( Eddy - HMMer Users guide). This is why 

H MM-profi l ing makes poor models of RNAs, because an H M M  profi le cannot presently, 

describe base-pairing events ( Durbin 1 998); Eddy - HMMer users guide). 

HMMer recovered a candidate for the PopS protein from the G. Iamblia genome that 

was not found using any other method in this study ( results in the inc luded manuscript). This 

PopS candidate gene was detected on a 9 amino-ac id conserved sequence at the N-terminal end 

(beginning) of the protein. HMMer was the only software tested that was sensitive enough to 

recover this small  region. Other attributes of the G. Iamblia PopS sequence such as length, 

predicted molecular weight and predicted isoelectric point confrrm that this is a l ikely PopS 

candidate. 

3. 1 ASR - A ncestral Sequence Reconstruction 

A new method was developed in this project to aid in fi nding proteins from distant 

genomes. This method used 'ancestra l sequences ' inferred using a sequence alignment and a 

phylogenetic tree of the sequences. Previously, reconstruction of inferred ancestral proteins has 

been used to infer functional properties of current proteins and to look at how they may have 

evolved (Chandrasekharan et al. 1 996). Ancestral sequences have also been used to develop 

vaccine antigens against H IV (Nickle et a l .  2003) .  A new appl ication of ancestral sequence 

reconstruction (ASR) for homologue ident ification is reported here. ASR involves aligning 

sequences from extant ( l iv ing) species and calculating the most l ikely sequence ( i .e. the 

max1mum l ikel ihood estimate; S teel and Penny 2000) of an 'ancestor' at a node on an 

evolutionary tree (Col l ins et al. 2003 ) .  The accuracy of a predicted ancestral sequence is 
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reduced sharply with increasing evolutionary distance (Koshi and Goldstein 1996) and it has 

b een shown under current models of sequence evolution, to be  "impossible" to reconstruct 

ancestral data at the root of "deep" phylogenetie trees, such as those representing the eukaryotic 

p hylogeny (Mossel 2003). However, in applying ASR as a tool in gene finding, the 

reconstruction of the sequence does not have to  be perfect; only c lose enough to advance the 

c onstruction of the next node, or to find a c andidate homologue. Basical ly the ancestral 

sequence, even if  not perfect is c loser to the target than any extant sequence. The A S R  

technique, its development and application t o  fi nding proteins w ithin protist genomes, are 

c overed in the manuscript included in this chapter. Supplementary data to this manuscript is 

g iven in Appendix B. R NaseP-assoeiated protein candidate sequences are given in AppendixC. 3 .  

There i s  some information additional t o  that i n  the i nc luded manuscript. I n  the 

manuscript summary it is  stated that the effect of different substitution matrices with BLAST 

(BLOSUM62 was  used throughout) was not tested. S ince this publication, the P AM250 

substitution matrix was tested with the Pop l proteins and inferred ASR sequences; results 

showing a decrease in scores and E-values fro m  all searches (Table 3 .1 ). F or this reason the 

default substitution matrix BLOSUM62 was used for subsequent ASR testing. 

G. Iambiia genome BLOSUM62 PAM250 
Popl Score E-value Score E-value 

Human 35 0.09 32 1 .0 
Mouse 37 0.03 35 0.2 
D.  melanogaster 36 0 .033 38 0 .02 
C.  elegans 39 0.006 33 0 .63 
C. briggsae 38 0.009 34 0.37 
S .  cerevisiae - - -

S. pombe 32* 0.52 - -

A. nidulans - - 28* 1 .3 
C. albicans - - - -

P. falciparum 38 0.007 - -

C. parvum 39 0.00 1 - -

E. histoly1ica 33 0.084 - -

Node A 43 7e-04 40 0.007 
Node B 45 l e-04 4 1  0 .003 
Node C 44 2e-04 4 1  0.003 
Node D 44 2e-04 + 42 0.00 1 
Node E 38 0.022 + 35 0.27 
Node F 35 0 . 1 1  + - -

Node G 4 1  0.003 - -

Table 3. 1 :  C omparison of different substitution matrices used with the ASR technique. Results 
from the search of the G. lamhlia genome with the Pop l protein sequences and inferred 
ancestral sequences. The full length ancestral sequences for the Pop 1 proteins were used here. 
* indicates that the G. Iamblia candidate sequence was not the top scoring hit but within the 
first 3 hits. + indicates that another sequence was equal at the top with this hit. [n general the 
score value reflects the number of similar or identical residues (i .e .  the higher the better). The 
E-value (Expectation value) i s  the number of different alignments with scores equivalent to or 
better than the one recovered, that are expected to occur in a database search by chance. The 
lower the E value, the more significant the score. 

55  



During tills study two programs were used to infer ancestral sequences but there are 

other software that can also do so. One such program is PAUP8 (Phylogenetic Analysis Using 

Parsimony) which is a widely used software package for the inference of evolutionary trees . 

Tbis package is not free and requires some time for the non-experienced user to understand 

command and parameter settings but offers a different option for the calculation of ancestral 

sequences. The Al lAl l  program of the Darwin package (Le Bouder-Langevin et al .  2002) can 

also calculate ancestral sequences, but has a disadvantage in that it does not allow the input of a 

sequence al ignment, instead using a file of sequences to create an alignment. Tllis is not a 

problem if the sequences can be easi ly al igned, but poorly constructed alignments between 

sequences from diverse species may result in unhelpful ancestral sequences. 

A disadvantage with the more ' intense' search techniques such as H M M er and ASR 

compared with B LAST is that they require much more time, both in the construction of 

confident sequence al ignments and in the case of HMMer, in the running t ime of the software. 

Pre-assembled alignments and H M M  models are now avai labl e  from the Pfam database 

(Bateman et a l .  2004); http://www.sanger.ac.uk/Software/Pfam/) and can be downloaded for 

searching local data bases. Pop4 belongs to a Pfam al ignment ( UPF0086 - domain of unknown 

function) which contained some of the sequences that were used in this study but none from any 

basal eukaryote. Pop l had a Pfam alignment (PF06978 -Ribonucleases P/MRP protein subunit 

POP I )  which i nc ludes sequences from G. Iamblia and Ecz. cuniculi but no sequence from Ent. 

histolytica. Rpp2 1 also had a Pfam alignment (PF04032 - RNaseP Rpr2/Rpp2 1 subunit domain) 

which now inc ludes many more sequences than were used during this study including sequences 

from Cryptosporidium parvum, Plasmodium falciparum, G. Iamblia and some archaeal 

sequences. There is currently no Pfam a lignment for the PopS protein. 

The avai lability of these alignments speeds up the search process when techniques other 

than BLAST are necessary. ASR uses one other factor, the construction of a phylogenetic tree 

appropriate for the sequences and species contained in the sequence alignment. S S U  rRNA trees 

are readi ly avai lable  from the R ibosomal Database Project (http ://rdp.cme.msu.edu/html), bearing 

in mind that branch pos itions of the basal eukaryotes, microsporidia and sometimes other 

eukaryotic spec ies, on these trees may not be representative of the true relationship between 

orgamsms. 

For a significant percentage of proteins encoded in a ' typical' genome, no amount of 

BLAST will ident ify homologues of known function (Sjolander 2004). In  prokaryotic 

organisms >35% of genes are annotated as "function unknown" (Karaoz et a l .  2004). In  

8 Swofford, D .  L. 1 998. PAUP* . Phylogenetic Analysis Using Parsimony (*and Other Methods). Version 
4.0 Sinauer Associates, Sunderland, Massachusetts. Information at http://paup.csit .fsu.edu/about.html. 
Currently version 4.0 is offered but earlier versions (such as version 3 . 1 )  may also be used for inferring 
ancestral sequences. 
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eukaryotes, functional annotation is especially daunting, for example >60% of the genes i n  

Plasmodium falciparum are "hypothetical" proteins (Gardner et a l .  2 002) .  F urther annotation of 

these genomes will  probably come mostly from individual genes analysis ( in  contrast to high­

throughput annotation) . BLAST wil l  probably remai n  the most popular gene-finding tool due to 

its ease of use and that it has been largely successful to date but its l imitations are becoming al l  

too clear with the large number of ' hypothetical proteins'  listed in  every genome sequence. ASR 

becomes another tool to join H M M er and other protein software i n  the protein-finding 'toolbox ' .  

Finding RNaseP proteins, Pop l ,  Pop4, PopS and Rpp2 1 i n  G. Iamblia increases the 

expectation of also finding an R NaseP RNA (and vice versa ) .  A candidate RNaseP RNA was 

found in G. Iamblia (Chapter 2 )  suggesting that the RNaseP complex in G. Iamblia is 

eukaryotic-like ( i . e. many proteins and a single RNA) rather than bacterial-like (one protein and 

one RNA). Although there is significant simi larity between the RNA subunits of bacterial and 

a rchaeal RNaseP (Brown 1 999),  database mining of the available archaeal genomes has failed to 

identify a protein homologous to the bacterial RNaseP protein, however, proteins homologous 

to some of the eukaryotic proteins have instead been found ( Boomershine et al. 2003 ) .  

Pop4, Rpp2 1 ,  Rpp30 and PopS homologues have been experimental ly identified in the 

archaeal species, Methanothermobacter thermoautotrophicus ( Hall and Brown 2002) and 

Pyrococcus horikoshii (Kouzuma et al .  2003) .  It was shown that in P. horikoshii, the PopS,  

Rpp2 1 and Pop4 homologues are  minimal components of RNaseP activity, that i s  greatly 

i ncreased by the inclusion of the Rpp30 protein ( Kouzuma et al. 2003 ). All four of the P. 

horikoshii proteins bind to the RNaseP RNA from this species .  Other tests showed that the 

reconstituted RNaseP complex may have a slightly different structure than the native complex, 

s uggesting that there may be other RNaseP proteins that have not yet been tested (Kouzuma et 

al. 2003 ) .  With the finding of Pop4, Rpp2 1 and PopS homologues in G. Iamblia, it may b e  

l ikely that a t  least these three proteins were present i n  the last common ancestor between 

cukaryotes and archaea . Pop 1 has not yet been identified in any arehaeal species but its 

presence in G. Iamblia indicates that it is l ikely to have been present at least, in the eukaryot ic 

ancestor. RNaseP proteins Rpp l 4  and Rpp30 have b een characterised in archaea (Jarrous et a l .  

1 999; Koonin et  a l .  2 00 1 ;  Jiang and Altman 2002) and belong to alignments in P fam ( Rpp l 4  

family and RNase P p30 alignments respectively). No Rpp 1 4  or Rpp30 protein candidate genes 

were found in G. Iamblia or any other basal eukaryote, although Rpp l 4  and Rpp30 have been 

i dentified in the microsporidian Ecz. cuniculi (Pfam sequences : Q8STU 1 and Q8SUN8 

respectively) .  An Rpp2S protein homologue has  been isolated from the c iliate ,)tvlonychia 

lemnae (called Mdp2 ) (Fetzcr et al .  2002; Aravind et a l .  2003) .  Rpp2S and P op7 (Rpp20 in 

humans) proteins belong to a protein supcrfamily of which members have also been ident ified 

in some archaeal genomes ( Aravind et al. 2003) .  B LA ST results of Rpp2S and Pop7 s equences 

returned no significant hits in either G. Iamblia, Ent. histolytica or Ecz. cuniculi. 
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From the results in the accompanying paper and later publications it can be suggested 

that at least Pop I ,  Pop4, PopS, Rpp 1 4, Rpp2 1 ,  Rpp30 and perhaps Rpp25 and Pop7, were 

present in the RNaseP complex of the eukaryotic ancestor. The identification of the RNaseP 

RNA, Pop4 and Rpp2 1 from G. Iamblia opens the way for biochemical analysis to determine i f  

l ike humans (Mann et al. 2003), these three components are enough for 5 '  cleavage o f  the 

precursor t RNA. It  wil l  also be interesting to determine in the future if any of the other more 

species specific proteins found in humans ( Rpp38 and Rpp40) and S. cerevisiae (Pop3, Pop6 

and Pop8) can also be found in G. Iamblia or any other basal eukaryote, determining the l ikely 

composition of the complete RNaseP complex in  the eukaryotic ancestor and perhaps, the last 

common ancestor between eukaryotes and archaea. From here comparisons between the single 

protein and the multi-protein complexes from bacterial and archaeal RNasePs respect ively, 

should shed some light on the evolution of this 'ancient ' ribozyme. 
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Introduction 
I n  genome comp::tnsons of dt5t:mtly re lated species. 1 t  

often d l fl-lcul t  JJenttfy homologous protetn codmg regions 

t hat lu gh lv J n erged.  One exam p le 1s RC\Jase P. 

nbonucleopro1em !hat is respons1bk for processmg: tRNA 

tran>enpts mto mature tRNAs ( Altman I 'l8!.Jt !n eukaryotes. 

RNaS<2 P contams mu ltiple protein subunits and a smglc 

calal' tiC RNA. Because !he RNA pro\ rdes the catalytiC 
function, C\ oJution rna mtams htghcr-order prote1n structure 

r:::Hhr�r than amlno ac.Ki sequences. 

resuh. 1 1  often d i fficu l t  to rdenl1fy homo logous RNase P 

protetns m d istant ly re lated l meages . 

E uknryot 1c R�ase P prot em sequences vary greatly 

hehvecn spt:Ci<:S, Fev,: have been identified in species other 
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·ru,rmml c,·, pomhc. There are 9-
plus catalytic RNA 

present 111 the eukaryol!c RNase P complex. and a l l  are 

essenllal to the functwn the nbonudeoprotein ( Xrao et 

a l  �002 ). On ly of these proteuts bind to the RNA 

sl"'cies.  whrle others act stabrhsers and aid in transport 

of the compl ex ami or 1ts components I Xiao et al 2002 1. 
Many of the prote ins found 1n the RNase M RP 

81omformat1e< 2003 2(3 Suppl) S85-S95 
Open Mind Journals Limited All nghts reserved. 

Reprinted with permission (Open Mind Journals Ltd). 

RNa:;e P 

comp lex The diStribution of these Ri"la,., P and R?\cl'e !\!RP 

prote ins < f 1gure 1 J tn,:ty ;:nd our unJerstanJmg o f ho\\­

these nbonuc leoprotern comp lexes rebted rCol l ms et 

al 20001. Fmdmg cand rd>�te RC\JaS<2 P prolems 1n protrst 

Cotlins, AUanWUson Centre for Molecular 
rv<>�UtJOfiUnswcut� of M<>iecular "IO�Cien<:es. 

Bag 1 1 222, Palmemoo North, New +&4 
+64 6 350 5426. email l.j.collms@massey acnz 

59 



Colllns et a l  

�enomes m�y he lp us to  understand the �ncestral condition 

ofRNase P in eukaryotes and may add to the underst�nding 

of the first ancestral eukaryotes ( Penny and Poole 1 999). 
The amitochondrial prot ist genomes Giardia Iamblia m1d 

Entamoeba histolytica are h ighly d iverged from each other 

and from spec ies in which RNase P proteins have been 

c h nracter i sed ( e g  h u m an s  a n d  S. cerel'isia e ) .  T h e  

m icrosporidian protist. Encephalito::oon cuniculi. was once 

thou!,(ht to be part of a deeply branching protist l ineage . but 

microsporid ia are now considered atypica l fungi ( Katinb 

et al 200 1 ) so should provide an ideal 'stepping stone ' in 

the path from the yeasts to the other protist genornes. To 

date. no RNase P components have been identified from 

any o f  the se ge nomes . F igu re 2 hows t he ptJta t ive 

relat ionsh i p between the spec ies whose sequences and 

�e nomes are used in th is study. Prote in names and accession 

numbers are given in Table I . 

In the pnst . reconstruction of tnferred ancestral prote ins 

Ius been used to test fimctional properties of current proteins 

and to look at how they may have e\'olved (Chandrasekharan 

et  al 1 996  ) .  S o me pred ic te d  s e q u e n c e s  ha ve been  

synthesised. c loned and  expressed in c e l l  cu ltures . The 

expressed prote ins have then been purified and tested in 

fu nct ional assays. I n  th is wny. the act i\'ity of the inferred 

ancestral prote in can be compared to that of a present-day 

protein ( eg with serine proteases as in Chandrasekharan et 

�1 1 996 ). 
Another potential app l ic�tion of �ncestral sequence 

reconstruction (ASR) is homol ogue tdenl lfication. W hen 

BLAST" (Aitschul et al 1 997 )  fa i l s  to pick up a d i stant 

Figure 3.2: 
Fiaur• 2 Distribution of RN.ue P prottins prior to this nudy. Some proteins 
art onty found in hurno1ns Md closely rtl.xtd .species. olnd some are only found 
in th. y.ut Soccharomycis ctrwi5iot �nd its dos• rekatives. Proteins such � 
Pop I .1nd Rpp20 ue found in both. whertu there is .a 'roup of RNue P 
prot .. u bund .ab.o in Archua (ATchHOOct•ri.a). A starch of the Qardia lan� 
g.nom4 mifht fXflt'Ct tO find the prowins du.t olrt found tn the inttrWCrion of 

hununs. )'Out tnd me Arch tu, n.vnoly Pop-4. PopS. Rpp2 1 .  RppJO and Rppl� 
ond porhaps Pop I tnd Rpp20. but m.,. not lnd proteins such u Rpp-40 Of' PopJ. 
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homologue, another solution is to use a h idden Markov 

model ( HM M I  profi l ing program such as H l\· I M E R  ( Eddy 

1 998).  While H -1M profi l ing makes u e of a training dataset 

(a mult iple sequence alignment ) ,  and is therefore potential ly 

more accurate than pairw ise BLAST. the relat i onsh ip 

between the spec ies represented in the input al ignment is 

not taken into account. and often there are many equcnces 

from closely related species available and only a few from 

species closely related to the organism of interest. This may 

have the effect that the resulting profile is well trained for 

sequences c lose ly related to the major i ty in the in it ia l 

al ignment and not so well trained for under-represented ( or 

unrepresented ) sequences that are more divergent. F ina l ly, 
Hl\.11\·1 profi l ing can be diftlcult in the absence of information 

about a nnotated open reading frames from incomplete or 

newly sequenced genomes. 

A S R  in,·olves a l ign ing sequences from extant species 

and calcu lat ing the most l ike ly sequence of an 'ancestor' at 

nodes o n  an evolutionary tree. Because the output is a 

sequenc e. th is can. in princ ip le . be u ed in combination with 

both BLA T and HlV I  I ER. F igure I depicts such a strategy 

where a homologous sequence may be present in each of 

the represe nted species and t he lettered nodes A-M 

correspond to the most l ikely ancestral sequences. earch ing 

with the known spec ies. eg human or mouse. may not 

uncover any homo logues in the very d istant g:enomes of 

Gi,lldia Iamblia and Emamoeba hisro�s·rica. but they may 

be found by searclung with the ancestral sequences at nodes 

A or 8. 
As expected. the accurac�' of the reconstruction of an 

ancest ra l sequence is reduced sharply with increasing 

evolutionary distance ( Koshi and Goldstein 1 996 ). Often, 

the most interest in� evolutionary changes do not occur at 

the low le\'e ls of sequence d ivergence where the ancestra l  

rates a r e  more easi ly infe rred ( Ch�ng a n d  Donoghue 2000 ). 
However. in applying ASR as � tool in gene finding. the 

accuracy of the sequence does not have to be perfect; only 

close enough to advance the construction of the next node 

or to fmd a candtdate homologue. There are a number of 

methods m·ailable for calculating ancestral sequences ( as 
re,·iew ed in Chang and Donoghue 2000 ). L ike l i ho od 

methods such as PAML and FastML ident ify the most likely 

ancestral state accord ing to a specifted model of evolution . 
T h e i r  scores reflect t he probabi l i ty of ob erving the 

seque nce d ata . g iven a pa rt ic u lar tree a nd model o f 

evolution. 

In thts study. we show how inferred a nee tral sequences 

can be u ed in combination with stnndard search algorithms 
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Tabl� I s�quen<es used in this study 
Protein 

namt' 

Pop l 

Pop-! 

Human 

Mmtse 
Caenorhabditis elegans 

Caenomabditis briggsae 
Droo;ophiia mf?lanogast!2'r 
A'Pergil!us niduhns 

Saccharomyces cerevisi.ae 
S.:bizosaccharomytes pombe 
C anJida albi.oans 
Arabidopsis thaliana 
Crjptosporidium panmn 
Entamoeba histolytica 

Pla,modium fakiparum 
G iardia Jamblia 
Human i Rpp2�1 

Mou<e 

Ca.:norhabditis degans 
Arabidopsis thaliana 
Drosophila rnelarK>gaster 
Saccharomy<::es cer��;?visja-.; 
Xhizosaccharomyo:es pombe 
Entamoeba histoly1ica 
Giardia Iamblia 
Jft.:rham,f'!.u ... :·t.:riurn th.:rmoautotrophi�.."'ttm { I\fTH i l )  
Halohucterfum halohwm 

Huf.,arculu. m�:�rismortui 

Prrococ .. us L.th) rs; 

Afethanocoo."Us vmmtcil: 
Jft:tht.l!!•)Cih,\.'U'i_!r..Jff!lt.L\i. hfi t?\1J{)� ) 

Rpp:t H uman 

Mouse 
Saccharomyc-es c.zr-:vlsiae \ Rpr2p i 
Scbizosaccharomyces pombe 
En;;ephalitozoon cuniculi 

Giardia Iamblia 
Pop_'i Human 

!\louse 
Drosophila mdanogastrr 

Saccharomyces .:erev fsiae 
S.:hizosaccharomyces pombe 
Arabidopsis tllaliana 

Giardia Iambiia 
:\fethanobuctt:num tht'17noautotraphu .. um t, MTH687 J 

Accession number 

X99302 

BAB302%. l 

U00048 

CBRG I 8D I 6  
AAF4b!J.I9. 1 

gnljTlGR_5f�S5jafumi_ l 34 1 '  

XS0353 

T50203 

gnljSDSTC_54761C .albi.oam_C ontigi,_ l 6 ! 4• 
A.A.B63.S2'1 

gnliC\ 1v!UMN _5 807lcparwm_ C ontig8'l8 
gnliTIGR_5 759jehistoi}1_ENTLB32Tf 

gnljSanger_36329jSanger_BLOB_002759 

OOI.J61J. Contig6 70 
AFOO J ! 76 
From reference 
T l 9305 
AAC64308 

AAF504<ll\ 

CABM-!45 
NP_004&16 

gnliTlGR_5 759iehistol)1_ENTLX6 7TR 

I)(K)60.Contig6D2 
026 1 1 9 

024 785 

?22527 
H75 146 

028362 

p 14022 

Q57Qr)J 
AAK3945 5 
NP _080584 

AF055'Nl 

T3!/2(n 
"�gil ! 7 1 58052 !fef]�C_003236" l 

00060.C ontig293 
AAf l 72 l 3  

BAB23Y35 
AAF49372 

NP _00936o 
T4 1 635 
A.'\BS0636 

()(J(J61J.C ontig4W! 
AAB851 2 
AJ243285' 

APfri}{)006' 

AE00 1 07ff 
U6749<i' 

Non: . Ahern.atlve SJCqtJence na.tn.e:i!< an� gi-ven next the sp.:cies name in pak'flthe.ses. Archaeal sequence names are in itahc:s 

" Xqne11res were d1tcctJy wbmmcJ r0 (:f<-nBank and nor have a publnhed rcferen.::e listed 
�> Sequences were n:�ccA-ercd frcnn the NCBl unfin!Sh-:d geJlOID<: databaz;e 
' H.nno!Q:g:UC >A-ithin mentioned "5l:'qucnce wa;; rc..:ov.::red wrth BLAST 
J Pn:lmunary :gcn<-lflr S<:'.jUCO<.:C d4£,;� wat� obtained fnnn The la.stltutc foi GenomK RcS�CaP.:b -a.cbsltc http 
� Although the :gcw.,nlC scqucw;:, d.na hits been obtain<:J fmm the 5DUI<:C listc.i 1dcntifKation � h<:cn determined tn study 

Lygerou et al l996 

Direct sub" 
Ly�erou t."t al 1 996 

NCBI' 

Dir�ct sufr 

TlG R.' tl1is stud}" 
Lygerou o;?t al 1 496 

Direct sub" 

NCBI.' this studv" 

Direct sub'� 

NC BI1 
TIGR.4 this stud] 
Sanger.1 this s.tu.J)..e 

GGSP.e this sll>.!y' 

Jarrous ct al I 99Q 
van Een..1nna...m1 et ai  l W<� 
Direct sub'* 

lin et al l wo 
Direct suh" 

Direct -sub .. 

v.an Een,annaam et al l 444 
TIGR.' this stud;" 

GGSP.• this studv' 
Smith <1 al 1'197 
M iyok.:1wa et al I 'N6 

ArnJt ,� al I G"'J 
Genoscc� 

KJen.k d al ! 44 7  
Auer et a l  1 ogq 
Direct sul:'Y' 

Jarrolli et al ! 994 
Sbibata et a1 2001 

Chamborlain et al  1 4�8 
Direct suba 

Katinkn et al 2<�H 

GG SP.S this studyt 
'>Jn Eerunnaam et al l QiJ>.f 
D irect '>ub;) 

Direct sub' 

( hambortain ''t a l  l49S 

Direct �uh" 

Direct su� 

GGSP.' this studv' 

Andn:\\-'S �'t al ..200 I 
Direct sub" 

�'warabapsi et a! I 'Nl! 
Kknk et a! l <l<l7 

Direct -;ub'1 

r Pn:hmmary genom: sequcn,;c d.Jt.a was obtamcd from th<: Sange-r Institute PatlK�gen Sequencmg Unit http v,...,.w s.anger ac uk Pro..ted.s Prot<xtc>a 
Giardta Gcfl(Jme Sequenung Pmjecl http ·)bpc m hi eJu. Gtardia-4ltmbndcx2 htmJ 

Table ASR-3.1: 
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to  ident i fy pote nt ia l gene h o m o logues fro m  n e w l y  

sequenced genomes, where homologues o f :� gene are only 

known from species th:�t are phylogenetica l ly d istant from 

that of the sequenced organism. These ancestral sequences 

can also be incorporated into H M M  profiles or into other 

a l gorithms to a id in other genomic homolog u e  search 

strmegies. 

The target genomes used in this study were £. cuniculi. 

£111. histo�vtica and G. Iamblia. The last two genomesconsist 

of pre l i m i nary contig data and represent new information 

c o m i n g  from recent seq uencing proj e c ts. H ow ever, 

pre l iminary contig data may a lso be incomplete and can 

rest the robustness of any search strategy. We show here 

that the use of ancestral sequences can in some cases 

i mprove on BLAST and H ! M E R  in the recovery of 

potential gene homologues. complementing existing: search 

strategies. 

M aterials and methods 
Ancestral sequence reconstruction 
Ancestral sequences were calc ulated for each RNase P 

prote i n  u s i n g  the PA J\·I L  and Fasr M L  progra ms.  A l l  

sequences. initial and ca ku lated. were then u e d  i n  BLAST 

searches of the target g:enomes. ot all nodes ( as shown in 

Figure 2 )  could be ca l c u lated for each protein owing to 

l imited sequence availabil ity for different proteins. As genes 

for many RNase P prote ins have been identified in S. pombe. 

we used th1s genome as a control for testing the uti l ity of 

A S R  in homologue identification. 

Trees were calculated for each set of sequences bnsed 

on I SS rRNA sequence trees ( sequences downloaded from 

the R1bosomal Database Project. http://rJp.crne. msu .edu/ 

h t m l ) . The seque n c e s  were a l i g ne d  w i t h  C l u st a i X  

( Thompson e t  al 1 99 7 ). and the resulting tree fi le used ns 

the tree-input fi le for the nncestral sequence c a lcu lation. 

Trees were constructed for each set of sequences used to 

cnlculnte ancestml sequences. 

Ancestral sequence were calcu lated using the Code m I 

program in PAM L  v3. 1 July 200 1 ( Yang et a l  1 995 ). This 

prog:r:un uses the marginal reconstruction approach. using: 

most-parsimonious l ikel 1hood ( Steel and Penny 2000). that 

compares the probabi l it ies of d i fferent amino acids for an 

interior node at a site and then elects the amino acid that 

has the highest posterior prob:�bil ity. The WAG ( Whelan 

and GoiJrnan 200 I )  m odel and the fixed br:�nch length 

FastML \\•ns also used to reconstruct ancestral nodes 

from the sequences ava i la b le for each orga n i sm ( see 

F i g u re 2 ). Fas t M L  is a fast d y n a m i c  p rogr a m m i ng 

a lg o r i t h m  deve loped for max i mum-l ike l i hood j o i n t  

reconstruct ion of t h e  set of a l l  ancestra l a m i no ac id 

sequences in a phylogenetic tree ( Pupko et al  2000 ) 
( http: //kimum.tau.ac. i l ). The same trees that were used 

for PAM L  were used with Fast i\·I L .  Default  parameters 

were used throughout. 

BLAS T  
B LA S T  searches of the Giardia Iamblia , En tamoeba 

histo�vtica and Encephaliro;oon cuniculi genomes were 

done using the BioEdit2 program ( Hall  1999 ). The newest 

Giardia Iamblia contigs were ava ilable through an onl ine 

B L A ST fac i l ity at  ht tp: i/j bpc. mb l .edu . G iard i a-htm ll 

index2 . html .  Searches of GenBank'� and other u n finished 

eukaryotic genome sequences were aYaibble at the CBI 

( :�tional Center for B iotechnology Informatio n )  B LA T 

sire ( http:i•www.ncbi .nlm.ni h.gov/BLAST ). For a l l  BLA T 

sea rc h e s  t he defa u l t parameters  were u se d .  ' Ba c k ­

B LASTing' takes a candidate protein sequence from the 

above genomes and does a BLA T search against GenBank 

and other genome databases available at the NCBI B LA T 

site l isted abo\·e. This esta b l ishes whether a ca ndidote 

sequence IS primanly s imibr to other homologues of the 

origina l test sequence, or whether it just carries motifs that 

are s imi lar to many other proteins. This tests the reciprocity 

of the BLA. T search. 

Genome databases 
The Giardia Iamblia Genome Project ( McAnhur et :�1 2000) 
is ba ed ot the J\lnrine Biological Laboratory at Woods Hole. 

l assachusens. U A ( hnp :/ijbpc. mbl .eduiGiardin-html/ 

index2.html ).1 The Emamo,>ba hisro�11ica genome sequence 

data was obtained from the anger Institute Pathogen 

equenc i ng U n it ( htt p : //w w w. sang:er. ac .u k/ P roject s/ 

Protozoal and ftp :/i ft p .sa nger. ac .u k/pub/path ogen s/ 

E_histolyt icai ). 

The Encephalito;oon cuniculi genome ( Katinka et a l  

200 1 )  and the . pombe genome ( \Vood et a l  2002 ) were 

ava i la b le t h r o u gh the N C B I  s i te ( h ttp ://w ww . nc b i . 

n l m. nih.gov ) . 

option ( to ret:� in the relationship information inherent in Graphs 
the U rRNA trees ) were used throughout the PAM L  T h e  I n  ( natural log) of the resulting E \-alues was plotted 

calc u btions. agai nst the sequences or H J\'IM mode l .  For graphing 
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purposes, the h i ghest value ( usually the S pomhe protem 

sequence agamst the pomhe database ) was set to - 1 50 or 

-:200 and a ' no result· was set to 0. A 'good return· threshold 

for the E valu..: was set at I • W -3 dn = -6.90J. 

Profile hidden Markov models 
Profile h idden lVIarkov modeh ( Durbin et al 1 998 ! were 

produced using HMI\IER2 < Eddy ! 998 ! avai lable as part of 

the Wrse2 pac k:�g:e ( http: \vww. sanger ac . uk Softw:�re · 

W rse2. ). Input protem al rgnments were constructed using 

ClustalX ! Thompson et  a l l 997). To bui ld  the prot1le HMI\! 

from the al rgnment. H\1:\lbtald was set to -f to confrgure 

the model for findmg m ultiple domams per sequence, where 

each dom�1in can be a local a l rg:nment. The H1\·1Mca1 Ibrate 

program, whrch ca l rbratcs the profik, used default setlmgs. 

Genewrsedb. ::narbble with the Wise2 pnckage ( IJrrney 

and Durbnn 1 497 ), enabled searches of nudeotrde databases 

wrth protem H �Hvl profiles. Default parameters were used, 

except the splrce parameter was set to tlat and the brts curotT 

set to l 0 to a l l ow t<.Jr more tlrstanr sequences to be recovered. 

-40 

-20 

" � ,: ., i I! i ; .. "' 
§ "' .. ., i j � ! ::;: � " a. 

u < "' 0 u u 
"' 

i " ll 
iii 
u 

Results 
Search resu lts for four RNase P protems arc reported for a 
n umber ofgenomes, with pombe servrng as a control to 

evaluate the altematrve search methods ( B LAST. prot1 1 c  

H MMs a n d  A S R l  

Pop I 
Pop 1 is the largest protern in the eukaryotrc RN;be P 

complex. In humans it rs 1 1 5 kDa ( 1 0�-t amrno acrds!  and 

rn the yeast S cereri;iae. 100.5 k D a  ( S75 amrno acrds r  To 

date, it has been found in some eukaryotrc SJ)I';Cre,; but not 

m any Archaea { see Table I lt  rs thought to mteract drrectly 

w ith the RNA c omponent of RN:�se P rn 
iZr.:hler et ;ll :200 1 1 but not rn humam ( } rang: et al  :::oo I ) . 

BLAST searches of the NCBI unt1nrshed genomcs databa'c 

recovered fu l l- l ength candrdcne Pop l sequences from 

and C 

wrth fi agmcnts from 

'i 'i 
'E 'E 
! ! E E 
:! i !. 0 
tj :t! 

Q. 

Pla Htwdi u m  f(r/cipu 
( sequence identrfications are given rn T:�ble I ) . 

C S  pon1::1+-PA;tA 
a S por;t:J• f astML 
O E ·�W"'JC-1111 
El E:nt "'V!-tc:i"yt;ca 
B C. Brt-A:'JV,a 

< "' u 
� � " '8 z z z 

0 Ul "- Cl 
� � � � z z z z 

Figure 3.3: Qu<wy sequ.tn<:e 
Fizu"' l shOWJng tl>• result> of BLAST uardu» of the khiz>osocchaTMl)'«<i 
wtth Pop I and ance>tnl (no<fes A-H). Each g<mome 
For graphing purpoH.S. the VAU Mt to -200 and rewk' was: ut to 0. The htgher bars tndkate a better matth Scar�z of d-tt S. ponWE g'iflom-e 
uud ,�,., cakulat.O with both PAMI. and fastMl wllli<o :�<�ar<h<u ol dl<! oth<tr roco-...J 

ac no�s E and F 'W'ith a higher than any of the kllOVVO sequ@f"KeS S. ;>on� g�J? 
Pop I homologu<� is thrulwkl (In (I • 10� J = -6. 90) 
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A 2 0  

uman 3 4  
OU!!e 3 4  
CO!!Oph i l a :  3 2  
e leqan� 3 0  
b r iqq!!ae 3 0  
cere 3 6  
porrbe 3 6  
s p e r g1 l 3 6  
and1da 3 6  
l�mod 3 4  
r yp t. o  3 4  
nt.amoeba 3 5  
icro!!por i :  2 5  
i ar d i a  34 
ode A 3 6  
odeB 3 6  
odeC 3 6  
odeD 3 6  
odeE 3 6  
odeF 3 6  
odeG 3 6  
odeJ 3 6  
odeL 3 6  
odeN 3 6  

B 20  � '10 

Human 4 3  
OUSe 43 
ro�op h i l a :  43 
e lega= 43 

. b r  i qq!!ae 43 
c e r e  43 
porrbe 43 
!! p e rq i l  47 
andida 43 
la�:nno d 43 
rypt.o 4 3  

· nt. amoeba 3 9  
icro�p o r i :  3 0  
iardia 3 7  
ode.!. 'l3 
odeB 'l 3  
odeC 'l3 
odeD 'l3 
odeE '1 3  
odeF 43 
odeG '1 3  
odeJ '13 
odeL '13 
odeN '13 

Figure 3.4: 
Fivure -4 Puti<�l altgnmem::� of eukaryot!C Pop I protein sequence and che C.llndkhta Pop I sequences Worn CJardia laml\'ia, £ntamoebo hmo#ytJco .llnd £nctpholitozoon 
cuniculi. (A) RRR motif region. (8) W-Box motif re& ion. O.tdc�r sh�;dinv represe-nt the increued amount of hom�o,a of the amino .tetd poloition in the alignment. 
Key: Se ere - 5. ce-rmsiM:Asp.rgiftu -A. nid:Janr, Pt�osmod - P. faki�rum: Crypto - Cr. porvum: Hicrosporl - £. cuniculi 
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The fu l l- length candidate homo logues were included in the 

ancestral sequence calculations, but the partial  sequences 

were not 

Results of  B L A S T  searches of the target genomes With 

Pop l known and ance stral sequences are shown m F 1gure 3. 
This shows that the recovery of the S. pomhe Pop 1 sequence 

;s s uccessfu l l;: ach i eved w 1 th sequences c a leu lated for 

ancestral nodes. The ancestral sequences generallv recover 

the expected sequence with a h1gher E value than obtained 

by BLASTmg the known sequences. although in  some eases 

the actual scores can be margmallv lower.' The h 1ghest score 

(other than with the S pombe Pop l sequence itself) is that 

from the closest node to th.: S pmnhe seq ue nce . node F 
The n ext h r g h e s t  1 s  n o d e  E .  be fore t h e  o t he r  fun g i .  

A 
s 

and When the 

to ealcubte ancestral sequences. node E ag:am recovers the 

expected sequence m ore strongly than the other yeast 

sequence s ( d;:.ta not shown}.  

B LA STmg the G. lamb!w genome database w1th any of 

the known Pop I sequences ( mc ludmg those found above) 

recovered no cand1date sequences. However. a potential 

candidate was found u sing the ancestra l  sequence at node A. 

The lamhl1a P op l c and 1 d a te was exa n1 1 n e d 

expenmentally by R T- PC R  { rea l-tHne polymer:m� cha m 

reactwn l and showed that th 1 s  gene was expressed ( dnta 

not shown ) .  and the sequenc.: confirmed. 

The ancestral sequeiJCes calculated w 1th Fast \I L were 

tnmcatcd to the most conserved reg:1on near the N-tcnmnal 

end of the pro!.: ins. were the ong:m::tl known sequence> 

in the output alrgnmcnt. These truncated an.;estral sequences 

ge nera l l y  s cored l o w e r  111 B L A S T  s.;carchcs th a n the 

equivalent fu l l  i PA ML J  anc estral seque nce . 
A part tal Ent Pop I camltdate recov ered with 

B L AST from the N C B I  unfm1sheJ genome d>tab:Jse was 

a lso recovered fro m the Em database 

An E cumcuiJ Pop 1 cand idate sequence recovered 

usmg B LAST. both wah the known Pop I and w ith mfe rred 

anc.:stral sequences . 
F r gure 4 shows the most conserved part of the Pop I 

protein alignment. inc luding the partial candi date sequences 

recowred from the N C B I  unfinished gcnomcs database and 

the cand t date Pop I sequences from E 
/,unhlia 3 

and 

The Pop 1 cand 1date sequences were 'back-BLASTed ' 

against the NCBI da tabases to check for any prevwus 

designated function, and a way of checki ng sun ilarity 

w i t h  other Pop 1 seq u ence s. The Pop 1 can d 1 dates from 

Appl1ed 8101nformatle< 2 00 3 : 2(3  Suppl) 

G. /amhlw and Em. histofvtica did not recoYer any known 

Pop I sequences nor were t here any s1gmfkant results wnh 

any other protems hanng homology only to small lysme-nch 

regions. These results show that the U /amNia and Ent 
Popl  cand idates do not show a ny S!gmfi cant 

homology to any other sequence in the large NCBI .:bt:1bases 

The E cuniculi Pop 1 candid;�tc recovered the htunan and mouse 
Pop I proteins from GenBank wJth respective E values of 

0 .00 1 and 0.004 show ing more homology to other Pop 1 

homologues than to any other protem 111 the larger databases. 

