Copyright is owned by the Author of the thesis. Permission is given for
a copy to be downloaded by an individual for the purpose of research and
private study only. The thesis may not be reproduced elsewhere without
the permission of the Author.



Lost in the RNA World:

Non-coding RNA and the Spliceosome in the Eukaryotic Ancestor

A thesis presented in partial fulfilment of the requirements for the degree of

PhD
n
Bioinformatics

at Massey University, Palmerston North,
New Zealand.

Lesley Joan Collins

2004



il



Abstract

The “RNA world” refers to a time before DNA and proteins, when RNA was both the
genetic storage and catalytic agent of life; it also refers to today’s world where non-coding RNA
(ncRNA, RNA that does not code for proteins) is central to cellular metabolism. In eukaryotes, non-
coding regions (introns) are spliced out of protein-coding mRNAs by the spliceosome, a massive
complex comprised of five ncRNAs and about 200 proteins. This study 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
lineages, 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 lamblia 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
principle programmer), and which proved successful in recovering ncRNAs from basal eukaryotic
genomes. In a similar manner, sequence-based search techniques may also fail to recover proteins
from distantly related genomes. A new protein-finding 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 collected to investigate aspects of the eukaryotic ancestor,
highlighting data management issues in this post-genomic era. Two databascs were created P-
MRPbase and SpliceSite to manage, sequence, annotation and results data trom 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 feund in today’s eukaryotes. Splicing in the eukaryotic ancestor may have used several
mechanisms and have already formed links 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

Alternative splicing: Process by which one pre-mRNA can be processed to form any one of a number of
different mature mRNAs.

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: (Basic Local Alignment Search Tool) Method for rapid screening of nucleotide and protein
databases.

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

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

Eukaryotic 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 lamblia) and Euglenozoa (Trypanosoma brucei).

Exon: Protein-coding region of a pre-mRNA.

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

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

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

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

LUCA: 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 mitosomes.

mRNA: (Messenger RNA) RNA transcribed from DNA 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 enzymatic 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 mRNA 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-mRNA: (Preliminary mRNA) produced from DNA by transcription containing exons (protein-coding
regions) and introns (non-coding regions).

Prokaryote: 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 mRNA 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 (stems) 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.
Target genome: Genomic database that is being searched by a particular method.

Trans-splicing: Splicing together of two independently transcribed mRNAs. 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 mRNA before the start codon of the protein coding
sequence, often contains the 5' cap.

3'UTR(read three prime untranslated region) region of mRNA after the stop codon of the protein coding
sequence, contains the polyA-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 I am doing nothing, but at the cellular level I'm really very busy” — Anon

The “RNA world” is a term that originally referred to a time, before DNA and proteins
when it was likely 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 [ 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 ect
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 called ‘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 genctic information in cukaryotes, but also

includes  non-functional  ‘sterile” mRNA

gene

transcripts that arc often produced by { S¥emn o TR, e

cukaryotic cells (Elmendorf et al. 2001, vanachiption

Lehner et al. 2002). Some ncRNAs such as Erlma:yt-'anacflm

snoRNAs and microRNAs can be contained in ____@”cmq

the intergenic regions (introns) between the i i broceseing
asscinicd Cxns +  IMrcres

coding regions (exons) and arc recleased from L t

the mRNA transcript during splicing mi“‘“ Eﬁ;ﬁi

(Tycowski and Steitz 2001). Thus one mRNA e oné Y Procens !@;Uiiﬁ;‘;;m%j

transcript may contain both coding and non- | e qut samyic 1w o wnaces

SHGIRING. FECU RG-S
coding RNA (Figure 1.1).
) Figure 1.1: Based on a figure from Mattick
ncRNAs come In many flavours (2003), showing how in eukaryotes, one
transcript can result in both coding and non-

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

nucleotides (nt) for the MicroRNA family

(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 (ribosomal RNA
or rRNA) and 70-80 associated ribosomal proteins.

Knowledge of most ncRNAs has been limited largely to those from crown cukaryotes
and even after the completion of many genome sequences, both the number and diversity of

ncRNA genes remain largely unknown (Eddy 2001).




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 1999). 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. In
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

ncRNA Function Example
tRNA Transter RNA Amino acid transfer tRNA,L
snRNA Small Nuclear RNA Spliceosome component USsnRNA Table 1.1:
snoRNA Small Nucleolar RNA rRNA modification U18 C/D snoRNA Some of the
miRNA Micro RNA Gene regulation let-7 RNA, lin-4 RNA fiiclional
siRNA Small intertering RNA mRNA degradation PSK132 RNA
target: human protein serine nCRNAS
kinase HI - PSK found in
rRNA Ribosomal RNA Ribosome components 12S rRNA eukaryotic
RNaseP Ribonuclease P tRNA processing HIRNA cells.
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 RNAs | Regulate specific gene Xist, mei, DGCRS
expression
transcribed RNA mature
-RNA L
B processing RS
RNase P
pre-tRNA
—
pre-mRNA
Spliceosome
pre-rRNA Ribosome

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 (Figurel.2).
rRNAs and tRNAs are released from larger precursors by the action of RNaseP, 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.



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 revcaled 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.

Introns, snRNAs and spliccosome-associated proteins have been characterised in a
number of eukaryotes (Archibald ct al. 2000; Anantharaman et al. 2002; Nixon 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 examinc what the distribution within
cukaryotes of spliceosomal components, introns and splicing mechanisms can reveal about

splicing in the cukaryotic ancestor, the last common ancestor of living cukaryotes.

1.1: Eukaryotic Phylogeny

In order to study ncRNA and RNA processing in eukaryotes a phylogenctic tree
indicating relationships between the cukaryotic lincages must first be described. However, the
phylogeny of cukaryotes is still plagued with uncertainties and is the source of much debate.
Some unanswered questions include the root of the cukaryotic trce, the identity of carly
cvolving lincages and the evolutionary relationships between many groups of unicellular
cukaryotes (Dacks ct al. 2002).