Pop4 
Pop4 r s  the central prote m m the e u k a ryot1c R'\.1se P 

complex , bmdmg to m:llly other pmtems and the RN:rse P 

RNA molecule. It also plays an Important part m the R:\::�se 
1\ I R P  n bonude o p r o t e tn  com p l e x ! X 1a o  et a l  2002 J 

A ncestra l nodes were caku b�<:d !IJr Pop4, w1th and w1thout 

archaeal sequence s. Because o u r  target prollst genomes. 
G. lamhlw and Ent are basa l on the e u karyollc 

tree, arc haea l sequences mav share gr.cater tdentlty the 

ca nd 1datc sequences fro m  these protiSt genomes than the 

known 'crown group ' eukaryol!c sequences . BLAST results 

for Pop4 are shown Ill Figure 5. 
The pomhe P op 4 sequence was ::�gam rcad d y  

recovered; the ancestral nodes genera l l y  sconng l11gher than 

the kn own sequences. In contr:�st to Pop I .  node A d 1d not 

score hrg:her than the huma n or 

Pop4 cand1date wa-s recovered m the G genom e 

usmg B LAST. but only ancestral sequences succ essfu l !) 

recove red a potenl!al homo lO!.'lle m Em. a lthou gh 

only a par1tal sequence recovered; however. the genome 

IS at thts swge mcomplete. Agam the ancestra l ""m"""'e s  
g:>ve better than the known Pop4 sequences: Re:;u\t-; 
from FastM L were very stmlbr those c a lculated w ith 

PAML a lthough the sequence s were agam sl ightly truncated 

( results not shown ), 

The archacal sequences and the 1r  

node� ( not shmm m 2 )  J 1cl not 

ancestral 

from any of the target genome& T h 1s md rcates that the prot ist 

Pop4 protem candidates share greater sequence s im1bnty 

with the eukatyol!c Pop4 proteins than w it h  the archae3l 

sequences used In th1s study. 

Again, the Pop4 cand idat e  from G. 
by RT-PCR to be expressed. and the sequence 

shown 

confirmed 

( data not shown). No Pop4 candrdate recovered from 

E wrth any known ancestral Pop4 sequence. 

Be cause this genome is cons idered com p le te , tlus IS 

unexpected, As Pop4 candid�1tes were recO\ ered from the 
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Figure 3.5: (lj v; 

fitr'•n S Gn.ph showin& th. r•sulu of BLAST seuchu ol tht Schizos«ch<lrotn)"CtS pom;., E.nct::-ha.'ir.o:oon C'JnicuM. £ntamo.ba hio;tolytica lnd Giardia Iamblia g•nom.s 
with kno"-"! and wc�trJJ Pop-4 1nd Rpp2 1 se�ncts. E�h uqu•nct i s  plotted .otg.tinst tht n�ural k>g (In) of the E value return.d with the surch of tht gtnonM. 
For &raphine pt.rposes. the hi&h.K result w.u Ht to -I SO and l 'no result' w.u stt to 0. The higfler b.vs indkut .a b.cttr m.Kch . Tht Pop-4 homo�&u. is only 
recow�d from £nt histo�ca u.slng ancutrll s.qutncu. No Pop4 homologue wu r.cowred from £. cunkr.sJJ. Thtrt 'W'trt no ruults from lny genome with Jtl?f of dw 
archual Pop4 sequences or lntenral sequences calcubc.d for nodes I.J. K. l. M .1.nd 0. The c.mdid.ue Po� .1.nd Rpp2 1 homologues rom G. lamblf.a o�nd the poc:emi.tl 
E. curva.JJ Rpp2 1 homolo&ue were r•covered using known sequences. No Rpp2 1 homologue w;u 1dendf.ed tn fnt h.tstoi(tlca. 

m ore basa l ly  branching protists ( Ent. histolvtica a n d  

G. Iamblia \. th is suggests that Pop4 is either absent o r  highly 

d iverged in the m icrosporidian £. cumc11fl. The part ial 

sequence from £111. lusro�l"IIca al igned only in lysine-rich 

regions and was not considered a strong candidate.5 Back­

BLASTing of t he G. Iamblia Pop4 cand idate recovered the 

human. mouse. . pombe and Drosophila Pop4 genes from 

Gen Bank. This showed that the G. Iamblia Pop4 candidate 

has more simibrity to Pop4 proteins from other species than 

to any other protein i n  the larger dawbases. 

Rpp2 1 
The Rpp2 1 protein has only been characterised to date in 

four eukaryotes ( human. mouse, . cen?I"ISiae and . pombe). 
In humans. Rpp2 1 binds directly to the RN a se P RNA ( J iang 

et a l  200 I )  but does not interact strongly w ith any other 

proteins in the RN a e P complex ( J iang and Airman 200 I ). 

BLA T searching ( re sults tn F tgure 3 )  uncovered potent ta l 

homologues in G. Iamblia and £. cunic11/i. In both cases. 

the ancestra l sequence s re a d i l y  rec ove red the s:une 

sequences.6 There were no c:�ndidate homologues found 
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within the Ent. histoh·rica genome . As there are only four 

known sequences. only two ancestral sequences could be 

c a lc u lated.'  Back- B L A STing of the G. Iam blia a n d  

E. cunic11/i Rpp2 1 candidates returned both the human :�nd 

mouse Rpp2 1 protein from GenB:111k. 

PopS 
PopS was origin:dly found in S. cerei'Isiae and was thought 

unti l  recently to be absent in huma ns ( van Eenetuwam, 

Lugtenberg et al 2 00 I ). However. it has now a l so been 

idemifted in a number of eukaryotic and archaeal spec ies 

( Auer et al 1989:  v;�n Eenannaam. Lugrenberg et a l 200 1 :  

Hal l  and Brown 2002 ) ( sequences i n  Table I ). 

With the genome data available. BLAST searches w ith 

known eukaryotic and archaeal PopS protein sequences were 

unable to pick up any PopS candidates from the G. Iamblia 

genome. However, a profile H l\1 1\1  model of the eukaryotic 

sequences recovered the fi rst 9 amino ac ids of a potential 

candidate right on the end of n contig sequence . This was 

not recovered when ancestral sequences were added to the 

model or used in individual B LA T searches of the genome. 
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Fi,tt�l"'@- 6 Graph indJcJitlng how w�J each proM-: HMM r<eturn.ad th.e cOf'reo:t hOtnOlogue from S:htzo5-occMrorny<:es pombo? anJ C1atdta !am�ra. Each HMM model tS 

plotted agamst dv1: nawral log (In) of d-w E value rewrned With th<e search of the genom-e The h1gher bars indicate a bE-wsr match. In mo:a cases. the addiuon of 
ancestral s.equ�es maeased the ln(E value) thu5 mdte.attng a gn:a.t:�er pC>$-S!btht.y of f�ndtng the cOfT@Ct hr.....mol� 

H owever. when these 9 am mo <lC tds were BLAST<:d ;1gainst 

a lat<:r release oftlw (J con!Jgs I current ly avai l a ble 

at http : Jbpcmbl.edu G tanha-html tndex::! . h tm l L  a full 

Pop5 candtdatc sequ,·ncc \\ as uncovered. 

A BLAST search of tlus rdeas.: of tiJ<? (J lwnb!ia cont1gs 

with known Pop5 sequences and ancestra l sequences t:uled 

to p1ck u p  the same monf or cont1g T h 1s a case where the 

HMM profile outperformed a BLAST search usmg. ;:mcestra! 
seq u en c e s .  dem onstrat mg t h a t  A S R  do..-:s not a l ways 

outperform Hi\li\1-based searching.  BLAST searches of Enr. 
and E a l so fatled to find any potentwl 

c a n d 1 d a t e s .  A s  e x pe c t e d ,  w i t h  the 

G lamh/i<J Pop5 candJdate did not  r�cm·er any protems from 

GenBank. 

Ancestral sequences and HMM 
Profile HMM models were made from RNase P p rotem 

either wrth or wJthout ancestral sequences and 

both w ith and wrthout archaeal homo logue sequt"nces. The 

H M M  mode ls were then used to search the S and 

G. iamhlia genomes to test rf the addJt JOn of a ncestra l  

seque nces or h indered the searc h for candidate 

homologues. As JS rn  the profile Hi\!Ms of 

Pop I sequences recovere d  the Pop l sequence from the 

S pombe genome. The truncated sequences ge nerated by 

Applred B•oinformatics 2003 2 ( 3  Suppl) 

Fastf\IL gave lower scores th:Jn the fu l l - l ength PA\IL 

sequences. This  may be a retlec tron of the scormg system. 

\vhcre a hit O\ er a longer reg:�on seq u� nc e "'' dl �core 

!ugher than a h1t over a sma l l  but more con'en cd reg ion ." 
I n  a l l  ca ses  studJed h ere , the addJt Jon of ancestral 

sequences increased the chance of tind mg the cand1date 

sequence ( F 1gure When the origmal sequences were 

omitted from the prolik, usmg onlv ancestral seq uences 

for t he profile HMM model the results sometrmes 

better and somellmes than when only the known 

sequences were used. 

Testmg of Pop-1 and Pop5 profile H \1 \1 modds showed 

that for the:>e protems the addrlion of archaeal sequences 

had !Jttle e ffect ( Figure Pm fi l e  H i\! \I s of Pop-1 protems 
failed to recover a Pop-1 homologue from E 

Further work rcqmred 1 f thrs prote!ll rs present m 

this or just not contained in the data. 

By i ncreasi ng the scores m a l l  tested h .:  re , the 
resu lts show that ancestral sequences can improve t h e  

sensitJvJty ident rfiCalJOn usmg profile H M M s  

Summary 
We have demonstrated that ancestral sequences can be usefu l  

in searching g enomic d a t a  for gene homologues when 

protein sequences are not well conserved 
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l imited sequence homology. This includes cases where the 

genomes being searched are phylogeneticnlly distant from 
known protein sequences. A ncestral sequences can a lso be 

used in combination w ith known protein sequences to build 

profile HMM models. another powerful tool in searching 

genome dr�tabases for gene homologues. Models should.  

however. be built with and without the r�ncestral sequences 

to check thM the addition of ancestral sequences does not 

bias the model in the · wrong' d irection. 

The method of calculat ion of ancestral sequences may 

not be crit ical for their use. \Ve found that PAM L  gives 

ancestral sequences over the ful l  length of the alignment. 

whereas FastML produces truncated sequences. Both sets 

of ancestra l sequences gave similar results as far as finding 

the potemir�l gene cand idates, but the longer sequences 

genernted by PA ·tL provide greater confidence lhat one 

has recovered the candidate sequence. reflected in higher 

sim i larity scores. In homologue ident i ftcation. the accuracy 

of A R is not critical as for other applications since it is a 

means to an end; i ts  u t i l tty is to improve homologue 

iJent iftcation . The BLA T and H l\ I M E R  :�ppl ications also 

a l low for mismatches in their searches. which is perhaps 

analogous. 

For the R a e P proteins sllldied here. the addition of 

archaeal sequences did l i t t l e  to help find cand tdate 

eubryot i c  sequenc e s .  For other prote i n s  from basa l 

euk::tryotic l ineages. archaeal sequences may nevertheless 

aid ident i fication of gene homologues and should not be 

excluded solely on the basis of the results reported here. 

In genome sequencing projects. it is desirable to identify 

potential gene homologues early after sequenc ing. often on 

preliminary contig data. earching the preliminary contig 

data of the £. cuniculi, Ent. histof.t·tica and G. Iambiia 

g:enomes. as wel l  as the comp lete S. pombe genome. 

provided a useful test of the uti lity of A R in homologue 

ident ificat ion. In some cases. inclusion of ASR in BLAST 

and H tvll'v i ER searches outperfonned equiv:1lent searches 

with extant sequences making this a v table supplementary 

technique in homologue idemi ftcat ion. 

In the present stud�·· we ha,·e not examined the effect of 

u s ing;  d i ffe rent s u b s t i t ut ion matr ices  w it h  B L A S T :  

BLOSU !vl62 was used throughout. Using a matrix more 

suited to distant re lationships ( eg PAM250)  might improve 

the results of BLASTing with extant sequences r�nd may 

l ikewise improve the results using ancestral sequences. This 

could. for instance. be helpful in  searching £. cuniculi for 

candidate Pop4 sequences. 
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I t  would also be interesting to compare BLAST u ing 

ancestral equences with the performance of PSI-BL AST 

( A itschul e t  a l  I 99 7 ). PSI- B L A  T produces a pro f tle 

through iterotiYe searches of a database. At each step, the 

generated profile is used in subsequent search iterations so 

can pick up new equences not found in pre,·ious iterat ions. 

ASR could be used in combination with PSI-BLAST ( at 

the ftrst iteration). though it is unclear whether this would 

significantly improve the quality of the hits returned. 

In  conc lusion . our results demonstrate the uti l ity of A S R  

in detniled homologue identification where B L A S T  and 

profi le HtviMs using extant sequences have f.'li led to recover 

any homologues. Furthermore, there is scope to fine-tune 

the a pproach. when needed. by making fu l l  use of the 

parameters aYai lable in current ly available search strr�tegies . 
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� Otl�S 
1 Since the submission of this paper. genomic 5<"<1Uence data from the 

whole genome sholgun """'!Uencing Giardia r�mb/ia sequencing project 
has been lodged i n  GenBank under the accession n u n1boer 
AAC"BOOOOOOOO. '!"he candidate sequences can b< found as follow�: 
Pop l ( gil292 50263 ). Pop-l(gil291 5092 3). Rpp2 1 l sil19248569) and PopS 
lgil29250880). 

Set' Supplementary Table I. avaibble at http://awcmee.massey.ac.nz.l 
downloads.hnn 

' A fu ll  alignment is avoilable as Supplenl<lntary Figure I. available at 
http://awcmee.massey.ac.nz'downloads.htm. Tb< two sequence mctifs. 
the R-box ( Supplementarv Figure I A) and the W-box ( Supplementary 
Figure I B ) ( van Eenenna.·un. "''" der Heijden et al 2001 t are pan oflhe 
Pop I conserved region and are pre...,nt in the candidate ...,quence•. 

• See Suppkmentat)' Table 2, avaibble at http://awcmee.massey.ac.nz/ 
downloads.htm 

' An a lignment of ktto\\11 Pop-1 proteins and the candidate Pop-1 protein 
from G. lumblia is available as upplementary Figure 2 at http:/1 
awc�.massey.x.nz.ldown loads. htm. The £111. IJ/stof)tica panial 
�equ�nce does not Jlign well so W'3.5 omitt�'d from this alignment. Back· 
BLASTing oft he ("'Jndidate Pop-1 protein from Ent. ltistofJ1ica retumed 
no signific�mt result. 

See Supplementary Table 3.  avaibble at hnp:l.'awcmee.nl.'lSsey.ac.nz/ 
downloads.htm 

' An alignment of kno"1l Rpp2 1 protein -"'quence. and the candidate 
sequences from G. Iamblia and£. mniculi is available 3S Supplementary 
Figure 3. available at httpJ'/awcmee.massey.ac.nz/downloods.htm 

Supplementary Figures and Tables are shown in Appendix B. 
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' An alignmell! of known Pop5 proteins and the candidate Pop5 protein 
from G. Iamblia is presented in Supp leme ntary Figure 4. available at 
http.·  :awcmee ·"'-"'<ey.oc. nz!' down loads. htm 

� See Supplementary Table -1. available at http: "awcmee.mru;sey.ac.nz; 
downloads .Jitm 

Supplementary Figures and Tables are shown in Appendix B. 
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Chapter 4 Splicing and the Spliceosome in the Eukaryotic Ancestor 

"Everything should be as simple as possible, but no simpler"- Albert Einstein 

4.1 : Introduction 

Most genes in ' higher' eukaryotes such as plants and animals, are interrupted by non­

coding sequences (introns) that must be excised precisely from precursor mRNA (pre-mRNA) 

to yield mature functional mRNAs (Pate! and Steitz 2003). l ntron removal and the l igation of 

the coding sequences (exons) occurs through two sequential trans-esterification reactions 

carried out by a massive ribonucleoprotein complex known as the spliceosome (Nilsen 2003} 

The standard spliceosome (Figure 4. 1 1 ) is made up of five snRNPs (U l ,  U2, U4, US and U6 

snRNPs) each containing a small stable RNA bound by several proteins, together with > 1 50 

less-stably associated proteins (Jurica and Moore 2003). In  

contrast eukaryotic ribosomes contain only 82 integral 

proteins (Jurica and Moore 2003), thus the spliceosome 

certainly deserves its appellation of "massive". In addition, 

the spliceosomal complex has been implicated in other 

cellular functions such as mRNA capping and the addition 

of the polyA tail (Lynch and Richardson 2002). 

Figure 4. 1 :  Scanning electron Consequently these processes will be referred to frequently. 

micrograph of a spliceosome Introns, snRNAs and splicing-associated proteins 
processing an m RNA 

have now been characterised in a number of basal 

eukaryotes (Wilihoeft et al. 200 1 ;  Archibald et aL 2002 ; N ixon et al. 2002) suggesting that 

introns and the spliceosomal machinery evolved very early in the eukaryotic lineage, and 

l ikely occur in the last common ancestor of living eukaryotes, the "Eukaryotic Ancestor". It is 

outside the scope of the work reported here to consider the origin of the eukaryotic ancestor or 

as to how ncRNAs and proteins evolved to this point; the question of interest concerns just 

which ncRNAs and proteins were likely to have been present 

This study takes a parsimonious approach, in that the larger the number of deep 

eukaryotic lineages that contained a feature, the more likely it was that the feature was present 

in the ancestor of those l ineages. The alternative view is that a common feature arose 

independently in each lineage. By identifying spliceosomal features in many eukaryotic 

lineages, it is possible to infer the properties of their ancestor. This study looks at a range of 

eukaryotic species, especially the basal eukaryotes, and notes intron and splicing 

characteristics. 

1 The origin of this  micrograph is unknown. It was found (unreferenced) on a number of internet sites 
including the following: http:/ /oregonstate.edu/instruction/bb492/fignumbers/figL 1 2 -25 . html. 
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4. 1 . 1 :  Maj or (U2-dependent) splicing 

The major-spliceosome is the predominant splicing mechanism in vertebrates, yeasts 

and plants and splices introns containing 'canonical '  splice site characteristics ( i .e. 5'splice­

sites with the "GT" motif and 3'splice-sites with the "AG" motif; often referred to as having 

GT-AG boundaries). This type of spliceosome contains the U l ,  U2, U4, US and U6 snRNPs 

and also numerous associated protein factors mentioned previously. Each snRNP consists of a 

specific snRNA, several snRNP-specific proteins and the Sm core proteins (BIB', D l ,  D2, D3, 

E, F and G) (Labourier and Rio 200 1 ). A summary diagram of the major splicing cycle 

(Gesteland et al. 1 999; Nagai et al. 200 1 ;  Valadkhan and Manley 200 1 )  is shown in F igure 4.2 

and is briefly described next. 

The first step in major splicing is the formation of the pre-spliceosome complex. This 

involves the binding of the U l  snRNP to the 5 'splice-site of the intron, which then promotes 

the binding of the U2snRNP with the branch site positioned at the other end of the intron. This 

binding to the branch-site results in the bulging out of an adenosine residue (often referred to 

as the branch-site-adenosine) from the mRNA required for the first step of catalysis (Step A). 

Independently, the U4snRNP binds to the U6snRNP then binds with the U5snRNP before this 

U4!U6. U5tri-snRNP joins the pre-spliceosome complex, thus activating it to become the 

' spl iceosome' (StepB I ). During spliceosome activation base-pairing between the U4 and 

U6snRNAs is disrupted and a new base-pairing between the U2 and U6snRNAs occurs. Also 

the base-pairing of the U l  snRNA with the 5'splice-site is exchanged for base-pairing between 

U6snRNA and the 5'splice-site. 

After these rearrangements the U l  and U4snRNPs are released from the spliceosome 

prior to the first transesterification step of splicing (Step B2). In the first catalytic splicing step 

the 2'0H group of the bulged adenosine is activated to attack the phosphodiester bond at the 

5 'splice-site, resulting in the formation of a branched (lariat) intron containing a 2' to 5' 

phosphodiester bond and release of the exon (Step C l ) . The second catalytic step (Step C2) 

involves a nucleophil ic attack by the 3' OH of the 5'exon on the phosphodiester bond at the 

3'splice-site, resulting in l igation of the two exons and excision of the intron lariat. 

Splicing Complex Summary of Stage 

Pre-spliceosome U l snRNP attaches to the pre-mRNA. 
A Complex U2snRNP binds to the complex at the branch point adenosine. 
B l  Complex The U4/U6.U5 tri-snRNP complex binds to the pre-mRNA. 
82 Complex U4snRNP leaves the complex allowing the U6snRNP to bind with the 

U2snRNA. 
C l  Complex Step I catalysis: separation of the mRNA at the 5'  exon/intron boundary 

and formation ofthe l ariat RNA.  
C2 Complex Step 11 catalysis :  joining of the exons and excision of the lariat RNA.  
I Complex Joined exons leave the complex leaving the l ariat RNA behind. 
Completion Spliceosome dissociates, snRNPs recycle and l ariat RNA moves to the 

RNA degradation pathway or acts as a regulatory molecule. 

Table 4. 1 :  Summary of events taking place during different stages of splicing. Complex names 
refer to the names of stages indicated in Figure 4 .2 .  
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Of the five snRNAs, U J  and U4snRNA leave the spliceosome before the catalytic 

steps occur. U2 and U6snRNAs are both highly conserved and in addition to their role in 

positioning the 5'splice-site and the branch site, studies suggest a crucial role for two invariant 

regions in the U6snRNA in splicing catalysis (Valadkhan and Manley 2000). The current data 

also provides evidence for participation of the U2 and U6snRNAs in both catalytic steps of 

splicing ( Valadkhan and Manley 2003) .  The possibility of an RNA catalytic site in the 

spliceosome is strengthened further by the mechanistic and structural similarities between the 

spliceosome and the self-splicing groupii introns (these ribozymes are found in bacteria, basal 

eukaryotes and organelles of higher eukaryotes) .  Although catalysis in the spliceosome 

appears to be RNA-based, both protein-protein and RNA-protein interactions contribute to the 

formation to its catalytic core (Valadkhan and Manley 2003) .  

While the accepted view of ordered assembly has been supported by numerous 

studies, a number of reports have identified a variety of interactions that contradict the 

proposed chronology of events (Ma lca et al .  2003) .  One such study indicates that a complex of 

a l l  five major snR As (U l ,  U2, U4, U6 and US), a 'penta-snRNP '  can specifical ly bind to the 

5'splice-site through base-pairing of the 5' end of the U I snRNA. Similarly an early functional 

interaction between the U4/U6.U5 tri-snRNP complex and the 5'splice-site occurs 

independently of prior binding of U2snRNA to the branch site ( Malca et al. 2003 ). Although 

the above interactions may be valid, for the purposes of this study the "accepted" spliceosomal 

cycle will be used as it tidily separates the different stages of splicing to enable uncomplicated 

analysis and it doesn't  affect the analysis of splicing requirements. 

4 . 1 .2 :  Mi nor (U 1 2-dependent) splicing 

Another class of introns containing non-canonical boundary sequences has been found 

in jellyfish, insects, animals and plants, and is spliced by a distinct splicing machinery ( Pate! 

and Steitz 2003 ) .  The excision of these "minor" class introns is dependent on the U J 2  snRNP 

and is known as U- 1 2  type or U l 2-dependent splicing (whereas the canonical "major" class 

introns require U2snRNA thus the process is also known as U2-type or U2-dependent 

splicing). 

M inor spliceosomes contain a different set of snRNPs to that used in major splicing 

(F igure 4 .3B) .  The U l l snRNP replaces the U l snRNP, the U l 2snR P replaces the U2snRNP, 

and the U4atac and U6atac snRNPs replace the U4 and U6snRNPs respectively. Of the 

snRNPs only the U5snRNP is shared between the two spliceosomes. In contrast the majority 

of spliceosomal proteins appear to be shared (Lynch and Richardson 2002). Although the first 

U 1 2-type introns characterised had AT -AC boundaries (hence the naming of the U4atac and 

U6atac snRNAs) GT-AG boundaries appear to be more common (Burge et al. 1 999). 
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I n  general, the minor and major snRNAs are engaged in analogous snRNA/snRNA 

and snRNA/pre-rnRNA interactions such that a similar dynamic network is formed (Schneider 

et a l .  2002) (Figure 4 .3). The U4atac/U6atac snRNPs undergo base-pairing l ike that seen with 

the major spliceosomal U4 and U6snRNPs forming very similar secondary structures. The 

main difference is that unlike the separate binding of the U l  and U2snRNPs to the pre-mRNA, 

in the minor spliceosome the U l l and U l 2  snRNPs form a stable complex and interact with 

the pre-rnRNA as such. This mechanism is suggested to prevent the formation of mixed 

spliceosomes (Pate! and Steitz 2003). 

A Major Splicing B Minor Splicing 

l 

s'\ Exon1 I Exon 2 \3' s'l hon1 I Exon 2 13' 

C Trans Splicing 

1 

'\ s'l SL I Exon1 I J' 
u 

-f--AG- s' l SL I Exon2 p' 
Figure 4.3: The three spl iceosomal mechanisms discussed in this study. Each snRNP or protein 
complex is indicated by a coloured shape. The U2AF protein complex (purple) has been implicated in 
both major and trans-splicing. The U5snRN P  (green) is the only snRNP common between all three 
mechanisms. A: Major ( U2-dependent splicing) - a more detailed diagram of this mechanism is shown 
in Figure 4 .2 .  B: Minor (U l 2-dependent spl icing) where the U l  (black) and U2 (blue) snRNPs are 
replaced by the preassembled U l l (dark green) and U l 2  (dark blue) snRNP complex. The U4 and 
U6snRNPs (red) are replaced by the structurally similar U4atac and U6atac snRNPs (also in red). 
Splicing then proceeds in a manner very simil ar to that of major splicing. C: SL-trans splicing contains 
most of the snRNPs found in the major splicing mechanism but is lacking the U l snRNP. The remotely 
transcribed, SL-RNA is joined to each exon during splicing (only one exon is shown during the 
splicing process). 
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Recently a number of minor splicing-specific proteins have been identified from 

analysis of the human U l 1 /U 1 2snRNP (Wil l  et al .  2004) and the fruitfly U l 1 snRNP 

(Schneider et a l .  2004). U 1 1 snRNP-specific proteins, U 1 1 -25, U l l -35, U l l -48 and U 1 1 -59 

and the U l 1 /U l2-specific proteins U 1 1 1 1 2 -20, U l 1 1 1 2-3 1 and U l l / 1 2-65 have similar 

sequences in the mouse and zebrafish genomes and some of these are also found in the 

fruitfly, mosquito and some plant genomes (Schneider et a l .  2004). 

A computational scan of the human genome found 404 U 1 2  introns (Levine and 

Durbin 200 1 )  and indicate that 0. 34% of human introns are spliced by the minor spliceosome, 

a number of which occur within the larger gene families (e.g. calcium and sodium voltage­

gated cation channels and the protein kinase superfamily). Although there are few U 1 2 -type 

introns in the genome of any given species, their presence in insects, metazoa and p lants 

(though not C. elegans, S. cerevisiae nor another yeast Schizosaccharomyces pombe) indicate 

that the minor spliceosome must have been present in the common ancestor to plants and 

animals and has been lost from some l ineages (Lynch and Richardson 2002; Zhu and Brendel 

2003). 

4. 1 .3 :  Trans-splicing 

A type of splicing that may contribute to generate protein diversity is trans-spl icing. 

This process joins exons from two independently transcribed pre-mRNAs to form a single 

mature transcript. The most common form of trans-splicing is where a special spliced leader 

(SL)-RNA is added to the 5' end of an exon. SL-trans-splicing is found in trypanosomes (e. g. 

Trypanosoma brucei, Euglena gracialis), cestodes (flatworms e.g. Echinococcus 

multilocalaris), nematodes (e. g. C. elegans) and the sea squirt Ciona intestinalis and is used to 

process a polycistronic (multi-gene) pre-mRNA to form multiple mature transcripts (Tschudi 

and Ullu 2002). Trans-splicing requires the U2, U4/U6 and U5snRNA as well as the SL-RNA, 

joining a small non-coding "mini-exon" derived from the SL-RNA to each protein-coding 

exon present in the pre-mRNA (Figure 4. 3C). The SL-RNA secondary structure (containing 

three stem-loops) is similar between a l l  organisms carrying out trans-splicing, although the 

nucleotide sequence is not conserved (Liang et al .  2003). The U l snRNP has been shown not 

to be required for trans-splicing but it is present in trypanosomes, though shorter than the 

equivalent snRNA in animals.  (Liang et al. 2003). In C. elegans polycistronic pre-mRNAs are 

common, as opposed to the monocistronic (one transcript = one mRNA) system predominant 

in mammals.  C. elegans divides its polycistronic mRNAs into discrete monocistronic mRNAs 

by trans-spl icing SL I (SL-like RNA) to the 5'splice-site for the first exon in the mRNA then 

trans-splices SL2 (similar to SL l )  to the 5'splice-sites for the subsequent exons (Pirrotta 

2002). 

Vertebrates have been shown able to trans-splice C. elegans SL-RNAs (Bruzik and 
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Maniatis 1 992;  Garcia-Blanco 2003) but SL-trans-splicing in vertebrates although reported 

(Sullivan et al. 1 99 1 ;  Eul et al .  1 995;  Caudevilla et al. 200 1 ;  Tasic et al. 2002), is also 

questioned (Maniatis and Tasic 2002). Some other forms of trans-splicing have been reported, 

such as the "SMaRT" RNA-reprogramming system (Garcia-Blanco 2003; Mansfield et al. 

2003) and "discontinuous groupii" splicing (Bonen 1 993). Spliceosome-mediated-RNA-trans­

splicing (SMaRT) uses the spliceosome to carry out RNA recombination using trans-splicing 

to replace exons within a protein (Garcia-Blanco 2003; Mansfield et al. 2003). Discontinuous 

groupii trans-splicing has been found in p lant and algal chloroplasts and some plant 

mitochondria (Bonen 1 993)  where two exons transcribed at a distance from each other are 

spliced together. Alternative trans-splicing occurs in mammalian cells and involves the joining 

of exons from independent mRNAs without using an S L-RNA or equivalent leader sequence 

( Labrador and Corces 2003). This process is essentially a form of alternative splicing which is 

discussed later in this introduction. 

The basal eukaryotic lineage, Euglenozoa (this lineage is shown on the tree in F igure 

1 . 3 (page 4) and Figure 4 .6)  contains a group of eukaryotes collectively referred to in the 

literature as the trypanosomes (includes Trypanosoma brucei, Euglena gracialis and 

Entosiphon sulcatum), whose mRNAs are spliced predominantly by the trans-splicing 

mechanism (Nilsen 1 995 ;  Frantz et al. 2000; L iang et al. 2003).  However a single cis-spliced 

intron was discovered (Mair et al. 2000; Liang et aL 2003 ) suggesting that these two splicing 

processes coexist in trypanosomes, as in all other organisms capable of SL-trans-splicing. I n  

trypanosomes the SL-addition serves two purposes, splicing together with polyadenylation to 

first dissect the polycistronic mRNA, and then provide the cap to the mature mRNA (Liang et 

a! 2003). 

There are mechanistic parallels between trans-splicing and cis-splicing including the 

use of the same set of nucleotide sequence features to mark splice-sites and there is structural 

similarity between the SL-RNAs and the spliceosomal snRNAs (Vandenberghe et al. 200 1 ) . 

These similarities imply an evolutionary relationship between cis-splicing and trans-splicing 

(Bonen 1 993). However, the nature of this relationship is unclear because the phylogenetic 

distribution of trans-splicing has not yet been fully determined (Vandenberghe et al .  200 1 ) . 

The presence of trans-splicing in both crown and basal eukaryotes suggests that either it is an 

ancient eukaryotic characteristic or i t  has arisen independently in a number of lineages. As the 

number of lineages in which trans-splicing is known increases, the independent-origin 

hypothesis becomes less likely (Vandenberghe et aL 200 1 ) . 

4.1.4: Exon /lntron Recognition and Alternative spl icing 

No matter which type of splicing is used to excise introns from an mRNA, the 

intronlexon boundaries of the mRNA must be recognised by the spliceosome. In vertebrates, 
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exons are short (average 1 50nt) and the introns are long (average 2300 nt) requiring that the 

splicing region is recognised by molecules bridging across the exon; the exon-definition 

model of splicing (Figure 4.4) (Berget 1 995 ; Lam and Hertel 2002). These exons contain 

recognition motifs (exonic splicing enhancers -ESEs) that facilitate exon recognition by the 

spliceosome. Studies suggest that a group of proteins called "SR proteins" tether the U l ,  

U2snRNPs, U2AF and other splicing factors, recruiting the pre-spliceosome to the pre­

rnRNA. 

Intron Definition 

3' 

lntron 

Figure 4.4: Exon and intron definition models for splice site recognition (Based on (Lam and 
Hertel 2002; Romfo et al. 2000 and Lorkovic et al . 2000). The boundaries between the i ntrons and 
exons are recogni sed through the binding of multiple proteins either across the exon (exon 
definition) or across the intron (intron definition). 

Very small exons ( <30nt) can cause recognition problems for the vertebrate splicing 

machinery and lead to exons being spliced out with the intron (a process called exon 

skipping). Exons larger than 300 nt can also cause problems and also leads to exon skipping 

due to a lack of protein interaction across the exon (Romfo et al. 2000). Exon s ize is not as 

constrained, however, in yeasts, and unicellular eukaryotes where small introns predominate. 

In these organisms a mechanism of "Intron-definition" is present where introns rather than 

exons serve as the initial unit of recognition during splicing (Figure 4.4) (Romfo et a l .  2000). 

Both exon and intron definition mechanisms are present in mammals, the fruitfly, plants and 

the yeast S. pombe (Lorkovic et al .  2000; Romfo et al. 2000) but it is not known yet which 

mechanism(s) are present in other eukaryotes. 

s·l Exon I Exon 2 

A 1 B 
• .... 

s· l Exon 1 Exon 2 I F.xon 3 1 3' s·l Exon I 

Figure 4.5: Simplified diagram describing alternative splicing. In situation A the exons are spliced 
together in the usual fashion but i n  situation B exon 2 is removed with the introns, resulting in a 
much shorter mature mRNA transcript. 

Alternative splicing is the process by which more than one m.RNA can be generated 

from the same pre-mRNA by the differential joining of 5' and 3' splice-sites (Figure 4. 5) .  It is 

a major source of protein diversity ( Maniatis and Tasic 2002; Sorek et al .  2004). The result of 
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this is that exons can be extended, shortened, skipped or included; and conversely introns can 

be removed or retained in the mRNA The process of alternative splicing results in mature 

mRNAs that encode proteins with functional differences, often in a tissue-specific or 

developmental-stage manner. Regulatory proteins interact with specific sequences (including 

ESEs) within pre-mRNAs stimulating or repressing exon recognition. A large percentage of 

human genes appear to undergo alternative splicing (between 33 60%) with considerable 

amounts also in the fruitfly and nematode genomes (Kondrashov and Koonin 2003). 

Alternative splicing has been shown to be associated with all three types of splicing; major, 

minor ( 1 3/404 human U l 2  introns) (Boue et aL 2003), and trans-splicing (in the fruitfly 

(Maniatis and Tasic 2002; Labrador and Corces 2003) and trypanosomes (Manning-Cela et aL 

2002)), and is thus considered an important mechanism in gene expression (Sorek et al. 2004) 

4.1 .5:  Splicing and the Spliceosome in the Eukaryotic A ncestor 

Investigating the distribution of splicing mechanisms and spliceosome components 

among present eukaryotic lineages (Results shown in F igure 4.6) can reveal how splicing and 

the spliceosome evolved within eukaryotes. There have been recently a number of trees 

representing eukaryotic evolution (Cavalier-Smith and Chao 1 996; Embley and Hirt 1 998; 

Dacks and Doolittle 200 1 ;  S impson and Roger 2002) but there is sti l l  debate as to the 

placement of some lineages on these trees. Excavates are one such lineage which includes 

jakobids, heteroloboseans, diplomonads, retortamonads, Trimastix and Carpediemonas. While 

cytological data suggests that these organisms have a common excavate ancestor, there is no 

consensus view on the phylogenetic relationship between these species, or their relationship to 

other basal eukaryotes (Archibald and Keeling 2002). There is also the problem produced by 

present tree-building programs with deep phylogeny long-branch attraction where 

disproportionably long branches tend to be placed together This has raised doubts about the 

position on the eukaryotic tree of some of the most "deeply-branched" or basal eukaryotes 

such as Giardia Iamblia and Hntamoeba histolytica. This creates problems when investigating 

RNA and protein sequences across a wide range of eukaryotes, of how to show the 

relationship between investigated sequences. The eukaryotic tree used during this study 

(Figure 4 .6) is based on (Simpson and Roger 2002) and indicates which branches are affected 

by ditierent hypotheses, so that any uncertainty can be taken into account when drawing any 

conclusions. 

Recent studies from human and yeast spliceosomes (Jurica and Moore 2003) have 

characterised the large number of proteins that contribute to the spliceosomal complex. To 

determine whether it was likely that any or some of these proteins were present in the 

eukaryotic ancestor three basal eukaryotic genomes (Plasmodium falciparum, Entamoeba 

histolytica and Giardia Iamblia) were computationally searched for protein splicing factors. 
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The genome of the microsporidian, Encephalitozoon cuniculi (Ecz. cuniculi) was also used 

for searches as it represented a highly reduced genome between the animals and yeast, as 

microsporidia are thought to have branched early within the fungi (Vivares et al .  2002). 

4.2:  Materials and Methods 

I nformation about the taxonomic distribution of the snRNAs was gained from the 

Rfam database (Griffiths-Jones 2003; http://rfam.wustl . edu/), Genbank and other NCBI 

databases (http://www.ncbi . nlm.nih .gov) and the literature. The detection of the U5snRNA from 

some basal eukaryotes is described in Chapter 2 .  I ntron taxonomic information was taken 

from the literature. I ntron length was classified into three levels; high (> 1 000 nt), medium (50-

1 000 nt) and short (<50 nt). The presence of minor (U l 2-type), alternative and trans-splicing 

was extracted from the literature. snRNA candidate sequences are given in Appendix C. 1 .  

The genomes of Giardia Iamblia and Encephalitozoon cuniculi were downloaded 

from NCB I  (http: //www. ncbi . nlm.nih.gov). The Plasmodium falciparum genome was 

downloaded from PlasmoDB (Bahl et al . 2002) as was the Entamoeba histolytica genome 

produced by the Pathogen Sequencing Unit at the Sanger Institute 

(ftp. sanger.ac.uk/pub/pathogens/E_histolytica/). Protein database searches at NCBI started with 

the known proteins from human, S. cerevisiae and S. pombe and used the associated BLink 

function which displays the graphical output of pre-computed BLASTP results against the 

protein non-redundant (nr) database (http://www.ncbi .n lm.nih.gov/sutils/static/blinkhelp.html). 

Protein homologues were also recovered from 'KOG' (eukaryotic orthologous groups 

ftp: ftp.ncbi .nih.gov/pub/COG/K.OG) (Koonin et al .  2004), a subset of the 'Clusters of 

Orthologous Groups' (COG) database (Tatusov et al .  200 1 ). 

Protein homologues were selected with the following criteria; proteins either had to 

have been �xperimentally confrrmed as being the homologue of a query protein as determined 

either by the associated literature or within the GenPept file itself (designated "E" in the 

results tables); annotated as being �imilar in sequence to the query protein (designated "�" in 

the results tables); or  a hYpothetical open reading frame (ORF) with a BLink score greater 

than 300 and with a length no less than 75% (or no more than 25% greater) of the query 

protein (designated "H" in the results tables). Protein (sequence and annotation) and genomic 

search results data was managed using the "SpliceSite" database developed for this study 

(described in detail in Appendix E).  

Genomic searches of many splicing proteins used the BLAST program (Aitschul et al .  

1 997). Results were ranked ( 1 -4;  1 having the highest confidence of validity) on the fol lowing 

system: A ' candidate' sequence of similar length (within 1 00 amino acids) to the query protein 

sequence and containing greater than 65% amino acid similarity was ranked highest as ' 1  '. A 

candidate sequence of similar length to the query protein sequence and containing 50% to 
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65% amino acid similarity was ranked '2 ' .  A candidate sequence (which may be of a different 

length to the query protein) but containing a protein motif present in the query sequence was 

ranked ' 3 ' .  Candidates that displayed low sequence homology but across the whole protein 

length were ranked '4 ' .  If no significant results were returned for a query protein against a 

genome the result was designated "-". In the situation where a query protein from different 

species returned different sequences from the target genome (e. g. human proteinA returned 

sequence 1 ,  but the homologous proteinA sequence from C. elegans returns sequence2), then 

the result was designated "')" for indicating that the result was unclear. All candidate 

sequences were "Back-BLASTed" against the protein databases at NCBI,  the genomes from 

which they were recovered, and from a database of proteins contained in the SpliceSite 

database (Appendix E). Back-BLASTing could confirm a sequence's candidacy but also 

reveal any other closely related protein. Protein candidate sequences are given in AppendixC2.  

S pecies Common Name Euk lineage 

Hu Homo sapiens Human Primates 

Mu Mus musculus House mouse Rodents 

Table 4.2 : Letter 
X Xenopus laevis African clawed frog Amphibians 

codes used for the z Danio rerio Zebrafish T elcostei (fish) 

eukaryotic species Ci Ciona intestinalis Sea squirt Ascidia 

used 1ll this study. Ce Caenorhabditis elegans Nematode worm Nematoda 
These codes are Dr Drosophila melanogaster Fruitfly Arthropods 
used in tables shown 
throughout this Se Saccharomyces cerevisiae Bakers' yeast Fungi 

chapter. Sp Schizosaccharomyces pombc Fission yeast Fungi 

Ne Neurospora eras sa Bread mould Fungi 

Ec Encephalitozoon cuniculi Microsporidia 

Ar Arabidopsis thaliana Thale cress · Land plants 
Os Oryza stativa Rice Land plants 

Pf Plasmodium falciparum Malaria parasite Apicomplexa 

Py Plasmodium yoelii yoelii Mouse parasite Apicomplexa 

Tp Trypanosoma brucei Euglenoioa 

Lm Leishmania major Euglcnoma 

D Diclyostelium discoidenm Slime mold Myxogastrids 

Gt Guillardia theta nucleomorph Cryptophytes 

Eh Entamoeba histolytiea Entamoebae 

Gl Giardia Iamblia Diplomonads 

The Ancestral Sequence Reconstruction technique (Collins et al. 2003) was used on a 

selected number of proteins that could be reliably aligned. Ancestral sequences were predicted 

using PAML (Yang 1 997) then combined with BLAST to search genomic databases. This 

technique is described in more detail in  the published manuscript included in Chapter 3 .  

Results o f  snRNA and protein searches are shown in tables throughout this study. Information 

from published comparative genomic studies, that included some splicing proteins  

(Anantharaman et  a l .  2002; Koonin e t  a l .  2004), has been included in the results tables. T he 

8 1  



seven eukaryotic genomes searched in Koonin et al .  2004 are human, C. elegans, D. 

melanogaster, S. cerevisiae, S. pombe, A. thaliana and Ecz. cuniculi. 

Protein presence was traced to the eukaryotic ancestor using MacClade version 4.0 

(http://macclade.org/). The phylogenetic tree from Figure 4 .6  was used for all three runs. The 

fol lowing settings were used: Run A: {E, S ,  H,  1 ,  2, 3 }  = 1 ;  { -, 4} = 0; { ?} = ? .  Run B 

(slightly stricter): { E, S, 1 ,  2, 3 }  = 1 ;  { -, 4} = 0; { ?, H }  = ? . Run C (strict): { E, S, 1 ,  2 }  = 1 ;  

{ -, 4, H,  3 ,  ? }  = 0. The l ikely presence of a protein in the eukaryotic ancestor was scored as 

fol lows: 3 = protein highly likely present in eukaryotic ancestor (Ancestor positive), 2 = 

protein likely present in eukaryotic ancestor (Ancestor equivocal), 1 = protein low likelihood 

of being in eukaryotic ancestor (Ancestor negative but protein present in at least 2 basal 

eukaryotic l ineages ( i .e. l ineages outside animals, yeast or plants). MacClade results are 

shown in each of the results tables. 

4.3: Results and Discussion 

4.3. 1 :  Intron p resence and length in the eukaryotic ancestor 

The presence of spliceosomal introns has been previously described for a number of 

basal eukaryotic l ineages and are collated and summarised in Table 4. 3 . This further supports 

the premise (Lynch and Richardson 2002) that spl iceosomal introns and some form of 

spliceosomal splicing were present in the eukaryotic ancestor. 

Another characteristic of introns is their length. Intron length is divided into three 

groups in this study (short (<50 nt), medium (50nt to l kb) range and long introns (> l kb)) 

with the distribution of these groups shown on the tree in Figure 4. 6 .  Although short introns 

are present in mammals, data from the Xpro database (Gopalan et al. 2004) indicate that they 

are not common. Humans have a mean intron length of 2 .3  kb, Mouse l . l kb and Rat 733nt, 

but C. elegans has a mean length of only 300 nt, while in the plant Arabidopsis thaliana genes 

have a mean intron length of 1 7 1  nt (Table 4. 3). These statistics are dependent on the 

distribution of the data that has been lodged in Genbank and may not reflect yet, the true 

distribution of intron sizes in the actual genomes (Gopalan et a l .  2004). The yeasts S. 
cerevisiae and S. pombe also have shorter introns than mammals with the average lengths 270 

nt and 57 nt respectively. 

Many of the introns described for the basal eukaryotes are c lassed in our system as 

being short. Only one short intron (35bp) has been found to date in the Diplomonad Giardia 

Iamblia (Nixon et al . 2002) containing a canonical 3'splice-site but a non-canonjcal 5'splice­

site. Short canonical introns have been found in Carpediemonas mambranifera, a free-l iving 

relative of G. Iamblia (S impson et a l .  2002). Introns that are shorter sti l l  have been found in 

the c iliate Paramecium tetraurelia ( 1 8-35 nt) (Dessen et al .  200 1 )  and the Chlorarachniophyte 

algae CCMP62 1 nucleomorph ( 1 8-20 nt) (Gilson and McFadden 1 996). Our study of intron 
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length depends largely on computer prediction, which in turn is based on extensive 

experimental intron research. This research is not yet to a stage with the basal eukaryotic 

species that splice-site prediction software can be applied accurately and thus introns may be 

either missed or incorrectly annotated in basal genomic annotation. F rom the analysis shown 

here it is feasible that the intron len!:,>th in the eukaryotic ancestor was within the short (<50 nt) 

and medium ( 50nt to 1 kb) range, with long introns (> 1 kb) arising later in some lineages. 

Intron frequency does not appear to be conserved across eukaryotic lineages. I ntrons 

have been predicted in 54% of Plasmodium falciparum genes, a proportion roughly similar to 

that in S. pombe and Dictyostelium discoideum but much higher than observed in S. cerevisiae 

and Cryptosporidium parvum where only 5% of the genes contain introns (Anantharaman et 

al . 2002; Gardner et al. 2002) Elevated AT% (% of nucleotides A or T) content is a 

characteristic of introns (when compared to  exonic sequences) from a number of basal 

eukaryotes including Ent. histolytica (Wilihoeft et al. 200 1 )  and D. discoideum (Rivero 2002). 

Species Ref G roup Intron 5'  3 '  Branch Py Tract 

Section  A 
Human X 
C. elegans X 
Drosophila X 
Arabidopsis X 
S. cerevisiae X 
S. pombe X 
Ecz. cuniculi m 

Section B 
Chlamydomonas j 
reinhardii 
Entamoeba histolytica c 
Entamoeba dispar c 
Dictyostelium discoideum d 
Parameciu m  tetraurelia k 
Cryptosporidium parvum I 

Plasmodium fafciparum h 
Giardia Iambiia E b 
Carpediemonas E i 
mambranifera 
Reclinomonas E a 
americana 
Acrasis rosea E a 
Euglena gracialis E e 
Trypanosoma brucei E g 
Entosiphonsulcatum E f 
Malawinomonas E ·.... a 

liacobiformis 

Lenli!;th 

Vertebrate 2300av 
Vertebrate 300av 
Vertebrate 826av 
Land Plant 1 7 1 av 
Yeast 270av 
Yeast 57av 
Microsporidia 129av 

Chlorophytes 79-297 

Entamoebae 46- 1 1 5  
Entamoebae 46-'84 
Dictyostellids 70- 1 50 
Ciliates 1 8-35 
Apicomplexa 566av 
Apicomplexa NS 
Diplomonad 35 

. Carpediemonas 31-33 

C ore J akobid 67- 1 45 

Heierolobosea NS 
Euglenozoa 50-9200 
Euglenozoa 302-653 
Euglenozoa 1 02 
Malavvinomonas 58-127 

splice-site splice-site 

AG/GTMGT CAG/GT 
GT TTTCAG 
GTATGT YAG 
MG/GTMGT TTGCAG/GT 
TGT YAG 
GT AG 
NS NS 

GT AG 

GTTTGTT TAG 
GTTTGTT TAG 
AGIGTMGT ATAGI 
NS NS 
NS NS 
GT AG 
CT AG 
GT AG 

GT AG 

NS NS 
GT AG 
GT AG 
GT AG 
GT .:AG 
CT 

Point 

CTGAC 
TTT(C/G)M 
CTMT 
CTGAT 
TACT MC 
CTRAY 
N S  

CTCAC 

YNYYRAY 
YNYYRAY 
TACT MY 
NS 
NS 
N S  
MCTMC 
TYCTTAT 

N S  

N S  
N S  
NS 
CGTCGAT 

;, NS 

Py tract 
Py rich 
Py rich 
UA-rich 
None 
Py rich 
NS 

NS 

N S  
N S  . 

weak Py 
NS . ·· .. 
N S  
N S  
N S  
N S  

N S  

NS 
N S  
N S  · " 

. . 
Py tract 
NS ' 

, ; . " 

Table 4.3: Intron characteristics from eukaryotes. Section A :  Characteristics of introns from the ' crown 
group' of eukaryotes (animals, plants and yeast) .  Section B: Characteristics of introns from basal eukaryotes. 
Key: "NS" indicates that although at least one intron has been described for this species, this particular 
characteristic has not been determined and is not stated in any literature to date. Intron length is given in 
number of nucleotides. "av" is the average intron size as determined in the Xpro database X (Gopalan et al . 
2 004) or literature. Intron lengths are given in the number of nucleotides (nt). Splice-site characteristics 
divided by '/' indicate nucleotides on either side of splice-site boundaries; 5' splice-site -exon/intron boundary 
and 3' splice-site: intron/exon boundary. E -indicates that this species i s  part of the Excavate basal eukaryotic 
lineage. Data for this table has been collated from the following literature: a-(Archibald et al. 2002), b-(Nixon 
et al. 2002), c-(Wilihoeft et al . 200 l ), d-(Rivero 2 002), e-(Breckenridge et al. 1 999; Canaday et al . 200 1 ) , f­
(Ebel et al. 1 999), g-(Djikeng et al. 200 1 ), h-(Huestis and Fischer 200 1 ), i-(Simpson et al.  2002), j-(Watanabe 
and Ohama 200 1 ), k-(Dessen et al . 200 1 ), I -( Abrahamsen et al. 2004) ,m-(Katinka et al. 2 00 l ). Crown 
eukaryotic information came mostly from the Xpro database (Gopalan et al . 2004) X. 
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Kty: 
12456] 
!!t� U-snRIIAs 
6atac 

SL SL snRIIA 
M M•jor eis-splicing 
M Mi10r eis-SJll<ilQ 

T SL-Trans-slliCilg 

A Akernalive Slllcilg 

lntron length 

i long ( > 1000nt) 
i Medium (50 . 1000n� 
i Short (< 50 nt) 
i Not stated 

(0 
Ancestor 

� 

Opisthokonts [ 
Chordates 

Prirnates HWD.m ii i 12456 11 12 4atac 6atacMMil. 
Rodents Jlouse ii i 12456 1112 4atac 6atac MM A 

ReptilesfBi�d�Gal/usSallliSfOricken) i 1245 12 M MA 
Spheno on pUllcralliS(Twnara) 

Amphibians X•noposlmis (Frog) 12� M 
Teleostei f}l_n_i� !!'i� .f.?!b!afishJ 1256 M A 

Deuterostomes Ascidia Ciona intfstinalis (S•a Sl(Uirt) ii 12456 12 UG.lt.lC M T 

� Echinodermates Lyt•cbinus varifgatur (Gmn m urchin) i 12 M 
......_ Hemichordata !lcorn wo111!S 
- Nematoda c.morhabditiul•gans ii 12456 SL MTi\ 

Protostomes r++--1 Cestode E.:hinococcos multilocJiarisSLM T 

Trematode Scbistosoma mansoni 12 6 - - - - - - - - - - - - - - MMA - Arthropoda D10topbila mianoqast•r!Fruitfly) ii 12456 ��tac r:::=�?;:-"'1_""-:-:-:-:=-:- Cnidaria Polyorchis puicallatus (Jellyfisk) iM M 6atac 

Animals 
Choanoflagellates Proterospongia choanojUJtcta 
Saccharomyces Saccharomvc.s wfvisia• i 12456 M A 
Schizosaccharomyces Schizosaccharomympombe ii 12456 M 
Neurospora ��r�!P.O!� _c�"-'!"- 26 Fungi Aspergillus Asp•rgillus fumigatus 26 

"'------1---Basidiomycetes-i:itit;obasiiJioiii bds•gawimm i 45 

Plantae ? 
- Microsporidia Emphaiitozoon cuniculi i i 2�6 M 

Land Plants Arabidopsis thaliana ii 12456 12 6atacM M A 
Chlorophytes Clllamydomonat ffinhardtii(Green algae) 1246 

11....----- Rhodophytes Cyanidioschyzon merolae (Red algae) i 

� Pelobionts Pelomyxa pelustis (Giant Amoebae) 

Amoebozc a Entarnoebae E•tamofba �istolytica i i 256 M 

? r-- Dictyostelids f!(cty_o�!!i�t1f_djsy:�!d!�tlt i 25 • 1 Myxogastrids Pllysarum polycephalam {Slime mold) 145 I Protostelids Plasmodial Slime molds 
Lobosa .icantkamoeba castellanii 

Chromalveolate::ii Ciliates Pmm•cium t•traur•Jia i 12456 
Apicomplexa Plasmodium falcioarum i 24 56Mi, 

? 1'----- Dinoflagellates Ctypth•codinium cobnii 5 1+----t------- Heterokonts DiatolltS, Brown algae 6 1------- Haptophytes Emiliania kllXIeyi 
Cryptophytes ql!.ill�lft_iq t�eJq 6 

? Chlorarachniophytes Chiorararcbnion CCMP 621 6M lCercozoa Foraminifera Frerkwater amoebae 

r-----{::::::Diplomonads Giludia Iambiia i 5 
Carpediemonas CarpPdifmonat mPmbranifm i M 

L_?!.• -+.r----------- Parabasalids Trichomonas•��oainalis 
1----------- Core Jakobids Rfclinomonat Jmericana i L ___ ....,[::::= Heterolobosea Acmis rona 

r Euglenozoa !'!���os_o�_a_ �'���� Li 12456 SL M T 1\ �:::::::::::C===== Trirnastix Tn'mastix pyriformis 

r Excavates Oxymonads Dinuympka exilis 
...._ 

_
_________ Malawimonas Malllwimonasjdobiformts i 

Figure 4.6: Distribution of introns, snRNPs and modes of splicing in eukaryotes. This tree is based 
on the tree shown at http://hdes,biochem.dat.ca/Rogerlab/, including infonnation from Simpson and 
Roger 2002. A representative species for each l ineage are shown in green . Branches that join 
differently in alternative hypothesis are indicated with "?". The animal, fungal (Opisthokonts) and 
plant groups are often referred collectively as the 'Crown' eukaryotes, while the rest ( Amoebozoa, 
Chromalveolates, Cercozoa and Excavates) are collectively called the basal eukaryotes .  Protostomes 
(blue lineages) and Deuterostomes (green lineages) are grouped based on differences in embryo 
development. Within the Deuterostomes are the chordates (red l ineage) which in turn contain the 
vertebrate l ineages (as marked on the tree). 
Intron , snRNA and splicing characteristics present in the eukaryotic ancestor are detennined from 
their distribution over eukaryotic l ineages. References additional to those in Table 4 .3  and the text are 
(Takahashi et al . 1 996; Spafford et al .  1 999; Dodgson 2003; Tombes et al. 2003; Matsuzaki et al . 
2004 ). This  tree will be referred to frequently throughout this chapter as it is central to much of the 
reason m g. 



AT% is only slightly elevated in the introns from other species including C. parvum, 

P. falciparum, S. pombe, S. cerevisiae and Ecz. cuniculi (Anantharaman et al. 2002) and may 

only be a consequence of containing a pyrimidine-tract (Py-tract) or Uracil-enriched region. 

At this stage, elevated AT% cannot be attributed to introns in the eukaryotic ancestor. 

The presence of short introns in basal eukaryotes indicates that the intron definition 

mechanism of splice site recognition may be predominant for these eukaryotes. However, 

some introns described from E uglenozoa (e.g. Euglena gracialis) are long (> l kb), one as long 

as 9 . 2kb (Canaday et al . 200 1 ), which may cause problems for the intron-definition 

mechanism requiring instead some form of exon-definition. S ince a number of eukaryotes 

(fruitfly, S. pombe and plants) contain both an intron- and an exon-definition system of splice 

site recognition, it is not impossible that both mechanisms exist in basal eukaryotes and that 

both systems were present in the eukaryotic ancestor. 

4.3.2: snRNAs in the eukaryotic ancestor 

Computational searches (including Rfam (Griffiths-Jones et al. 2003), NCBI 

databases; and BLAST searches of basal eukaryotic genomes) combined with an intense 

literature search indicated the distribution of snRNAs and their associated proteins throughout 

the eukaryotic tree. A conclusion from the present work is that all five major spliceosome 

snRNAs (U l ,  U2, U4, US and U6 snRNA) are found throughout the eukaryotic tree in both 

crown and basal eukaryotes (Table 4.4 and Figure 4.6) and thus were likely to have been 

present in the eukaryotic ancestor. However some of the snRNAs found in basal eukaryotes 

(e.g. U l  and US) are shorter in length than their crown eukaryote equivalents, and missing 

helices, suggesting that the structure of the snRNAs within the eukaryotic ancestor may not be 

the same as is found in living eukaryotes. 

MacCiade 
A B C  EA snRNA Hu M u  X Z Ci Cc Dr Se Sp N e  Ee Ar O s Pf Tp Lm D Eh Gl 

2 2 2 ••• U l snRNA E E E S E E E E E s E E 

3 3 3 ••• U2snRNA E E E E 2 E E E E s 2 E E 2 E E s 2 

2 2 2 ••• U4snRNA E E 2 E E E E E s s E E 

2 2 2 ••• U5snRNA E E E E 2 E E E E s E s s E 2 2 I 
3 3 3 ••• U6snRNA E E s 2 E E E E s s E s H E E E 

- - - U t i snRNA E E 2 E E 

- - - U l 2  snRNA E E 2 E E 

- - - U4atac snRNA E E 

- - - U6atac snRNA E 2 E E 

2 2 2 ••• SL RNA E E E E 

Table 4.4: Eukaryotic distribution of snRNAs. Key : please refer to the key on page 93. An empty cell 
indicates that this type ofsnRNA has not to date been found in this species. Species n ames are shown in 
full in Table 4 .2 .  Animals are shown in blue (vertebrates in darker blue), yeasts are in red, 
microsporidia is in brown, plants are in green and the basal eukaryotes are in purple. The U5snRNA 
identified from G. Iamblia is described in Chapter 2 .  
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Trans-splicing has been characterised in nematodes, cestodes, the sea-squirt Ciona 

intestinalis (crown eukaryotes) and in trypanosomes (excavate lineage, basal eukaryotes) 

indicating that trans-splicing was likely to be present in the eukaryotic ancestor. The present 

definition of SL-trans-splicing requires the presence of an SL-RNA, thus the presence of 

trans-splicing in the eukaryotic ancestor requires also some form of SL-RNA to have been 

present. 

The minor-spliceosome snRNAs (U4atac, U6atac, U l l and U 1 2) have been found in 

humans and the fruitfly Drosophila melanogaster (U 1 2  and U6atac snRNAs only have been 

characterised from the plant A rabidopsis thaliana). BLAST searches of the P. falciparum, Ent. 

histolytica, G. Iamblia and Ecz. cuniculi genomes with known minor-spliceosomal snRNA 

sequences failed to recover any potential candidates. However, since known minor-snRNA 

sequences are evolutionarily distant from the basal eukaryotes used in this study, searches may 

require more powerful techniques. Potential candidates for the U6atac and U l 2  snRNAs were 

recovered from the sea-squirt genome, which, besides having major splicing has also been 

shown to contain trans-splicing (Vandenberghe et al. 200 1 ). If  these candidate minor-snRNA 

sequences are genuine then the sea-squirt would be the first species to contain all three types 

(major, minor and trans) of splicing. 

Finding snRNAs in genomic sequences is not easy; often there is little or no sequence 

similarity between snRNAs from distantly related sequences. For example, in Chapter 2 

USsnRNA candidates were recovered from the G. Iamblia, Ent. histolytica and D. discoideum 

genomes only with the use of specialised RNA-finding software. I t  is likely that such software 

will also be required to find other snRNAs (major, minor and SL) in basal eukaryotes before 

we can resolve their true distribution and consequently their condition in the eukaryotic 

ancestor. 

4.3.3: Splicing mechanisms in the Eukaryotic Ancestor 

Both the major and minor spliceosomal splicing predate the separation of animals and 

plants (Lynch and Richardson 2002), however at present, we are unable to determine if minor 

splicing evolved any earlier than the animal-plant ancestor. Most of the proteins associated 

with the major spliceosome snRNAs appear to be shared between both types of cis-splicing 

(Lynch and Richardson 2002) .  The major and minor spliceosomes exhibit similar salt stability, 

suggesting that the structural organisation of these particles may be similar (Schneider et al . 

2002). However, one protein (U l l -35kD) has been characterised that appears to be part of the 

minor spl iceosome but not present in the major spliceosome (Will et al. 1 999). 

One theory for having more than one type of cis-splicing ( i .e. both major and minor 

splicing) put forward by Pate! and Steitz (2003), is that the removal of U l 2-type ( i .e. minor) 

introns may be a rate-limiting step in pre-mRNA processing. The conversion of a U l 2-type 
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intron to a U2-type (spliced by the major-spliceosome) markedly increased (�sixfold) the 

amount of mature mRNA and protein expression (Pate! and Steitz 2003). Another potential 

role of U l2-type introns may be to change splicing speed in response to stresses in the cellular 

environment (Patel and S teitz 2003) .  Gene regulation can also take advantage of competition 

between major and minor splicing. Alternative splicing in the fruitfly prospero pre-mRNA 

produces one form (pros-L) with major-splicing in early embryogenesis and another (pros-S) 

with minor-splicing later in embryo development (Scamborova et aL 2004). The discovery of 

this type of regulation is the first step in elucidating the mechanism involving competition 

between the major and minor spliceosomes (Scamborova et aL 2004). 

There are three models proposed for the evolution of U l 2-type introns and the minor­

splicing mechanism (Schneider et aL 2002); eo-divergence, fission-fusion and parasitic 

invasion. In the first two models the U2 and U 12 systems diverged from an ancestral 

spliceosome possibly following duplication. In the convergence model, each of the major and 

minor splicing mechanisms evolved separately in the same nucleus. With the fission-fusion 

model each system developed further in separate lineages but was then reunited through a 

merging of genetic material before the ancestor of animals and plants (Burge et aL 1 998). In  

the third model -parasitic invasion, where a Groupii intron invaded a number of genes of a 

common ancestor of metazoa and plants which had a pre-existing spliceosome. S ubsequent 

fragmentation of the new intron gave rise to novel snRNAs and the utilisation of many of the 

proteins of the pre-existing spliceosome. The distribution of minor splicing among eukaryotic 

lineages cannot indicate which of these evolutionary processes is more likely to have 

occurred. U l 2-type introns have not yet been characterised in any basal eukaryotes but this 

may not mean that it is not present, just not yet detected. At this stage minor splicing is not 

thought to have been present in the eukaryotic ancestor but evolved before the ancestor of 

animals and plants .  Any discovery of any U l 2-type introns in any basal eukaryotic lineage 

will of course allow this view to change. 

Trans-splicing in the wider sense (i .e. the joining of two independently transcribed 

exons) is considered to be in the eukaryotic ancestor due to it' s  presence in both basal and 

crown eukaryotic lineages. SL-trans-splicing is predominant in the excavate trypanosomes 

(see F igure 4 .6 for its position on the eukaryotic tree) but is also found in some crown 

eukaryotes (discussed previously) indicating that this type of trans-splicing may also be 

present in the eukaryotic ancestor. Although an SL-RNA has not been identified in humans it 

is possible to induce SL-trans-splicing if the appropriate leader sequence is added 

(Vandenberghe et aL 200 1 ;  Garcia-Blanco 2003), indicating that the necessary machinery may 

be present in humans and other crown eukaryotes. T he true phylogenetic range of SL-trans­

splicing presently remains unknown as each discovery of SL-trans-splicing was a fortuitous 
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result of a detailed study of particular genes (Vandenberghe et al . 200 1 ), and because these 

extensive studies have only been carried out in a small number of eukaryotes. 

Alternative splicing is associated with all three types of splicing (major, minor and 

trans-splicing) (Maniatis and Tasic 2002; Manning-Cela et al. 2002; Boue et al. 2003). It' s 

presence in both crown and basal eukaryotic lineages suggest that alternative splicing may 

have been present in the eukaryotic ancestor. As alternative splicing appears to increase 

protein diversity (Boue et al. 2003) this mechanism may have been important in the 

diversification of eukaryotes subsequent to the eukaryotic ancestor. 

The distribution of major, minor and trans-splicing across the eukaryotic lineages as 

shown on F igure 4.6 indicates that multiple splicing mechanisms are common in today ' s  

eukaryotes. I t  is  possible that multiple splicing mechanisms also existed in the eukaryotic 

ancestor. Information is emerging about the interaction of splicing mechanisms and how the 

different spliceosomes interact (Scamborova et al. 2004) and future studies may indicate how 

this interaction may have evolved but this is beyond the scope of the present work. 

4.3.4: Spliceosomal proteins in the eukaryotic ancesto r 

The next step is to search for specific proteins known to be associated with the 

spliceosome. A search of protein and nucleotide databases with known human, S. cerevisiae 

and S. pombe spliceosomal proteins (Kaufer and Potashkin 2000; Lorkovic et al. 2000; Zhou 

et al. 2002; Jurica and Moore 2003) found likely homologues in other eukaryotes. More 

detailed searches of three basal eukaryotic genomes (P. falciparum, G. Lamblia and Ent. 

histolytica) and the microsporidian Ec:::. cuniculi recovered potential homologues of the most 

conserved spliceosomal proteins. The object of these searches was, firstly to determine if 

enough spliceosomal components could be found in both crown and basal eukaryotic lineages 

to indicate that a spliceosome was present in the eukaryotic ancestor; and secondly, if a 

spliceosome was present determine its complexity (i .e. was it a simplified version of today ' s  

spliceosomes or just as complex). Over 1 50 of  the most conserved spliceosomal proteins were 

examined in this study and were grouped based on common snRNA-binding properties (e. g. 

the U l snRNA-specific proteins) or containing common distinguishing sequence motifs (e. g. 

Sm/Lsm proteins). Results are summarised under the different protein group headings on the 

fol lowing pages. As each protein group is required to be examined in ful l  the reporting of this 

information can become somewhat repetitive. This unfortunately2 is necessary to unravel the 

complexity of today' s  spliceosomes and thus comprehend ancestral spliceosomal 

characteristics. Each group of proteins is reported separately, beginning with the groups of 

snRNP-associated proteins then onto proteins that have other functions in the spliceosome. 

2 Please refer to Figure E .4 and perhaps feel some sympathy for the researcher who had to eval uate this 
information. 
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Results Tables for Spliceosomal Proteins (Key is given on page 93) 

Table 4.5A: U l snRNP associated p roteins 
M aeCiade 

A B C  U1snRNP Protein Name Hu Mu X Z Ce Dr An Se Sp Ne Ar Os Pf Py Tp Ee* Pr Eh Gl 
EA K An Human See re 

2 2 1 ** K-E U 1 -70 S N P 1  E E E s s H E E H E s s s E ? 2 ? ? 

2 2 2 *** K Euk-S U 1 -A M U D 1  E s s H E E H E s s s E 1 2 2 4 

2 2 1 .. K U 1 -C YHC1 E E E E H H E E s s H H E 1 2 3 -

1 1 - * K FBP1 1 Prp40 E H E E H 2 2 3 -
- - - Snu56 E - - - -
1 1 1 * Euk-C Nam8 E H 2 2 2 4 
- - - Snu65 E - - - -
- - - K-E Se Snu71 E ? 4 - -
- - - Usa1 E - - - -
1 1 1 * Euk Prp39 E E s s 3 2 ? 1 

Table 4.5 B :  U2snRNP associated proteins 
MaeCiade 

A 8 C U2snRNP Protein Name Hu Mu X Z Ce Dr An Se Sp Ne Ee Ar Os Pf Py Tp D Ee* Pr Eh Gl 

EA K An Human Se ere Spombe 

3 3 1 ** K SAP 1 55 H S H 1 55 Prp 1 0  E E E H H H E E H H H H H H H 2 1 3 2 

2 1 1 .. K Euk SAP 1 45 C U S 1  Sap 1 4 5 p  E s s H H E E s s H H H 1 - 2 1 

1 1 - * K SAP 1 30 R S E 1  Prp 1 2 p  E H s H H H E E H s H H 4 1 3 -
2 1 1 .. K-E SAP 1 1 4  Prp21 Sap1 1 4 p  E s s H H E E H H H H 2 2 2 ? 

3 3 1 *** K SAP62 Prp 1 1  Sap62p E H s s H H H E E H s s H s s H 1 1 1 1 

2 1 1 .. K SAP61 Prp9 Sap61 E H H H H E E s E H s s H 2 2 1 -
3 3 2 *** K SAP49 H S H49 Sap49p E s s s s H H E E s s H s s H 2 2 2 1 

2 1 1 ** K-E U2-A' LEA1 U2-A' E E H H H H H E H E H H E - 4 ? 2 

1 1 1 ** K U2-B" MSL1 U2-B' E E H H E E E 2 3 2 2 

2 2 1 ** p 1 4  S N U 1 7  E E H H E H H H H H H s 2 2 ? 2 
- - - lst3 E ? 3 4 -
1 1 1 ** SF3b1 4b Rds3 E H H H E H H H H 2 2 4 2 

Table 4.5C: USsnRNP associated protei ns 
MaeCiade 
A 8 C U5snRNP Protein Name Hu Mu X Z Ce Dr An Se Sp Ne Ee Ar Os Pf Py Tp Lm D Gt Ee* Pr Eh Gl 

EA K A Human Se ere 

3 3 3 ... K Euk US-220 Prp8 E s S H H H H E E H s s S S H s s s s  1 1 2 1 
2 2 1 ** K Euk US-200 Brr2 E E H H H E E H s H S H 1 1 1 1 
2 1 1 ** K Euk US-1 1 6  Snu1 1 4  E E s s  H E E H s S H ? 1 2 2 
2 2 2 *** Euk US-1 02 Prp6 E H H H E E H s s H S s ? 2 1 ? 
3 2 2 * * *H K-E Euk US-1 00 Prp28 E H H H E E H s S S S  H s 2 2 2 ? 
2 1 1 * US-52 Snu40 E s s H H H H H H s H - 2 2 -
2 1 - * US-40 E s S S  H H H E H s S H H ? 1 ? ? 
3 3 3 ... K-C US-1 5  0181 E H H E E H s s s S H s s 2 1 1 1 
- - - Aar2 E - - - -
1 - - PSF E s s 3 3 3 3 
1 - - P54nrb E 3 3 3 3 

Table 4.5D: U4/U6.US tri-snRNP associ ated protei n s  
MaeCiade U4/U6.U5 
A 8 C tri-snRNP Protein Name Hu M u  X Ce Or An Se Sp Ne Ee Ar Pf Py Ee* Pf* Eh Gl 

EA K Human Scere Spombe 

2 1 1 ** K-E SART-1 Snu66 Snu66p E E s H H H E E H s H s - 2 3 -
2 1 1 ** Tri-65 SAD 1  Sad 1 p  E H H H H E E H H H H 4 2 1 ?,3" 

1 - - Tri-27 E s H H H s H H H - 2 - -

1 - - K-S Prp38 s s s s s E s s s H H 
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Table 4.5 E :  U4/ U6sn RNP associated proteins 
MacCiade 
A B C  U4/U6snRNP Protein Name Hu Mu X Ce Or An Se Sp Ne Ar Pf Py Tp Lm D Gt Ee* Pf* Eh Gl 

EA K A Human See re Spombe 

3 2 1 .. K-E Euk U4/U6-90 Prp3 Prp3 E H H H H E E s H H S H s - 2 2 -

2 1 1 .. K-E U4/U6-60 Prp4 Prp4 E s H H H E s s H ? 3 2 ? 
1 1 1 .. K-E Euk/Arch U4/U6-6 1  Prp31 Spp13p E E s E E H H 2 ? 2 2 
1 1 1 ··c U4/U6-20 Cpr1 U SA-Cyp1 E E E 2 2 2 2 
1 1 1 .. U4/U6-1 5 . 5  Snu 1 3  Snu13p E E E s s 2 ? 2 2 
- - - Euk Prp24 Prp24 E E ? 2 - -
1 1 - RY-1 E s s - 3 3 -
- - - Spp41 E - - 4 -
- - - Snu23 E - 4 - -

Table 4.5F: Sm/ Lsm protein s  
MacCiade 

A B C  Sm/ LSm Protein Name Hu Mu X :  Ce Dr An Se Sp Ne Ec Ar Os Pf Py Tp Lm D Gt Ec* Pf* Eh Gl 

EA K A Human Scere 

3 2 2 ... Sm B/B' SmB1 E s S E  s E s E E H s s H H E s - - 2 1 

3 3 3 ... K Euk S m 0 1  SM01 E E H E  s s H E E H s s s s s E s s 2 1 - 1 
3 3 3 ... K Euk S m  02 SM02 E H s s H E E s s s H s E s 2 1 2 1 

3 3 2 ... Euk Sm 03 SM03 E E H S  H s H E E s s H s H E H 2 1 2 2 

3 3 3 ... K Euk Sm E S M E 1  E E s H H E E H s s s E E s 1 - - 2 

2 2 1 .. K Sm F SMX3 E E s H H E E s s s s s E s 2 1 - ? 

1 1 1 . K Euk Sm G SMX2 E E s H H E E H s s s s E 2 1 - -

3 3 3 ... K LSm2 LSM2 E s H H E E H s s s s s E 2 2 2 1 

2 1 1 . K Euk-C LSm3 LSM3 E H H E E H H s s E 2 - 2 -
2 2 1 .. K Euk-A LSm4 LSM4 E E s H H E E H s s s E s 2 2 - 2 

1 1 1 . E uk LSm6 LSM6 E E s H H E E s s E - - - 2 

1 1 1 . K-E Euk LSm7 LSM7 H H H E E H s s E - 4 2 -
1 - - . K Euk LSm1 E H s H H E E s s 2 - - -
1 1 1 . K-E Euk Lsm5 E s H H E E s s E - - 2 4 

1 1 1 . K-E Euk-C LSmB E s s H H E E s s s E - 1 - -

Table 4.5G : Catalytic Step 1 1  and late acting proteins 
MacCiade Catalytic step 11 

A B C  and late acting proteins Protein Names Hu M u  Ce Or An Se Sp Ne Ar Os Pf Py Tp Pf* Eh Gl 

EA K A H uman See re 

1 1 1 *H K Euk Prp 1 6  Prp 1 6  E s H H E E s s s 3 2 3 

1 1 1 *H Euk Prp22 Prp22 E H E E H s s H 2 2 3 

1 1 1 *H Euk Prp43 Prp43 E E H H H E E H 2 2 3 

1 1 1 *H K-E Euk Slu7 Slu7p E s H H H E E H s 2 2 -
2 1 1 *H K Prp1 7 Prp 1 7  E s H H H E E H s s H 2 3 ? 
- - - Prp1 8  Prp1 8  E s s E E H s H s 2 - 4 

Table 4.50 : Protei ns associated with the Minor spliceosom e  
MacCiade 
A B c M inor-Splicing Hu M u  Z Ci Ce Dr An Ar Os Ec Pf Eh Gl 
- - - U 1 1 -25 E s s 2 s s - - - -
- - - U 1 1 -35 E s s 2 s s s 4 4 - -

- - - U 1 1 -48 E s s 3 - - - -

- - - U 1 1 -59 E s s - - - - -

- - - U 1 1 /U 1 2-20 E s s 2 s s - - - -
- - - U 1 1 /U 1 2-31 E s s 3 s s s - - - -

- - - U 1 1 / U 1 2-65 E H s 2 s s s s - - - -

- - - C 1 1 4  E s 2 H s s - - - -

- - - YB1 E E 2 - - - -

- - - Toe-1 E E 2 H - - - -
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Table 4.5 1 :  SR proteins 
M acCiade 
A B c SR Proteins Protein Names Hu Mu X Z Ce Or An Se S_p Ne Ar Os Pf Py Tp Pf* Eh Gl 

EA K A Human See re 

- - - K-E SRp75 E H s s H H s s 3 - -

- - - SRp54 SFRS1 1 E H s H s H s s H - - -

1 1 - K-E Euk-A-S SRp55 E H s s H 3 3 3 
- - - SRp40 Srp40p E E s E E s - - 4 
- - - SF2 ASF E H s E E H E s s s 2 - 4,-· 
- - - C,D,H 9GB E H E s 2,2· - 4,-· 

1 1 - Euk-S-Sp SC35 E s H S  E H E E s s s H 3 4 -

1 1 - SRp30c E H E s 3 3 3 
- - - C,D,H hTra2 E s S H  E H 3 ? -

- - - SRp20 E E H S  3 - -

1 1 - K- E SRm300 E s 3 3 -

1 1 - SRm160 E E H H s 3 3 -

Table 4.5J: Spliceosomal p roteins also associated with other cellular even ts 

MacCiade Other 
A B C  cellular events Protein Names Hu M u  X Z Ce Or An Se Sp Ee Ar Os Pf Pv Lm 0 Pf* Eh Gl 

EA K Human Se ere 

1 1 1 **H UAP56 S U B2 E s H H  H H E E H s s 2 1 2 
2 - - TAT-SF1 CUS2 E H H H H E E H s H H H ? 3 -

1 1 1 . SKI P Prp45 E s E E s 2 2 -

1 1 - TH02 Rlr1 E s s E H H E s H H H 3 3 -
- - - H P R 1  E s E - - -

1 1 1 . hPrp4 kinase E E s s H s s H ? 3 2 
1 1 1 . TEX1 E H H H H E H 2 2 ? 
2 1 - XAB2 SYF1 E H H H H E s H H H H H 3 3 -

1 1 - CA1 50 E s H H H H 3 3 3 
- - - CF 1-68 E s H H H - - -
1 1 1 . CF 1-25 E s H H H H H H s - 2 -
- - - ASR2B E E E H H H - 3 -
- - - c K-E Aly YRA1 /Rai E E E - 4 2 
2 2 2 ... PABP PAB 1 E E E E E E E 2 3 2 

Table 4.5 K :  Proteins associated with the Pro 1 9  com olex 

MaeCiade Prp1 9 complex 
A B C  (NTC) Protein Names Hu M u  Z Ce Or An Se Sp Ne Ar Os Pf Py 0 Pf* Eh Gl 

EA K Human Se ere 

1 1 1 .. K CDC5L C E F 1  E s s H H H E E H 2 2 3 

2 1 1 **H K-E Prp5 Pr/ 1 p  E H H H H E E H H H H H H 2 2 3 

2 - - . fSAP33 ISY1 E H H H H E E H H H H ? 2 -
1 1 1 . hCrn C L F 1  E H s H E H E s H s 1 2 -

1 1 1 . PLR G 1  Prp46 E s H H H E E s E 1 3 2 

2 2 - .. K-E Prp1 9 Prp19p E s H H H E E H s s H H H 2,2· 3,3· 3,3· 

Table 4.5L :  Protei ns associated with the Exon-Junction com plex 

M acCiade 
A B C  EJC-associated Protein Names Hu Mu X Z Ce Or An Se Sp Ne Ec Ar Os Pf Py D Pf* Eh G l  

EA K A Human Se ere 

1 1 - Y 1 4  E s s E 3,3° 3,4° -,-* 
2 2 2 ... Magoh E H E s E H s H s E s s 2 2 -
- - - K RNPS1 E s H s H H E H ? 4 -
- - - K-E Euk CBPBO Sto1 E H H H E s s E s - - -

2 2 2 ... K Euk CBP20 Cbc2 E s E S s s H E s E s E s s s s 2 ? -
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Table 4.5M : Other D ExD/D ExH proteins 
M acCiade Other DExD/H 

A B C  proteins Protein Names Hu Mu X Ce Dr An Se S_Q_Nc Ec Ar Os Pf P_y_D Pf* Eh Gl 

EA A Human Scere 
1 1 - *H Euk Prp2 E E H E H ? 2 3 

1 1 1 * H Abstrakt E s s E H s E s H 1 2 2 

1 1 - * H p68 D PB2 E S E H H E E H s H H ? 2 3 

Table 4.5N : Other splicing proteins 

M acCiade Other Splicing 
A B C  Proteins Protein Names Hu Mu X Z Ce Dr An Se S_Q_ Ne Ec Ar Os Pf � T_Q_ D Pf* Eh Gl 

EA K A Human Se ere 

1 1 1 ** K Euk U2AF65 M U D2 E E s E E H E E H E E s s ? ? 2 
2 2 2 *** K-S Euk U2AF35 E s E H s H E E E s E E s s E 2 1 -

2 2 1 ** K SF1 MsiS E H s E E H E E H s s s 2 2 L 
1 1 1 ** fSAP 1 1 8  E H H H 2 2 1 
1 - - K-E TIP39 Ylr424w E s H H H E H H s H H s - - -

- - - Euk-C-S SPF45 E E ? - -

- - - K LUC7A Luc7p E E E - - 3 
2 1 1 ** M FAP1 E s s s s H H s H s s H 1 2 -

2 2 1 **H IFN4 FAL 1  E H H H H H E s s s s s s 2 2 2 
1 1 1 ** RHA E s H H s s 2 2 3 
1 1 1 ** CCAP2 E H H H s s H H s s 2 2 -

- - - SPF31 E s s H H E H H s s 2 4 ? 
- - - R E D  E H s s H H H 2 - -

1 1 - P U F60 E H E H s ? 3 3 
- - - DGSI E s H H H H 3 - -

1 1 1 ** fSAP 1 5  YCR903 E E S H H H E s H s s s s s s 2 - 4 
- - - fSAP29 E s s H H H H H H H 2 4 4 
1 1 - OTT E s H H H - 3 3 
- - - I MP3 E E s s s E H s H s 2 - -

- - - fSAP94 E H S H H 2 - -

1 1 - fSAP59 E s s H H H 2 3 3 
2 - - GCFC E s H H H s H H H H H - 3 -

1 1 - fSAP57 PFS2 E E 2 3 3 
1 1 - fSAP 1 64 E E H H s H H H 2 3 ? 
- - - fSAP 1 1  E s H H H - 2 -

1 1 - fSAPa E H H H H H 2 - 3 
1 1 - fSAP 1 1 3  E 2 3 3 
1 1 - S PF38 E 2 3 3 
- - - S PF27 E E 2 - -

1 1 - CrkRS CTK1 E H H H H E 3 3 3 
- - - fSAP 1 8  E H H H - - -
- - - fSAP 1 05 E H H H H s H - - -

- - - fSAP 1 2 1  E H E H - - -
- - - fSAP79 E s s s H H H H - - -
- - - fSAP24 E H H H H H - - -

- - - SPF30 S pf30 E - - -

- - - SN P70 E H H H - - -
- - - NAP E s s H H s H H H H - - -

1 1 - Z N F207 E H H H H H 3 - 3 
- - - fSAP71 E H s s H H 3 - -

- - - WTAP E 3 - -

- - - fSAP 1 52 E - 3 -

1 1 - SHARP E s s 3 3 3 
- - - C I R P  E E s ? 4 4 
- - - F B P3 E 3 - -

1 1 - fSAP35 E H H 3 3 4 
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Key: 
EA 

K: 

An 

The number of * indicates the increased likelihood of the protein being present in the 
eukaryotic ancestor ( * - low likelihood to * * *  - very high likelihood).  
H indicates that this protein i s  a member of the RNA-Helicase protein family. 
C indicates that this protein is a member of the cyclophilin protein family. 
Data from Koonin et al. 2 004. (genomes searched are indicated in methods section) 
K Protein present in all 7 genomes. 
K-E All genomes except Ecz. cuniculi. 
K-S All genomes except S. cerevisiae. 
K-C All genomes except C. elegans. 