The eukaryotic phylogenctic treec shown in Figure 1.3 has been adapted from (Simpson
and Roger 2002) (http://hdes,biochem.dat.ca/Rogerlab/) and indicates both branches that arc
relatively stable, and others that differ between hypotheses for cukaryotic relationships. This
tree will be referred to throughout this project. Although there are still questions about the
decper relationships between the major groups of eukaryotes, the tree in Figure 1.3 can still be
used to hypothesisc fundamental characteristics of the “cukaryotic ancestor”, defined herc as
the last common ancestor of all living cukaryotes (see later in this chapter).

Recently some cxtremely small cukaryotes have been discovered (Baldauf 2003; Stoeck
and Epstein 2003). These arc nano- (2 to 20 um) and pico- (<2 pm) cukaryotes, that overlap
bacteria (~0.5 to 2 pm) in size. For example, the smallest described cukaryote, Ostreococcus
rauri (a phytoplankton belonging to the chlorophyte (green algae) lincage) is <1 pum in diameter
but still has a nucleus, 14 lincar chromosomes, one chloroplast and several mitochondria
(Courties et al. 1998). The eukaryotic ancestor studied in this project can only rcpresent

eukaryotes that are known to datc but there may well be other eukaryotcs awaiting investigation.



Eukaryotic
Ancestor

Deuterostomes

Protostomes

Chordata

Primates Human
Vertebrates Rodents souse

;1 Callus gallus (Chicken)
Reptiles/Bir dskamodcn punctatus (Tuatara)

Amphibians Xenopus laevis (Frog)
Ascidia Ciona intestinalis (Sea squirt)
Echinodermates Lytechinus variegatus (Green seq wrchin)

Hemichordata 4com worms
Nematoda caenortasditis elegans
r— Cestode Eckinococcas muitilocalaris
L Trematode Sctistosoma manson:

Arthmpoda Drosophiia melanoqaster (Fruitfly)
Cnidaria Poiorchis penicattatus (Jellyfisk)
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Animals

Choanoflagellates Protarospongia choanojuncta
r— Saccharomyces Saccharomyces cerevisize

— Schizosaccharomyces Schizosaccharomyces pontbe
_[ Neurospora Meurospora crassa

"""""""" Opisthokonts

Microsporidia Frcephalitozoon cuniculi

_: Land Plants arabidopsis thatiana Plantae
Chlorophytes Chlamydomonas reinha:dtii

Rhodophytes Porphyra yezonensis (Red Algae)

_: “Pelobionts Pelomyxa pelustis (Giant Amoebae)
Entamoebae fwtamocsa histolytica Amoebozoa

Myxogastrids Physarum polycephalum (Sirme mold)

Protostelids rlasmodial Stime molds
Lobosa Acantkamoeba castellanii

-

Ciliates paramecium tetrauretia

Apicomp]exa Plasmodium falciparum
Dinoflagellates crypthecodinivm cohnii

Heterokonts Diatoms. Brown algae

Haptophytes Emitiania kuxteyi  Chromalveolates

e ChloTarachimiophytes casozar arcanion come 621

be———————— Foraminifera Freskwaier amocbas Cercozoa

s Diplomonads Giardia fambiia

e ] Carpediemonas Carpediemonas membdranifera

Parabasalids 7rickomonas vaginalis Excavates

Core Jakobids Reciinomonasamencina

—— Heterolobosea Acrasisrosea

r— Trimastix Trimastiv p)riformis

Oxymonads Direxympha exilis
Malawimonas Majawimonas jakobiformis

Figure 1.3: Eukaryotic phylogenetic tree that will be used throughout this project. This tree is
based on the tree shown at http://hdes,biochem.dat.ca/Rogerlab/, including information from
Simpson and Roger 2002. A representative species for each lineage 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. In animals, Protostomes (blue lineages) and
Deuterostomes (green lineages) are grouped based on differences in embryo development.
Within the Deuterostomes are the chordates (red lineage) which in turn contain the vertebrate
lineages (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 (SSU-rRNA) sequences
(Sogin 1991) (Figure 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 SSU-TRNA tree contains

———

Animals  _ CrOWN T
the basal eukaryotes, so named as they / il Ekaryotes ™,
branch in stepwise emergence from the base

Lhoanozoa

Plants/greex aigae

- Alreolates {Apicenplexa)
Heterokonts

Rhodophytes

Dris tyostelids

Enlamachze Basal

Euglenozoa Eukaryotes
Firapgastrids y

Heterolobpsea

Aftocherdrid

of the eukaryotic tree. endosymbiosis

The position of three most basal
eukaryotic lineages on the SSU-rRNA tree
(Figure 1.4) gave rise to the “Archezoa”

hypothesis (Cavalier-Smith 1989). This is A

” Micospsridia
Bacteria

Pardhasalids | Archaonsoa
Diplomanads

“Archaea

that that the three early-branching lineages

which lack mitochondria (diplomonads, Figure 1.4: An early eukaryotic phylogenetic
tree based on SSU rRNA sequences. Eukaryotes,
traditionally referred to as the crown eukaryotes
before a mitochondrial endosymbiosis and | are indicated. The archacozoa hypothesis and
position of mitochondiral endoysymbiosis are no
would have been thus living relics from an longer accepted and this tree is now not generally

accepted.

parabasalids and microsporidia), emerged

amitochondrial  period of eukaryotic

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 4-10 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
2001), 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-TRNA 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 1999; Dacks and Doolittle 2001).

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 1989; Stiller and Hall 1999), thus in



phylogenies rooted by a distant outgroup (such as the eukaryotes rooted by either bacteria or
archaea) unrelated fast evolving ingroups will 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 Hall 1999). 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-
living but parasitic (e.g. Giardia lamblia and Entamoeba histolytic are both human intestinal
parasites), and thus are expected to have evolved in such a way as to enhance their parasitic
lifestyle. Reductive evolution (Andersson and Kurland 1998) is one of the most common
results, where parasites lose many features of their free-living relatives. In particular, parasites
appear to have lost genes required by their free-living relatives (Bapteste et al. 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.
Similar 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. 1999).

Figure 1.5 illustrates
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(Figure 1.3). Any similarities in these characteristics between say the crown eukaryotes



(animals, fungi and plants) and basal eukaryotes could be universal eukaryotic traits (Koonin et
al. 2000; Anantharaman et al. 2002; Koonin et al. 2002; Baldauf 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 Figure 1.3). Animal genomes include
human (Homo sapiens) (Lander et al. 2001), mouse (Mus musculus) (Bult et al. 2004), zebrafish
(Danio rerio), nematode worm Caenorhabditis elegans (Wilson 1999), fruitfly (Drosophila
melanogaster) (Adams et al. 2000) and sea-squirt (Ciona intestinalis)y (Dehal et al. 2002).
Sequenced yeast genomes include Saccharomyces cerevisiae (Goffeau et al  1996),
Schizosaccharomyces 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 Oryza sativa (rice) (Yazaki et al. 2004). Some basal eukaryotic genomes are
now available including Giardia lamblia (McArthur et al. 2000), Entamoeba histolytica
(amoebic dysentery) (Mann 2002), the slime-mold Dictyostelium discoideum (Eichinger and
Noegel 2003) and FP. 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 1s important to describe these organisms in more

detail

1.2: Basal Eukaryotes

L2.1: Giardia lamblia

One basal eukaryote of great interest in this project is
the pathogenic anaerobic diplomonad G. lamblia (also called Flgur 1.6 Pho;)rap )

Giardia intestinalis Figure 1.6). It was originally described as | iardia lamblia trophozoite
(mobile stage). Reproduced

“ancient and primitive” on account of its many bacterial-like | from Henze and Martin 2003.

characteristics (including a pyrophosphate-based energy

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)



Lately, advanced microbiological techniques have quashed G. lamblia’s original
amitochondrial status; G. lamblia has now been shown to contain both mitosomes (highly
reduced mitochondria-like organelles (Tovar et al. 2003) and Golgi bodies' (Dacks et al. 2003).
Although G. lamblia’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. lamblia 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. lamblia are unlike classic mitochondria which use aerobic
respiration to make ATP. Instead the giardial 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 (isc¢S and iscU) have been
cloned from 7Trichomonas vaginalis and Giardia lamblia and show mitochondrial ancestry by
phylogenetic analysis (Tovar et al. 2003). Mitochondrially derived genes such as ¢pn60 (Roger
et al. 1998) and Asp70 (Arisue et al. 2002) have been found in G. lamblia and in light of its
“amitochondrial” status was once thought to have been the result of horizontal gene transfer
(Horner and Embley 2001), either from a “lost” mitochondria or another prokaryote (Sogin
1997; Doolittle 1998; Roger et al. 1998). 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. lamblia although the lack of association of the giardial 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”

" 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).



eukaryotes from the amitochondrial list leaving no ‘known’ eukaryote that have always been
amitochondrial .

G. lamblia 1s a very distinctive organism among eukaryotes and has some unusual
genetic features. Giardial 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 IRNA genes (Kabnick and Peattie 1990), lack nucleoli and are transcriptionally active
(Adam 2000). During 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 10 — 12N
ploidy) (Vanacova et al. 2003), creating interesting problems for whole genome assembly.

Giardial mRNAs contain extremely short 5' untranslated regions (UTRs) (0-14 nt
compared to 90 in mammals and 52 in yeast) (Elmendorf et al. 2001; Li 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 (. /amblia 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 (. 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. lamblia and
Entamoeba sp. 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 ~30nt) (Anantharaman et al. 2002).

‘Antisense’ transcripts are mRNAs that are complementary to ‘sense” mRNAs (i.e. code
for proteins) (Elmendorf et al 2001). 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 1996),
rRNA maturation as well as roles in gene regulation. . lamblia has a higher than expected level
(~20%) of antisense mRNAs (Elmendorf et al. 2001). 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 cell®.

To date a single intron has been found in (5. lamblia along with a number of proteins

known to be involved in splicing (Nixon et al. 2002) demolishing (. lamblia’s intron-less

? A study of some human sterile transcripts (Lehner et al. 2002) suggests regulatory functions for some of
the human antisense RNAs.



status. From these investigations and similar studies in other basal eukaryotes such as Enr.
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 2001) 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 in 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 like 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 1996 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.

FEntamoeba 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). Like G. lamblia, 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 S'UTR regions
(5-20 nt) with a few longer (420, 126 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. lamblia and although in both of these
species ATP 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-like organelle.

Microsporidia are obligate intracellular parasites infesting many animal groups. They
are responsible for various digestive and nervous clinical syndromes in immunocompromised
humans (such as HIV-infected and transplant patients) (Vivares et al. 2002). Encephalitozoon
cuniculi (abbreviated during this project as FEcz. cuniculi to avoid confusion with FEnt.
histolytica) is a microsporidium which was once thought to be a basal amitochondriate but is
now recognised as being part of the fungal lineage. Its genome is incredibly reduced (only ~2.6
MBases) and like that of P. falciparum, well annotated with protein and some ncRNA

information (Katinka et al. 2001). Similar to the other previously amitochondriate eukaryotes
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(diplomonads (e.g. (. lamblia) and parabasalids (e.g. Trichomonas vaginalis)), Ecz. cuniculi
also contains mitosomes and a “simplified” Golgi apparatus (Katinka et al. 2001). The Fcz.
cuniculi genome, although greatly reduced, ofters 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 Organisation

Genetic similarities between the highly-researched crown eukaryotes (vertebrates,
yeasts and plants) and recently sequenced basal eukaryotes (such as G. lamblia, 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.