Euk 
Euk-S 
Euk-C 
Euk-A 

Protein present in all eukaryotic genomes tested in (Anantharaman et al. 2002 ) .  
Protein not found in S cerevisiae. 
Protein not found in C. elegans. 
Protein not found in A. thaliana. 

Euk-A-S Protein not found in A. thaliana or S cerevisiae. 
Euk-S-S Protein not found in S. cerevisiae or S pombe. 
C,D,H Protein found C efegans, D melanogaster and humans only. 
Arch Protein also found in Archaea 

This study: E Experimental evidence. 
S Sequence similarity 
H Hypothetical sequence. 
An empty cell indicates that this protein has not been identified in this species n or could a 
homologous sequence be recovered. 

Candidate sequences are ranked 1 -4 with 1 having the highest confidence (Rankings are 
explained in full in the methods section) 

a indicates that the results were found using the ASR technique. 
? indicates that the results were uncertain. 
- indicates that a candidate sequence could not be found. 
Species n ames are shown in full in Table 4 .2 .  

Colour coding: 
Animals 
Yeasts 

blue (vertebrates in darker blue) 
red 

brown, Microsporidia 
Plants green 
Basal eukaryotes purple. 

Results from BLAST searches of basal eukaryotes are shown in black. 
Ec* and Pf" separate these candidate sequences obtained using local BLAST searches from 
sequences in from these organisms in purple that were obtained from the literature and other 
sources. 
A column with no entries is not shown. 

MacClade Results 
Run A: { E ,  S, H, 1, 2 , 3 } 1 ; { -, 4} 0 ; { ?} "� 

Run B :  { E , S, 1 , 2, 3 } l , { -, 4 }  O; { ?, H} = ?. 
Run C: { E ,  S, 1 ,  2 } I ; { - ,  4, H, 3, ? } 0 .  

Scores: 3 
2 

protein highly likely present in eukaryotic ancestor (Ancestor positive). 
protein likely present in eukaryotic ancestor (Ancestor equivocal). 
protein low likelihood of being in eukaryotic ancestor (Ancestor negative but 
protein present in at least 2 basal eukaryotic lineages. 
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U l snRNP-specific proteins: (Table 4.5A) 

Ul-A, Nam8, Ul-C. UJ- 70, Prp40, Snu56, Snu71 , Usal, Prp39 and Ul l-35 

The U 1 snRNP binds to the mRNA in the pre-spliceosome and leaves the spliceosome 

before the first step of catalysis (see F igure 4.2). I t 's  function in the early stages of splicing is  

in  the recognition of the 5'splice-site on the pre-m.RNA (Labourier and R io 200 1 ). Although 

the S m-core group of proteins (BIB', D l ,  D2, D3, E, F and G) are associated with the 

U 1 snRNP, these proteins also bind to the other snRNPs and will be covered in the Srn!Lsm 

core proteins section. Results for the U1 snRNA-specific proteins are shown in Table 4 . 5A and 

are described below. 

The 0 1 -70 and U1 -C proteins interact with the Sm-core proteins during U 1 snRNP 

assembly (Nelissen et al. 1 994) whereas U l -70 and U l A  interact with the U l snRNA 

(Labourier and Rio 200 1 ) . The U 1 -A protein also plays a role in cap modification in 

trypanosomes linking splicing and polyadenylation in these excavates (Tschudi and Ullu 

2002). U l -A candidates were found in G. Lamblia, Ent. histolytica and P. jalciparum, having 

previously been found in animals, yeast and plants and thus was likely present in the 

eukaryotic ancestor. U l -C has also been found in crown eukaryotes and candidate sequences 

were recovered from Ecz. cuniculi, P. falciparum and Ent. histolytica but a candidate could 

not be found in G. Lamblia. I t ' s  presence in crown and basal eukaryotes suggest that U l -C was 

also present in the eukaryotic ancestor. The U 1 -70 protein binds to the AFS/SF2 splicing 

factor to promote binding to the 5'splice-site (Forch et al. 2003) and contributes greatly to the 

exon-definition mechanism of splice site recognition. It has been found across crown 

eukaryotes and a candidate was found in P. falciparum. However, the results from Ent. 

histolytica and G. Iamblia were unclear. This protein has been characterised from 

trypanosomes (Tschudi and Ullu 2002). U l -70 was also placed in the eukaryotic ancestor. 

Yeasts contain a number of additional U l snRNP-specific proteins. Prp40 aids in the addition 

of the U2 snRNP to the pre-spliceosomal complex but is also involved in the export of 

proteins out of the nucleus (Murphy et al. 2004). There is some similarity between the yeast 

Prp40 protein and FBP 1 1  protein from humans (Alien et al. 2002) but FBP l l has not yet been 

implicated in splicing. Prp40 has been found S. cerevisiae, S. pombe and N crassa and a 

candidate sequence was found in Ecz. cuniculi indicating that Prp40 was likely present in the 

fungal ancestor. However, candidates were also found in P. jalciparum and Ent. histolytica 

indicating a possibility that Prp40 could have been present in the eukaryotic ancestor. 

The Prp39 protein (Lockhart and Rymond 1 994) and is required to stabilise the 

U l  snRNP complex to the 5'splicesite. It has been found in yeasts and plants but not in animals 

and candidate sequences were found in Ecz. cuniculi, P. falciparum and Ent. histolytica. This 

suggests that Prp39 may have been present in the eukaryotic ancestor and have either been lost 

from animals, or no longer contain enough sequence similarity to be considered protein 
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homologues. The S. cerevisiae-specific proteins (Snu56, S nu65, Snu7 1 and Usa 1 )  have not 

been found to date in any other eukaryote (Gottschalk et al. 1 998) and were not found in any 

basal eukaryotes during this study. Such findings are reassuring in that these proteins act as 

negative controls (i .e .  to ensure that not every protein was found in basal eukaryotes). 

U2snRNP-specific proteins: (Table 4.5B) 
Sap I 55, Sapl..f5, Sap130, Sap l l4, Sap62, Sap61, Sap..f9, U2-A ', U2-B", Ist3, Rd\"3, SF3bl4b and 

SF3bl0b 

The U2 snRNP binds to the branch-site of the pre-mRNA early in splicing resulting in 

the bulging out of the branch-site-adenosine and completing the pre-spliceosome (see F igure 

4. 2). Results for the U2-specific proteins are shown in Table 4 .5B.  The majority of the 

U2snRNP-specific proteins belong to two U2snRNP-specific protein complexes (SF3a and 

SF3b). The first protein complex, SF3a consists of S ap6 1 ,  Sap62 and Sap 1 1 4 (Will et aL 

200 1 ) . None of the S F 3a proteins are found in the minor spliceosome, indicating that either 

SF3a is not a component of the minor spliceosome (or conversely, have been disassociated 

during minor spliceosome preparation) (Will et al. 1 999) All of the three SF3a proteins 

(Sap6 1 ,  Sap62 and S ap 1 1 4) have been characterised from crown eukaryotes and candidate 

sequences were found in basal eukaryotic genomes (Sap62 was recovered from P. falciparum, 

Ent. histolytica and G. Iamblia whereas Sap6 1 and Sap 1 14 were recovered from P. falciparum 

and Ent. histolytica). 

The other complex, SF3b (containing the P 1 4, Sap49, Sap1 30, Sap l 45 and Sap 1 5 5 ,  

Rds3/SF3b l 4b and SF3b 1 0  proteins) has been shown to be present i n  both the major and 

minor spliceosome (Golas et a! 2003) .  Two proteins of the SF3b complex, P 1 4  (interacts 

directly with Sap 1 55 and also interacts directly with the branch site adenosine of the intron) 

and Rds3 (required for stable U2snRNP recruitment to the spliceosome) (Wang and Rymond 

2003) are well conserved across eukaryotic species and are good candidates for being present 

in the eukaryotic ancestor. Other SF3b proteins, Sap 1 55 ,  Sap l 45 and Sap49 are also 

conserved across eukaryotes and good candidates for being present in the eukaryotic ancestor. 

Sap 1 30 was only recovered confidently from P. falciparum in addition to sequences found in 

crown eukaryotes indicating a lower likelihood of being present in the eukaryotic ancestor. 

SF3b l 0 protein sequences have been difficult to locate and thus not been analysed in this 

study 

The U2-A' and U2-B" proteins associate stably with U2snRNA (Will et a! 200 1 )  and 

are found throughout the crown eukaryotes. Candidate sequences recovered from basal 

eukaryotes makes them likely to have been present in the eukaryotic ancestor. The S. 

cerevisiae-specific protein I st3 did recover some candidate sequences from P. falciparum and 

Ent. histolytica but since this protein has not yet been identified from other crown eukaryotes 

it has not been placed in the eukaryotic ancestor. 
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Overall, most of the U2snRNP-associated proteins may have been present in the 

eukaryotic ancestor. The SF3a and SF3b complexes may have been similar to what is seen in 

extant eukaryotes. S ince U2snRNA is thought to be part of the spliceosome catalytic core then 

this is evidence that the entire U2snRNP evolved into a sophisticated complex before, or 

within, the eukaryotic ancestor. 

U5snRNP-specific proteins: (Table 4.5C) 

Prp8, Brr2, Snu/ 14, Prp6, Prp28, Snu40, U5-40, U5-15, PSF and P54nrb 

The U5snRNP is required for both steps of splicing interacting with both the 5' and 

3'splice-sites of the rnRNA (Dix et al. 1 998) and is the only snRNP found in all three types of 

splicing. The yeast U5snRNP has fewer proteins than its mammalian equivalent and contains 

Prp8, Brr2, Snu 1 1 4, Prp28, Snu40 and the Sm proteins (Stevens et al. 200 1 )  while the human 

U5snRNP additionally contains Prp6, the U5-40 protein and the U5- 1 5  protein (Zhou et al . 

2002). The S. cerevisiae Dib l (U5- 1 5  homologue) has been found not in the U5snRNP but in 

the U4/U6. U5 tri-snRNP (Stevens et al .  200 1 )  but for convenience is dealt with in this section. 

Results of the U5snRNP-specific proteins are shown in Table 4.5C. 

U5snRNA associated proteins such as Prp8 and Brr2 are found throughout crown 

eukaryotes and also in a number of basal eukaryotes including G. Iamblia (Nixon et al. 2002) 

Trypanosoma brucei (Lucke et al. 1 997) and Trichomonas vaginalis (Fast and Doolittle 1 999). 

The Prp8, Snu l l 4  and U5-40 proteins interact with each other forming an RNA-free complex 

which then interacts with the U5snRNA (Dix et al. 1 998) .  The Prp8 protein is the largest and 

most highly conserved protein in the spliceosome (Kuhn et al. 2002). It spans the entire 5' 

stem loop of U5snRNA in both yeasts and humans indicating that not only is the protein 

highly conserved but also is conserved in its interactions with the U5snRNA and interactions 

within the U5snRNP (Urlaub et al. 2000). This protein may stabilise the fragile interactions 

between the U5snRNA and the non-conserved exon sequences at the splices sites, anchoring 

them in the catalytic centre of the spliceosome (Dix et al. 1 998). 

Early steps in splicing catalysis include the unwinding of the U l snRNA/5'splice-site 

helix and unwinding of the U4/U6 helices.  These unwinding events are thought to be catalysed 

by two DExD/H-box RNA helicases, Prp28 and Brr2 respectively (Kuhn et al .  2002) .  Recent 

studies indicate that Prp8 coordinates the functioning of Prp28 and Brr2 by inhibiting their 

activity until spliceosome assembly is complete and correct (Kuhn et al .  2002). 

Prp8 is  also involved in the recognition of the pyrimidine tract and the 3'splice-site 

suggesting a role in the regulation of the second splicing step (Dix et al. 1 998). However, its 

highly conserved sequence contains no distinct RNA binding or other recognisable motifs that 

may give clues to its function (Dix et al .  1 998). With such a variety of important interactions 
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within the spliceosome it is easy to see why Prp8 is so highly conserved and it is not hard to 

place it within the eukaryotic ancestor. 

Brr2 has been shown to interact with a number of proteins (including Prp2, Prp8, 

S lu7, U l -C and Snu66) and also mediates the recruitment of Prp1 6  to the spliceosome (van 

Nues and Beggs 200 1 ). It also interacts with a number of non-splicing proteins involved in 

signal transduction and transcription in yeast (van N ues and Beggs 200 1 ) . Prp28 has an 

important role by displacing U 1 snRNP from the S'splice-site (Chan et al. 2003 ) .  The Brr2 and 

Prp28 DExD/H RNA helicases are highly conserved in crown and basal eukaryotes but have 

the added complication that DExD/H RNA helicases share contain highly conserved motifs 

making positive identification from Blast results difficult; without care a wrong identification 

could be made. Brr2 is extremely conserved and the basal eukaryotic candidate sequences 

could be treated with a higher confidence than for the other DExD/H RNA helicases recovered 

during this study. Both Prp8 and Brr2 are components of both the major and minor 

spliceosomes (Luo et al. 1 999) and can be placed with confidence in the eukaryotic ancestor. 

Prp28 is a member of the DExD group of proteins is placed in the eukaryotic ancestor and is 

reviewed in that section. 

Snu 1 1 4 plays an important role in the dissociation of the U4snRNA from the 

U6snRNA during spliceosomal activation by triggering the function of Prp8 and/or Brr2 

(Bartels et al. 2003). It is also required for the stable formation of the U4/U6. UStri-snRNP 

and may be required later in catalysis to locate the 3 'splice-site so that both exons can be 

precisely aligned by the USsnRNA (van Nues and Beggs 200 1 ). Snu l 1 4  shares strong 

homology to the ribosome translocating factor EF -2 (Dix et al. 1 998), thus it is difficult for 

sequence similarity programs such as BLAST to distinguish between these two proteins. 

Snu 1 1 4 from vertebrates and yeasts has been biochemically analysed and has possible 

homologues in plants. Some candidate sequences were recovered from basal eukaryotes which 

upon domain analysis are more likely to be Snu 1 1 4  than EF-2 proteins. T hus Snul 1 4  was 

likely to be present in the eukaryotic ancestor. 

The US- 1 5  protein (Dib l p  in S. cerevisiae and Dim l p  in S. pombe) has a highly 

conserved sequence across crown eukaryotes (Zhang et al. 2 000) and has roles in splicing and 

cell cycle progression (Berry and Gould 1 997). Candidate sequences were found in a number 

of basal eukaryotes, and thus US- 1 5  was also placed in the eukaryotic ancestor. 

Snu40 has been shown to be important in U5snRNP assembly but is not present in the 

U4/U6.U5.tri-snRNP complex (Stevens et al .  200 1 )  meaning that this protein leaves the tri­

snRNP before spliceosome activation. Candidate sequences were found in P. falciparum and 

Ent. histolytica and since Snu40 is found in both crown and basal eukaryotes it was placed in 

the eukaryotic ancestor. 
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Prp6 has been shown to be important for the U4/U6. US tri-snRNP complex formation 

and may act as a bridging factor between the US and U4/U6 snRNPs (Makarov et al. 2000). It 

has been found in crown eukaryotes and there is a possible candidate in P. falciparum but 

results were unclear in two of the other basal eukaryotic genomes (G. Iamblia and Ent. 

histolytica) . G iven this uncertainty Prp6 was given a lower likelihood of being present in the 

eukaryotic ancestor. 

One US-snRNP-associated protein that cannot, as yet, be placed in the eukaryotic 

ancestor is PSF and a closely related sequence PS4nrb (Shav-Tal and Zipori 2002). PSF binds 

to the polypyrimidine tract (Py tract) of vertebrate mRNAs and is an essential splicing factor 

during the second splicing step. In vertebrates, both PSF and PS4nrb form a complex with the 

USsnRNA and associate with the S'spl ice-site throughout splicing (Peng et al. 2002). Despite 

these proteins being essential for human splicing reactions, there have been no homologues 

found in yeast suggesting that either the yeast USsnRNP functions differently from humans, or 

that yeast contain an as yet identified functional homologue of PSF and PS4nrb Searches of 

basal eukaryotic genomes also fai led to find any viable homologous sequences although some 

small "motif' areas shared some simi larity. 

The S. cerevisiae-specific protein Aar2 (associated with the yeast USsnRNP but not 

with the U4/U6. UStri-snRNP and may affect snRNP recycling) was not found in any other 

species searched and is thus highly unlikely to be present in the eukaryotic ancestor. Thus 

nearly all of the USsnRNA associated proteins can be placed in the eukaryotic ancestor 

indicating that this snRNP that is required throughout splicing was already well establ ished 

within the eukaryotic ancestor. 

U4/U6snRNA-specific proteins: (Table 4. 5£) 

Prp24, Prp3, Prp4, Snu/3, Prp31, Cprl, RY-1,  Spp41 and Snu23 

The U4 and U6 snRNPs exist as separate entities but form a complex (U4/U6snRNP 

complex) prior to binding to the USsnRNP to form the U4/U6.UStri-snRNP complex that then 

attaches to the spliceosome. The assembly of the U4/U6snRNP, its recruitment into the pre­

spliceosome and numerous conformational changes of its snRNA components are not well 

understood (Gonzalez-Santos et al . 2002). U4-spec ific, U6-specific and proteins specific to the 

U4/U6 complex will be discussed in this section. Results from the U4/U6-specific proteins are 

shown in Table 4 .SE .  

The discrete U4snRNP (when not coupled with the U6snRNP) i s  not an  abundant 

species in yeast and may behave as a limiting factor in U4/U6. US tri-snRNP and spliceosome 

assembly (S tevens et al . 200 1 ). S nu 1 3  and Prp4 are associated with the S' stem-loop of the 

U4snRNA. Both Prp3 and Prp4 are required for spliceosome activation (Gonzalez-Santos et 

al .  2002) as Prp3 interacts with Prp4 and binds to the paired U4/U6snRNAs. The Snu 1 3  
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protein, as well as being an essential splicing factor, is also a component of yeast C/D­

snoRNAs and its function may extend to other cellular processes. It is present in the yeast 

U4fU4.U5 tri-snRNP but has not been found in the purified human tri-snRNP (Stevens et al. 

200 1 ) . All three of the above proteins (Prp3, Prp4 and Snu 1 3) were detected in at least two 

basal eukaryotic genomes and indicating that these U4snRNP-associated proteins were likely 

to have been present in the eukaryotic ancestor. 

Yeast U6snRNP contains Prp24 and the Lsm proteins (Stevens et al .  200 1 ). The Lsm 

proteins are discussed in a later section. Prp24 was only detected in P. fczlciparum and thus has 

only a low likelihood of being present in the eukaryotic ancestor. 

Prp3 1 is required for the U4fU6. US tri-snRNP assembly (Makarova et a! 2002). It 

remains bound to the U4fU6snRNP complex while binding to the U5snRNP-protein Prp6 

tethering the complexes together. Prp3 1 has been characterised in animals and yeast with 

candidate sequences found in some basal eukaryotes including G. Iamblia and h'nt. histolytica. 

This protein has also been reported in some archaeal genomes (Anantharaman et al. 2002) and 

is very likely to have been present in the eukaryotic ancestor ;and in this case even in the first 

eukaryote (Figure 1 . 5 page 6). 

Cpr l (also called USA-CypP) is a member of the cyclophilin protein family that is 

thought to have roles in protein folding or conformational changes but can also act as 

chaperones (Horowitz et al. 2002 ). During splicing Cpr I binds to Prp 1 8  and to the Prp3/Prp4 

complex but its function is still not clear. Although Cpr l candidates were found in Ec:::. 

cuniculi, P. falciparum, Hnt. histolytica and G. Iamblia, it cannot be ruled out that these 

candidates may in fact be other closely related cyclophilins. These basal eukaryotic candidates 

do however, suggest that at least one cyclophilin (either Cpr 1 or related to Cpr 1 ), may have 

been present in the eukaryotic ancestor. 

The S. cerevisiae-specific proteins, Spp4 1 and Snu23 ,  and the RY- 1 protein recovered 

some sequences similarity P. falciparum and Ent. histolytica. However, these candidates 

contained domain motifs and low overall levels of sequence similarity and these proteins were 

not placed in the eukaryotic ancestor. 

U4/U6.tri snRNA-specific proteins: (Fable 4.5D) 

Snu66, Sad and, Tri-snRNP27 

Three U4/U6. U5tri-snRNA specific SR related proteins (Tri-snRNP27, Sad 1 and 

Snu66) mediate the recruitment of the tri-snRNP to the pre-spliceosome during spliceosome 

formation (Gottschalk et al. 1 999; Makarova et al. 200 1 ) .  Results for these three proteins are 

shown in Table 4. 50. 

All three tri-snRNP-specific proteins ( S ad l ,  Snu66 and Tri-27)  recovered possible 

candidates from P. falciparum but only Sad !  recovered a candidate from Hnt. histolytica. 
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BLAST results from G. Iamblia were less successful with unclear results with Sad 1 and no 

sequences recovered with any Snu66 and Tri-snRNP27K proteins. 

The ancestral sequence reconstruction (ASR) was applied with Snu66 and Sad 1 to G. 

Iamblia and recovered a motif-associated area with Sad1  indicating a possibility that Sad 1 is 

present in G. Iamblia. ASR with Snu66 did not recover any significant hits against G. Iamblia 

but was present in other basal eukaryotes. The absence of a candidate recovered from G. 

Iamblia is not evidence that these proteins were not present in the eukaryotic ancestor, it is just 

that the approach used in this study is to only accept positive evidence. At this stage Sad 1 and 

Snu66 were given a low possibility of being present in the eukaryotic ancestor. 

Although the U4/U6snRNP complex and the U5snRNP ancestor and some U4/U6-

specific proteins (Prp3, Prp4, Prp3 1 ,  Cpr 1 ,  Snu l 3 and Prp24) were likely to have been present 

in the eukaryotic ancestor it is uncertain at present as to whether the U4/U6.U5 tri-snRNP was 

present as a single complex or as individual components. 

The SPF30 protein has been shown in humans to tether the U4/U6.U5tri-snRNP to the 

pre-spliceosome, apparently via interactions with the Prp3 protein (Schneider et al. 2002). 

Sequences for this protein have been difficult to locate and thus SPF30 has not been analysed 

in this study. The Prp38 protein from S. pombe (thought to release the U4snRNP from the 

spliceosome) (Lybarger et al. 1 999) recovered some animal, plant and Plasmodium sp. 

sequences during a search of protein databases there is still some ambiguity with these 

sequences that will need to be resolved before they are used for searching basal eukaryotes. 

Sm and Lsm proteins: (Table 4.5F) 

SmB '/B, SmDJ,  SmD2, SmD3, Sm£, SmF, SmG, Lsml ,  Lsm2, Lsm3, Lsm4, Lsm5, Lsm6, Lsm7 andLsmB 

Sm-core proteins (B 'IB, D3, D2, D 1 ,  E ,  F ,  and G) are found in both the major and the 

mmor spliceosomes (Hastings and Krainer 200 1 )  and are involved in the biogenesis 

(assembly) of the snRNPs. Sm-core proteins bind to a conserved Sm-binding site situated in a 

single-stranded region of the U 1 ,  U2, U4 and US snRNAs and are present in all major and 

minor snRNPs (Vidal et al .  1 999; Donahue and Jarrell 2002). Despite structural similarities, 

Lsm proteins play distinct roles from Sm proteins (Chan et al. 2003). Lsm proteins (Lms l ,  

Lsrn2, Lsm3, Lsm4, Lsm5, Lsm6, Lsm7 and Lsm8) play roles m the rearrangement of 

U6snRNP during splicing, and in promoting U4/U6 formation during recycling of the 

spliceosome (Chan et al. 2003; Liu et al. 2004). Results from searches of the Sm!Lsm protein 

group are shown in Table 4 . 5F .  Some of the Sm!Lsm proteins (SmE, SmF, SmG, Lsm l ,  Lsm3 

and Lsm5) have been found in both eukaryotic and archaeal genomes (Anantharaman et al. 

2002) and thus are good candidates for also being present in the eukaryotic ancestor as well as 

in the first eukaryote. Other Sm!Lsm proteins (SmB/B'3, SmD l ,  SmD2, S mD3, Lsrn2 and 

3 Sm B and B' are alternatively spliced products of the same gene (Vidal et al .  1 999). 
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Lsm4)  recovered candidate sequences in at least two basal eukaryotic species and are also 

l ikely to be present in the eukaryotic ancestor. Of the last three Lsm proteins (Lsm6, L sm7 and 

Lsm8), L sm8 recovered a good candidate from P. falciparum; L sm6 a possible candidate from 

G. Iamblia and Lsm7 a possible candidate in Ent. histolytica. Recently, Lsm2 to Lsm8 have 

been experimentally identified in Trypanosoma brucei (Liu et al. 2004) increasing the chances 

that these proteins were present in the eukaryotic ancestor. The Sm-core and the Lsm proteins 

have all been placed in the eukaryotic ancestor indicating by their presence that their key roles 

in splicing today may be ancestrally derived. 

lJ1 1/Ul2 snRNP-specific proteins (Table 4.5H) 

Recently a number of minor splicing-specific proteins have been identified from 

analysis of the human U l 1 !U 1 2 snRNP (Will et aL 2004) and the fruitfly U l l snRNP 

(Schneider et al. 2004). U l l snRNP-specific proteins, U l l -25,  U l l -35,  U 1 1 -48  and U 1 1 -59 

and the U l l /U 1 2-specific proteins U l l / 1 2-20, U l l / 1 2-3 1 and U l l / 1 2-65 have s imilar 

sequences in the mouse and zebrafish genomes and some of these are also found in the 

fruitfly, mosquito and some plant genomes (Schneider et aL 2004) (Table 4. 5 H). Searches 

against the C. intestinalis (sea-squirt) genome recovered candidates for most of these proteins 

(the U l l -59 being the exception). Candidates for three other U l l /U l 2-associated proteins, 

YB l ,  T oe- 1 and C 1 14 were also recovered from the sea-squirt These protein candidates, 

together with the presence of candidate sequences for the U l 1 ,  U 1 2  and U6atac snRNAs, 

strongly suggest the presence of minor splicing (as well as major and trans-splicing) in the 

sea-squirt. Searches of basal eukaryotic genomes failed to find any clear candidates for any of 

the minor-splicing proteins used in this study although small low homology sequences could 

be recovered by U l 1 -3 5  from P. falciparum and Ec::. cuniculi. At this time there lS no 

evidence to suggest that minor-splicing was present in the eukaryotic ancestor. 

Catalytic S tep 11 and late acting proteins : (table .f..5G) 

Prpl6, Prp22, Prp43, Slu7, Prp l 7  and Prp lR 

Protein interaction in the second catalytic splicing step can be divided into two stages; 

Prp 1 6  and Prp 1 7  activate the first stage, then Prp 1 8  and Slu7 activate the second stage 

(Chawla et aL 2003). Prp 1 8  weakly associates with the U5snRNP in yeast but not in animals 

and is involved only in the second step of splicing (Dix et al. 1 998). S lu7, Prp 1 8  and Prp22 

are essential in vitro (in vivo not yet determined) for the removal of introns with long distances 

between their branch site and their 3'splice-site (van Nues and Beggs 200 I ). After the second 

splicing reaction, A TP-hydrolysis by Prp22 releases the mature mRNA from the spliceosome 

( Gesteland et al. 1 999 ). Prp 1 7  has extensive interactions with a number of other splicing 

proteins (Prp1 8, Prp 1 6, Prp8, Slu7, Prp22) and also with the U2 and U5snRNAs. Prp 1 7  has 

an additional role in cell division (Chawla et al. 2003} Prp 1 7  and Prp 1 8  have candidate 
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sequences in P. faLciparum but only low homology or small motif areas could be found in G. 

Lamblia and Ent. histoLytica. Prp 1 6, Prp22 and Prp43 are DExD box RNA helicases and are 

dealt with in the section below. Slu7 recovered candidate sequences from P. faLciparum and 

Ent. histoLytica and has potential homologues in crown eukaryotes, and thus was placed in the 

eukaryotic ancestor. 

Other DExD/H Proteins: (fable 4. 5M) 

Prp2, Abstrakt, P68, P72, Prpl6, Prp22 and Prp43 

I n  S. cerevisiae, eight DExDIH proteins (Prp2p, Prp 1 6p, Prp22p, Prp43p, Brr2p, 

Prp5p, Prp28p and Sub2p/UAP56) have been identified as being required for pre-mRNA 

splicing (Jurica and Moore 2003). Seven additional proteins emerging have been found in 

mammalian spliceosomes (DICE 1 ,  Abstrakt, eiF4a3, DDX35, DDX9, KIAA0052, p72) 

(Jurica and Moore 2003). These DExDIH motif containing proteins are classed as RNA 

helicases and are essential to change the mRNA structural conformation at most stages of the 

splicing cycle. Some of these proteins are covered under different protein groups (Brr2, Prp28-

U5specific proteins; Prp5 - NTC proteins; UAP56 -Other important splicing proteins). 

Problems arise when searching for DExDIH proteins as they contain large conserved 

sequence motifs and often searching with one DExDIH protein wil l  find many proteins of the 

same family .  By comparing the length of the candidate sequence and the position of a motif to 

that of the query proteins, it is possible sometimes to narrow down the choices of proteins that 

are the most similar for that open reading frame, but this was not often possible with proteins 

containing the DExDIH motif. For example the G. Lamblia Contig 4 1  (9432- 1 3 868) is 1 478  

amino acids in length and was recovered highly with searches of  Prp 1 6, Prp22, Prp43 and 

Prp2 (also recovered at a lower level with other DExDIH proteins). From the lengths of known 

proteins used in this study, this protein could fit Prp 1 6, Prp22 or Prp43. 

Because not al l  the splicing factors that have been identified were able to be screened 

in this study there may be other DExDIH proteins that may also fit these candidate sequences. 

Searches of NCBI  databases with DExDIH protein candidates recover many DExD proteins 

with very similar scores. For this reason only the DExDIH proteins that showed outstanding 

homology, with no conflict with other DExDIH proteins (e.g. Brr2 and UAP56), were placed 

in the eukaryotic ancestor although it is l ikely that other DExDIH proteins were also present. 

SR p roteins: (fable 4.51) 

AFS;SF2, 9G8, Srml60, Srm300, Srp20, Srp30, Srp-10, Srp54, Srp55, Srp75, SC35 and Tra2 

SR (Ser-Arg rich) proteins are required for splice site recognition in all three types of 

splicing (major, minor and trans) (Hastings and Krainer 200 1 ;  Furuyama and Bruzik 2002; 

1 02 



Graveley 2004 ). They have also been shown to stimulate ex on inclusion in alternative splicing 

They contain a characteristic C-terminal 'RS '  domain of variable length, rich in serine­

arginine repeats that can be extensively phosphorylated (Portal et al. 2003) .  This  

phosphorylation can mediate regulatory interactions with other proteins. These proteins are 

commonly found in mammalian splicing (Hastings and Krainer 200 1 )  but are absent in yeast 

(Zhou et al. 2002). Some novel SR proteins have been found in Trypanosoma cru:::i (Ismaili et 

al. 1 999; Ismaili et al. 2000; Portal et al .  2003), evidence that SR proteins may have been 

present in early eukaryotes but may have been lost in some later lineages. Results from 

searches with SR proteins are shown in Table 4 .5 I .  

Candidate sequences for the proteins ASF /SF2 and 9G8 were recovered from P. 

lalciparum, but BLAST searches with other S R  proteins of P. falciparum, G. Iamblia and h'nt. 

histolytica returned at best, only motif-associated areas. ASR searching with 9G8 recovered a 

possible candidate in P. lalciparum but again only motif-associated areas in the other two 

genomes. 

The RS motif (the predominant feature of SR proteins), however, has been found 

almost exclusively in splicing related proteins (Portal et al. 2003) indicating that the motif­

associated areas found in P. falciparum, G. Iamblia and Hnt. histolytica may be part of novel 

SR proteins. The presence of the RS-domain in these three basal eukaryotes as well as the 

novel T. cru:::i SR proteins (protein sequences were not found) indicates that S R  proteins as a 

group may have been in the eukaryotic ancestor but no specific protein as yet can be ancestral 

to living eukaryotes 

Prp1 9  associated complex (NTC): (Table 1. 5K) 

Prp / 9, Cdc5 Cef, Snt309, Plrgl ,  Clfl 

The Prp 1 9  associated complex (NTC or nineteen complex) is required for the stable 

association of US and U6 snRNPs with the spliceosome after U4snRNP dissociation and for 

the dissociation of Lsm3 from the spliceosome during spliceosome activation (Chan et aL 

2003 ). The NTC has been isolated as a distinct unit indicating that its constituents bind 

directly with one another (Ohi and Gould 2002). The yeast NTC consists of Cefl p (CDCSL 

homologue), Snt309, Ntc3 1 ,  I sy l , Ntc20 and at least another six uncharacterised proteins. 

Another 30 uncharacterised proteins have been copurified with the human Cdc5/Cefl protein 

(Ohi and Gould 2002). Results of searches with NTC proteins are shown in Table 4.5K. 

Prp 19 itself is required to maintain the organisation of the NTC complex (Ohi and 

Gould 2002) and is associated with the spliceosome either after or simultaneously with 

U4snRNP dissociation. A Prp 1 9  candidate was found in P. falciparum but only motif areas 

could be determined from Ent. histolytica and G. Iamblia using both BLAST and ASR 
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However, Prp l 9  was recovered from D. discoideum and thus, Prp l 9  was placed m the 

eukaryotic ancestor. 

Prp5 and PLRG 1 /Prp46 are core components of the mammalian NTC (Ohi and Gould 

2002). A lthough Prp5 is a DExD/H protein, clear candidate sequences from P. falciparum and 

Ent. histolytica were recovered but only a motif-associated region was recovered from G. 

Iamblia. PLRG 1 also recovered candidates from P. falciparum and G. Iamblia with a motif­

associated region recovered from Ent. histolytica. Cdc51/Cefl is suggested to associate the 

whole NTC complex to the spliceosome and may also be involved in transcription and the cell 

division cycle (Ajuh et a l .  200 1 ). Cdc51/Cefl is also associated with PLRG l which as well as 

being an NTC-associated splicing factor is involved in cell shape maintenance and/or 

regulation of the cell cycle (Ajuh et al .  200 1 ). C dc51/Cefl candidate sequences were both 

found in P. falciparum and Ent. histolytica and a motif-associated area recovered from G. 

Iamblia. As all three of these proteins (Prp5, PLRG 1 and Cdc51) are found also throughout 

crown eukaryotes they are likely to have been present in the eukaryotic ancestor. 

Clfl is part of the NTC and promotes the functional integration of the 

U4/U6.U5trisnRNP into the pre-spliceosome (Wang et al .  2003). C lfl  recovered candidate 

sequences from P. falciparum and Ent. histolytica but no candidate could be recovered from 

G. Iamblia at this stage. This protein is also found throughout crown eukaryotes and was 

placed in the eukaryotic ancestor. 

Some NTC-associated proteins have been isolated during the large spliceosomal 

studies (e. g. Jurica and Moore 2003), but there is little information about how these proteins 

function in the NTC-complex or spl icing. fSap33 is one of these proteins, and is found 

throughout crown eukaryotes with candidate sequences recovered from P. falciparum and Ent. 

histolytica. There is as yet no known function for fSap33 but its distribution is indicative that 

it may have been present in the eukaryotic ancestor. 

Results here indicate that a number of NTC-associated proteins, as wel l  as Prp 1 9  

itself, were present in the eukaryotic ancestor, indicating that the NTC-complex as a whole is 

of ancestral origin. 

Coupling of splicing with other major cellular events: (I able 4. 5J) 

There are sti l l  several more complexes to consider. In today's  eukaryotes, almost all 

of the major events in the production of mature mRNAs are highly coupled with splicing 

(Lynch and Richardson 2002) and there are many interactions between various splicing factors 

and elongation factors to promote transcription elongation, mRNA export, transcriptional 

termination and polyadenylation. Some of the complexity of the spliceosome may be 

accounted for by proteins that are not essential for catalysis but instead play important post­

splicing roles (Nilsen 2003). Results from the search of these proteins are shown in Table 4. 5J. 
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Prp4Kinase (not to be mistaken with Prp4) is present in the yeast S. pombe and 

mammals but has not been found in S. cerevisiae (Kuhn and Kaufer 2003 ). It plays a key role 

in regulating splicing and in connecting this process with the cell cycle. A candidate 

Prp4Kinase sequence was found in G. Iamblia but results were uncertain in P. falciparum. A 

hypothetical sequence was found in Trypanosoma b rucei (through a search of this genome' s 

annotation) thus this protein was placed in the eukaryotic ancestor. 

The transcription cofactor Tat-SF 1 also occurs in the (major) spliceosome (Zhou et al. 