Chapter 4 _ _
Splicing and the Spliceosome in the
" Eukaryotic Ancestor '

Chapter 2
Evaluate ncRNA
software for genomic
searches

Appendix E
Smali Genomuc Projects:
Data Management and
Database Developrnent

Chapter 3
Evaluate software for
ncRNA-associated
protein searches

Annotated-Seqoence Annotated-Alkrnment
RSEARCH ERPIN : RMNACad
Ancestral Sequence o
Biological-Modelling Reconstruction P-MRP | SpliceSite
RNAmotif (HMM - BLAST) Database § F)a.tabasa

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 co-variation, a process where a nucleotide may change so long as the pairing
characteristics of the overall sequence is retained. This means that an ncRNA gene may have
quite different nucleotide sequences in distant species, but still 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 slowly evolving or for large ncRNAs like ribosomal RNAs, and becomes much less
reliable 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 2001). 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 USsnRNA and the
RibonucleaseP RNA, in a number of protist species. The USsnRNP 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 1997; Xu et al. 1997; Peng et al. 2002).
The USsnRNA has been identified in many species including human, the yeast S. cerevisiae and
the plant A. thaliana, but also from the microsporidian £cz .cuniculi, and the basal eukaryote P.
falciparum. Not only could the USsnRNA be used to test ncRNA-finding software by running
searches of the £zh. cuniculi and P. falciparum genomes, it was likely that the USsnRNA could
also be found in other basal eukaryotes such as G. lamblia, Ent. histolytica and Dictyostelium
discoideum (a soil-living amoeba, slime-mold).

The other ncRNA used for testing ncRNA-finding software was RibonucleaseP
(RNaseP) RNA, which also forms a complex with specific proteins. R NaseP is a ribozyme (an
RNA-based enzyme) that cleaves S5'-leader sequences from precursor-tRNA to leave a mature
tRNA molecule (Xiao et al. 2002) (Khan and Lal 2003). Although this complex is found in all
types of cells 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 fossil dating from the RNA world as the RNA is catalytic,
ubiquitous and occupies a central position in metabolism (Jeffares et al. 1998). 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 al. 2002). RNaseP RNA contains both conserved and variable

regions in 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
ERPIN- (Gautheret and Lambert 2001)); 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. 2001). 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
neRNAs in eukaryotic genomes: Maximizing biological input with RNAmotif” which is included

in Chapter 2.

1.3.2: Identifying nc RNA-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 1999). The mere presence of Prp8 has been used to argue for the presence of introns in
Trichomonas vaginalis, a parabasalid protist, although as yet no introns have been identified in
this species (Achsel et al. 1998; Fast and Doolittle 1999; Nixon et al. 2002). . lamblia also
contains Prp8 and to date one intron has been identified (Nixon et al. 2002).

Finding ncRNA-associated proteins is not always as straight-forward as throwing query
sequences at the BLAST 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 difticult to identify these proteins in distantly
related species. There is still 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 R NaseP-associated proteins (Popl, Pop4, Pop5 and Rpp21) were used
in 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. /amblia using BLAST but candidates for the Pop5 and Popl
proteins were found only with more extensive techniques such as HMMer (that uses HMM
profiling), and ASR (both are explained more fully 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 lineages, including
both crown and basal eukaryotes, can reveal how the spliceosome evolved within eukaryotes.

This study takes a parsimonious approach, in that it is more likely 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 lineages). 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 likely that a
spliceosome was present. Far 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 UAP™ protein which has multiple tasks in spliceosome
assembly but is also a negative inhibitor of mRNA export (Luo et al. 2001), 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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availability 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 in the appendices include an article written for
NZBioscience (The journal of the New Zealand Society for Biochemistry and Molecular
Biology) on RNA analysis, and a (2-page) poster abstract that was selected for a “Flash”
presentation at the ECCB’2003 (European Conference on Computational Biology, Paris,
France) in September 2003. Perl 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 will 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. 1998).

The current situation in ncRNA analysis is 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 RNA world!

Three dimensional structure of the RNaseP RNA from Escherichia coli.
Courtesy of the RNase P Database (Brown 1999).
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Chapter 2: Zen and the art of finding non-coding RNA genes

“He who thinks everything is easy will end up finding evervthing is difficult. Therefore, the Sage, who
regards everything as difficult, meets with ne difficulties in the end” - Lao Tzu (Tao Teh Ching).

2.1: 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 considerable interest in finding homologues of ncRNA
genes, but almost all standard methods of gene identification assume that the gene encodes a
protein, and thus many ncRNA genes remain invisible (Rivas and Eddy 2000; Eddy 2002).
Moreover most biochemical analyses of cell fractions are not designed to detect ncRNAs (Mattick
2001). RNA is labile (i.e. easily degraded) and the main protocol for analysing ncRNA function is
to use gene-knockouts, which are technically demanding, often ambiguous and not undertaken
lightly (Mattick 2001). This provides 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
because 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
usefully and applied to prediction software. Often ncRNAs may evolve different nucleotide
sequences but still retain the same secondary-structure through covariation, a process where a
nucleotide may change so long as the overall pairing characteristics of the sequence is retained.
Thus the same ncRNA in two distantly related species may have a more conserved secondary-
structure than sequence (Durbin 1998). 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
both RNA-detection and RNA analysis software (Eddy 2002).

Software has been developed in order to identify ncRNA genes in genomic data. There are
programs to detect specific ncRNAs such as tRNA (tRNAscan (Lowe and Eddy 1997)) 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. PatScan (Dsouza et al. 1997)), which could only look for small but
highly conserved sequence motifs and could not include any secondary-structure information 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.




2003) and tRNA (Tsui et al. 2003)). The few general RNA-detection programs available use a
number of approaches, but all incorporate sccondary-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 scarches of specific
ncRNAs (such as the Iron-Response-Element; (Macke et al. 2001)) that have highly conserved
secondary-structure and some highly conserved sequence motifs. However, none of the published
studies attempted to search for ncRNAs that contain highly variable as well as highly conserved
regions. Two examples of these types of ncRNAs arc the snRNAs and the eukaryotic RNaseP RNA.
The USsnRNA is an ideal ncRNA to test ncRNA-scarch software. It is an essential component of
the eukaryotic spliceosome (described in more detail in Chapter4 ), has been extensively studied
(Peng ct al. 2002; Malca et al. 2003) and contains conserved secondary-structure and sequences
involved in protein and nucleotide binding. USsnRNA genes have been characterised for a number
of crown and basal cukaryotes including the ‘cxcavates’ Tripanosoma 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 lamblia and
Entamoeba histolytica.

The other test ncRNA used in this study is the cukaryotic RNaseP RNA. RNaseP has been
found in bacteria, archaca and cukaryotes, but it has not yct bcen characterised for any basal
eukaryote although given its apparent universal distribution it is expected to be present. Apart from
some short nucleotide motif scquences, the RNascP RNAs have little nucleotide sequence
homology making this gene difticult to find in more distant species using only sequence similarity-
based software. Becausc secondary-structurce characteristics are the conserved featurc of the
cukaryotic RNascP RNA, being able to find it in any basal cukaryote is a real test of any scarch
software’s capacity to successtully incorporate secondary-structure and sequence information.

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

1. Alignment of multiple sequences combined with secondary-structurc annotation,

2. Asingle sequence with secondary-structure annotation,

3. Biological-modelling (using biological information by combining sequence and sccondary-
structure elements that represent protein or RN A binding sites).

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

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

2.2.1: Alignment with Secondary-structure Annotation

RNACad

RNACad® uses stochastic context-free grammars (SCFGs) to model RNA sequence and
sccondary-structure information. It was designed to scarch databases for RNA sccondary-structure
and to produce structural multiple alignments for a sct of structurally related sequences. Context-
frec grammars allow for nested long-distance pairwise correlations between terminal symbols, ideal
for storing information about base-pairings involved in RNA sccondary-structure. Whereas regular
grammars such as those used in pattem search algorithms generate strings from left to right,
context-frec grammars can gencrate strings from outside-in (i.e. nested information). Stochastic
(probabilistic) context-frec grammars used in ncRNA searching can contain additional information
about the likelihood of the structural event (i.c. how likely 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 1997) is available but can only be used to scarch for
tRNAs (Eddy 2002).

Unfortunately, although, the RNACad software offered great potential for ncRNA genomic
scarches, and despite help from departmental ““experts™, this software would not compile correctly
on any Linux computer. Communication was tricd to the programs” author and designated help e-
mail address but no reply was cver received. Referced publications that used RNACad could not be
found although this program is listed at IMB-Jena (The RNA world site: http://www.imb-
jena.de/RNA hunl) under RNA software. After some time spent (with much appreciated assistance
from Dr. Paul Gardner and other Linux gurus) it was decided to leave RNACad for now and
concentrate on other ncRNA-secarch software.

Another program COVE (Eddy and Durbin 1994) also uses SCFGs (Stochastic-context-
frec-grammars) to model annotated RNA alignments. This software was not cvaluated in this study
duc to time constraints but has been described as requiring heavy processing ability. This would be

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

* RNACad does not have a published reference, but is available under the GNU public licence from
http//www.cse.ucsc.cdu/~mpbrown/rnacad/.
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#=GS HumanUS DE HumanuUS
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//

Figure 2.1: Human U5 snRNA sequence and secondary structure showing the different ways that
ncRNA can be represented.

A: Human-readable format, a graphical representation but hard for computers to read.

B: ““Bracket notation™, a machine-rcadable format, 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 USsnRNA. Lines beginning with “hS™ represent the S
side of a helix, “h3" represents the 3' side of the helix and “'ss™ represents a single-stranded region.
“len™ 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 motit’ 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
U5snRNA descriptor is shown in the submitted manuscript

D: Stockholm format that is used for input into the RSEARCH program. *>" represent the S' base
of a base-pair and ‘<’ the 3' base of a basc-pair (Note that this is *opposite to the bracket notation).
*.” indicates an unpaired nucleotide.
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ERPIN {Easv RNA Profile [dentilicationN)
The ERPIN (Easy RNA Profile IdentificatioN) (Gautheret and Lambert 2001) software uses

multiple aligned RNA sequences in together with a consensus secondary-structure, to perform 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 programming language and has source code and Linux executable files available for
download (http:/itage.univ-mrs.fr/pub/erpin).

The input of ERPIN is a multiple sequence alignment of RNA sequences annotated with
secondary-structure information. A log-odds score (lod-score) protile is constructed for each helix
and single strand in the alignment. 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 nucleotides «
and b have each been independently derived from some unknown nucleotide ¢ in their common
ancestor — ¢ might be the same as ¢ and/or /). 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 and is
known as the log-odds ratio (lod). Alignment gaps arc not permitted in helical regions, but helical
bulges may be accounted for by breaking a helix into two sections with a single-stranded region
between them.