2002), interacts with snRNPs, and is thought to reciprocally activate transcription elongation 

and splicing. Additional transcription factors (e. g. CA1 50, Xab2 and Skip) as well as 

polyadenylation factors (e.g. CF 1 -6 8, CF 1 -25) are a lso found in the spliceosome (Zhou et al. 

2002). The proteins CA1 50, Tat-SF I and Xab2 recovered only at best motif sequence areas 

from P. falciparum, Ent. histolytica and G. Iamblia and were not placed in the eukaryotic 

ancestor. The S kip/Prp45 protein, recovered candidate sequences in P. falciparum and Ent. 

histolytica and was l ikely to have been present in the eukaryotic ancestor. 

Every protein that is in the TREX-complex ( involved in transcription elongation) may 

also be present in the spliceosome (Zhou et al. 2002), suggesting that transcription; splicing 

and export may all be coupled via this complex. B oth Aly (covered earlier and placed in the 

eukaryotic ancestor) and UAP56 are components of the T REX-complex. Aly is recruited to the 

mRNA during splicing and specifically interacts with UAP56. UAP56 has multiple tasks in 

spliceosome assembly, including dissociation of U2AF65 from the spliceosome (Luo et al. 

200 1 ) . Excess UAP56 is a dominant negative inhib itor of mRNA export and prevents the 

recruitment of Aly to the spliced mRNP (Luo et al .  200 1 )  U AP56 protein candidates were 

found in P. falciparum, Ent. histolytica and G. Iamblia as well as being present in crown 

eukaryotes and thus likely to have been present in the eukaryotic ancestor. The Aly protein 

recovered a candidate sequence in G. Iamblia, however Aly is a member of the closely related 

cyclophilin protein family and thus there is a chance that candidate sequences may in fact be 

other related cyclophilin proteins. Aly could not then be placed in the eukaryotic ancestor. 

Another TREX complex-protein Tex 1 recovered possible candidate sequences in P. 

lalciparum and Ent. histolytica and thus was p laced in the eukaryotic ancestor. Other 

components Tho2, Hpr l (Reed 2003), Asr2B, CF 1 -68kD and C F 1 -25kD recovered at best 

motif-associated areas and were not placed in the eukaryotic ancestor. 

The Poly A-binding protein (PabP) has been characterised in vertebrates, yeast and the 

basal eukaryote Leishmania major and has important roles in translation initiation and mRNA 

biogenesis, export and degradation (Chekanova and Belostotsky 2003). C andidates for PabP 

were found also found in P. falciparum and G. Lamblia and thus this protein was placed in the 

eukaryotic ancestor. 
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The U2-SF3b protein Rds3 (which has already been placed in the eukaryotic 

ancestor), as well as being an essential component of the U2snRNP, also i nteracts with the 

Yra 1 p export factor in yeast (this protein is not actually part of the spliceosome), showing 

another link between splicing and RNA export (Wang and Rymond 2003). The results shown 

here indicate that within the eukaryotic ancestor there may have already been strong links 

between pre-mRNA splicing and other cellular processes such as RNA export and 

transcription. 

Post- transcriptional EJC proteins: (Table 4. 5L) 

Y14, Magoh, Rnpsl, Cbp80 and Cbp20 

The exon-junction complex (EJC) consists of several proteins that, upon the 

completion of intron excision, are deposited on the mRNA product at a conserved position, 

20-24 nt upstream of exon-exon junctions (Nott et al .  2004). Core components include Y 1 4, 

Magoh and the Aly proteins, of which only Y 1 4  and Magoh remain stably associated with 

mRNA after nuclear export. The EJC contains several proteins involved in nonsense­

mediated-decay (the degradation of mRNAs containing premature stop codons) and in the 

cytoplasmic localisation of mRNAs. The splicing proteins Aly and Srp20 (an SR protein) join 

three other proteins (p 1 70, p95 and p57) at the mRNA contact region in the EJC. Once 

formed, the EJC is associated with mRNAs that are bound in the nucleus by the cap-binding 

protein Cbp80 but not with the mRNAs bound by the cytoplasmic eiF4E cap-binding protein .  

I t  is suggested that the entire EJC is exported, then dissociates from the mRNA in the 

cytoplasm. This mechanism has also been analysed in yeast suggesting conservation between 

yeast and animal systems (Reed 2003).  I n  C. elegans and D. melanogaster, Y l 4  and Magoh 

are required for late embryogenesis and proper gerrnline sexual differentiation indicating that 

the conserved interaction between Y 1 4  and Magoh proteins is important for multiple 

developmental processes in various organisms (Kawano et al. 2004). Spliced mRNAs exhibit 

increased translational yield as compared with no-intron mRNAs in mammalian tissue culture 

cells, much of which can be attributed to EJC deposition (Nott et a l .  2004). Results of searches 

for EJC-associated proteins are shown in Table 4. 5L .  

Of the proteins associated with the EJC complex, proteins that have already been 

placed in the eukaryotic ancestor are UAP56 and Aly. The SR proteins Srp20 and SRm 1 60 

recovered at best motif-associated areas and there was some uncertainty with Rnps 1 so these 

proteins were not placed in the eukaryotic ancestor. Candidates for the Magoh protein were 

recovered from P. falciparum and Ent. histolytica but there were no significant hits in G. 

Iamblia. Magoh is also found in vertebrates, yeasts and plants and was placed in the 

eukaryotic ancestor. However, Magoh's partner Y 1 4  recovered at best motif-associated areas 

with both BLAST and ASR from P. jalciparum and G. Iamblia but ASR searches recovered a 
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candidate with some low sequence homology from Ent. histolytica. As no clear candidate was 

found in any basal eukaryotes, Y l 4  was not placed in the eukaryotic ancestor. If Y 1 4  was not 

present in the eukaryotic ancestor then it is possible that the ancestral Magoh protein either 

worked on its own or with another protein which contained some of the properties of Y l 4  but 

not sequence similarity. 

Other Essential Splicing proteins: (Table 4. 5N) 

U2AF65, U2AF35, UAP56, fSapl l8, SFI 

Not all splicing factors can be conveniently grouped into any of the previous sections 

and are thus placed here. Results from searches with the proteins in this group are shown in 

Table 4 . 5N. Essential splicing factors SF l ,  Luc7a and U2AF (U2AF65 and U2AF35 subunits) 

play important roles in splice-site recognition during early spliceosome assembly (Fortes et al. 

1 999; Selenko et a! 2003 ). During this assembly phase the Ul snRNP binds to the 5'splice­

site, U2AF65 binds to the Py-tract and U2AF35 binds to the downstream AG dinucleotide 

respectively. Specific recognition of the branch point sequence is mediated by SF 1 (Selenko et 

al. 2003) .  The Py-tract is present in most animal introns but is absent from S cerevisiae 

introns, however U2AF subunits are still found in S. cerevisiae. Other roles of U2AF are to 

promote U l  snRNP recruitment to the 5 ' splice-site and U2snRNP recruitment by association to 

the RNA helicase UAP56 (Forch et al. 2003) .  A U2AF65 was recovered from G. Iamblia but 

results were uncertain in P. falciparum and h'nt. histolytica. U2AF35 has been characterised in 

T . brucei (known as U2AF23) and candidate sequences were recovered from P. falciparum and 

Ent. histolytica. C andidate SF 1 sequences were recovered from P falciparum, Ent. histolytica 

and G. Iamblia. Both U2AF subunits and SF 1 have been characterised throughout crown 

eukaryotes and in basal eukaryotes, and thus were likely present in the eukaryotic ancestor. 

Possible fSap 1 1 8 candidates were found in P. falciparum, G. Iamblia and h'nt. 

histolytica but will require further analysis to determine their validity because of the close 

sequence similarity between members of the RNA helicase protein family. L ittle is known 

about fSap 1 1 8 except that it is a helicase of the SKI2 subfamily and has been implicated in 

mammalian splicing. 

The IFN4/Fal 1 p protein 1s involved in 40S r ibosomal subunit biogenesis in S. 
cerevisiae (Forch et al .  2002) but it is also found in vertebrates and plants. IFN4 recovered 

candidates from P. falciparum, Ent. histolytica and Iamblia and although it is a DExD/H 

protein was placed in the eukaryotic ancestor. L ittle is known as to how this protein is 

involved in splicing other than it was isolated with spliceosomal complexes (Zhou et al. 2002) 

and thus it may not even be a splicing protein at all but merely caught up in the biochemical 

extraction of the spliceosomal complex. T his situation is the same for other proteins such as 
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Mfap 1 ,  Ccap2 and Rha that were also placed in the eukaryotic ancestor based on protein 

distribution data only. 

The Tip39 protein was originally identified as a tooth enamel protein (Paine et al. 

2000) but was later suggested to be a splicing factor due to its presence in a number of 

spliceosomal complexes (Jurica and Moore 2003). This protein recovered no candidates in P. 

falciparum, Ent. histolytica and G. Iamblia and thus was not placed in the eukaryotic ancestor. 

There were a number of other splicing proteins that did not recover any candidates in either P. 

falciparum, Ent. histolytica and G. Iamblia. This does not imply that these proteins are not 

present in these genomes, but merely that they were not found with any technique used in this 

study. 

4.4: Summary 

This study set out to determine if a spliceosome existed in the eukaryotic ancestor and 

if so, whether it was a simplified version of today's  spliceosomes or just as complex. What 

was found was that snRNAs and spl icing-specific proteins are found conserved throughout 

crown and basal eukaryotes indicating a probable ancestral presence. Conclusions drawn from 

the work shown in this chapter confirm the premise (Lynch and Richardson 2002) that introns 

and the spliceosomal machinery to process them, were present in the eukaryotic ancestor. 

Another major conclusion of this work is that the splicing process in the eukaryotic 

ancestor may have been very similar to that seen today in living eukaryotes, i .e. not simpl ified 

but just as complex. Al l  five major-splicing snRNPs (Ul ,  U2, U4, US and U6) are l ikely to 

have been present in the eukaryotic ancestor. These ancestral snRNPs, far from being 

simplified versions, may have contained most of the U-snRNP-specific proteins found in 

today' s  eukaryotes (Table 4.6). Other groups of proteins such as the Sm-core proteins (bound 

within each snRNP) and the Lsm proteins have also remained highly conserved throughout the 

eukaryotic lineage and have likely ancestral eukaryotic origins (Table 4.6). 

Some protein groups, however, have not been easy to characterise across eukaryotic 

lineages. Proteins that belong to highly conserved protein families (e. g. D ExD/H, cyclophilin 

and SR proteins) may be very similar in sequence to other members of the same family. This 

creates problems, both with sequence annotation in general, and in determining if a particular 

protein was likely to have been present in the eukaryotic ancestor. Sequence-linked properties 

such as length and predicted physiochemical properties (e. g. isoelectric point and amino-acid 

composition) are of l imited use in this situation because they are often shared by the other 

members of the family. Thus biochemical analysis including protein!RNA binding studies wil l 

be required for true identification for many of these spliceosomal proteins. Candidate 

sequences found using queries from members of a protein family may indicate however, the 

likely presence of that protein family and its distribution rather than the distribution of 
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individual members. For example, the presence of RS-motif sequences throughout crown and 

basal eukaryotes indicates that SR proteins that contain this motif are likely to have been 

present in the eukaryotic ancestor. 

Proteins in the Eukaryotic Ancestor .. 
Table Page . · Group Proteins 
4 .SA 89 U l -specific U l -70, U l-A, U l -C,  Prp40, Nam8, Prp39 
4 .SB 89 U2-specific Sap l S S , Sap 14S , Sap 1 30, Sap l l4, Sap62, Sap6 l , Sap49, 

U l -A, U 1-B, P 14,  Rds3 
4 .SC 89 US-specific Prp8, Brr2, Snu1 14 ,  Prp6, Prp28, Snu40, US-40, U5- 1 S  
4 .SE 90 U4!U6-specific Prp3, Prp4, Prp3 l ,  Cpr l ,  Snu !3, Prp24 
4 .SD 89 U4/U6. US-specific Snu66, Sad 1  
4 .SF 90 Sm/Lsm core SmB/B', SmD l ,  SmD2, SmD3, SmE, SmF, SmG, Lms l ,  

Lsm2, Lsm3, Lsm4, LsmS, Lsm6, Lsm7, Lsm8 
4 .SG 90 Catalytic Step I I  Prp 1 6, Prp22 ,  Prp43 
4 . SM 92 DExD-motif Abstrakt, P68 
4 . S I  9 1  SR proteins SF2, 9G8 
4 .SK 9 1  Prp 1 9-complex CdcSl, PrpS,  fSap33, Crn, Plrg l ,  Prp 1 9  
4 . S J  9 1  Other cellular events UAPS6, SKIP, Tex l ,  PabP 
4 .SL 9 1  Exon-junction proteins Magoh, Cbp20 
4 . SN 92 Other splicing proteins U2AF6S, U2AF23,  SF ! ,  fSapl 1 8, Mtap l ,  Ifu4, Rha, 

Ccap2 

Table 4.6: Summary of the 7S spliceosomal proteins likely to be present in the eukaryotic ancestor. 
Results tables and their respective page numbers are also listed. 

Some proteins however are species (or lineage specific), i .e. yeast-specific proteins 

not found in animals and vice-versa. Intron size, splice-site recognition and processes linked to 

the splicing mechanisms can differ between lineages. L ineage-specific splicing proteins are 

evidence that changes in splicing mechanisms were accompanied by compensatory changes in 

spliceosomal protein composition. 

Due to time limitations and the sheer amount of data that had to be obtained and 

managed, not all proteins identified as belonging to spliceosomes (Kaufer and Potashkin 2000; 

Lorkovic et aL 2000; Zhou et aL 2002; Jurica and Moore 2003) were used in searches during 

this study. The "parts-list" (Nilsen 2003) of the spliceosome may still not be complete as 

many other splicing-associated proteins are constantly being identified and new functions 

applied to those already identified. There are still relatively few splicing-associated proteins 

biochemically characterised from any of the basal eukaryotes (compared with the numbers 

characterised from yeasts and vertebrates), and as yet no complete spliceosomes isolated. 

Until then a complete picture of eukaryotic splicing (for all mechanisms in all eukaryotic 

lineages) cannot realistically be constructed but comparative studies can aid in sorting out the 

most likely scenarios for splicing in the eukaryotic ancestor. 

The distribution of major and trans-splicing indicate that both splicing mechanisms 

may have been present in the eukaryotic ancestor. Both major and trans-splicing mechanisms 

contain many similarities even in highly diverse eukaryotic lineages, thus it is more likely that 
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they were separate entities already in the eukaryotic ancestor than the converse view that each 

instance evolved separately in each lineage. This is especially true because the present work 

leads to the inference that the original spliceosome was complicated. Another option is that 

splicing mechanism similarities may be the result of horizontal transfer. This is unlikely as it 

has been found that genes involved in transcription, translation and relating processes, such as 

splicing, are rarely horizontal ly transferred (Jain et al .  1 999). The use of SL-trans-splicing to 

process polycistronic (many genes) mRNAs may have been lost or "downgraded" in some 

lineages ( i .e. mammals) with the advent of monocistronic (single gene) mRNAs. However, the 

abil ity to join two independently produced pre-mRNAs in a trans-splicing reaction has 

remained in l ineages that do not contain SL-trans-spl icing (Garcia-Bianco 2003). I t  is possible 

that multiple splicing mechanisms may have allowed more diversity in mRNA processing in 

early eukaryotes. Minor splicing has not yet been demonstrated in any basal eukaryotes and at 

this stage is not seen likely to have been present in the eukaryotic ancestor, but evolved 

sometime before the separation of plants and animals. Alternative splicing is found associated 

with al l  three types of splicing (major, minor and trans) (Boue et a l .  2003), present in  many 

diverse eukaryotic lineages and is an important mechanism in gene expression and regulation. 

Alternative splic ing is thought to have played a major role in genome evolution (Boue 

et a l .  2003). It is suggested that by allowing new exon inclusion or exclusion in one transcript, 

yet having the original transcript still present, alternative transcripts can be "trialled" within a 

cellular environment to al low a ' trial and error' approach for the evolution of gene structure 

(Boue et al .  2003;  Modrek and Lee 2003). I t  is therefore possible that alternative splicing was 

present in the eukaryotic ancestor and played an important role in the evolution of eukaryotic 

lineages. 

The distribution of intron characteristics throughout crown and basal eukaryotes was 

also examined during this study. I ntron characteristics can reveal a number of things about 

how they are managed. I ntron size (i .e . length) is constrained by the mechanism by which the 

boundaries between the introns and exons are recognised. The distribution of intron length 

over crown and basal eukaryotes indicates that in the eukaryotic ancestor, the introns were 

l ikely less than 1 000 nucleotides in length and may even have been shorter due to the 

predominance of short introns in the basal eukaryotes. Short introns use the intron-definition 

mechanism of splice-site recognition to recognise boundaries across the intron, compared with 

the exon-definition mechanism described in animals to recognise spl ice-site boundaries across 

exons. I t  is likely that the eukaryotic ancestor contained a mechanism to recognise splice-site 

boundaries but as it is still not known what mechanism(s) is used in the basal eukaryotes; 

neither intron nor exon-definition can be determined for the eukaryotic ancestor. 

This study did not investigate the introns-early (introns evolved early and lost from 

l ineages) versus the intron-late (introns gained in lineages) theories of intron evolution as it 
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did not examine whether a particular intron has been gained or lost from a lineage. Rather it 

characterised introns in general from each lineage. Due to the presence of alternative splicing 

in many lineages (a mechanism by which it is suggested an intron could be permanently 

inserted or removed (Kondrashov and Koonin 2003)), detailed analysis of the loss and gain of 

introns from specific proteins may not in fact reveal the nature of  the ancestral protein. 

A number of studies in the past (Anantharaman et aL 2002; Koonin et al. 2004) have 

used computational surveys of eukaryotic (and archaeal) genomes to uncover proteins that 

may have been present in "ancestral" organisms. However, until recently only a small number 

of crown eukaryotic genomes have been available for analysis. With genomic sequencing of 

species from a number of basal eukaryotic lineages, it is now possible, as was done in this 

study, to look closer at how these species are related and how their cellular mechanisms 

evolved. The biochemical analysis of complete spliceosomes and snRNPs (Jurica and Moore 

2003) combined with computational comparative genomics offers a powerful tool to study the 

evolution of splicing mechanisms. 

Splicing can now be seen as a fundamental aspect of eukaryotic life and appears to 

have evolved before the last ancestor of living eukaryotes. Contrary to the idea that splicing 

may have been a ' simplified' mechanism in this ancient organism it can now be suggested that 

this was not the case and that splicing and the spliceosome had already evolved in a 

sophisticated cellular process, already linked to other cellular processes such as transcription, 

capping, mRNA export and polyadenylation. This may not have been the case with the much 

earlier 'first' eukaryote (Figure 1 .6) and much study will be required to compare the 

spliceosomal process found in eukaryotes and the self-splicing mechanism of prokaryotes. An 

interesting prospect for the future 
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Chapter 5 Conclusions and Future Work 

"/ have often tried to picture you lying on a beach with absolutely nothing to do . . .  and the picture always ends 
with your head imploding. " - Babylon5 

Although conclusions and future directions have been dealt with, in part, at the end of each 

chapter, it is appropriate to sum up here the overall project. RNA processing systems are complex in 

eukaryotic organisms, but most of the research has been carried using data from the crown 

eukaryotes (i .e. animals, fungi and plants). With the completion (or near completion) of a number of 

basal eukaryotic genomes, we can now use comparative genomics to analyse the same systems in 

basal eukaryotes, and from there look at ancestral features conserved between the two eukaryotic 

groups. However, previously there have been relatively few ncRNAs and their associated proteins 

characterised from basal eukaryotes, resulting in the need for the extensive genomic searches 

undertaken as part of this project. Gene-finding software (that can be used with eukaryotic 

genomes) was designed initially for the crown eukaryotes, and is based solely on sequence­

similarity between the query gene and the target genome. Searching for sequence similarity between 

distantly related eukaryotes (such as between crown and basal eukaryotes) is often not successful, 

and resulted in the need to evaluate software parameters for searching basal eukaryotes, for both 

ncRNA and proteins. Collecting, storing and managing large volumes of diverse data indicated that 

data management systems were essential for comparative genomic projects. RNaseP was chosen to 

test search and data management strategies as it contained both ncRNA and protein components 

and, because of its ubiquitous nature, is expected to be found in basal eukaryotes. The principle 

study  in this project, the nature of the spliceosome in the eukaryotic ancestor involved all of the 

issues mentioned above,  and as a result characterised a large number of spliceosomal components 

conserved between crown and basal eukaryotes, leading to the perhaps unexpected inference that a 

complex spliceosome existed in the eukaryotic ancestor. 

5.1 : ncRNA identification 

ncRNA-search software is still at a relatively early stage (when compared to protein-search 

software) and it is likely that no one program alone will find every ncRNA within a genome. 

ncRNA-search software tested in this project may suit different types of ncRNA Future versions of 

RSEARCH (that are less processor-intensive than the present version) could become a first-pass 

option to quickly scan for an ncRNA before constructing alignments and/or descriptors. ERPIN 

may be useful in finding closely related RNAs (e.g. MicroRNAs) within a genome and RNAmotif 

used for the hard-to-find cases. 
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The RNAmotif software was modified during this study14 to effectively search eukaryotic 

genomes. Future improvements could include a graphical interface both for the building of 

RNAmotif descriptors and for running the RNAmotif software i tself. Graphical interfaces would 

make this program more accessible to the non-programmer, by helping to avoid annoying and time­

consuming syntax errors in descriptor construction. An extension idea could lead to a researcher 

using a graphical interface to input biological data, check a graphically-constructed model, then 

search a designated genome, without even having to view the descriptor code. For now, more 

immediate improvements to the RNAmotif software include; changes in the parallel implementation 

to allow automatic splitting of genomic databases (as is seen already in RSEARCH), multiple 

RNAmotif searches (a primary scan for essential motif regions fol lowed by an more detailed 

RNAmotif search on sequences found in the primary scan), and downstream post-processing for 

essential motifs. 

Work with the RNAmotif software highlighted the usefulness of a parallel computing 

facility such as Helix (http://helix .massey.ac.nz). The Helix cluster is a distributed-memory Beowulf 

c luster with 65 nodes ( 1 28 processors) running the Linux RedHat (version 7 .3)  operating system 

and communicating with the MPI  protocol. The ability to divide a genome into smaller pieces 

allows processor-intensive programs (such as RNAmotif) to be used practically in genomic 

searches, and is a key tool in the development of software that can then one day be run on smaller 

computer systems. 

In  general, ncRNA software is at present very programming-orientated (i .e. written for 

someone who understands computer programming). However, this is mostly because these 

programs are still in development. Once the development phase is completed, internet and graphic 

interfaces are l ikely to be included in the software to enable non-programming researchers to 

translate the biological knowledge into the required grammar, then to run their queries. 

The ncRNAs recovered from basal eukaryotic genomes during this project (U5snRNA and 

RNase P sequences) are being published, and also submitted to Genbank and Rfam databases. It is 

hoped that other ncRNA-researchers may be able to use this information profitably. 

5.2: ncRNA-associated protein ident ification 

Spliceosomal protein studies depended on the accurate prediction of protein homology, thus 

protein-search strategies were evaluated to test their effectiveness against basal eukaryotic genomes. 

BLAST and FASTA are the most popular and widely used sequence-similarity based software for 

protein searches. BLAST is incorporated into the NCB I database search facility and thus, is a very 

1� With the help of Dr. T. Macke, the principle programmer of the RNAmotif software. 
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usefu l  tool for finding homologous proteins from many species m a timely manner. However, 

sequence-similarity methods may be limited when searching basal eukaryotic genomes because the 

majority of the known protein homologues are from crown eukaryotes. The large evolutionary 

distance between crown and basal eukaryotes means that during a BLAST search of a basal 

eukaryote with a query crown eukaryotic sequence, candidate sequences are often recovered with 

low scores of statistical significance (i.e. scores that are too low to be confident of the identity) . 

During this project, methods were developed to evaluate these low scoring candidate sequences to 

determine their validity .  The first method was the use of comparative-blasting,  where homologues 

of the same protein from different species are blasted against a genome and results compared for 

consistency. A candidate basal eukaryotic sequence had increased validity if it was recovered with 

different crown eukaryotic query sequences (i.e. with animal, yeast and plant homologues). The 

second method developed to validate candidate sequences was back -BLASTing ;  where a candidate 

was used as the query against a number of test databases (i.e. NCBI databases, databases of similar 

proteins and against the genome from whence it came). Back-B LASTing revealed if the candidate 

sequence was the member of a protein family (grouping of proteins with similar sequences, motifs 

and function) .  These validation methods showed that BLAST could still be used for searching basal 

eukaryotic genomes, even when query proteins were only available from crown eukaryotic species. 

However, even with added validity checks, B LAST could not be expected to find 

candidates for some of the less conserved proteins associated with the spliceosome, so other 

methods were evaluated using RNaseP proteins. The ancestral sequence r econstruction (ASR) 

technique was developed during this project to aid in finding protein sequences from basal 

eukaryotes. This technique was successful in recovering candidate sequences from some basal 

eukaryotes that were not found using any other technique. Although the prediction of ancestral 

sequences has been used for many years in evolutionary and functional studies, its application to 

protein-searches is new. ASR was also combined with H MMer, another protein-search technique 

that constructs HMM-profiles from sequence alignments. It was found that ancestral sequences 

could fill-out an alignment, increasing values of statistical significance for any candidates. Two 

software packages (P AML and FastML) were used to infer th e  ancestral sequences, but there are 

other programs available . A comparison of ASR using a range of prediction software would be 

useful in developing this t echnique further . Development of ASR and ASR-HMMer techniques 

should also include testing with other protein datasets to understand the limitations of these 

techniques. 

As well as sequence-based software there are a number of programs under development 

that increase the use of a protein 's folding features in sequence search and analysis. These 
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programs, when they become available will offer advantages to searches that no longer rely only on 

sequence-similarity, which is often not conserved between the crown and basal eukaryotic 

sequences. 

5.3: Data management in the post-genomic era 

Data management is becoming more important now in the post-genomic era, than it has 

ever been in the biological sciences. Management systems are not only required to store the vast 

amounts of data being produced as increasing numbers of genomes are being sequenced, but also to 

pull together this information from different sources, to form a coherent view of a cellular 

environment. There are now many jigsaw pieces scattered over remote databases that can be easily 

accessed; the trick is finding each piece out of different databases, and then putting the puzzle 

together. Retrieving data from remote databases is often not straightforward and much information 

is missed due to inadequately annotated and referenced data. Natural-language keyword searches 

often fail to recover all the relevant data from a database as often genes have been given different 

names when they have been found in a number of species. For example, the RNaseMRP RNA gene 

in rat is not known as such but as 7-2 RNA. Multiple keywords and/or sequences have to be 

submitted in order to gain the maximum amount of relevant information from a database. Using the 

above example, RNaseMRP sequences from a number of vertebrates (human, cow and frog) can be 

obtained from the NCBI databases using the keyworks "RNase" and "MRP". However, the 

RNaseMRP sequence from rat can only be found using "7-2" and "RNA". Luckily in this case, a 

BLAST search of the NCBI databases with the human RNaseMRP can recover the rat homologue . 

This may not always be the case and data can be missed merely because of different naming 

conventions for different species. 

Once data has been retrieved, it needs to be effectively stored and managed. As was found 

with P-MRPbase and SpliceSite ,  the development of personal databases for genomic project 

management does not have to be complicated. With a small carefully constructed database,  loss of 

data and time (due to having to repeatedly find specific data) can be minimised, and data-mining 

supported to allow quick retrieval of required information. Designing, constructing and using a 

small database (e.g. P-MRP) was extremely useful in sorting out issues before working with a larger 

database (e.g. SpliceSite) .  There is a need for database construction and data management 

instruction at many levels. A study could be done to construct a relevant template database (one that 

can be downloaded and modified to suit requirements) so that users do not have to start from 

scratch each time. There is no doubt that the amount of genomic information available will continue 
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to grow, but there is now a great need for genomic management as well as genomic analysis skills 

in bioinformatics. 

5.4: RNaseP in the Eukaryotic Ancestor 

RNaseP was ideal as a test ncRNA-protein complex during this study before the larger 

spliceosomal complex was examined, but it is highly interesting in its own right. RNaseP activity 

has been found  in every cell examined and is encoded in bacteria, archaea, crown eukaryotes and 

some organelles (Xiao et al. 2002). To date, RNaseP has not been biochemically isolated from any 

basal eukar yote ( an extremely complex procedure) and thus, conclusions about RNaseP in the 

eukaryotic ancestor can only be preliminary. By  comparing components of RNaseP between crown 

and basal eukaryotes, it is possible to e xamine the nature of RNaseP in the eukaryotic ancestor . 

Crown eukaryotes are known to have 9- 1 0  proteins (depending on the species) associated with their 

RNaseP RNA but until now, nothing was k nown about RNaseP in basal eukaryotes. 

The RNaseP RNA candidates recovered from the basal eukaryotic genomes used in this 

study (G. Iamblia and Ent. histolytica) mostly r esemble their crown eukaryotic counterparts. An 

exception is in the P3-region of the RNaseP RNA, where a bacter ial-like structure is formed instead 

of the traditional eukaryotic-like structure. Secondary-structures were calculated by folding local 

regions with computer software, using the c onsensus RNaseP structures (from all three k ingdoms) 

as guides. The true secondary-structure can only be determined using sophisticated biochemical 

analysis that tests each nucleotide for binding. The RNaseP RNA candidate sequences from G. 

Iamblia and Ent. histolytica contain essential motif regions that are present in RNaseP RN As from 

all three k ingdoms (Frank et al. 2000) and there is confidence in their validity. It is hoped that once 

published these sequences will be exam ined further by researchers who specialise in eukar yotic 

RNaseP RNA 

RNaseP from basal eukaryotes, as expected, seems to be comprised of a s ingle RNA and 

multiple protein components, like that of crown eukaryotes and some archaea. Since a complete 

RNaseP c omplex has never been characterised from any basal eukaryote ,  it is unknown as to its 

total protein content. Four proteins (Pop 1 ,  Pop4, Pop5 and Rpp21 )  were characterised from G. 

Iamblia but, there are other proteins (Rpp 1 4, Rpp25 and Rpp30) that have been characterised in 

archaea that may also be present. There are d ifferences in the total protein complement between 

crown euk aryotes. Humans and the yeast 5. cerevisiae each contain an acidic protein (Rpp40 and 

PopS respectively) which bear no sequence homology to each other and are not found in any other 

species (Jarrous et al. 1 998). It is therefore possible that G. Lamblia also contains an acidic protein 

which could not be detected by sequence-similarity but would only be detected upon the isolation of 
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a complete RNaseP complex. For pre-tRNA catalysis, human RNaseP requires only the RNA and 

the Pop4 and Rpp21 proteins (Mann et al. 2003), all of which have been identified in G. Lamblia. 
Thus it is possible that a similar experiment could be done with G. Lamblia to investigate the 

catalytic properties of a basal eukaryotic RNaseP. 

With a number of proteins found conserved between the crown and basal eukaryotes (Pop 1, 

Pop4, PopS, Rpp21), or present in crown eukaryotes and archaea (Rpp 1 4, Rpp30, Rpp25, 

Rpp20/Pop7),  it is likely that the RNaseP present in the eukaryotic ancestor contained (as well as 

the RNaseP RNA) at least seven out of the 9 proteins found in humans. 

RNaseP in bacteria contains only one protein which has not to date, been found in any 

archaeal or eukaryotic genomes, but the archaeal RNaseP contains multiple proteins (Kouzuma et 

al. 2003). It is likely that the ancestor of eukaryotes and archaea had an RNaseP that contained 

multiple proteins. Further analysis of archaeal and basal eukaryotic RNaseP components could shed 

some light on RNaseP evolution and especially the ultimate RNaseP ancestor present in LUCA (the 

last common ancestor between eukaryotes, archaea and bacteria). Because RNaseP has been found 

in all organisms that have been studied, it is certainly expected to be found in basal eukaryotes. 

Because of this, RNaseP serves as an important control for the spliceosomal results that come next, 

as it was found using methods to find an RNP (ribonucleoprotein) complex that is expected to be 

present. That the same methods find another RNP complex, the spliceosome whose presence and 

complexity is unknown, gives additional confidence in the spliceosomal results. 

5.5: S plicing and the Spliceosome in the Eukaryotic Ancestor 

A major aim of this study was to determine if a spliceosome existed in the eukaryotic 

ancestor, and if so, investigate its complexity. The triple combination of intron analysis, the 

presence of both snRNA and of spliceosomal proteins is convincing evidence for the presence of a 

spliceosome in the eukaryotic ancestor. A surprising outcome was the number of spliceosomal 

components that are conserved between crown and basal eukaryotes. All of the major snRNAs, 

together with most of their specific proteins are conserved throughout eukaryotes and were thus, 

likely to have been in the eukaryotic ancestor. Other splicing proteins, including those known to be 

connected to other cellular processes, such as transcription and capping were also conserved. Of the 

153 proteins examined during this study, 75 were determined to have been present in the eukaryotic 

ancestor, indicating that the spliceosome present in the eukaryotic ancestor was not a simplified 

version of spliceosomes found in extant species, but of similar complexity. There is evidence to 

suggest that the present major splicing cycle ( Figure 4.2) is conserved across eukaryotes and was 

present, in a general sense, in the eukaryotic ancestor. 
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It is also likely that multiple splicing mechanisms may have been present in the eukaryotic 

ancestor. Maj or and trans-splicing h ave been characterised in diverse lineages in crown and basal 

eukaryotes. Although trans-splicing has not been described for a large number of lineages 

(nematodes, cestodes, sea-squirt and trypanosomes), its distribution and similarities between the 

systems found in these eukaryotes suggest a common ancestral mechanism. However, minor 

splicing ( found in animals and plants) could not be determined to be present in any basal eukaryotic 

lineage and could not be placed in the eukaryotic ancestor at this time. Alternative splicing has been 

found associated w ith all three splicing mechanisms (major, minor and trans) and was found 

throughout both crown and basal eukaryotic lineages. By allowing different mature transcripts from 

the same mRNA, alternative splicing is thought to have played a role in diversifying protein 

function throughout eukaryotic evolution (Boue et al. 2003). Given its distribution (as determined in 

this study) it is likely that the process of alternative splicing was present in the eukaryotic ancestor. 

This study could not screen all of the proteins known to be associated w ith splicing ( -200 

Jurica and Moore 2003) but concentrated on the most conserved, and hence proteins more likely to 

be found in basal eukaryotes. The list of splicing-associated proteins is b y  no means complete. 

During this study, new proteins were being characterised in the literature on a month ly basis and 

some proteins were reclassified into different groups. Proteins that were not included in this study 

included the H-Complex proteins (proteins that bind to pre-mRNA under conditions where splicing 

is not supported ; Jurica and Moore 2003 ).  Similarly many spliceosomal proteins found only in 

humans (Jurica and Moore 2003) were not tested, alth ough some species specific prote ins (e.g. from 

human and S. cerevisiae) were included as a negative control for the searches of basal eukaryotes .  

Although i t  was possible that some species-specific proteins may be detected i n  basal eukaryotes 

(and hence, would no longer be species specific) ,  we would not expect all to be found. Some 

proteins that had already been characterised in basal eukaryotic species (e.g. Prp8 and Brr2 from G. 

Iamblia ; N ixon et al.  2002) were used as positive controls. 

This study focused mainly on three basal eukaryotic genomes, G. Iamblia, P. falciparum 

and Ent. h istolytica representing three diverse eukaryotic lineages ( Figure 1 .3 ,  page 4 ). However, all 

three of these basal eukaryotes are also parasitic and it is unknown as to the effect that a parasitic 

life-cycle may have had on splicing and spliceosome composition. Many parasites show a loss of 

genes compared to their free-living relatives in a process called reductive evolution (Andersson and 

Kurland 1 998 ). As more basal eukaryotic genomes are completed, especially free-living relatives of 

the above species, it will be interesting to gauge any consequences of a parasitic lifestyle on intron 

and splicing characteristics .  
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There were 72 spliceosomal-protein sequences identified in G. Lamblia which wil l  be used 

to further annotate the G. Lamblia genome. B iochemical analysis may be done on some of these 

proteins to determine if they are expressed in G. Lamblia and to confirm their sequences. Although 

the presence of a number of spliceosomal proteins indicates the presence of a spliceosome, G. 
Lamblia to date has sti l l  only one characterised intron (A. McArthur, personal communication).  It is  

highly unlikely that a complex spliceosomal process exists (or remains) in G. Lamblia to process a 

single intron, thus i t  is l ikely that other introns are present. Most small introns characterised in basal 

eukaryotes have been found by chance when genes of interest have been experimentally analysed 

(an exception being Entamoeba species, Wilihoeft et al. 200 1 ). As the G. Lamblia genome is further 

analysed, both computationally and biochemical ly, it is expected that more introns will be 

characterised and a c learer picture wil l  emerge of spl iceosomal processing in this organism. 

At present, the U5snRNA is the only snRNA characterised from G. Lamblia (Chapter 2) 

although the other snRNAs have been found throughout basal eukaryotes and were l ikely present in 

the eukaryotic ancestor. I t  is desirable to construct more snRNA RNAmotif-descriptors to search for 

other snRNAs (especially the U2 and U6 snRNAs that are thought to form the spl iceosomal 

catalytic core region) in G. Lamblia and other basal eukaryotes. 

The complexity of extant spliceosomes, especially the large number of associated proteins, 

meant that a large amount of sequence, l iterature and results data had to be collated, analysed and 

managed. SpliceS ite was developed as a personal database to store and manage the massive amount 

of information accumulated about the spliceosomal components examined in this project. With 

some development (with the aid of a professional software developer) this database could become 

available over the internet to other researchers. However, more immediate aims would be to allow 

local (research team) access, and to use SpliceSite to develop a genomic-project database template 

that could then be used on other projects. 

It is  beyond the scope of this project to examine how the spliceosome evolved in the first 

eukaryote (Figure 1 .5 page 6). Determining which snRNA and prote in components may have been 

present in the first eukaryote would require searches of archaeal genomes (similar to searches in this 

study). Some spliceosomal proteins ( inc luding some U2snRNP-specific and Sm!Lsm proteins) have 

found in archaeal genomes (Anantharaman et al .  2002). The dataset of spliceosomal proteins 

compiled here to search basal eukaryotic genomes, could be applied to archaeal genomes. 
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5.6: Final Remarks 

Computational genomics is where b ioinformatics meets molecular biology. It is well known 

that th e  analysis of genomic data has not kept pace with the sequencing. As W. Martin et al. stated 

(2003) :  "In an ideal world, the analysis of genome sequences would have fully uncovered the 

history of life by now. But as it stands, genome sequencing has mostly uncovered that h umans can 

efficiently sequence genomes". There is a treasure-house of information now scattered over the 

internet, but to make use of it we first need to find it, organise it, then analyse it. Bioinformatics w ill  

play as much a role i n  finding out how an organism works, as traditional biological sciences . As w e  

struggle t o  c omprehend biological systems in even th e  's implest' organisms, using h igh-end 

computing, massive sequence databases and reams of printed literature, it is nice to remember that 

our cells know what to do and have been doing so since our earliest eukaryotic ancestors. 
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Introduction 
Non-coding RNAs make transcripts that function as RNA, rather than encoding protein s  e.g. 

ribosomal-RNA (rRN A )  and transfer-RNA (tRNA) [ 1 ] . They o ften form part of RNA-protein complexes 
(Ribonucleoproteins or RNPs) and p lay vital roles in essential cellular processes such as protein 
metabol ism and splicing. Searching databases for homologs based on sequence simi larity is only useful 
for the most slowly evolving or large ncRNAs l i ke ribosomal RNAs, and becomes much less reliable for 
other snRNAs. If there i s  also large evolutionary distance between the species that i s  being searched and 
the species for which the gene is  known, sequence similarity methods often fai l  to uncover any potential 
gene candidates tor further analysis and confirmation as nc�N A  gene homologs l l ] . 

Noncoding RNAs usually told into characteristic secondary structures and also can contain small 
sequence motifs. RNAmoti f  [2] i s  a program that uses thi s  i n formation to find ncRNA gene candidates 
with  the design of an appropriate "descriptor" to model secondary structure and sequence motifs. 
However, in the past, descriptors that had to take inter-species structural variation into account could run 
into problems with overloading of the results file.  

Here we show how the use of a user-defined scoring section, post-fi.mction commands and 
parallel  implementation can help in reducing the problems associated with ' looser' descriptors. We 
describe the design and implementation of descriptors for two ncRNAs, the US snRNA and the 
eukaryotic RNase P RNA. These genes have conserved and variable sequence and structure areas which 
al lowed the identification of gene candidates in some protist genomes such as Giardia Iamblia [3} and 
Encephalitozoon cuniculi (a microsporidian) .  