ERPIN installed without problem and was tested using an alignment of USsnRNA
sequences. Alignments of known USsnRNA sequences were available from the Rfam database
(Griffiths-Jones et al. 2003)-http://rfam.wustl.edu/). The USsnRNA has been characterised from the
microsporidian Encephalitozoon cuniculi (Chromosome XI: position 1 14087-114198) thus searches
against the £cz. cuniculi genome would be expected to recover this sequence.

Alignments with different combinations of sequences were used to test the ERPIN program.
The first alignment consisted of USsnRNA sequences from human, mouse, rat, Xenopus laevis
(frog), Brosophila melanogaster (fruitfly) and Caenorhabditis elegans (nematode). A second
alignment also included the USsnRNA from the yeast Schizosaccharomyces pombe which added
more gaps to the alignment but included a sequence that was more closely related to the Ecz.
cuniculi USsnRNA sequence than the animal sequences used in the first alignment. The
Saccharomyces cerevisiae USsnRNA sequence is known to have an additional helix in the IL2
region (indicated in Figure 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 also included the Ec:.

cuniculi USsnRNA sequence.

A

>Sec_structure

P (O (G G G O G O G G G G e A (o O (o (o 1)) ) - )).)
>Human

AUACUCUGGUUUCUCUUCA- - -GAUCGCAUAAAUCUUUCGCCUUUCAUCAAAGAUUUCCGUGGAGAGGAACA-ACUCU-GAGU
>Mouse

AUACUCUGGUUUCUCUUCA- - -GAUCGUAUAAAUCUUUCGCCUUUUACUAAAGAUUUCCGUGGAGAGGAACA-ACUCU-GAGU
>Rattus

AUACUCUGGUUUCUCUUCA - - -GAUCGUAUAAAUCUUUCGCCUUUUACUAAAGAUUUCCGUGGAGAGGAACA-ACUCU-GAGU
>Xenopus

AUACUCUGGUUUCUCUUCA - -AAUUCGAAUAAAUCUUUCGCCUUUUACUAAAGAUUUCCGUGGAGAGGAACG-ACCAU-GAGU
>Drosophila

AUACUCUGGUUUCUCUUCA - -AUGUCGAAUAAAUCUUUCGCCUUUUACUAAAGAUUUCCGUGGAGAGGAACACUCUAA -GAGU
>Celegans
CAACUCUGGUUCCUCUGCAUUUAACCGUGAAAAUCUUUCGCCUUUUACUAAAGAUUUCCGUGCAAAGGAGCA-UUUACUGAGU

B

>Sec_structure
00000000000000000000000000000000000000000000000000000000000000000000000000000000000
33030033000000000000003330033311111111444444444441111111140000000000000404444440040
11234455666666666661117778899900000000111111111110000000038866666666666537777774492
>Human

AUACUCUGGUUUCUCUUCA- - -GAUCGCAUAAAUCUUUCGCCUUUCAUCAAAGAUUUCCGUGGAGAGGAACA -ACUCU-GAGU

>Celegans

CAACUCUGGUUCCUCUGCAUUUAACCGUGAAAAUCUUUCGCCUUUUACUAAAGAUUUCCGUGCAAAGGAGCA -UUUACUGAGU
C
Training set: "erpin_alignl.epn":
6 sequences of length 126
Database: "enceph.genome2"
2495538 nucleotides to be processed in 13 sequences
ATGC ratios: 0.264 0.263 0.238 0.235
Cutof £: 30.26 126.16

>Human_U5

Fw 1 25 o o dhdLE] 141.65
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

4993596 bases processed
cutoff: 30.26

12 config. per site

1 hit

Figure 2.2: ERPIN ncRNA search software input and output example.

Input for ERPIN 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 opening and closing of a base-pair within a helix.
Gapsare represented by - in both the sequence alignment and the secondary structure annotation.

B: The bracket notation is converted (using the supplied Perl script) to an ERPIN format with the
numbers (read down each column) representing the open and closed pairings. These numbers can be
adjusted to indicatc non-canonical and/or pseudoknot pairing events.

C: Example output of ERPIN which gives information about the alignment used “Training set™ and
the database scarched which in this case was the Ecz. cuniculi genome (with added positive controls).

o
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The secondary-structure used to annotate the ERPIN-test alignments was based on
vertebrate USsnRNA sequences (Frank et al. 1994; Dix etal. 1998; Peng et al. 2002). Areas where
the structure varied between species were annotated as being single stranded. ERPIN does not allow
any gaps in any helical position so these regions were annotated as being single stranded. An
annotated alignment using the widely-used bracket notation (Figure 2.1B) can be converted into the
ERPIN-readable format using a Perl script (provided with the ERPIN package). An example
alignment with its secondary-structure in both bracket and ERPIN notation is shown in Figure 2.2.

The human and the Ecz. cuniculi USsnRNA sequences, were added to the end of the Ecz.
cuniculi and G. lamblia genomic databases as positive controls. These controls were expected to be
recovered with all alignments and indicated that the program was working correctly. Although the
Ecz. cuniculi USsnRNA is expected to be recovered from within its genome, the known USsnRNA
sequence was added to the end of its genome-file as a separate sequence. This ensured that this
positive control would still be recovered even if surrounding sequences obscured the true sequence
within the genome”. Prior to ERPIN testing, BLAST searches of the Ecz. cuniculi genome, with all
other known U5snRNA sequences did not recover the Ecz. cuniculi USsnRNA 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 - Alignment 3. This indicates that the
nucleotide sequence information is perhaps the major influence on the model with which ERPIN

conducts its search.

Table 2.1 Ecz. cuniculi Geneme Search G. lamblia Genome

Table 2.1: Erpin Results. Recovery of _ _ i _ S"m'd‘i

.. " Alignment | Positive Positive Positive Positive G. lamblia
the positive control sequences from the . . ’ . ) . 3

A s - . control | control 2 controf 3 controt | sequences

Ecz. cuniculi and G. lamblia genomic i . ) .
databases. + indicates that the control 2 -
was recovered, - indicates that the ; - -
control was not recovered. .

Positive control 1* Human US snRNA sequence added to end of database

Positive control 2: Ecz. cunicidi U3 snRNA sequence added to end of database

Positive control 3 Ecz. cuniculi US snRNA sequence contained in genome {Chromosome XI :114087-114198)

Alignment | (human, meuse. rat. Xenopus laevis (trog), Drosophila melanogaster (fruitfly) and ¢ elegans (nematode)). This
alignment did not detect the Ecz. cuniculi USsnRNA sequence (positive controls 2 and 3) in either genome.
Aligmnent 2 added the S. pombe U3 snRNA sequence into alignmentl to see if a fungal sequence could detect
the Ecz. cuniculi USsnRNA but it made no difterence 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 Rfam database
(Griffiths-Jones 2003):198 sequences. This alignment contained both human and Ecz. cuniculi control
sequences but sequence intermation could be diluted by the presence of the many other sequences. A large
number of vertebrate sequences are present in this alignment, and thus the human USsnRNA control sequence
was recovered. However, there were no other microsporidian sequences present and the Ecz. cuniculi control
was not recovered with this alignment.

* 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. lamblia genome did not recover any USsnRNA 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 2003)
with ERPIN’s primary author (Dr. Daniel Gautheret) allowed further discussion of the use of this
program for ncRNA gene scarches. ERPIN is presently being developed for the computational
detection of MicroRNAs (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 determine 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 carlier version.

It is likely that ERPIN’s dependency on the nucleotide sequence information in annotated
alignments might preclude using this program to search for ncRNAs with conserved secondary-
structure, but little primary sequence conservation. It is unlikely that this method would work with
ncRNAs that also contain arcas of secondary-structure variability such as the cukaryotic RNaseP
RNA (personal communication, D. Gautherct). Alignments of some RNaseP RNAs (both whole

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

2.2.2: Biological-modelling software

RNA motif

The RNAmotif program (Macke et al. 2001) models biological information, in addition to
sequence and secondary-structure, to scarch for ncRNA candidate genes through the design of an
appropriate descriptor. The RNAmotif program was developed from an earlier program RNAMOT
(Laferricre et al. 1994), but uses an expanded syntax for describing motifs and implementation of
nearest-neighbor rules, and other schemes, for ranking hits. RNAmotif is written in the C
programming language and is freely downloadable from fip scripps.edu/pub/macke/mamotif-
version.tag.gz (where “version™ is the version number, currently 3.3.0). An RNAmotif descriptor is a
short piece of code using special grammar rules to model a particular ncRNA (Figure 2.1C). The
descriptor incorporates secondary-structurc and sequence characteristics into the search model
without the requirement for RNA sequence alignments. Sequence length (including minimum and
maximum allowable lengths) and any sequence motifs (representing protein/RNA binding sites)
contained in single-stranded or helical regions can be incorporated into the descriptor allowing for
maximum flexibility in designing the scarch 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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RNAmotif. 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 biological characteristics, incorporating
scquence and secondary-structure information from a full literature scarch.

The first version of RNAmotif that was trialled (Version 2.2.0) compiled easily but ran very
slowly against the smallest genomic databases (e.g. the Ecz. cuniculi gecnome of 2.6 MBases). An
additional problem was the massive amount of data retumed by RNAmotif for each scquence arca;
results files >1 gigabyte of information were often returned. In a later version (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
scarching.

The testing of RNAmotif for genome scarching 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 RNAmotif software, Dr.
Thomas Macke (The Scripps Research Institute, La Jolla, CA, USA). In this manuscript my
contribution was to supply the concepts and to conduct the genome searches, with Dr. Macke
making valuable adjustments to the RNAmotif code to allow efficient parallel implementation and
results-filtering. In this paper, descriptors were constructed for two ncRNAs, the USsnRNA and the
cukaryotic RNaseP RNA, and then used in genomic scarches of some eukaryotic genomes including
those from the basal cukaryotes Giardia lamblia and Entamoeba histolvtica. RN Amotif descriptors
for the USsnRNA were successfully trialled against test data, and against the Ecz. cuniculi and P.
Sfalciparum genomes in which this ncRNA has already been identified. RNAmotif then recovered
USsnRNA candidates from other basal cukaryotes (G. lamblia, Dictyostelium discoideum and Ent.
histolyvtica) and the seca-squirt Ciona intestinalis. The success of this software with the USsnRNA
led to descriptors being created for the cukaryotic RNaseP RNA. RNascP descriptors were more
challenging to construct, but were also successfully tested and recovered candidates from Ec:.
cuniculi, and the basal cukaryotes Ent. histolvtica and G. lamblia. These arc the tirst RNaseP RNAs
to be recovered from any basal cukaryote and although they contain all features shown to be
cssential for an RNaseP RNA (Frank et al. 2000) will requirc some biochemical analysis for
validity. RT-PCR and sequencing of the G. lamblia USsnRNA and RNascP candidates’ confirmed
that these sequences were expressed (contained in the RNA content of G. lamblia) and that the
sequences shown in the manuscript are correct. Although it requires more non-computational input
(1.e. literature scarches for initial model creation), than other similar software, RNAmotif software

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

° Many thanks to Trish, 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.1) 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, will

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

candidate USsnRNAs were aligned and annotated with the RNAalifold consensus secondary-

structure (Figure 2.3A — displayed using GeneDoc®). Results were visualised using RNAforester

(Sczyrba et al. 2003) to show the differences between the C. intestinalis consensus USsnRNA and

the human U5snRNA (Figure 2.3B).