Results a n d  Discussion 

Descriptors for the US snRNA were designed w i th a unique motif scoring section a llowing 

i mportant moti f  presence or absence t o  be seen at a g l ace in the results file. Th i s  is necessary because 
sometimes scoring regimes can add up individual motif scores in such a way that a sequence can be given 
a h i gh er score even i f  an extremely important mot i f  is missing. Spreadsheet sorting can also be used to 
detect sequences containing a certain motif RNAmoti f  is a processor-intensive program. Even a short 
descriptor can run into problems when search ing a l arge genome database and often the program wil l not 
run to completion in  thi s  situation. Parallel computing is one solution with large databases being split 
into smaller pieces, each piece run on a separate n ode, and then the results collated in  a single result fi le.  
Getbest was also incorporated into the parallel implementation as a --post command, filtering the results 
from each worker n ode to give a more condensed results file. Thi s  reduced the space required for the 
results fi le and enabled realistic sequence analysis  of the results 

The US descriptors were tested by searching again st the genomes of E. cuniculi and Plasmodium 
falciparum for which the US snRNA genes were already known. Application of this technique resulted in  

new US snRNA gene candidates from the genomes of Ciona intestinalis (sea squirt) and Giardia Iamblia. 
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The RNase P RNA has a 'reasonably' conserved secondary structure with parts of this structure 
being highly conserved, even between all three kingdoms, and other parts are variable[4]. 
Figure I shows the consensus eukaryotic RNase P RNA secondary 
structure; circled nucleotides are conserved between all  three kingdoms 
and arrows point to areas where helices may be inserted in some species. 
This secondary structure variability creates a challenge for designing a 
'working' descriptor for the RNase P RNA. A descriptor was designed for 
part of the eukaryotic RNase P RNA secondary structure consisting of the 
P3-CR1-P7-P 1 0  section of the whole secondary structure and was cal led 
the 'P7 descriptor'. It was found that descriptors designed for the full 
eukaryotic secondary structure were computationally-prohibitive, 
requiring weeks to search the simplest databases. Results from the 
RNAmotif scan were then analyzed for downstream conserved elements 
(e.g. CRY pseudoknot pairing and C RlY consensus sequence) to find a 
viable candidate sequence. 

Testing of this descriptor against a database of known RNase P 
RNAs from all three kingdoms (Bacterial, Archaea and Eukaryotes) 
showed that it had specificity for the Eukaryotic RNase P RNA. Searches with the P7 descriptor against E. 
cuniculi genome recovered 14 sequence areas with only one having a viable C RY consensus sequence. 
When this  sequence was B LASTed against GenBank, rat and mouse RNase P RNAs were returned with 
low scores. Genome searches against G. Iamblia recovered eleven sequence areas with the top score, 
each having the Eukaryotic CRI consensus sequence. Of these only one had a viable downstream C RY 
area and upon further examination generally fitted the Eukaryotic RNase P RNA consensus secondary 
structure having the eukaryotic consensus sequences for the CR (I-V) regions in correct locations. 

The RNAmot if genome searching procedure described in this study cannot guarantee finding a 
particular ncRNA in a particular genome. Other factors such as the quality of the genomic data and the 
phylogenetic distance between the species from which the known ncRNAs (the ones used to design the 
descriptor) and the genome being searched may also play a large role in the search outcome. This 
procedure, however, does offer a new way of search ing for some sometimes hard-to-find ncRNA genes. 
Finding these genes in protist genomes may help in our understanding of the evolution of RNA 
metabol ism from the earliest Eukaryotes. 
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QDKKQ !DV¥.:NP K!R:KQKDP- - ------- � - - - -- ---- -- - - - -- -- - - - -- -- -------- -- -- -- -- --- -- - - ---- - --- - --- -- - - - -- - - - - - -- -

E D KKP IEfL iJSPKSKNKGYSPGYfL lJR1iTF:L KETPKVK! PRK"RQHK! IKD YNK!D NINN INNVDNNISK'!lNNVN'NVN'Ni!Nt-lDQYFJID I QVVDKNNHL TA IHQTYT 

LAG YQVD LLG YKAKKYPG:KLLGPLLF L WRL KKTPGD kAPDKROHKE IKD YNKEDN I-------- - - - - --- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - ---

540 560 580 600 620 

- - - - - - - - - - ---- --- - - - ----- - - - - - -D �l(i�SKAOFL SAISI YYKLQQ!.!KSEFH(!nr..sptMTVSVDStSHLSRfHLSGPKCLLKLRDS !RL V! 

640 660 680 700 720 

-- - -P IKK 1 1  GDCTRDP C  LP --YS'!JI SPTTG I l!SDL THEMNRFRL IGPLSHS I L  TEA I:KAASVffTVGtDTEE TPHfHTWIETCKKPDSVSLHCRQl A IftLLG<:: 
- - - - RAKRT I GDGTRD ACQP- -RSYHSPTTG I IVSI)L THIDRF RL IGPLSHC I L TSALRAAPVHTGEED AEETP HfHJYTDTC RSSDGRSLHQRQE: AVFF.:LLGG 
- - - QRPLRFTJTi'TKA.fD PQ- -P SYFNSDGTL HLVLLQR!fNRf RL TGPR.!QKVLF ASLRP ---liREE E  - -LQD iZMiYCQAALQLSSP AtL.LSN- - -L VIUHLVV 
- - - -NSEHNYfLSVSDSVfQ--S SRDGtVUH.LIEDPR'fTijf)RK- - -TVLKHKKVNK!ADN-!.fi. IRVSK- -1WNK.EFRE!Ul !KPJ!ADSifHKQ- -N55KlNGV 
NE KYIRSHS RfLGVSDS lf---STPliGEV 1 YLLU:D PR TT\IDRK- - - SJ.VKHKKRA.KUENL!DCRGGRN! f &IN.KKTREEAV!KFtRADVtF.HKQ-- -NGSRINGV 
- - - F!QfKHVSM:ITDHNALPQRCTY AfE AID P RHL.AA.P KKL.NDSQRKT\11',JSD D  ILSLHE.NYPQD E INJ.Vffi:ELC D PE:SRTQS Y'NNQNTL KE ISJlRR YRL LT ATP 
DDVELD E A.Gl'.'ViQS ISNYS S A.CLPHC A31 SVK..U. VNTRC DKNLSERGEKSL LDS AENSL PAS 1!-JQYSTHFRY\l'E EQE IPSF l.Vf ENKNRHT.HE KKSS!:K- ----

5P!----- AT!ITSLLGVSN"PSSLPQN AfLGFSVSDPRL HF PPRTLKPP ASDQE!CNL.AlLLST\JSP - -DTTQTSF lL f DRRlRL T l!. TRQLPRQKA INRRRTLAG 

- - - - - - - - - 11il'i..SLSKil<DSDLVPVGTTFTFNLQDPRI lriQRPTRLRHNHNGDQD IYD I I IALNSSPH IDQD 1VKS -L TTZEVRYA5YKDQLS l KE LGKfE.-ANL 
- - - - - - - - -------- - - - - - - - - - - - - - - - - - - - - - - - - - - - -- -------------- ------------- - - - - - - - - - - - - - - - -H---- FKYENVTIPY-

CG YD A!VfVRSLSEStSGKI LLKRS !Wl'!Gf liJQDV IUAG I I PVC IlE1..QRLALEN1'lYM'IlYPTD YPTCKPYRD 1 EQS Y I EPVKRKTIRTPRSKKKD LNTDL!H IYT 

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -- - - - - - - - - - - - - - - - - - - ---- -SLFllKD--- - -- - - L TPEARFHTCYPNCSAVSC -- - - - - - - - -TGT 

- - - - R.lt.KKTI GDGTIU)AC QP - -RSiiRSPTTG I IVSDL TMl.SNRF RL I GP LSHS I L TS A.LRAA.PVHTGEED AEE TPHHi'riTDTC RSSDGRSLHQRQEAVF!:LLCC 
- - - FRPKKTI1i1KGT Al/DSQP APSSFNSDTTFLLVDDERK:ERNRRL TGPP ASH.\ I LASA I P U.SNRPGEEDTQI: K.PRYBQT!. VRLSSD AQQLHQRKtAVL RLL(TI 
- - - F'RP E KUY!ISTS DNSQPAPS SFNSEVTf LLVDDRR KH®RSL.KGPA.ASBI 11SSA IPASSlJRPGED J)TQliKPHYl1QSAARLSSDSQQL HQKKLNVLRILCV 
D DEFEQEKUY:RSTSDNSNP ASLPMGJ\5 I TFZLLDP RRRERJIRSLKGP ASSHD ILSN.A I P ASTNS PGTDFTQlJKPQLFESQARL SSNROOLHQKKLNKLRTL.W 

DDE.FE QE.K.U liTl!SLSSNSNP ASLPKGAS ITFSLl.DPRRRQP)iRSLKVP A.SSQD KLZNAI P ASiNSPNTD FNOWS PQEFRSQARFTSNRQQLHQXKLNKLRTLAG 
DDEFEQ:!KA1 11n5LSSN5?JP ASLPMVl!.S l TYSLLDPRRRQPliRSL.KGP A$5QDKL5l-�S IP ASTNSPNTDFNQWKPQE IPSQA.RfTSNF:QQLifQKKLSKLRTL TG 
DDtF!Qf'KMVfi!"tSLSHNADPQRVPYG.AITTFNLQDPR.RKQRNTSLRKT..U/SDDILSLS HU.PNDSPNA.DFNILKSPITRSQARYNSNRQQLS S KKLSKLHTiTP 
- - - - - - - - ------ - - - - - - - - - - - - - - - - - - - - - -- - - - - - - - - - - - - - - -------- - - - - - - - - - - - - - - - - - - - - - - - - - - - -RQOLHQKKLNKLR ILAG 
------u ---------------------------------------------------------------------------- -- -- ----- - --- -------
NZKF!R.SHSRYLGV.SD.SITQAPSTPNGEV! YLLlEDPP,TTTJbRKLKGSAVKHKKRAKREHNLEDC:RGGKNirfil'rlKKTREEJ.VlKR1!ADVEFHKQKLNGSRINVV 

740 760 800 820 

Huma;n ITSP .A.EIP .AGT ILGL TVGDPR- INLPQKKSKA.LPNPIF.CQDNEKVFQLL LEGVPVECTH.Sf I fJNQD I CKSV'TENY..ISDQD.t.NR.M:F.SI -LL VPGSQL lLGPHESK 
House ISSP J.L IP !GT!.LVL T"VRDPR -VNLP :PQHSRA!.PD P EHYQ.AN:tRVKQLLLIGVPV A.Cii.HSY I\YDQD IC:RSVTI:NKLLI>QDLN.Rl'!RSE- LLVPGSQL DLV!RESR 
Drosop h 1 1  a :  DP RLQRP- ---KKRTKAVGR- M:EQPPLS.!GDL1..1fi'JQP¥.SLP - - -- - - - - - - - - - - - -l.SPLYSKKA.RERLAKG !H$ AHKYDQL REQHAWPGAPC AF !:t)JflQAL 
Ce legans ISTI: A.QP--- - I I L! I P.N- - -EDGKALDGAD :tL IPE PF .tK- -- -- - -- - - - -- - ---- - --- - -- - ---- -- --- -- ---- ---- - - --- - - - --- - ---- - � 
Cbr i ggaae VST AA.KlP --- - IVL I !RN-- -EGL KAL DGVD lL IP!PFCKS- - -�-t:rrz- -f ILCP.Y.SYR "fDRKFEKNHRK - HHSSQRKK!.ATt.lE'- !SAQY..STFf INLK--� 

Scer:e NS 1NKTTVPF KESD DP S I P LV 1- I RRLKTRDtiiWL P  Vf\TLLP - - - - - - - - - - - - - - - - - - - - - - - - �- - - - - - - - - - - - - - - - -- - - - - - -- --- - - ------
Spond::le - EVI PV'f!-TYRKE liNGL TV ILPilDY AR-- --------- -- - ------ - - ----------- - -------------------------- ---------- ------

Asperg l l  P GVYPP AEASDP K I  PVMI LA.SRSTSQSRNTNA.PGTWT\TLLPMRCVI.P- - ----------- ---------------------------- ----------------

Candlda NKKP S D ISl:lSQIP-----------VL- l.S:KTDSQKWL L I L P :WB:riU.P ------------------------------ ---------------------------

p la.stw:�d - -- --DfV IPL YTVL PiG IGPFLUJYKVNTKDlQKNYKEKYL CQHRDIN-RNF.HK'fiDKSNNNKKN I HN - - - - - - - - - - - - - - - - - - - - - - - - ---- - - - - ---

Crypto 
Ent.arnoeba 
!I H::r:ospo r i :  
G1ard1a 

Node A 
Node:B 

E D RWF AVfELERGC A.ERC Af I LDE DNS fVGRV!RGG7CFTRGLCRGLCYMLCNVK!DD!FYSFJ'JLN5S5f'NQIKITK'J7R- - - - - - - - - - - - - - - - -- -- - - ­
TS-MLPSNYFTNDL LHNNf1NST ILP.AFR I TRt TLAP LG!:P PE !lSRGS RNALRYK IQSASLELFDDQTL TQl TKEP!E TYLSNDSLRR-L RVMQVLS3D !RK!)L T 
ISSP AE lP AGTIL GL T'VRDPF.-VNLPPQRSKU.PNPIRYQANERVF:Q:Ll.LEGVPV ACAHSF IYDQD ICRSVTI:NKLSDQDLJ.IRMRSE- Ll. VPGSQL ILG!RESK 

NSTP AEIP AGTKRGL TVVl>PR.LENLP AKNGD.U.LNPPKFL PSERVRPLLLEGVPVLCEHSFW\JD KD IERS.A.RE I !ISSDQDDKRRRSHAVLP .PGSCLf LW REAL 

324 
3 Z �  

2 4 5  

2 2 �  
238 

3 63 

300 

3 10 

395 

3 0 1  

l7q 

2 2 1  
3 7 6  

3 7 6  

3 2 3  

309 

382 
362 
382 
407 

345 

394 
394 
3 1 6  

282 
3 10 

424 
3 5 7  

380 

387 

493 

3 4 9  

2 2 0  

2 6 6  

447 

448 
396 

3 8 2  

4 5 5  

455 
455 

4 8 6  

< 1 8  

4 9 2  

492 

407 

3 7 2  

4 0 6  

52 5 

4 5 6  

� 7 7  

480 

504 

3 2 4  

295 

545 
549 

49 7 

486 

559 

559 

559 

503 

196 

522 

594 

594 

490 
4 0 6  

4 9 1  

5 6 7  

482 

524 

5 1 5  

5 6 7  

4 0 5  

3 97 

647 

653 

1 



1 5 1  

840 860 880 900 920 

Human I PILL IQQPGK-VTG!:DRLGVGSGVDVLLP KGVG!U.fV lP T I YRG------VRVGGLR!S.l VHSQYKRSPNVPGDT P DC P .lGJIILf J..EIQ.U:NLLE-KYKRRPP J. 690 
!lou!!!!e: I PILL IQQPGK -VTGtDRLGVGSGWDVL I P KGVGlU.TV IP T I YRG------ .LRVGGLRE1. TVHSQYRRSPN IPGD r P DCR.lGVLf llDQJ.KDLLt-KYRRRP P .1 690 
Dro�ophi la: PVIL IQRPGSQDPRYKRLGYGCGWDVU.PAGTG!ITLVL TL T!OJG------A.RPGGLRELDSV..l.UiG---1! IHLPDTL l.G\TQR.li.J.SlDtLRl-RYTRIIPPNK 584 
Ce: le�an� -----------------------------------DTWSLQRRG------VR.l.SGLRDE Y  .l.lHLtSKlL TYPL DDVGS t.lGRtSEL.l!IKKt LIt-KYLGKP HN q 68 
Cbr i�Jo�use ---LffQIP-- --1------------------ K--D L  VV!LQRRG----- -VRJ.SGLRDEY AA.HLtSKAL YP'PL DDVtS tAG:USIAVM.lt L n:-KYQGKP HN 5 61  
See: r e  - ----- ----- - -- ----- ---------- - -------L IIHLLNR I PR----- JIYH I GLRQFOO IOITNKOL YTP D D  YPfTQLGY U:NSfYKKEASKTKVD RKP!! 62 9 
Sponbe ------------------- -- - fVVRKimYQKG----- IR1GGL ENLHQI ATE KR.PIP fFP I DYP DTISGQLCEE E RKKRNE D-SVKRRPP A.KRVNYQKTGDNfS 558 
J.!!!l pe rqi 1 ------------- ----------------------------L VYSLliYYPLSSGG1VRP'GGLKIQRQLJ.f£J.G!P VfPGDP'PGTR.lGVEiN- I RlRlK.lKQE WE 58 6 
Candida ------------------- ----------------------f V IQITKVTD----- IRPGGSKQfiHQfQflNHKPYYPQDf PVSYDGVQYN-KL VGEANQIRJ..l 572 
Pla910d 
Crypc.o 
tnc.amo�a 
!licro!!!lpor i :  
Giardia 
Node.l 
NodeB 
NodeC 
NodeD 
Node!: 
Nodef 
NodeG 
NodeJ 
No deL 
No deN 

ALLGHYQVP LDEGEV I KDDS IDCV A TOCDS KP I [ L l.HISPL---- ------------------------------T[ J.P KP LSRPTHVD HIP L TSLETVTPPP J. 
IP ILL IQQPGK-VTGEDRLGVGSGVOVL I P KGVGPU.P'V lP r I YRG------ --VGGLKEJ.lVHgQYRRSPN IPGDFPDC RJ.GVLF .U:DQAKDLLE-KYRRRPP A 
PP ILLLQPPGKD PTGKDLGGVGSVVOVLLPKGGGT J.FV IP FL VRG--------GGGLKLDSV J..RQHRRJ.PNVPI DYPDC OJ.GQR1l..CJQDKKLLERXYRRRPP J. 
PP ILLLQPPGKD PTGKDLGGUGSVVRVLLP KKGGT J.P'VIP 1 L VRG-- ------GGGLKFDSVKQQHQR.lL[YP!DYYPC DJ.GGSY .USQYKKL VlRXYRRRPP J. 
----- --- -- - -- --- -- - -- -rvURK1lliYQKG--- -VIR1LVRGLJ'IHVTlSRGG!IVRP'GGVKQQHQSU'!YP!DYYPRDJ.PGSYlGVQTNKRV!RlKRKRPPJ. 

-------------------------------------L IRTL VR! I l!HVT .l.SSGGJIJVRTGGQKQQHQS lQtTI! DYTP RDF PGSYEGVQYNKKV!RlKSKRKP J. 

----------------------rvVR.IOIXYQKG----L IRTLVREI- ------GG!IVRfGGOKQOHQSJ.Qf:YI!DYYPRDl'PGSYEGVQYNKKVIR!KSKRKPA 

------------------------------------ -LVHLLWRQITKVTDTKYHIVJI:PGGOKQQHQSKQ!YH!DYYPODfPGSYEGVQY'NKKLSKlKVQRKPA 

-- ILFTQIP----J.----------------K- ---DfWSLORRGLLHL T lVRC!iGLRDEY llHLES K.A.L YfPL DDVES£J.GKISEAVIIR1EL TERKYQGKP HN 

940 960 980 1000 1020 1040 

467 
741 
719 
697 
626  
688 
692 
638 

701 

Buma.n KRPN-YVKLGTL A.PTCCP VEQL TQDV!SRVQJ. YEE PSV ASSPNGKESDLRRSEVPCAP J'IPKKTHQPSD£VGTS I EHP REAEEVJIDAGCQtSAGPER ITDQt ASE 793 
!IOU !!!le RRPN-YVKLGTLAPTCCP Vl:QL TRDliJlSRVHAQE AA I I ASXPGAQ!:TDPRRLGVPCV- - PKI I CQLSN£ AG I A.ENQP RKPE---VTCQJ.Q[GTKV AJI{[VN J.S£1 788 
Dro!!!Oph i l a :  RTN-YRKLAVVSP FT A.PVRHL VRD WRJ.SFSSC5E--------------GSSF YVL R- -----HROOLEE IVES I RHRSP -------- L POTLP----DDAI IQI 655 
Ce le gall!!!! RRCKHVS A.VSVKYPftfKWDELSQDVNLSNKP- ----------------R!3EJ.J'VCR-- -----DLQK- --LRI I EEJ.PIKK---GSGL£ tfOEP--G-- -liL I P 5'l 7 
Cbr igq!!!lae RRCKYVS .U.SVKYP T tYKr D ELVTO WNDGPS--- -- --------- -- --ETK.lf .lCR-- ----- DLQK- --LNE IQPINLK----GHGEVQKEEP--G-- -liL I P 62 8 
See re GKRINf l KIKD IHNTKLP A YSGE IGDffSSDVR--- ---------- ------'f LQI L R- -----------NG ID YLQRNO K------- TLtLl!OS-- -----KK 688 
Sponile t IG---NPfCC DJIVYLNI K------------------------------------------------------------------------------------- 5 74 
.l!!!!perq i 1 RRPKGRRTlfDSLDLGNGQKGE IGHGW.lCDVtRL VQG------- - - ------- --------------------PPKISTP!:PN!:AJ{[ IEQSQOA!:QODT ----- 649 
Candida RLPKSQ'IISVQQStRNYSVIfN----J.NKCDVTDLRN---- ------- ---------------- - - -- -- --------------- -------------------- 604 
P l s!!!�m:�d 
Crypt.o 
tnt.amo�a 
Plicro!!!lpor i :  
Glardia 
No del. 
NodeS 
NodeC 
NodeD 
Node!: 
Nodef 
NodeG 
NodeJ 
NodeL 
NodeN 

Human 
!louse 
Dro!!!lophi la: 
Ce leqan!!!l 
Cbr igq!!!lae 
See re 

Spomhe 
.l!!!!perqil 
Candlda 
P l asmod 
Crypc.o 
tneamo�a 

------------------------------------ SJ.ASSGQTS I I fOP ILSTSQF AS LSF AVSKD t.lQPfLLGL VRDG IP ILG!KlLL ITVSNL TQlPC I PT 
RRPN-YVKLGTLAPYCCP II!:QL TR01i!:SRVHAQE AAS I A.Sl!:PGAQ!:TDPRRLGVPCVP ftPRl I HQLSN£VGT l.!:NHPRKP [[VJIVTGCQtQ!:GPRlU. TlC'.Nl.S[ 
RRPKYRKKLAVSP P f  l..SPVHQL n: OVl:SCSSJ.Rt llGV .lSJl"PGGK!:TDGRSL YVPCLP ftPK!HRQLLt tvG!:S I RHRRKP l PV!U.KGLQQSL DP!RlDD1IVKl 
RRPKYRKKLSVSYPf l..SP VHQL Tt DVNSCDS.lRE AAGV A.SltPGGKlTDGRSL YL PCLP PIPKlHRQL L trvGAS! RHQRTP !:PV!:.l.KGLEQSQDP!:RA.DDU LKK 
RRPKYRKSVSDSHPYANP WHgLVGOVNSCDVl.RLRQGVA.SLPGGKETOGRSLfLQCLRIIPKEHROLLE£VNGIDYOQRTPEPNI:AKGIEOSODPEQQDTAILKK 
RRPKNRKSVCDSHNYJo:NPI'IYS t iGGGVJ.CDVTR------- -- - -- -- - ----fLQILR-- ---- OLLE- -NGIDYKQRTPKP-- - KEIEOEODA.lOQDTULKK 
RRP}(NRXSVCDSHNYKNPJIYSGEGGGF AC-- -------------------------- ----------------------------------ODll:OODTJ.ILKK 
R.KPKNQ!SVKDSHNNKSP KYSG£ IGlFKCDVTRLRNGV l.S LPGGKETOGRSLFLQI LR!!PKEHRQLL t!:VNG ID YLQRNDKPNli..KI I TLEL I!DSQQDT J.L L KK 

RRCKYVS .U.SVKYPFEYKVD ELVTDWNDGPSPRt J.J..GV A.S L PGGKE J.DGETKl.'f ACRPRPKEL RD LQKEVGLN! I QPINL KKPVLGHGL VQK!:EP!KGDD !I'lL I P 

1060 1080 1100 1120 1140 

NHV ll TGSHLCVL RS RKL LKQLSJ.YCGPSSEDSRGGRR.l.PGRGQOGL TR!ACLS ILGHFPRJ.L VVVSLSL LSKGSPE PHTB ICVP l.K!:Df LOLHED VHYCGPQE 
HI!UTTGSQLCWRSRKLLKQLSSVCGPSS!---- IRR.LPC RJ.QQ!L TSNVCLS ILNO 'fPR.lLVVVSLSLLRKGSP!PHTl! ICVPSK.lDLHR.LSQDQCYHGPV!:S 
QLQLLS------RGH--VKDNA.LICLPT.U..DHK-KRVROL KHNDOAPVHV!PTQPDLN!:OLRKELRQS--HKLKLKRLRSRRVR.!:KR------R--LQ!T.l.TKR 
VKLQFTG-- ---- RGR- -PKRYGPIVCLPTDDD L IS I RKNRNR1: I IQTPPE.lSSQDSD IV!l.Xl Il tIT-- -VKKNQGfi'ISL !l.AASEK---P INLKL LfHTTK 
VRLQTP'G-- ---- RGR- -PKKfG!IVC I PT! !DL VL I RLDKTKE I I QTPPP'ST --DGDOVEPR!:Vl:E £VPlTRKl'IJ{QGfVSLQ.1J.AS!K ---P INLKVLf[[ KJ.K 
TGQFNA.QG- ----VRD INCVNDVL!TCKDYEAK- - -TKJJISLS I tEN IPV A.LCK--NR-KCQFRTP DS ISVNSSS FS L TF F PRC I I !VS-----CTLLERGHP K 
-- ---VKJ..SRO EDKTLQL VRVQVQL VQRGSLQDRAR I YCLS D 0 E LSKIIKT I I YKENL T l.ENLL YP KC PNET A I IGFVTTGNFNLNAGKPSG I lNVLA.KTIKNEK 
-QPISDA.EQQAVG-------GHJ.P PF D IHHLP I AKA Ell INNRSE PTEQAA I 11VKI SLL HRGSPNP AA. RI YRLPTINP D LRQEVLRL.lSDE RK---- ---SKSR 
-------- ------------I!VLL liKYSK!lDRKlVKK---GSGQPDF lQYDGP!RI INSVHDLLQTTKSLENDVTDVNETIVEL YniNQSQVO---------FY 

1'11 c ro!!!lpO r i : - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -------------- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - --------------

535 
844 
853 
801 
730 
762 
731 
792 

805 

897 
888 
740 
627 
7 19 
776 
673 
738 
676 

Giardia TL J.PSTL YYNLSHVLD ATGAUARRPRTKRAHSYSS RSVL VYVSQIVGST!L TIU.YLSSPVATCTDLVLtrvCK!L YDOC TPLRRAKVKQVKDl.fftQVITTP AIK 63 9 
No del. .A.H.ftl. TTGSQLCVVRSRKL L KQLSSWCGPSSE OS RG IRRAPC RAOOE L TSNVCLS I LNDF PRAL VliiVS LS LLRKGSP f:P HTft ICVPS K!:D LHRLSOOVHYHGPQE 9 4 8 
NodeB .A.HftLLSGSQLCVRRSRKLLKNAVLVCAPSSEOKRARRR.A.LSRStQEPVPVVATOKLNNAQRRLVLPSSSL TRLKSK!:PRTRR.lLPSKKDLHRLNVDLL YTGTKR 957 
NodeC TQftLLl.GAQLCVD RSRKL VKN A VLLCVPSSE DKRARRRJ.LS RSIOEPVPVV ATQK rNNltRQL VQPSSSL TRLKTK!:PTTRQ.l.LJ.S KKSSORLNVTLL YRGKSR 905 
NodeD TQ!lSNl.GAQRVED KRRQL VRN AVLLCVPNSEQKRJ.KRJULS RS tP tKVPV IA TKKINNltRQLLQP J.SSL TRLVTFVPTTRQtL ITKKSSQRJ.NVTLL !RGNSR 83 4 
Node! TQPISNAOlQRV! DKRDQL VRN J.VLL V IRNK.EQKR.lKTK.lLS RS tPSK1PV I A TKKINNJ.tRQLLQP J.SSL TRL VTTVPTTRQlL I T  AKSSr;r.J .l.NVTL L!RGNSR 8 6 6 
Node T TQliTNAQAQRV£ DKRDQL VRNAVL L WRNJ{[QKRAKTKALSRSEPSKAOV I A TKKINNl!HQL LOP l.SSL TRL VT?VTTT1V!:L I T  AKSSQV J.NVTL L!RGNSK 83 8 
NodeG TGQTNAQGQRV! OVRD INCVNAVLlfVTKD J'{[RKT .1Ki1UJISSSQPEN AOV .U.SKRINNSKHQL LQPTSSL VNSVTFVL TT'JVl:L IT J.NSSQVONCTL L!RGHPK 89 6 
NodeJ 
No deL 
No deN 

Human 
fiOU!!!Ie 
Dro3oph i la : 
Celegan!!!l 
CbriQICJ3ae 
See re 
Spolri:le 
l!!!!perqil 
Candida 

VRLQFFGGQLCGORGRKLP KKfGJ'IVC IPTEEDL VL I RKDKTK£ I IQTPPFSTSQDGDDVEPl't:EVE [ EVPETRKXJ!:QGTVSLQAJ..AS ! KDL!:P rnLKVLF E EKJ.K 

1160 1 180 1200 1220 1240 

SKBSDP FRSKI LKQK!KXKP.EKRQKPGR.l.SSDGP lG!:E PV J.GQ[ 1 L  TLGL VSGPL PRVTLHCSRTL LGfVTQGDfStUVGCGtl.LGfVSL TGL LDJ't:LSSQP HQ 
RHSDPT KSL IL K!:K!KKXKI KRQDGEHRA.S!GQAAGPP I !GQ[ A.L TQGL VSGPLPGL TSHCSRL LLGTVTQGDTS l!:AAGCGEALG'fVS PITGL L!IILSSQSJ.l.!­
VHIRPANTAHLVRGQLQtl!:CRLVLPTDPA.ELRDSVRRQCS----------------------RQVfGYVSTl.GfSFTEALVCAVGYVTPAGLOOL IEELPJ.SKG 
- LODKTI'KRKRVNRKKRES K-KRRKIEQE KRKIEAEVE EVQ-KLATKYRFS J.NR----- ----- t I IGRL V AGEQSVLAGHGVG IG YICANTLSL Il..SNYHKS­
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Hl..UDan ------RGLVLLRPP J.SLOTRf .l.RIJ.IlV- -- ----- 1021 

Ko�e -----RGLVLLRPPTSLOYRP'ARITirv--------- 1014 

Drosophila NRKQPPL!ICLVRDADSRD TRW.ASP'QVNLNV15PTP'-- 857 

C e l egans ------KlVVR-RNSTSK'fYHPlYVTILKNATKI--- 741 

Cbr iggsae LOILF-K1VVJWRNSTSKYYHP 1YV'IVLK51VQI--- 853 

Scere R--------YVLIRNVGlNTTRLGlVSKISV------ 875 

Spombe -------------------------------------
k!:pergi 1 QJ.RER-------RilC :rvRN.lG[RVGRLGP'VELIH--- 850 

Cand1da IlENG-------HXL YVJmPGKSKVYSVFFRVIK--- 780 

p l�d -------------------------------------

Crypto 

lnt.araoeba 

JH er os pc r 1 ---------------------- ---------------

Giardia !VIf'TNOOLAQRDVICTSSPSlfYVlGEQP'TSRLHIIN 780 

No del -----PRGLVLLRPPTSLOYRr .l.RITilW------- 1077 

NodeB REKOPPRGLWL�TSRYYR.U.YVTIL'I/VlVPTf-- 1096 

NodeC REKOPPRTLWLR.KSTSRYYR.lSYVTILf'f AVPT-- - 1043 

NodeO R£KERPRGL YVLRKSWRNYGKSYVRLVP'f AVIK--- 972 

Node! RtRtRPRGL YVLRJGIWRNAGKSWRLVFP'!:VI K--- 1001 

Node f -------------------------------------

NodeG RttNGPRGL YVLH»lVVJmTGKSKVVSVfTWIK-- -

NodeJ ------------------- ------------------
Node L -------------- -----------------------

NodeN L D I LF P KTVVJIVRNSTSKYTHP 1 TV'IVLK!!I 1VQ I---

1031 

1047 

Su pplementa ry Fig u re I :  Complete amino acid alignment of the Giardia Iamblia, Entamoeba 
histolytica and Encephilitozoon cuniculi Pop I candidates with eukaryotic Pop I proteins and 
ancestral sequences. Node positions are shown in the main text as Figure I .  Key Human - Homo 
sapiens; Mouse - Mus musculus; Drosophila - Drosophila melanogaster; C. elegans -

Caenorhabditis elegans; C.briggsae - Caenorhabditis briggsae; Scere - Saccharomyces cerevisiae; 
S .pombe - Schizosaccharomyces pombe; Aspergil - Aspergillus n idulans; Candida - Candida 
albicans; Plasmod - Plasmodium falciparum; Crypto - Oyptosporidium parvum; Microspori -
Encephalitozoon cuniculi; Giardia - Giardia Iamblia. Darker shadings represent the increased 
amount of homology of the amino acid position in the alignment. Note that the alignment has only 
two areas of conservation, the "RRR-motif' and the "W-box", both of which are shown in greater 
detail in Figure 4 .  
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S u p p lementary Figu re 2 :  Complete amino acid sequence alignment of the Giardia Iamblia Pop4 
candidate with other eukaryotic Pop4 proteins and ancestral sequences. Key: Human - Homo 
sapiens; Mouse - Mus musculus; Drosophila - Drosophila melanogaster; C. elegans -
Caenorhabditis elegans; Scere - Saccharomyces cerevisiae; S .pombe - Schizosaccharomyces 
pombe; Arabidop - Arabidopsis thaliana; Giardia - Giardia Iamblia .  Darker shadings represent the 
increased amount ofhomology of the amino acid position in the alignment. 



!tolU:!e 

Rurnan 
Sce�:e 

Sponibe 

:J.�ard.�a 

M.J.cr:cs:porJ. 

�.Jodei 

N'odetl 

Mouse 
Human 
Scer:e 
Sporobe 

GJ.arc:Ue. 

HJ.crospor l :  

Mode! 

N"odeD 

20 40 60 eo 100 

150 
17? 
144 
80 

140 
95 

178 
201 

60 
83 
88 
57 
79 
50 
83 

106 

S u p plementary Fig u re 3: Complete amino acid sequence alignment of the Giardia lamhlia and 
Encephalitozoon cuniculi Rpp2 1 candidates with other eukaryotic Rpp2 1 proteins and ancestral 
sequences. Key Human Homo sapiens; Mouse - .Mus musculus; Scere Saccharomyces 
cerevisiae; S.pombc -· Schizosaccharomyces pomhe; Giardia - G. Iamblia ; Microspori Ec:::. 
cuniculi; Darker shadings represent the increased amount of homology of  the amino acid position 
in the alignment 
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Sup plementary Figu re 4:  Complete amino acid sequence alignment of the Giardia PopS 
candidate with other eukaryotic and archaeal PopS proteins and ancestral sequences. Key Human 
- Homo sapiens; Mouse - Mus musculus; Drosophila - Drosophila melanogaster; S .pombe -
Schizosaccharomyces pombe; Scere - Saccharomyces cerevisiae; Arabidop - Arabidopsis thaliana; 
Giardia - Giardia Iamblia; Pabyssi - Pyrococcus abyssi; Phorik - Pyrococcus horikoshii; 
Archaeog A rchaeoglobus jidgidus; Mjann Methanococcus jannaschii; Mthenno 
Methanobacterium thermoautotroph icum; NodeArch l - Node between Pabyssi and Phorik; 
NodeArch2 - Node between NodeArch l and Archaeog; NodeArch3 - Node between N odeArch2 
and Mja1m; NodeArch4 - Node between NodeArch3 and Mthermo. Darker shadings represent the 
increased amount of homology of the amino acid position in the alignment. 
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Known sequence or Node Target Genomes 
- Pool S. vombe (PAML) S. pombe (FastML) Ecz. cuniculi Entamoeba Giardia 

Score £-value Score £- value Score £-value Score £- value Score £-value 
Human 8 4  2 e- 1 6 5 9  4e- l 0  6 1  3 e- l 0  - - 3 5  0 . 1 3  
Mouse 7 2  9.::- 1 3  7 0  3 e- 1 3  5 8  3 e-09 - - 3 7  0 .045 
0. melanogaster 8 1  I c- 1 5  6 0  3 c- I O  5 0  9 c-0 7  - - -
C. elegans 7 5  8c- 1 4  46 3 c-06 3 6  0 .0 1 0  - - - -
C. briggisae 64 3 e- I O  46 3 c-06 3 8  0 .003 - - -

A. nidulans 1 75 2c-4 1  8 9  4 c- l 9  - - - - -

S. pombe 1 3 62 0 .0 1 7 1  7 e-44 - - - - - -

S. cerevisiae 1 62 6e-4 0  8 1  I e- 1 6  � �  _) J 0 .099 - - - -

C. albicans 1 68 5c-4 2  7 5  7 e- 1 5  3 4  0.05 1 - - - -

C. parvum (partial) 6 2  3 e- l 0 5 3  2 e-0 8  3 4  0 .022 - - 3 9  0 .002 
P. falciparum (partial) 5 4  l c-0 7  - - 4 6  5 e-06 - - 3 8  0 .008 
Node A 9 4  2 e- l 9  7 0  3 e- l 3  3 8  0 .006 40 5 e-04 43 8e-04 
Nodc B 1 1 7 3 e-2 6  74 l e- 1 4  3 9  0 .002 - - 45 3 e-04 
N ode C 1 3 2 7 e-3 1  4 7  2 e-06 4 1  7 e-04 - - 44 4e-04 
N ode D 1 40 4c-3 3  95 9 e-2 1  46 I e-05 - - 44 3 e-04 
N ode E 1 7 7 2 e-44 1 1 8 6c-28 4 1  7 c-04 - - - -
Nodc F 2 06 4e-5 3  1 20 2 e-28 4 1  7 c-04 - - -

Node G 1 23 4c-2 8 9 1  ! e- 1 9  3 7  0 .0 1 0  - - 4 1  0 .008 

Supplementary Table 1 :  Resul ts from BLAST searches with known Pop I sequences and ancestral sequences of the genome databases from 
S. pombe, Entamoeha, Ecz. cuniculi and Giardia. Node names arc as indicated in Figure I .  
' - ' Indicates no hits ( E-values above 1 .0 arc reported as no hits).  
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Known sequence or Ta rget Genomes 
Node - Pop4 S.pombe Ecz. cu niculi Entamoeba Giardia 

Score E-value Score E-value Score E-value Score E-value 
Human 8 1  3e- 1 6  - - - - 48 6e-06 
Mouse 74 3e- 1 4  - - - - 47 8e-06 
D .  melanogaster - - - - - - 4 1  8e-04 
C .  elegans - - - - - - - -
A. thaliana 32  0 .25  - - - - - -

S .  pombe 3 7 1  e- 1 04 - - - - 46 2e-05  
S .  cerevisiae 49 1 e-06 - - - - - -
Node A 72 3e- 1 3  - - - - 5 1  5e-07 
Node B 87 6e- 1 8  - - - - - -

Node C 75 4e- 1 4  - - 27 0 .88 -

Node H 94 9e-20 - - 3 6  0.002 - -
Node F 1 72 2e-43 - - 3 1  0.058 57  9e-09 

Sup plementary Ta b le 2 :  Results from BLAST searches with Pop4 known and ancestral sequences of  the 
target databases from S. pombe, Giardia, Entamoeba and Ecz. cun iculi. Node names are as indicated on 
Figure I .  E-va1ues above 1 .0 are reported as: "-" (i .e. no hits) .  There were no sequences recovered with the 
archaeal Pop4 protein sequences or any ancestral sequence derived from them. 

Known seq uence Target Genomes 
or Node - Rpp2 1 S.pombe E cz. cu nicu li Entamoeba Giardia 

Score E-value Score E-value Score E-value Score E-valw 
Human 54 3 e-08 37 8e-04 - - 3 6  0.006 
Mouse 67 2e- 1 2  39 l e-04 25  0.97 46 4e-06 
S .  pombe 1 63 6e-42 47 2e-07 22 5 .4 50 l e-07 
S .  cerevisiae 46 5 e-06 28  0 .32 27 0.3 1 32 0.069 
Node A 5 1  2e-07 39 3e-04 - - 40 6e-04 
Node D* 1 03 3 e-23  48  7e-07 - - 45 2e-05 

Sup plementary Ta b le 3:  Results from BLAST searches with Rpp2 1 known and ancestral sequences of  
the target databases from S. pombe, Giardia, Entamoeba and Ecz. cuniculi. Node names are as ind icated 
on Figure I .  
E-values above 1 .0 are reported as: "-" (i .e. no hits) .  
* This node is the "root" node for the tree of the above sequences. 



H M M  model S. pombe Giardia 
Score E>value Score E-value 

P op 1 P AML sequences 1 62 . 8 2  4 . 3 e-4 1 2 7. 8 4  2 .9e-03 
Pop 1 P AML and ancestral sequences 1 99.93 1 .2 e-53 2 7.84 3 .3 e-03 
Pop 1 P AML ancestral sequences only 1 63 . 8 8  5 . 5 e-44 2 5 .65 0. 1 6  

Pop 1 FastML sequences 1 67 . 2 5  1 . 5 e- 3 5  1 8 . 7 3  0.0 1 4  
Pop l Fa..<>tML and ancestral sequences 1 5 6 . 3 1 l e-34 2 ! .03 0.03 9 
Pop I FastML ancestral sequences only 1 3 0. 5 9  I e-3 0  1 7 .07 0. 1 1  

Pop4 Eukaryotic sequences 9 7 . 1 6  5 .2e-22 5 0 . 5 3  l .7 e-07 
Pop4 Eukaryotic and ancestral sequences 1 08 .44 3 . 9e-30 49.40 1 . 7 e-08 
Pop4 Eukaryotic ancestral sequences only 70.53 1 . 1  e- 1 4  3 4 . 9 8  l .3 e-04 

Pop4 Eukaryotic and Archaeal sequences 70.56 l .5 e- 1 7  3 8 . 7 7  2e-05 
Pop4 Eukaryotic, Archaeal and ancestral sequences 8 5 . 7 7  3 . 6e- l 9  49. 7 8  9e- 1 0  
Pop4 Eukaryotic and Archaeal ancestral sequences only 50.63 4 . 7e- 1 3  3 6 . 1 3  2e-06 

P op5 Eukaryotic sequences 1 1 1 .8 8  5 .2e-24 24.53 0.0 1 2  
Pop5 Eukaryotic and ancestral sequences 1 5 1 .60 5 . 1  e-3 7  - -

Pop5 Eukaryotic ancestral sequences only 1 45 .0 7  8 . 3 e-42 1 0. 6 0  2 0  

P op5 Eukaryotic and Archaeal sequences ! 1 0.03 6 . 8 e-28 - -
P op 5  Eukaryotie, Archacal and ancestral sequences 1 42 . 84 4 . 1 c-3 7 - -
Pop5 Eukaryotic and Archaeal ancestral sequences only 1 3 1 .3 5  6 . 0e-3 5 - -

S u pplementary Table 4: HMM model results for Pop I and Pop4 protein seq uence alignments used in 
searches of the S. pombe and Giardia genome databases. ' - ' indicates that the candidate sequence was 
not found. 
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Append ix C . 1 : ncRNA Candidate Sequences : 

ne RNA 
U l snRNA 

U2sn RNA 
U5sn RNA 

U4snRNA 

U6snRNA 

U 1 2snRNA 

U6atac snRNA 
SL-RNA 

C iona intestina lis 
Cio na V l .fa sta 

http ://genome.jgi-psf.org/ciona/ 

Scaffold Region 
388  48045-47973 
73 3062-2966 

24 1 1 32075- 1 32 1 29 

1 1 2 58432-5833 1 
7 1  40056-3995 5 

1 849 5070-5 1 72 
1 028  1 598 1 - 1 5 885  
1 08 1 85 65- 1 8656 
42 35 1 938-35 1 852  
300 45480-45566 
396 28948-28862 
245 1 1 2452- 1 1 2352  
5 1  274757-274857 
99 278659-278642 
1 9  2936 1 4-293586 

244 32757-32779 
563 22545-22589 
1 08 8  1 26- 1 69 
94 2753 57-275400 

E ntamoeba h istolytica 

+I- Method 
- B LAST 
-

+ B LAST 
- RNArnotif 
-
+ 
-
+ 
- B LAST 
+ 
-
- BLAST 
+ 
- B LAST 
-

+ 
+ B LAST 
+ BLAST with 
+ sequence from 

paper. 

Database down loaded from: ftp.sanger.ac.uk/pub/pathogens/E _ histolytica/ 
The Sanger Centre: Ent. histolytica BLAST server: 

http :llwww.sanger.ac.u klcg i-b inlblastlsu bm itblastle _ h isto/ytica 

ne RNA 
U2sn RNA 

US snRNA 
RNaseP 

ncRNA 
US snRNA 
RNaseP 

Contig Region +!-
Contig562 1 1 535- 1 49 1  -

Contig5402 6 1 1 7-6 1 6 1  + 

Ent/ 35 9g08.pl k 355-440 + 

Ent / 3 76(/ 0.q/k 375- 1 03 -

Giard ia Ia m blia (AACBO l O OOOOO) 
http ://www.ncbi.nlm.nih.gov 

Contig Region +/-
AAC BO I OOO I 5 6. 1 1 7 562- 1 7453 -

AACBO I 0000 1 2 . 1 65 1 52-649 1 8  -

M ethod 
BLAST 

RNArnotif 
RNAmotif 

M ethod 
RNAmotif 
RNAmotif 



ne R N A  
US snRNA 

ncRNA 
RNaseP 

Dictyosteliurn discoideurn 
Dicty .reads 

http://dictybase.org/ 

Encephalitozoon cuniculi 
http :1 lwww .ncbi.nlm.nih.gov 

Method 
RNAmotif , 

Method 
RNAmotif 
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Appendix  C.2:  Spl iceosomal Prote i n  Candidate Seq ue nces 

Note: In Giardia Iamblia "contig" replaces AACBO I OOOx. l "  (e.g. AACBO I 000 1 56 . 1  is stated as Contig l 56 )  
Group results are shown a t  the end of  this appendix. Some results shown in Chapter 4 may superseed these tables. 

Gia rd ia Iamblia Enta moeba h istolytica Plasmodium falciparum 
Protein 

(Human) (S.cere) Rank Coni if! Area Rank Contil! Area Rank Contig_ Area 
U l  Proteins 
U J -70 SNP I ? Group ! - ? - 2 Chr 1 3- 1 2575468-2575950 
U l -A MUD I 2 Contigl  7 C( I 5905- I 5342) 2 Contig4264 1 7 1  1 - 1 926 2 Chr 9 C( I 3671 39- 1 36837) 

2 Contig2 C(287 1 9-28273) 
U l -C Y H C I  - - - 3 Contig57 1 0  3807-3974 2 Chr 8 C(9200-709006) 

Prp39 I Contig34 C( I 59 1 0- 1 5449) ? - 2 Chr 4 C(5687-2 1 467 1 )  
FBP I I PqJ40 - - 3 Comig3698 1 484- 1 762 2 Chr 1 3- 1 6760 1 6-677950 

Snu56 - - - - - -
Snu65 - - - - - - -
Nam8 4 Contig63 C( 46366-46956) 2 Contig4 1 2 1  C( 2 1 83- I 659) 2 Chr 1 3- 1 906995-907495 
Snu7 1 - - - - - 4 Chr 12  C(  1 2  I 6 1  98- 1 2 1 5779) 
Usal - - - -

U l  1 -35 - - 3 Comig4340 C( l 224- 1 003 ) 2 Chr 8 7 1 4779-7 1 5000 
3 Contig5730 C(4540-4274) 

U2 Proteins 
SAP I 55 HSH 1 55 2 1 Contigl l C( l 8758-2 1 78 1 )  3 Contig3752 1 483- 1 860 I Chr3 C(378324-375808) 
SAP I 45 CUS I I Contig2 I C( 25709-26638) 2 Contig5992 1 1 608- 1 2093 - -

I 2 I 70- I 2226 
SAP I 30 RSE I - - 3 Comig294 1 80-367 I Chr l 2  I 452602- 1 455220 
SAP I 1 4  Prp2 1 ') - - 2 Comig5872 9559- 1 0080 2 Chr6 C( I 54262- 1 53 732) 
SAP62 Prp l I I Comig35 3 1 467-32 1 35 I Contig5903 C( I 4555- 143 I 3 )  I Chr6 885554-886 I 83 
SAP6 1 Prp9 - - - I Contig4750 I 7 1 2-3088 2 Chr9 I 008 I 58- I 008529 
SAP49 HSH49 I Contig63 466 76-4 7248 2 Contig4 1 2 1  C( 2444- 1 962) 2 Chr l 2  988664-98 1 73 

Contig l 888 20-3 1 9  
Comig5903 C( 1 4555- 143 1 3 )  

U2 A' LEA ! 2 Group! ? - - 4 Chr9 C( l l 98038- 1 1 976 1 0) 
U2 B" MSL J 2 Group! 2 Contig4264 I 71 1 - 1 926 3 Chr l 3- l  282275-282556 
p 1 4  SNU I 7  2 Group! ? - - 2 Chr l 2  C( J 0 I I 092- I 0 I 0853 

lst3 - - - - - 2 Chr l 3- l 2237549-22378 1 5  
2 Chr l 2  988664-988972 

Rds3 2 Comig4 26 I 06-26372 3 Contig6003 5394-56 1 5  2 Chr J O  C( 7365 I I -736395) 
3 Comig5608 42 1 0-4407 

Ecz. cuniculi 

Rank Contig A rea 

? - -
I Chrl l l  93747-94268 

I ChrX C(33886-
34254) 

- - -
2 ChrfX C(9036 1 -

9 1 5  1 5 )  
- -
- - -
2 ChrVI 33038-33463 
? - -
- -
2 Chr X 1 46374- 1 46625 

2 ChrXI 1 1 9099- 1 2 1 720 
I ChrXI C( 1 9 1 499-

I 92500) 
4 ChrXI 1 98727- 1 9955 1 
2 1  ChriX I 0 I 392- I 03239 
I Chrl l l  59553-60 I I 0 
2 ChrYl l  1 38730- 1 39842 
2 ChrYJJ  205566-206027 

- - -
2 Chrll 30655-3 I 395 
2 Chrll C(62808-

63089) 
? - -

2-B ChrVll  I I I 898- I I 2 I 34 



Giardia Iamblia Enta moeba h istolytica Plasmodium falciparum Ecz. cuniculi 
Protein 

(Human) (Scere) Rank Contig Area Rank Colltig Area Rattk Contig Area Rattk Colltig Area 
U5 prott"ins 
US-220 PrpX I Contig99 ('(45 5-42 70) 2 Contig5950 ('(9907-901 7) I Chr4 30362R-306R6 7 I ChrlV C(954 1 0- l 00635) 
US-200 Bn2 I Contig l 03 26994-3 1 77}1 I Contig5603 ('(3 55 8- 1 03 )  I Chr-+ I 036643- 1 042396 I ChrVll 1 05267- 1 07072 

1 Contig6R 36454-39 9 1 5 2 ChrVl 1 2405 1 - 1 26030 
U5- 1 1 6  Snu l l 4  2 Contig l 23 ('(30806-30 1 2} )  2 -many Contig6026 ('(20229- 1 860 I )  I Chr i O  C( 1 72723- 1 76430) ') - -

Contig5994 1 973-3666 

U5-102 Prp6 - 1 Contig5535 4689-7274 2 Chr l l 40406 7-4056 1 4  ') -

U5- I OO Prp28 •) R>\A - 2 -S Contig4>146 ('(462 3 - 1 528) 2 Chr5 ('(76492 1 -763539) 2 ChrV I l l  1 2 1 289-1 22485 
hel icase Cont ig42 1 0  1 498-3 .172 2 Chrll 82570-83703 

US-52 Snu40 - - 2 Contig5.123 ('(2526-235')) 2 C h.- 1 0 mnss- 1 278 1 75 
US-40 ') Ciroup2 - '! �many I C hr8 ('( 338588-3 37680) ') 

U5 - 1 5 DlB I I Contig42 56_,_,0-56 76 1 I ( 'ontig5824 C( 1 2435- 1 2 1 1 5 ) I C hr l 2  1 2 99589- 1 299843 2 Chr! l 1 52286- 1 52648 
PSF'P54nrb 3 Conti g2 1 5461 1 - ! 54829 3 C:ont ig57 l 1  3098-3898 3 Chr l l C< !076 1 1 - 1 08357) 3 Chr V I I  1 78208- 1 7889 1 

U4-U6 proteins 
U4/U6-90 P rp3 1 Contig5SSS C(6224-505 8 ) 2 ChrD-1  C(386354-3S5443) 

U41U6-60 Prp4 <) Group2 - 2-many Contig5X92 5 ! 7 1 -5995 3 C:hrJ 370027-370899 '?� -
Contig5\l27 ('(994 1 -9.17 2 )  Chr3 C( 1 05687- 1 05 1 2 1 )  many 
Contig5804 C(5 1 40-J875) 
Contig5 8 1 0  2967-3845 

U4/U6-6 1 Prp3 ! •) - •) 3 C hr8 520788-52065 1 2 ChrlX C(48489 5 - I M086) 
U4iU6-20 C pr I 2 Conti g l C( 1 0799 - 1 0320) 2 Contig5665 4934-5 ! 94 2 C:hr l I C( ssn 1 5-587330) 2 ChrX ('(243 9 1 7-243 5 1 6) 

2 Contig60 ('( ! 8080 - 1 7 664) 2 Chr8 C( 1 044032- 1 043529) 
2 C:hr5 439293-439670 

U4/U6- Snu l 3  2 Contig26 ('( 3274 1 -32 385)  2 Contig5857 577-729 2 Chr l l 942904-943059 4 Chrl C( 1 07490 - 1 07326) 
1 5 .5kD 
RY- 1 3 Contig.'238 5 77-729 3 Chr8 520788-52065 1 

Spp4 l - - - - - - -

Snu23 - - 4 Chr 1 2  C (  I 1' 1 41 4 1 - 1 8 1 3 587 ) 



....... 
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Protein 
(Human) (Sccre) 

U4/U6.US tri proteins 
SART-1 Snu66 
Tri-65 SAD I 

Tri- 27  
Aar2 

Sm/ LSm core proteins 
Sm BIB' SmB I 
Sm D l  S M D I  
S m  02 SM D2 
Sm DJ SMD3 
Sm E SM E I  
Sm F SMX3 
Sm G SMX2 
LSm2 LSM2 
LSm3 LSM3 
LSm4 LSM4 
LSm6 LSM6 
LSm7 LSM7 

LSml 
LSm5 
LSm8 -

Giard ia Iamblia 

Rank Coli/if! Area 

- - -

3 Contig l 35 226 1 9-2 1 687 

- - -
- - -

I Contig8 C(42998-43387) 
I Contig79 2464-275 1 
I Cont ig4 1 4 7464-47838 

2 Cont ig l 80 1 5992- 1 64 77 
2 Cont ig l 74 C(3433-38 1 3 )  
'! - -
- - -

I Contig 1 03 C( 1 8248- 1 857 1 )  
- -

2 Contig l 2 1  1 857 1 - 1 8347 
2 Contig80 C(27300-27536) 
- - -

- - -

4 Contig l 28 1 9661 - 1 9876 B 
- - -

---·-

E ntamoeba histolytica Plasmodium fa lciparum Ecz. cuniculi 

Ra11k Co11ti!! Area Ra11k Colllig Area Rank Contig A rea 

3 Contig5246 C(2 1 48- 1 894) 2 Chr3 C(98891 2-988220) - - -

I Contig593 1 C( 22493- 2 Chr 1 3- C( 705289-704483 4 ChrJ I I  75437-76252 
2 1 1 38) I 

- - - 2 Chr8 C( 520806-52065 1 )  - -
- - - - - - -

2 Comig4820 1434- 1 679 - - - - - -
- - - I Chr l l C(998476-998 1 58) 2 Chrl C(6973 1 -69438) 
2 Contig5423 C(2390-2 1 33) I Chr2 752962-753432 2 ChrX C(2 1 8677-2 1 8432) 
2 Contig3706 C( 2054- 1 926) I Chr9 445779-446296 2 Chr I l l  C( I 02396- 1 02691 ) 
- - - - - - I Chr 1 1  1 14779- 1 1 4964 
- - - I Chr l l C( I 050730- 1 0 5 1  057) 2 Chr!V C( l 02881 - 1 02693 ) 
- - - I Chr8 356025-356 1 89 2 ChrV C( 1 20472- 1 20332) 
2 Contig4979 3589-3744 2 Chr5 838549-8387 1 6  2 ChriX 2 1 5965-2 1 6246 
2 Contig5767 C( I 005-745) - - - 2 ChrX C(2 1 87 1 3-2 1 84 14) 
- - - 2 Chrl l C(289665-2899 1 3) 2 Chr l l l  44793-450 1 7  
- - - - - - - - -

2 Contig5507 C( 2348-2554) 4 Chr 1 2  427705-42779 1 - -
- - - - - - 2 Chr V C( l 73905- 1 73720) 
2 Contig5768 C(2055- 1 936) - - - - -
- - I Chr8 906 1 6-90459 - - -



Protein Giardia Iamblia Enta moeba histolytica Plasmodium falciparum 
(Human) (Scere) Rank Co11tig Area Rank ContiJ: Area Rank Conlig Area 

Catalytic step !I and late acting proteins 
Prp l 6  3 Contig41 ('( 1 1 666- 10902 ) 2 ('ontig2567 C( 1 450--45X) 3 Chr 1 3- 1  ('( 2477 1 5 5-2474339) 

J Contig41 C( 1 32 80- 1 2 747) .1 Chr I 0 C( 1 22 74\l l - 1 22 5 8 7 5 )  
3 Contig92 ('(34667-.13465 

Prp22 3 Contig41 C( I ! 567 - 1 1 05 5 )  2 Contig2567 C( l 450--42H 2 Chr 1 3- 1  C(2476387-24 74348) 
3 Contig<J2 ('( 34667-33465) 2 Chr 1 0  C(  1 227485- 1 22 5 773)  

Prp43 3 Conrig4 J C( \ 33 1 3 - 1 2747) 2-tirst Conrig256 7 C( l 450--446) 2 Chr l 3 - l  ('(2476387-2474348) 
2-cnd Contig3548 ('( 1 77 1 --497) Chr 10 C (  1 22 7485- 1 22 5 773)  

Slu7 2 Contig5855 C( I 0097-9750) 2 Chr 6 C( 485987--484809) 
Prp l 7  ' )  Group2 - 3 Cont ig4422 C( l .'i50-933) 2 Chr 1 2  802804-8()4390 

:\ Contig5435 1 9 2 2-2539 
3 Contig5662 6971'-7427 

Prp l 8  4 Conrigl 2 8  332 5-3309 - - 2 Chr 'J (' ( 9 1 9570-9 1 9469) 

Other DExD/H P roteins 
DDX I 6  Prp2 3 Contig41 C( 1 1 567- 1 0893) 2 Contig2567 C( 1 450-428) -
Abstrakt 2 Contigl08 1 55 62 - 1 6776 2 Contig5950 C( 9922-R858) 1 Chr5 C( l l 54 1 32- 1 1 5 5628)  

2 Conti g l 5  ('( 4 1 03 1 -399 1 6) 
p68 D B P2 ' Conti g l 08 1 5 583- 1 6776 2 Contig5950 C(99 1 9-R969) ') Chr 5 _\60289-3 6 1 530 -' 

3 Contiu l 5  U 79736-n l 29) 

Prp 19-P roteins 
CDC5L C E F I 3 Contig55 36747-370 1 9  2 Conrig59 1 5  ('(2972-2652) 2 Chr 10 C( 1 348 1 3 6- 1 3468 9 5 )  

( Cdc5) 
Prp5 3 Conti g J Og 1 1 55110- 1 67 1 3 2 Contig5950 q 99 3 7-895 1 ) 2 Chr5 360 1 8 1 -361 587 

3 Conti g 1 5  C(4 105X-39880) 
tSA P33 !SY I 2 Cont ig l 864 C( I 002-436) - -

( Cwfl 2 )  
hCrn C L F I  - - 2 Contig5055 C ( 3297-2029) I Chr4 C( 2 1 5 573-2 1 42 75 )  
PLRG I Prp46 2 Contig l46 C( l 74 1 1 - l 6488) 3 Contig5892 5 1 56-5893 I Chr3 C( 1 05756- [ ()4662) 

3 Contig5W4 C( 4480-400 I )  
3 Contig60 1 9  C( 1 1 67 1 - 1 !000) 

Prp l 9  Prp l 9  3 Contig76 ('(22077-224 1 1 ) 3 Contig5892 532 1 -5902 2 Chr3 369307-370902 
-' Contig2567 3285-3845 

EJC-assoeiated Proteins 
Y l 4  

��:, I _ 

4 Cont ig4 1 2 1  ('( 2207- 1 962) 3 Chr D - l  257568 I -2575R99 
Magoh 2 Contig6024 C( 1 742- 1 5 1 2) I Chr7 97394/i-974463 
R:.iPS J 4 Comig5 1 56 3652-3R6 I ') -
C B P80 - - - -
( ' B P20 ' )  2 Chr l 2  98866 1 -98889 1 



_. 
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Protein G ia rd ia Iamblia 
(Human) (Scere) Rank ConliJ: Area 

SR proteins 
SRp75 - - -
SRp54 SFRS I I  - -
SRp55 3 Contig34 C(6372-6 1 69)  
SRp40 - - -
ASF SF2 4 Contig34 C(372-6 1 69) 
9G8 4 Contig34 C(372-6 1 69) 
SC35 - - -
SRp30c 3 Contig34 C(6372-6 1 75) 

hTra2 - - -

SRp20 - - -
SRm300 - - -
SRm 1 60 - - -

Proteins associated with other cellular events 
UAP56 SUB2 2 Cont igl08 1 3688- 1 4956 
TAT-SF I CUS2 - -
SKIP Prp45 - -
TH02 Rlrl  - - -
HPR I - - -
hPrp4 2 Contig6 C( 8 1  1 60-80069) 
kinase 

TEX I ? Group2 -

XAB2 SYF I  - - -
CA I SO 3 Contig6 884 1 0-88943 

CF 1 -68 - -
CF 1 -25 - - -
ASR2 - - -
Aly YRA I 2 Comig6 C( 1 1 3452-

1 1 2928) 
PABP PAB I 2 Cont ig iO  1 0 1 00 1 - 1 0 1 7 1 1 

Entamoeba histolytica Plasmod iu m falciparum 
Rank ConliJ: Area Rank Conti�: Area 

- - - 3 Chri O C(208649-208 1 07) 
- - - - - -
3 Contig4 1 2 1  C( l 874- 1 692) 3 Chr5 C(725725-725246) 
- - - - - -
- - - 2 Chr5 C(9424 72-74225 1 )  
- - - 2 Chr5 C(725728-725327) 
4 Contig4 1 2 1  C(2 1 95- 1 968) 3 Chr l 2  68 1 547-68 1 768 
3 Contig4 1 2 1  C( 1 874- 1 707) 3 Chr l O  C(942466-942269) 

3 Chr i O  C(208658-208 1 3 1 )  
? - - 3 Chr l 3- l 907274-907495 

3 Chr i J- 1 2575678-2575908 
- - - 3 Chr l 3- l 2575693-2575920 
3 Contig5445 36- 1 1 48 3 Chr5 C( 469825-469607) 
3 Contig5885 C( 1 4368- 1 3970) 3 Chr3 C( 469825-469607) 

I Contig5284 252 1 -3570 2 Chr C( 405384-404284) 
3 Contig3293 C( 1 1 55-868) ? - -
2 Contig598 1 2498-3 1 99 2 Chr 2 C( 764764-763496) 
3 Contig2 1 72 C(422-2 1 )  3 Chr l 2  C(2032733-203 1 924) 

- - - -
3 Contig5840 2989-398 1 ? - -
3 Contig5926 9788- 1 0549 
3 Contig5 145 C(4203-3652) 
2 Contig4 1 87 530- 1 1 1 7 2 Chr i O  C( l l l l 827- 1 1 1 1 1 08) 
2 Contig5 8 1 1 C(6 1 07-5352) 
3 Contig5055 ((32 1 0-2404) 3 Chr l 2  1 499730- 1 498732 
3 Contig5733 8808-2238 3 Chr 1 2  C(283935-283024) 

Contig5 1 04 1 373-2238 
- - - - -
2 Comig5868 C(2 1 90- 1 6 1 2 )  - - -
3 Comig59 1 9  C(3767-3339) - - -
4 Cont ig5094 C( 1 748- 1 290) - - -

3 Contig4 1 2 1  C(2444- 1 698) 2 Chr l 2  988709-989386 
3 Contig5548 2866-3771 
3 Cont ig5002 C(5328-4297) 



G ia rd ia Iamblia Entamoeba histolytica 
I Rank 

Plasmodium talciparum 
Rank Contig Area Ra11k Ctmtig Area Contig Area 

2 Contig9 97 1 7 1 -976 1 4  2 Contig5776 ('(5560-45 1 7) 
I Contig399X 1 739-2 1 67 2 Chrl l Ct 723353-7227 1 8 )  

B B P ' 4 Cont ig l 2 ('( 9 1 1!73 -9 1 559)  2 Contig3904 1 420-22 7 1  2 Chr(') 1 0 0 1 806- 1 0027 1  
Msl5 

IS AP ! ! 8  I Contigl 8 1  1 2 740-1 4320 3 Contig5506 4 1 40-5525 2 Chr6 1 43093 - 1 44709 
2 ChrlJ 448 8 1 0-44952(') 

TIP39 Ylr424w 
SPF45 
UJC7A I � Contig i i O  30409-30837 

M FA P I  I ; Contig5776 ('(3382-3047) I i Chr/ 3- 1 973948-974463 
!FN4 FAL l Contig l 08 ! 3 8 1 1 - 1 4926 Contig5284 2503-3570 Chr4 I 044928 - 1 046079 

2 Contig l 5  C(4 1  0 1 9-39850) 
RHA I 3 Contig41 C( 1 3 343- 1 2777) I 2 Contig5368 ('(6890-63 30) I 2 Chr l 3- l  C(2476420-247438 1 )  

Contig2567 ('( ! 450-45 8 )  
3 ! 29-4 1 66 

CCAP2 CWC I 5 I ·) I �  Contig4623 C( I 050-523) 2 Chr7 C( 8600 ! 8-85lJ752) 
SPF3 1 Contig5734 C( 2684-2205 ) 2 Chr l 3- l  C(2905 1 9-2S9lJ77) 

4 Contig5 7 1 1 4034-4534 
RED 2 Chr 1 3- l  C( 280 1 4 1 -279965) 
PUF60 3 Contig34 ('( 63 75-6 1 8 1 )  3 Contig4 1 2 1  C( 2 1  86- 1 690) ') 
DGSI 3 Chr l l C( 430444-42988 I )  
tSAP 1 5  4 Contig i .JX C(5966-5592) 2 Chr5 C(lJ44568-944407 )  
fSAP2lJ 4 Contigl C(  1 05X0-1 032lJ) 4 Contig3453 C( mX-993) 2 Chr l l C( 1 520933 - 1 5 1 545 ) 

on 3 Group!  1 546 1 1 - 1 54865 3 Contig4 1 2 1  C( l lJ2X- 1 665) 
I M PJ 2 Chr6 2683 8 1 -268776 
fSAP94 2 Chr6 ('(48 8 1 29-487695) 
fSAP5lJ 3 Contig34 ('(6378-6 1 .1 1 )  3 Conti�c>(,()40 C'( 1 0453-992 9 )  2 Chr l 3- l  90692lJ-90750 I 
GCFC 3 Contig5 1 n  C(3547-2807) 

!SAP 57 PFS2 3 Contig76 C( 23 268-224 1 4) 3 Contig5 7 1 5 3496-4248 I 2 Chr l 3- 1  C (  440990-43943 I )  
3 Contig5 804 C( 4465-4 1 03 )  

fSAP ! M  I ; 3 Contig60 1 8  ('(5209-4424) 2 C hr l 3- l  20 1 8 78 1 -20 1 9X93 
ISAP I I 2 Cont ig1 864 ('( 1 002-45 1 )  

!SAP a Contig63 46 7 1 2-4695 1 2 Chr 1 4  ('(96767-96 1 68)  
ISAP I I 3 Contig49 ('( 58 2 1 5 -5 7265) 3 Contig5974 6446-7585 2 Chr7 C( 1 2 00475-1 1 99300) 

Contig l 4 1  2864 7-293 5 1  2 Chr i O  ('( 240202-238580) 
SPF38 I 3 Group2 3 l'ontig5804 ('(4480-3998 ) 2 Chr8 ('( 33856 1 -33 7809) 

3 Contig l 54 1 75 1 6- 1 83 1 0  3 Contig5927 C(9968-9438) 

SPF27 L 2 Chr6 653020-653607 

CrkRS CTKI Contig58 ('( 3 1 R97-3 1 046) 3 Contig5630 C( 2lJ63-2076) 3 Chr4 C( 7952�5-794230) 
Contig1 39 1 94 1 8-20284 3 Contil!5376 3367-4044 

-
0'1 0'1 
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Protein Giardia Iamblia Enta moeba histolytica Plasmodium falciparu m 
(H uman) (Scere) Rank Contig Area Rank C01rtig Area Rank Cotrtig Area 

Other Splicing Proteins 
fSAP I 8  - - - - - - -

fSAP I 05 - - - - - - -

fSAP I 2 1  - - - - - - - -

fSAP79 - - - - - - - -

fSAP24 - - - - - - - -

SPF30 - - - - - - - -

SNP70 - - - - - - -

NAP - - - - - - - -

ZNF207 3 Contig72 C(20344-20 123)  - - - 3 Chr iO  3 8 1 36 1 -38 1 645 

fSAP7 1 - - - - - 3 Chr 1 2  1 936847- 1 937677 

WTAP - - - - - - 3 Chr l 2  1 264059- 1 26442 1 

fSA P I 52 - - - 3 Contig57 1 1  3782-4 1 02 - -

SHARP 3 Contig98 34205-34999 3 Contig57 1 1  4337-5560 3 Chr l 2  C(284 160-2830 1 5 )  

C I R P  4 Contig36 C(43284-43096) 4 Contig4 1 2 1  (( 2 1 86- 1 965) ? - -

FBP3 - - - - - - 3 Chr6 26742 1 -267783 

fSAP35 4 Group2 - 3 Contig5927 C(9845-9459) 3 Chr3 3 70486-3 70752 
3 Contig5437 2350-3333 

G roup Results for G ia rd ia Iamblia Candid a te Sequences. 

G roup l :  Giardia Iamblia Con tig 2 

Protein 
U l  70 
U2-A 
U2 8 
P l 4  
OTT 

Area within contig 
I 546 I I - I  54 77 5 
1 5464 1 - 1 5484 7 
1 5464 1 - 1 54847 
1 54608- 1 54829 
1 546 1 1 - 1 54865 

G roup 2 :  Giardia Ia mblia Contig 76 

Protein 
U5 40 
Prp4 
Prp l 7  
tSap35 
Tex l 
tSap57  
Spt3 8  

Area within contig 
23 1 42-224 1 I 

23268-22447 
23070-224 1 7  
23367-224 1 1 
2 30 1 3-22396 
23268-224 1 4  
2 3 1 42-22489 



Appendix C .3 :  RNaseP P rotein Candidate Seq ue nces : 

Protein 
Pop I 
Pop4 
PopS 
Rpp2 1 

Giardia Iamblia (AACBO l OOOOOO) 
http ://www . ncbi .nlm.nih .gov 

Contig Region +I-
AACBOl OOOO l 7. 1  65532-63 1 93 -

AACB01 000007 . l  7 8993-79586 + 

AACB0 1 000007 . 1  735 1 -7 7 1 3  + 

AACB0 1 000050. 1 1 09 1 - 1 504 + 

Entamoeba histolytica 

Method 
ASR 
BLAST 
HMMer 

BLAST 

Database downloaded fi·om: ftp.sanger.ac.uk/pub/pathogens/E _histolytica/ 

Protein Cootig Region +I-
Pop l (partial) 3 539 2 1 0-698 + 
Pop4 

Protein 
Pop ! 
Rpp2 1 

5 866 4036-3758  -

3 5 1 2  2022- 1 708 -

Encephalitozoon cuniculi 
http ://www.ncbi.nlm.nih.gov 

Ch romosome Region +I-
Chr Vlll  28735-2752 1 -

Chr X 23306 1 -233273  + 

M ethod 
ASR 
ASR 

M ethod 
BLAST 
BLAST 

1 69 
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Appendix 0 :  Perl Scri pts developed for this thes is 

D isclaimer: These Per] Scripts were written by myself during this project. They worked well on my 
computer but I make no claims that they will  work on anyone elses. 

0 . 1 : BlastHits1 . 0 . pl 

# B l a s t H i t s 1 . 0 . pl 
# Perl Program to parse BLAST output for analys i s  
# 
# Author : Les l ey Col l ins Updated 15 January 2 0 0 4  
# I nc l ude s ident ity and pos i t ive percentages 
# # # # # # # # # # # ## ## # # # ## # # # # # # ## # # # # # # # # # # # # # # # # # # # # # # # # #  
# 
# Input : BLAST standard output f i le 
# 
# Output : F i l e  formatted f or input into Excel tabl es 
# 
# # # # # # # # # # # ## ## # # # # # # # # # # # # # ## # # # # # # # # # # # # # # # # # # # # # # #  

print " BLAST2 t ab . p l \ n= = = = = = = = = = = = \n\n " ; 
print 

11 Input F i l e : 11 ; 
$ i nput F i l ename = <STDIN> ; 
chomp $ inputFi l ename ; 

open ( INF I L E ,  " $ inputFil ename " )  or d i e  " I nput f i l e  not opene d " ; 

print " Output f i l e : " ;  
$output F i l ename = <STD IN > ;  
chomp $output F i l ename ; 
open (OUT F I LE , " >$output F i lename " ) or d i e  " Output f i l e  not opened " ;  

print OUT F I LE " B l a s tHi t s 2 . pl Program Output \ n " ; 
print OUT F I LE " = = = = = = = = = = = = = = = = = = = = = = = = = = = = \ n\ n " ; 
print OUT F I LE " B l ast Output f i l e : \ t $ input Fil ename \n\n " ; 
#column headings 
print OUT F I LE "Que ry\ tGene \ tSpeci es \ t Length\ tCont i g\ t: Score \ t: E - val ue \ t Frame \ t " ; 
print OUT F I LE " I dent ity\ t \ t Pos i t ives \ t \ t " ; 
print OUTF I LE "Query Region\ t \ tSubj ect Region\n\ n " ; 
#Set some original values 
$dbfound = 0 ;  
$ inCont ig = 0 ;  
$ inAl ign = 0 ;  
$ inQuery = 0 ;  
$ newQuery = 0 ;  

# # # # # ## # # # # ## ## # # # # # # # # # # # # # # # # ## # # # # # # # # ## # # # # # # # # ## # # # # # #  
# Read each l ine of the input f i l e  
# Check for the name and date of da tabase 
# This i s  norma l ly at the end of the b l a s t  output f i l e  
# so dbfound ind icates t ha t  the blast f i l e  is at the e nd .  
# QueryName is the start of each query . 
# Set i nQuery to 1 .  
# # # # # # # # # # # ## # # # ## # # # # # # # # # # # ## # # # # # # ## # # ## # # # # # # # # # # # # # # # #  

foreach my $ l ine ( < INF I LE > )  

{ 
if ( $ l i ne = - / Posted dat e : \ s * ( . * ) / ) 
{ 

$dbfound = 0 ;  
$pos ted0ate = $ 1 ;  
chomp $postedDate ; 

e l s i f  ( $ l ine = - /Que ry= \ s ( . * ) \ s / )  

{ 
$que ryName = $ 1 ;  
chomp $queryName ; 
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i f  ( $ inQuery = =  0 ) { $newQuery 1 ; } 
$ inQuery = 1 ;  
$ acce s s ion = 11 11 ; 
$ species = " 11 ; 
$ cont i gName = " No H i t s  Found " ; 
i f  ( $que ryName = - / ( \w* ) \ s * ( \ w* ) \ s * ( \w * \ s \ w* ) / )  

{ 
$ acce ss ion = $ 1 ;  
chomp $ acce s s ion ; 
$gene = $ 2 ; 
$ spec i e s  = $ 3 ; 
$queryName = $ acces s ion ; 
chomp $ spec ies ; 

} 
e l s i f  ( $ l ine = - /Database : \ s ( . * ) / ) 

{ 
i f  ( $dbfound == 0 )  
{ 

$ database = $ 1 ;  
chomp $databa s e ;  
$ db found = 1 ;  

# # # # # # # # # # # ## ## ## # # # # # # # # # # # # # # # # # # # ## # # # # # # # # # # # # # ## # # # # # # #  
# New cont ig h a s  been found , 
# Print out any res idual l ine of o l d  cont ig 
# Indicate that a new subj ec t  has been s t arted 
# Set inSubj ect to 1 
# Can have mul t ip l e  a l ignments under each contig 
# # # # # # # # # ## # # # # # # ## # # ## # # # # # # # # # # # # # # # # # # # # # # # # # # # # ## # # # # # # #  

e l s i f  ( $ l ine = - / > ( . * ) / ) 
{ 

if ( $ inQuery == l )  

{ 
$Qend = $Q2 ; 
$ Send = $52 ; 
$ dbfound = 0 ;  

i f  ( $ inCont ig = =  1 & $ db found = = 1 )  
{ 

print OUTF I LE " $que ryName\ t $ gene \ t $ spec i e s \ t $ l ength\ t " ; 
print OUTFILE 

" $ cont igName\ t $ score \ t $expec t \ t $ f rame \ t $ i dent i tyScore \ t $ identi tyPercent \ t $pos i t ivesScore \ t  
$po s i t ivesPercent \ t " ; 

print OUTF I LE " $Q s tart \ t $Qend\ t $ S s t art\ t $ Send\n" ; 
$ inAl ign = 0 ;  
$qstart = 0 ;  
$ s s t art = 0 ;  
$ inCont ig = 0 ;  

#reset values to avoid any f l oa t i ng values coming in wi th " no h i t s  found " . 
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$Ql 11 11 . 
$Q2 Il l! . 

$ 5 1  " " ;  
$52 11 11 ; 
$ Q s t a rt 11 11 . 
$qstart 1 1  1 1  i 
$ S s  tart 
$ s start !I ll . 

$ score = 11 " ; 
$ expect = " 11 ; 
$ i nA l ign = 0 ;  
$Qend = " " ;  
$ S end = 11 11 ; 
$ i nqueue = 0 ;  
$ f rame = 11 " ;  
$ iden t i tyScore " " ;  
$ i dent i tyPercent " " ;  



$ po s i t iv e sScore = 
$po s i tive s Pe rcent 
$ cont igName = $ 1 ; 
$ inCont i g  1 ; ) 

I! I! ; 

# # # ## # # # # ## # # ## # ######### # # # # # # # # # # # # # # # # # # ## # # # # # # # # # # # # # # # # # # ## ## ## # # # # #  
# For each new Al ignment under a c on t i g  
# Record . .  s cor e , e xpect , f rame , Qst art , Q end , Sstart , Send 
# 
# 
# 
# # # # # # # # # # # # # # # # # # ###### # # # # # # # # # # # # # # # # # # # ## # # # # # ## # # # # # # # # # # # # # # # # # # # # #  

e l s i f  ( $ l i ne / Score = \ s ( \d* . \d* ) / )  

{ 
# is a l ready in an al ignment - print out , reset  values be fore proceeding 
i f  1 $ inAl ign 1 )  

{ 
$Qend $ Q2 ;  
$ S en d  $ S 2 ; 

print OUTF I L E  " $queryName \ t $ gene \ t $ s peci e s \ t $ l ength\t $cont igName \ t $ score \ t $ expe c t  \ t " ; 
p r int OUTF ILE 

" $ f rame \ t $ i denti tyScore \ t $ ident i tyPercent \ t $ po s i t ivesScore \ t$pos i t ivesPercen t \ t " ; 
print OUTF I L E  " $Qst art \ t $ Qe nd\ t $ Sstart \ t $ Send\n " ; 

$ Q l  J !  1! . 
$ Q2 " " . 

$ S l  , ,  11 . 
$ S 2  n 11 . 
$Qs t art 
$ qs ta rt 
$ S s  t a rt 
$ s s  t a rt 

- 11 11 . - ' 
- 11 !) . - ' 

$ score = n n ;  
$ expect = 1 1 ]! ; 
$ f rame = 11 '' ; 
$ ident ityScore 
$ ident i t yPercent 
$ po s i t iv esScore = 
$po s i t ives Percent 

) 
$ s core 
if ( $ l in e  /Expec t . * 

{ 
$ expe c t  $ 1 ;  
$ i nAl i gn 1 ;  

1 1 !1 i 
!! 1 1 . 

1 1 11 ; 

s ( \ d* . * ) / )  

e l s i f  1 $  ine / Frame ( . \ d ) / )  
{ $ f rame = $ ; }  

e l s i f  ( $ l i ne / Ident i t i es \ s = \ s ( \ d* . \d * ) \ s .  ( \d* % 1 / 1  

{ 
$ ident i t y-S core 
$ ident i t yPercent 
if ( $ l in e  

{ 

$ 1 ;  
$ 2 ; 
ive s \ s = 

$pos i t ivesscore $ 1 ;  
i t iv es Pe rcent = $ 2 ;  

( \ d* . \ d* ) \ s . l \ d * % 1 / 1 

# s t a rt and s top of query and s ub j ec t  a l i gnment 

e l s i f  ( $ l ine = - / Query : \ s +  1 \d+ )  \ s+ \ D + \ s +  ( \ d+ ) / )  

{ 
$ inQuery 1 ;  
$ Ql = $ 1 ;  
$Q2 = $ 2 ;  
i f  ( $ qs t a rt = = 0 1  

{ 
$Qstart  $ Q l ; 
$ qs tart  1 ;  



} 
} 
e l s i f  ( $ l ine / Sbj c t : \ s + ( \d+ ) \ s + \ D + \ s + ( \ d+ ) / )  

{ 
$ S 1  = $ 1 ; 
$ S 2  = $ 2 ;  
i f  ( $ sstart = =  0 )  

{ 
$ S s t art $ S 1 ;  
$ sstart 1 ;  

} 
} 
e l s i f  ( $ l ine =- /Number o f  l e t t e rs / ) 

{ 
$ Qend $Q2 ; 
$ Send $ S 2 ; 

p r int OUTFI LE " $que ryName\ t $ gene \ t $ species \ t $ l ength\t $cont igName \ t $ score\t$expect \ t " ;  
print OUTFI LE 

" $ f rame \ t $ i dent ityScore\ t $ ident ityPe rc ent \t $pos i t ivesScore \ t $pos i t ivesPercent \ t " ;  

} 

p r int OUTFI LE " $Q s t a rt \ t $Qend\ t $ Ss t a r t \ t $ Send\n " ;  
$Q1 " " .  
$Q2 " " . 

$ 8 1  11 11 . 
$ 8 2  11 11 i 
$Qstart = " 11 ; 
$qstart " "  · 

$ S s t a rt :;: 11 11 ; 
$ s start = 11 " ;  
$ s core = 11 11 ; 
$expect = 11 11 ; 
$ f rame = 11 11 ; 
$ i dent i tyScore - 11 11 . - ' 
$ i dent i tyPercent = " " ;  
$pos i t ivesScore = '' '' · 

$pos i t ivesPercent = " " ;  
$cont igName = " No H i t s  found " ; 

e l s i f  ( $ l ine I ( \ d + ) \ s le t t e rs / ) 
{ 
} 

$ length $ 1 ;  

print OUTF I LE " Database : \ t $dat abas e \n " ; 
print OUTF I LE " Date Posted : \ t $postedDat e \ n " ; 

* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  
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0 . 2 :  F i n d Co ntig . pl 

# FindContig.pl 
# Perl  program t o  extract 1 f a s t a  f ormatted cont ig f rom a dat ab a s e  txt f i l e 
# te s t  program - working 2 6  0 2 - 0 3  
#Author : Le s l ey Co l l ins 
p rint " \n \ nFindcon t ig . pl \n " ;  
p ri nt 11 * * * * * * * * * * * * * * \n\n 11 ; 
p r i nt " Cont ig to b e  found : • · 

$ cont ignurr�e r  = <STD I N > ;  
chomp $ cont ignumbe r ;  
p r i nt " Da t abase f i l e : " ·  

$ in f i l e  = < STD IN > ;  
open ( DATABASE ,  $ in f i l e )  o r  die  " Fi l e  not opened " ;  
open ( OUTFILE , " >$ ENV{ USERPROFI LE } \ \Desktop \ \ out f i le $ cont i gnumb e r . txt " )  o r  die  " Fi l e  not 
opened 11 ,· 

$ se q_l ine 0 ;  
$ cont ig_f ound = 0 ;  
f oreach my $ l ine ( <DATABASE> ) 

( eof ) 

i f  ( $ l ine - r > /m )  { 
if ( $cont ig_found ) 
outputprint ( ) ; 
ex i t ; 

i f  ( $ s e q_l i ne )  { 
$ l ine [ \ s O 9 \ / l / / g ;  
$ se q  . $ l i ne ;  

} 
i f  ( $ l i ne - / ' > ( . * ) $con t i gnumber ( : ? \ Z I \B ) /mi ) 

$ ident . = $ l ine ; 
$ se q_line 1 ;  
$ cont ig f ound = 1 ; }  

i f  ( ! $c ont i g_found ) { 
print " Cont ig not f ound in t h i s  f i le . \ n " ; 
print 11 Pres s Ent e r  t o  exit 11 ; 
$ c l o s e  <STD IN > ;  

outputprint ( )  ; )  
e x i t  i 

s ub outputprint 
$ se q  " \U$seq" ; 
print ( OUTF ILE " $ ident " ) ; 
print ( OUTFI LE l! $ s eq \n " ) ; 
#print 11 \n$ ident 11 ; 
#print $ se q ; 
pr int " \ n\ nData has been printed to t he f i le out f i l e $ c ont ignumber . txt on t he 

deskt op \ n \ n  • ;  
p ri nt " Press  enter f or p rogram to end . \ n " ; 
$ c l o s e  = <STDIN> ; 

* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  
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0.3 : RNAmotif_Cou nt. pl  

# Pe rl program to ana lyse RNAmot i f  output f il es . 
# Program w i l l  output t he name and number of output h i t s  for each l ine 
# w i thin a cert ain number of nuc l e ot ides of t he s ta rt pos i t i on for that 
# h i t .  

#open f il e  to be examine d .  
print " Please enter f il e  to b e  examined : " ·  

$ input F i l ename = < S TDIN> ; 
chomp $ inpu t Fi l ename ; 
open ( INPUTFILE , $ inputF i l ename ) or die " Input f i l e  not opened " ;  

#open output f i le . 
print " Please enter name f o r  output f i le : " ;  
$output F i lename = < STDI N > ; 
chomp $outputFi l e name ; 
open ( OUTFI LE ,  " >$ output F i l e name " )  or die " Output f il e  not opene d " ; 

$pos i t ion = 0 ;  
$ l im i t  = 1 0 0 ;  
$count = 0 ;  
$name = " In i t i a l  S e t t ings " ;  
print OUT F I LE < " RNAmo t i f  Output F i l e  Analys i s \n " > ;  
print OUT F I LE < " = = = = = == = = = = = = = = = = = = = = = = = = == == \n\n " > ;  

print OUTFI LE " I nput f i l e : $ i nput F i lename\n " ;  
print OUT F I LE " Sequence Pos i t i on l im i t : $ l imi t \ n\ n " ; 
print OUT F I LE sprintf 11 % - 3 6 s \ t % - 1 0 s \ t % - 5 s \n 11 , " Name " , " Po s i t ion " , 11 Count 11 i 
print OUTFI LE " = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = == = = == = = = \n \ n " ; 

foreach my $ l ine ( < INPUT F I LE > )  
i f  ( $ l ine =- / > ( . * ) / )  { 

chomp $ l i ne ;  

} 

if ( $ l ine / $ name / ) 

} 
e l s e  { 
print STDOUT sprintf " % - 4 0 s \ t % - Sd\ t % - 5d\n " ,  $ name , $pos i t io n , $count ; 
print OUT F I LE sprint f " % - 4 0 s \ t % - 5d\t % - 5d\n " , $name , $pos i t ion , $count ; 
$name = $ 1 ;  
$count = 0 ;  
$po s i t i on = 0 ;  

} 
$count ++ ; 

e l se { 
i f  ( $ l ine / \ s [ \ d) \ s+ ( \ d+ ) \ s + / )  

} 

$pos i t i onNew $ 1 ;  
$pos i t i onMin = $po s i t i on - $ l i mi t ;  
$pos i t i onMax = $po s i t i on + $ l imi t ;  
i f  ( $pos i t i on ! = 0 )  { 

if ( $ pos i t ionNew > $pos i t i onMax 1 1  $pos i t ion < $pos it ionMi n )  { 
pr int STDOUT sprint f " % - 4 0 s \ t % - 5 d\ t % - 5d\n " , $name , $pos i t io n , $count ; 
pr int OUTFILE sprint f " % - 4 0 s \ t % - 5d\ t % - Sd\n " , $name , $pos i t i on , $ count ; 
$pos i t ion = $po s i t ionNe w ;  
$ count = 1 ;  

} 
e l se { $pos it ion $po s i t ionNew ; } 
} 

} 
print STDOUT sprint f " % - 4 0 s \ t % - Sd\ t % - Sd\n " , $name , $pos it ion , $count ; 
print OUT F I LE sprintf " % - 4 0 s \ t % - 5 d\ t % - 5d\n " , $name , $pos it ion , $count ; 

* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  
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0 .4 :  RNAmotif_Fi lter. pl  

# P e r l  program t o  f i l t e r  RNAmot i f  output f i l e s . 
# P rogram t akes an RNAmot i f  output f i l e  ( e i the r be fore or after  getbest ) ,  
# t he n  extracts al l the  l ines con t a in ing scores above a user-de f ined 
# l imit . 

# op en f i l e  to be e xamined . 
p r i nt " Pl ea s e  ent e r  f i le to be examine d :  " ;  
$ inpu t F i l ename < STDI N> ;  
chomp $ input F i le name ; 
open ( INPUTFILE ,  $ inpu t F i l ename ) o r  die " Input f i l e  not opened" ; 

# open output f i l e . 
p r i nt " Pl ease ent e r  name f or output f il e : " ;  
$ ou tput F i l ename = < S TD IN> ; 
chomp $ output F i l ename ; 
open ( OUTFILE , " >$ output Filename " ) or die " Output f i le not opene d " ;  

p r i nt " Please ent e r  maximum score value , (Defaul t = 1 0 ) : " ;  
$ scoreMin < STDIN>  I I 1 . 0 0 ;  
chomp $ scoreM in ; 
p r i nt 1 1 Minimum s c o re $ scoreMin\ n '1 ; 
print OUTFILE < " RNAmot i f  F i l ter Program\n " > ;  
p r i nt OUTFILE < 1! = = = = == = = = = = = =:::o= = =::::= ==::::: = = = ==\n\ n n > ;  
print OUTFILE " Input f i l e : $ input F i l ename \ n " ; 
p r int OUTFILE "Min imum score = $ s coreMin . \ n " ; 
p r i nt OUTFILE 11 = = = = = : = = = == = = = == = = == == = = :::: = = = = = = = = = == :::: ==== \n\n u ; 
$ count = 0 ;  

f oreach my $ l ine ( < I NPUTFILE > )  

i f  1 $ 1  ine = - I [ > I # l I J 
$count + + ;  

} 
e l s i f  ( $ l ine / ( A [ \ S * j \ \ ] + ) \ s ( [ \ D j , ] + ) ( \d+ . \d+ ) / )  { 

$name $ 1 ;  
$mot i f  $ 2 ; 
$ s core $ 3 ; 
print H Name 
$count ++ ; 

$ name Mot i f  

i f  ! $ score > =  $ scoreMin ) 
OUTF ILE " $ l i ne " ;  

e l s i f  ( $ l ine = eof ) 
print 11 Count $ count . \n 11 ; 

$ mot i f  Score 

print " eo f  reached program f ini shed \n " ;  
print " Pl e a s e  press  enter t o  exit . \n " ; 
$ exit  < S TD IN > ;  
exi t ;  

$ score \ n " ;  

* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  
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0 . 5 :  Spl itDatabase. p l  

#Spl i tDataba s e . pl 
# A  program to t ake a f a s t a  formatted dat abas e of cont igs or chromosome s , and spl i t  
# it into sma l l e r  dat aba s e s  enabl i ng speed i e r  runs on parl l e l  systems 
# Author : Les l ey Col l ins 
# Date : 6 - 0 3 - 0 3 
# Some bug f ixes by WTJW 2 7 / 3 / 2 0 0 3 . 

print " Sp l i tDatabase . pl \ n " ; 
print '' * * * * * * * * * * * * * * * * \n \ n '' ; 

$maxFiles = 4 0 ;  
$out f i l eNumber = 1 ;  
$contigNumber = 0 ;  
# User-de f i ned input 
print " Please enter f a s t a  database to spl i t : \n " ; 
$ inf i l e  = <STDIN> ; 
chomp $ infi l e ;  
print " Please ent e r  number o f  f a s t a  f iles i n  each new f i l e : \n " ; 
$cont igsEach F i l e  = < S TDIN> ; 
chomp $cont igsEachF i l e ; 
print " Please ent e r  name for output f iles : \n " ; 
$outputName = < STDIN> ; 
chomp $outputName ; 
print " $outputName$ou t f i leNumber\n " ;  

open ( DATABASE ,  $ in f i l e )  or d i e  " Input F i l e  not opened " ;  
print " In f i l e  = $ in f i l e \ n " ; 

open ( OUTFILE , " > $outputName $out f i leNumber . txt • )  or die •output File not opened " ;  
print " $outputName$out f i leNumber . t xt opened\n " ; 

foreach my $ l ine ( <DATABAS E > )  { 
if ( $ l ine = - r > / m )  { 

$cont igNumber + + ;  
#print • cont i gNumber = $cont i gNumbe r \ n " ; 
i f  ( $ cont igNumber > $ cont igsEachFi l e )  { 

close ( OUTFI L E )  ; 
print " $outputName$ou t f i leNumber . txt c l osed\n " ;  
$out f i l eNumber + + ; 
if ( $out f i l eNumber > $maxF i l e s )  { 
print " Too many f i l e s  would be produced ! Stopping now . \ n " ;  
l a s t ; 

} 
open ( OUTFI LE , " > $outputName $out f i leNumber . txt " )  or die " F i l e  not opened" ; 
print • $outputName$ou t f i leNumbe r . txt opened . \ n " ; 
$ cont i gNumber = 1 ;  

} 
$ seq $ l ine ; 
print (OUTF ILE " $ se q • ) ;  

c l o s e  ( OUTFI L E )  ; 
print " EOF reached - $outputName$out f i l eNumbe r . txt closed\n " ;  
print " Program f i ni shed - pres s  ente r  to ex i t \n " ;  
$ e x i t  = < STDIN> ; 
exit ; 

print " Program f ini shed\ n " ; 
print " Press ente r  to exit \ n " ; 
$ e x i t  = < STDI N> ; 
exit ; 

* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  
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0 . 6 :  GenPeptF i le . p l  

# 
# 
# 
# 

GenPeptFile.pl 
Perl program to parse a number of p ro t e in sequence f i l e s  and extract 
the i n format ion required by t he Spl iceSite database .  

# Aut hor :  Le s ley Co l l in s  0 9 - July - 2 0 0 3  
# # # # # # # ## # # # # # ## # # # # # # ## ######### # # # # ## # # # # # # # # # # # # # # # ## ## ## # # # # # # # # # # # # # # # # # # # #  
# 
# 
# 
# 
# 
# 
# 
# 

Input f i l e  ! Ge npept f i le )  
Out pu t  f i l e  wi l l  b e  a tab del imited  t ext f i l e  s e t  up f or direct input 
into the Spl iceS i t e  da taba s e  pro t e i n  tabl e .  
The f o l l owing f i e l ds are t abulated : 
Acc e s s i on Number ; Spe c ies ; GI numb e r ;  Prote i n  de f i n i t i on ; Protein  l engt h ;  
Pro t e i n  Type ; Comment s ;  Sequenc e . 
Not e : The primary key in t he Spl i c e S i t e  protein  t a b l e  is the Acc e s s ion Numbe r .  

# 
# # # # # # # ## # # # # # # # # # # # # # # # ######## # # # # # ## # # # # # # # # # # # # # # # ####### # # # # # # # # # # # # # # # # # # # #  

# open f i l e  to be examined .  
print " Pl ea s e  ent e r  f i l e  to be examined : " ·  

$ inpu t F i l ename < STDIN> ; 
c homp $ input Filename ; 
open ( INPUTFILE , $ inputFilename ) or die  " Input f i l e  not opene d " ; 

# open output f i l e . 
print " Pl ease enter name for output f i l e : " ;  
$ outpu t F i l ename = < S TD I N> ;  
c homp $ output F i l ename ; 
open ( OUTF I LE , " >$ outputFilename " )  o r  die  " Output f i le not opened " ;  
print 11 0pt i onal f ie l ds \n 11 ; 
print • ( Not e : The s a me f ield  entry wi l l  appear for  a l l  proteins i n  the input f i l e . )  \ n " ; 
pr int 11 Please  ente r  protein name : 11 • 

$ name < STDIN> ; 
c homp $ name ; 
print • \nPlease ent e r  prot e in typ e : • · 

$ type < STDIN> ; 
c homp $ type ; 
print n \nPlease e n t e r  comment s :  11 ; 
$ comment <STD I N > ; 
c homp $ comment ; 
$ mul t i l ine = 0 ;  
$ count = 0 ;  
$ inseq = 0 ;  
f oreach my $ l ine ( < INPUTF ILE > )  

{ 
i f  ! $ l ine 1 \ / \ / \ n / i  
{ 

$ inseq = 0 ;  
$ seq s / [ \ d J / / g ; \ 
print OUTFILE 

" $acc e s s i on \ t $name \ t $ speci e s \ t$gi \ t $ de f in i t i on \ t $ l engt h \ t $ type \ t $ comment \ t $ s eq \ n " ;  
#print 

" \n$accession \ t $ name \ t $ spec ie s \ t $g i \ t $de f in i t i on \ t $ l engt h \ t $type \ t $comment \ t $ seq\n " ;  
$ c ount $ co unt+ l ;  
$ se q  = n t! ; 
$ d e f i n i t ion 
$ access ion 
$ g i  !! H • 

$ species  11 11 ; 

i f  ( $ inseq l )  
{ $ s eq . =  $ l ine ; } 

e l s i f  ( $mul t i l ine  l i 
{ 
i f  ( $ l ine = - /ACCESSION / ) 

{ 
chomp $ de f i n i t ion ; 
$ mult i l  ine 0 ;  



e l s e  

} 

chomp $ de f i n i t i on ;  
$ l ine = - s / A \ s * ( . * ? ) \ s * / /g ;  
$de f i n i t i on $ l ine ; 

e l s i f  ( $ l ine = - / LOCUS / )  

{ 
$ l ine = - s / LOCUS [ \ s + ] / /g ;  
$ l ine = - / ( \w+ ) \b / ;  
$acce s s ion = $ 1 ; 
$ l ine = - / ( \ d+ ) \ s + [aa] / ;  
$ l ength = $ 1 ;  

e l s i f  ( $ l ine = - / G I : ( \ d* ) I )  
{ $gi = $ 1 ; } 

e l s i f  ( $ l ine = - / ORGAN I SM/ ) 
{ 
$ l ine = - s /ORGANISM [ \ s+ ] / / g ;  
$ spec i e s  = $ l i ne ;  
$ species = - s / A \ s * / / g ;  
chomp $ spec i e s ; 

} 
e l s i f  ( $ l ine = - /DEFI N I T I ON [ \ s + ]  ( . * ) / ) 

{ 
$mult i l ine = 1 ;  
$de f i n i t ion = $ 1 ;  
$def i n i t i on = - s / A \ s * ( . * ? ) \ s * / /g ;  

e l s i f  ( $ l ine = - /ORIGIN/ ) 
{ $ inseq = 1 ; }  

print " \nNumbe r  o f  genbank records proc e s sed : $ count . \ n " ; 
print " Program Comp l e t ed\n " ;  
print " Output s tored in f i l e : $outpu t F i lename . \n " ; 
close ( OUTF I LE ) ; 
print " H i t  ente r  to exit program\n " ;  
$exit = < STDI N > ; 
exit ; 

* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  
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Appendix E Data manageme nt i n  the post-genomic e ra 

"To err is human. To really foul things up requires a computer. " - Anon 

"Databases have recently become more specialized and better curated, but redundancies and 
database mynchrony is on the rise because of the distributed and collaborative type of research. 
Therefore, database-to-database comparisons are required for analysis and validation, which 
consume ever more compute cycles and storage, draining resources from more original research. 
Furthermore, in research. the databases do not just sit there, they get processed and tramformed, 
calculations are run, and intermediate results are stored. " - Briefing in Computational Biology: 
A white paperfrom Sun Global, Education and Research, Science and Engineering 2002. 

During this project a number of data management issues emerged that are related 

to the information processes involved in  studying ncRNA and associated proteins. 

Whatever the approach, gene prediction depends to a large extent on the current 

biological knowledge (Mathe et al .  2002). Searching for ncRNA and protein genes in 

genomic sequences involved the effective management of large amount of different types 

of data including protein sequences, whole genomes, literature, protein-motif information 

and analysed data results. It is evident that data management technology has not kept pace 

with data generation in biology and further research and development is needed to 

effectively use the large biological datasets that are now becoming available (Jagadish 

and Olken 2 003). Although there are now a number of software packages avail able for 

managing large scale sequencing projects (such as ACeDB: http://www.acedb. ord and 

Ensembl : Hubbard et aL 2002), there is at present little available for the management of 

small genomic analysis projects. L IMS (Laboratory information management systems ) 

have been introduced to manage data for many applications including forensics and 

commercial laboratory testing, but these systems rely on standardised procedures and are 

often not applicable to strategic research laboratories. This chapter highlights the practical 

data management solutions used during this project to aid genomic searches for a 

moderate ( 1  0 50)  number of genes. 

Many molecular biology/biochemistry/genetics laboratories use the large 

international databases containing nucleotide (Genbank-(Benson et al. 2000)), protein 

(Entrez-http://www.ncbi .nlm.nih.gov, which inc ludes S wissProt and PIR databases), 

protein domains and families (Prosite-http : //tw. expasy.org/prosite/), transcription 

(UniGene-www. ncbi. nlm. nih. gov ) ,  literature (Entrez www.ncbi . nlm.nih .gov) and 3-

dimensional structure (PDB-(Berman et aL  2000), http://www.rcsb.org/pdb/) 

i nformation. As well as public databases, laboratories may also have access to local 

research-spec ific information. Graphical i nterfaces have aided in the acquisition of data 

from remote databases e.g.  Genbank was accessible by command line ftp access, but only 

after a graphical interface was included has the database become easily accessible. All 
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this information, often in a variety of conflicting formats, becomes extremely useful to a 

researcher, only if it can be put together i n  a coherent form. F igure E . l shows l inkages 

between the different data types in both preliminary information gathering and analysis of 

a gene. This is an area where data management strategies offer a great advantage. 

Preliminary 
Information 

Sequence Databases 
e.g. SWISSPROT 

.. · ··· 

Alignments 

Protein Motif and Domain 
Databases e.g. Prosite, COG 

Homologous 
sequences from 

other species 

H MMer 

Figure E. I :  "Oh, what a tangled web we weave . . .  " (with apologies to Sir Waiter Scott). Diagram 
showing how preliminary and analysis results data can be related and an indication on how the 
amount of data can quickly get out of hand. Ovals represent sequence information, including 
complete genomic sequences. Rectangles represent the databases from which a variety of 
information can be obtained and rounded rectangles represent analysis results that must also be 
managed for a genomic project. A relational database can organise and manage this information 
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A search for just one protein can involve a large amount of preliminary data. A 

protein may have extensive experimental data accumulated in the literature and often has 

multiple sequences lodged in the protein and nucleotide sequence databanks, each of which 

may be different in the amount and type of annotation. Thus a representative protein 

sequence must be selected for this species. The representative sequence is often the sequence 

mentioned in the literature or can be the same sequence obtained from a protein database 

containing more feature (and experimental evidence) annotation. This representative 

sequence can be then be used in a search of local a nd remote databases for the desired 

information. This is often not as straight-forward as it seems. The same gene can have many 

names, differing between species and often these "linked" names are not shown anywhere in 

the sequence 's annotation (e.g. RNase M RP RNA is called 7-2 RNA in A rabidopsis 

thaliana ). Another problem is that a protein sequence can be a member of a protein "family", 

a set of closely related sequences (but not necessarily the same sequence) meaning that it is 

difficult to select a homologue from a different species unless other infonnation is taken into 

account ( e.g. other small but indicative sequence motifs and/or experimental evidence, often 

from the literature). Sometimes a search of  the annotation for a gene by name will not be 

productive, not because the name is different but because the sequence homologue may have 

not yet been identified in a particular species. 

It was once thought that a well designed program would be able to access numerous 

designated databases and automatically return anything relevant to the gene query. There has 

been some move towards gene ontology methods to recover relevant infom1ation from the 

many different gene-infonnation databases available. G ene ontology uses ' reasoning' and 

includes the use of natural language processing and logic programming (Bodenrcider et al. 

2003 ). A number of programs have been designed to this end (Badea 2003 ; Lambrix and 

Edberg 2003 ) however the biggest problem is not with the search software but in how the 

original data has been entered into the accessed databases. For example many genomes, 

although complete, arc poorly annotated containing comments like "probable splic ing 

protein" and "similarity to Arabidopsis protein" with no mention of what protein, that are not 

very helpful to the researcher and are not returned using a search based on a gene's name. 

Genome and individual gene annotation is often a mixture of data interpretation and 

experimental observation, sometimes with little indication as to which of the two has been 

used ( Jagadish and Olken 2003 ). The goal of the G ene Ontology Consortium TM (GO)  

(http://www.gcncontology.org/) i s  to  produce a controlled vocabulary that can be applied to  all 

organisms even as knowledge of gene and protein roles in cells is  accumulating and 
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changing. As this system is being applied, the annotation of sequences and genome will 

become clearer and searches based on function, name and properties will become much more 

reliable than at present. 

A useful preliminary search tool is the "BLink" application available for protein 

sequences lodged in the NCBI protein databases (references and website). BL ink provides a 

graphical and statistical display of BLAST searches that have been done for every protein in 

the Entrez Proteins data domain and can reveal what protein sequences are similar to the 

query protein and the position and BLAST score of each hit. Homologous proteins can be 

found quickly, linked annotation examined for level of evidence (experimental, b last 

simi larity or hypothetical) and relevant fi les downloaded. Thus, during a search for either a 

protein (or ncRNA) gene the amount of accumulated data can quite quickly get out of hand 

with the problem being magnified when a number of genes are involved in a project, such the 

components of the spbceosome. In this situation computerised data management becomes 

almost essential. 

S imple forms of data management usually involve storing certain types of files 

together (e.g. one folder of alignments, one folder for genomes and one for results). When 

working with a very small number of genes, one folder may in fact be used for all the data 

associated with each gene. This is perhaps the most common type of data management seen 

in "simple" genomic searches and is used in many molecular biology laboratories. A folder 

containing all  the data for one gene can have subfolders for aligrunents and results. 

However, these folders can become very large if there are a number of proteins involved and 

data can easily become misplaced and lost. A different approach is to use a custom designed 

database to import, sort, store and export the different types of data associated with small 

gene searching projects. 

Perhaps the most useful aspect about storing genomic infonnation in a database is 

that "data m in ing" (the efficient extraction of relevant data from a data set) can be supported. 

Being able to recover infonnation that has already been downloaded from an exterior 

database saves time and effort. Data can be stored in such a way that duplicate sequences can 

be avoided ( i .e. with the accession nwnber used as the primary key) and results that map to 

more than one query are also highlighted. Databases are also easily archived and enable easy 

backup of important genomic information. 

Data integration and recovery is one of the core aspects of computational b iology 

(Roos 2 00 1 ), and there are now a number of database systems under development such as 

MyGrid (Stevens et al . 2003 ) and LIMBO (Philippi 2004) (Neither of these systems is readily 
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available as yet). GIMS (Comell et al. 2 003 ) is an integrated data storage and analysis system 

that has been applied to a number of genomes (presently S. cerevisiae, mouse and some 

bacterial genomes) and is accessible over the intemet. Unfortunately each GIMS database 

system is custom built for each organism and the base system is not yet packaged or available 

for outside use. 

Without any readily available genomtc database system, an alternative was to 

develop a personal data management system to keep data ' explosion' under control. During 

this proj ect, two databases were designed to contain information about the proteins and 

ncRNA that was being studied at the time. The first, P - M R Pbase was a database containing 

infonnation about RNaseP and MRP;  two ribonucleoprotein complexes that contain neRNA 

and share numerous p rotein components. The second was SpliceSite, a database holding 

infonnation about proteins involved in the eukaryotic spliceosome (a "massive" 

ribonucleoprotein comp lex containing ncRNAs and a large n umber of proteins ). 

The key to the effective use of any database is  in its design . Defining what 

information will be stored in the database and how it is related is essential, before even 

opening the database software (Bergeron 2003 ) . If a database has been designed well then all 

the data can be managed from a s ingle database file that includes tables in which to store 

data, queries to find and retrieve data, forms to view and update data in tables and reports for 

data output. 

The databases in this project were created us ing the popular small database program 

( Microsoft Access), which is readily available and enabled small databases to be quickly 

developed and modified to handle the different types of data used. It is highly likely that there 

is other software that is able to handle gene-associated data in either a more user-friendly or  

platform-friendly way, or  in a much more efficient way. However, Access i s  a good database 

system to start with when having to design small personal databases. Personal databases do 

not have to be large or contain graphical interfaces ( although this can be readily achieved 

with Access and makes u sing the database easier) but can easily link different types of data 

from different input sources. The object in creating the P-MRPbase and SpliceSite databases 

was not to display data on the intemet, or  for sharing with multiple users (although it is 

possible to adapt these databases to do these things in the future), but for the personal 

management of a wide variety of information gathered during this project. 

1 85 



E.l : P-MRPbase 

This database was created mainly to organise data ftles that had previously been 

stored in folders. It wasn 't desirable at that stage to import all the information into the 

database but allow easy access to the data fi les using hyperlinks. A hyperlink needed only to 

be 'clicked' to open the appropriate ftle. Elementary data such as name, accession number, 

organism and sequence was stored as text as this data was frequently accessed for a number 

of analysis applications including construction of al ignments and BLAST queries. Sequence, 

reference, alignment and results files were accessed using hyperlinks to their files. 

Predicted physiochemical properties fields were included in the protein tables as 

these properties can be easily calculated from a protein sequence using such programs as 

PepTool (Wishart et al. 1 997) ; ' L ite' version available from http://www .biotools.com) and 

WinPep (Hennig 1 999) ;  available from http://www.ipw.agrl.ethz.ch/-lhennig/winpep .html). 

Properties such as length, isoelectric point (p l), relative ratios of singlets/pairs of residues and 

codon usage can give surprisingly strong c lues about function of a sequence (King et al . 

2004) and were extremely useful for comparison between known and candidate protein 

sequences. 

RNaseP and RNaseMRP RNA information was also included in this database in 

separate tables from each other and their proteins. All protein data was entered into one table 

(accessed with the " Proteins Table" button) but entries referenced to any of the proteins could 

be accessed using the buttons for the individual proteins. 

Screenshots from this database are shown in F igure E.2 showing (A) the entry screen 

(for easy access to the different RNase P/MRP proteins and RNA data), (B)  an example of a 

protein fonn; and (C) BLAST results form showing data from one query. P-MRPbase 

presently contains 1 50 protein entries in the protein table, 1 1 6 entries in the RNaseP RNA 

table and 1 3  entries in the RNaseMRP RNA table. There are 45 alignment entries and 1 46 

entries in the BLAST results table. 1 3 8 organisms are represented, 65 documents, 2 8  text 

fi les and 3 3  web pages are also l inked to this database. ot all of the bacterial RNaseP RNA 

infonnation has been included in the P-MRPbase as this information is available from the 

RNaseP database (Brown 1 999)  which also includes RNA secondary structural infonnation. 

The RNaseP database however, contains only limited RNaseP protein information. 
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Figure E.2 :  Screenshots from P-MRPbase, a database for managing R aseP and RNaseMR P  
RNA and protein data. A: The entry screen with links to tables containing RNase PIMRP RNA 
infom1ation and separate buttons to l ink to information about each of the a sociated proteins. 
B: An example of one of the protein form , in this case Pop4 (also called Rpp29 ) showing 
links to sequence and reference files as well as protein and species characteristics. Buttons link 
to other fom1 containing BLAST and alignment data. C: An example of a BLAST data form 
showing one B LAST result linked to the Pop4 protein. In this case the Giardia Pop4 candidate 
protein is the query against the NCBJ nucleotide databases with the indicated results. Sections 
are included for corrunents and display of the returned scores and E-values. Optionally full 
alignments can be included in the "Other H igh Scores" window. 

1 87 



E . 2 :  SpliceSite 

The SpliceS ite database created to manage spliceosomal protein information 

was designed differently from P-M RPbase. This database was designed before any data was 

downloaded with the intention that data would be imported directly into database tables 

enabling efficient data mining and analysis. Database tables and data-relationships were 

created to ensure that the data from different types of fi les could be effectively related to each 

other. Protein files were downloaded in GenPept format (a standard format used for protein 

files in the NCBI  databases) then converted to tabular format using the Pert script 

"genpeptfile.pl" (Appendix D) it was found that XML fonnat (Bergeron 2003), also available 

at NCBI  sites, was also useful for importing data into database tables. The advantages of 

using genpeptfile.pl was that not all the data needed to be imported into the 'protein'  table 

and this program enabled the required data ( including sequence, reference and l iterature data) 

to be reformatted into a tabular format that was easi ly imported into SpliceSite. Screenshots 

of the SpliceSite database are shown in F igure E.3 . 

Many of the proteins imported into this database belonged to protein families and 

sometimes a protein may be present in multiple BLink results. Importing the data into tables 

enabled these multiple results to be noted upon inclusion into the table by using the accession 

number of the sequence as the primary key. A comment could then be inserted with the query 

proteins that indicated c lose simi larity to other proteins in the database. Proteins were also 

allocated to a 'group' applicable either to the proteins association with a snRNA (e.g. U t ­
specific protein) or to any common motifs (e.g. S R  proteins). ot all the proteins known to be 

associated with the spliceosome were downloaded due to the shear numbers of proteins 

concerned (presently between 1 50 and 300 (Jurica and Moore 2003), but at last count 1 594 

individual sequences representing 1 53 proteins were stored in SpliceSite. 

BLAST information from searches of local ("on site" databases as opposed to 

"global" international) databases (e.g. in th is project Giardia Iamblia and Entamoeba 
histolytica genomes) was formatted for direct import into the "BlastHit" table using the Perl 

program "BlastHits.pl" (Appendix D) and was cross-referenced to the individual proteins and 

to the protein group to which each protein belonged. Another table recorded information 

about the genome database, including date posted, open or restricted and any comments that 

could be directly related to the BLAST searches. There is also a table to record file storage 

(using hyperlinks) with the l inked files stored in associated folders. A table perta ining to 

protein motifs and domains has been set up to enable cross referencing to Prosite entries 

(S igrist et al. 2002 ); http://kr.expasy.org/prosite/) but this feature has not yet been activated. 
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By designing the SpliceSite database careful ly before adding data, future 

relationships can be catered for without the potential loss of data that can occur if 

modifications are made to a database already in use. 
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Fig u re E.3 : Screenshots from the SpliceSite database created in this project to manage data 
from spliceosomal proteins. A: The entry screen with links to tables containing protein and 
genomic infonnation. The protein infonnation and genome database information forms are 
also shown. 
8: The protein information table in spreadsheet format showing infonnation from a number of 
spliceosomal proteins, Lsm3 -6. Each protein is groups according to its ' ame' and 'Type' and 
included a comments field for any extra user-input information such as similarity to other 
proteins. Information from the protein table can be cut and pasted into text and formatted (e.g. 
Word) documents. 
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Neither P-M RPbase nor Spl iceSite are complete in that they hold all the information 

about all the proteins involved in their separate complexes. There is sti l l  much data that could 

be added to these databases but even in their incomplete state, they enabled rapid recovery of 

gathered information, avoiding duplication of searches and loss of results. There are many 

improvements that could be made to both the P-MRPbase and Spl iceSite databases, such as 

automatic data entry and automatic calculations of physiochemical properties. Features such 

as being able to search extemal databases ( such as those at NCBI)  for new information or 

integrated BLAST functions, are often built into large sequencing project databases and it 

might be possib le to export some of  these features to a small scale version. However, such 

features will  require expert database management assistance and may not be required for 

personal management systems but would be extremely useful if the database was modified 

for multip le user or intemet usage. 

ot all infonnation needs to be incorporated into a database. Some information can 

be stored in a spreadsheet which then could be included in a database at a later stage . One 

example is the spreadsheet containing the blast results with SpliceSite proteins against the G. 

Iamblia genome. Information was extracted from the B LAST results using the Per! Script 

B lastH its i .O.pl ( AppendixD).  These spreadsheets were then imported into SpliceSite so that 

results could be directly related to the query protein infonnation. 

E.3 : Future Directions 

Even with expert design assistance, it is hard to detennine, which features of a 

database will be useful in practice and which will not. Lessons learned from the design and 

use of the databases in this thesis will lead to the better design of future personal databases. 

An ideal project would be the design of a database "template" with features designed for the 

"average" gene hunter with perhaps separate features available for the storage ofncRNA data 

and protein sequence data. Added features could a lso include tables for the storage of 

laboratory experimental data ( including gel documentation images, methods and PCR 

information), bibl iographic searches and literature-gained infonnation. This sort of database 

would best be designed with the aid of a practical laboratory willing to give this type of 

infonnation storage system a trial. 

Relational databases were used in this project for the main reason that this was the 

type of database with which 1 was most famil iar. Other types of database structure such as 
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object-oriented or semi-structured (Bergeron 2003) may in fact  be more efficient for this type 

of application but may require using different software for database construction. 

Another useful application of this work would be  to promote teaching of genomic­

b ased small database design to those who would benefit from this skill; that is the researchers 

themselves. Conm1ercial companies are ava ilable  that can design specific databascs; however 

this expensive option is often not available for academic researches.  Courses are available for 

M icrosoft Access and are impart the basics of database design. However available 

documentation (and course example data) is economy and small-business b ased, rather than 

science based and instructors arc often unfa miliar with scientific, especially b iological, 

terminology. The requirements of data representation and q ueries often present challenges 

which are often different than what is typically needed by business data processing (Jagadish 

and Olkcn 2003 ). As more researchers arc taught how to manage the vast amounts of 

accessible data, this skill will become as common as checking one ' s  e-mail is today. 

Knowledge of Per! p rogramming is a great advantage in the manipulation of data 

from one format to another, the major drawback to p resent data management systems. A 

number of Per! scripts ( Per! programs are commonly called scripts) were written for this 

project transforming files such as  GenPept and BLAST results files into fonnats that could be 

imported into the relevant database tables. The scripts that were written for this project arc 

readily available tor others to use (by request) ,  however, accompanying documentation is not 

currently available, and it is a well known feature of Per! that it is a "write-only" language i.e. 

it is ditlicult to understand another Per! programmers scripts .  B iopcrl (open source software 

that is still under active development) is a collection of Per! modules that a id the development 

of Pcrl scripts for b ioin fonnatics applications. These modules can be used in Per! scripts and 

offer fast solutions to programming problems associated with the manipulation of genomic 

information. B iopcrl could be used to develop ' linking'  programs with graphical interfaces 

that would for example, enable a file to be transformed into a database-friendly format by 

someone with little programming knowledge. 

With the increasing focus on intellectual property, especially when there arc possible 

commercial opportunities, it is more important than ever to have an effective system of data 

management. In the commercial world, lost information costs time and money as well a s  

possible patent disqualification and yet there seems to be  no "accepted" system o f  genomic 

data management with each laboratory/institution left to sort something in-house. Any 

genomic-based database system should be  t1exible enough for any institution to make 

changes to suit their research yet hold a framework that will allow effective data interaction. 
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However, trying to p lease everyone who requires genomic data management wil l  create more 

chaos than is already present .  Small, simple database design may be presently absent from 

the bioinfonnatics ' training' repertoire but provides a powerful data management tool that 

cannot now be ignored. 

Fig u re E .4 :  A good reason for a data management system. This was the literature data 

alone used for the research carried out in Chapter 4 .  

Guest appearance by  Shannen Collins ( Age 3 . 5 ) .  
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