A Ciona_112 :
Ciona_71
Ciona_1849:
Ciona_1028:
Ciona_108 :

Ciona_112 :
Ciona_71

Ciona_1849:
Ciona_1028:
Ciona_108 :

2%
£
B i
38 .
g gmua:a
by E. Figure 2.3:
au @ A: Alignment of  Ciona intestinalis
gu h . .
oo ey, a8 USsnRNA candidate sequences with the
: §g conserved secondary structure predicted by
c.,uzuga%m‘” RNAalifold (Hofacker 2003) annotated
eg‘i,ﬂs‘ above the alignment. (The darker the column
a

shadings, the more conserved the nucleotide
position).

B: RNAforester representation showing the similarities and differences
between the human US snRNA and the C intestinalis 112-region
USsnRNA candidate. RNAforester draws the modelled sequence a little
differently from the “accepted™ secondary structure with no mechanism
for manually adjusting the output. However, it provides a clear comparison
of the two secondary structures. Nucleotides in black are conserved in both
sequence and secondary structure. Nucleotides in red have different
nucleotides but maintain the same secondary structure. Nucleotides found
in the C. intestinalis sequence only are in blue and those found only in the
human sequenccare in green.

® Nicholas Karl B., and Nicholas Hugh B. Jr., 1997. GeneDoc, a tool for editing and annotating multiple

sequence alignments. Distributed by the author. http://www.cris.com/~ketchup/genedoc.shtml.
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Comparison of the human and C. intestinalis USsnRNA sequences indicate that the C.
intestinalis sequences contain essential USsnRNA elements such as the consensus loopl and Sm-
protein binding site sequences as well as conserved structural clements such as helix 1c. Thus there
is high confidence that the C. intestinalis U5snRNA candidate sequences are genuine. Similar
analysis of the candidates from G. lamblia, Ent. histolvtica and D. discoideum, with the human US
sequence (Figure 2.4A-C) also show considerable conserved sccondary-structure between these
RNAs although the sequences are very different. The candidate sequences from Ent. histolvtica and
D. discoideum contain the consensus loopl and Sm-protein binding sitc sequences but the D.
discoideum U5snRNA has only 5 base-pairs in heliclc as opposed to the consensus 8 base-pairs

found in other cukaryotes.

Figure 2.4: RNAforester structures comparing the

human USsnRNA sequence and secondary structure

with the candidates from A: D. discoideum, B: Ent

histolvtica and C: G. lamblia.. Nucleotides in black C
arc conserved in both sequence and secondary
structure.  Nucleotides in red have different
nucleotides but maintain the same secondary structure.
Nucleotides found in the indicated protist sequence
only arc in blue and those found only in the human
sequence are in green.
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The G. [lamblia US5snRNA contains some differences in its loopl sequence
(AUCCUGGUACG as opposed to the consensus CGCCUUUUACU) but maintains other essential
features such as the Sm-protein binding site and helix 1 ¢ of 8 base-pairs, as well as the optional PSF-
binding site. The loopl sequence has an important function during splicing and binds to the 5' splice
site of the pre-mRNA (McConnell et al. 2003). The one intron published for G. /amblia (Nixon et
al. 2002) is short (35bp) containing a canonical 3' splice site (AG) and a non-canonical 5' splice site
(CT). Thus the differences in the loopl sequence found in the G. lamblia USsnRNA candidate may
be a reflection of subtle differences in the splicing mechanism of this organism. In yeasts there is
some variability permitted in loop! sequences (O'Keefe 2002) indicating that the highly conserved
scquence 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) number of introns found in G.
lamblia may have allowed the loopl sequence of its USsnRNA to cvolve differently from
USsnRNAs found in other organisms.

RNascP RNA is a difficult ncRNA to draw using RNA-drawing software, thus
RNAforester results (Figure 2.5C) look somecwhat different to the consensus cukaryotic RNaseP
structures (Figures 2.5A and B). RNAforester results comparing the G. lamblia candidate RNaseP
RNA with the human RNaseP RNA (Figure 2.5C) indicate that there is a high level of secondary-
structure conservation although their nucleotide scquences 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 bottom helical strands (Figure 2.5), whereas the P3-region in
bacteria is shorter and does not contain this bulge. The RNascP candidates found in G. lamblia, Ent.
histolvtica and Ecz. cuniculi contain the “bacterial-like” P3 helix region instead of the expected
crown-cukaryotic-like P3-region. Some archacal RNaseP RNAs also contain the bacterial-type of
P3-region (Harris et al. 2001) indicating that cither the bacterial and crown-eukaryotic-type of P3-
region, or an interimediate-type, may have been present in the ancestral RNaseP. Biochemical
analysis including protein-binding studies will be required to confirm that the candidatec RNaseP
scquences found during this study are genuine but this lies outside the scope of this project. A

summary of the USsnRNA and RNascP candidates found with RNAmotif is shown in Table 2.2.

RNAmotif Results | USsnRNA | RNaseP RNA Table 2.2: Summary of results from the
Ecz cuniculi K + US5snRNA and RNaseP descriptors used with
P. falciparum K S the RN Amotif software.

G. lamblia + + K Sequence was known prior to this study.
Ent. histolhtica s + + Candidate sequence was recovered.

D. discoideum + = - No candidate sequence was recovered.

C. intestinalis + -
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Figure2.5:

A: Human RNascP RNA secondary structure, available at
the RNase P Database; (Brown 1999).

B: Sequence and secondary structure of the RNaseP RNA
candidate sequence from G. lamblia.

C: RNAforester structure comparing the human RNascP
RNA and the candidate RNaseP from G. [lamblia.
Structures in blue are contained in the human sequence
only. Nucleotides in black are conserved in both sequence
and secondary structure. Nucleotides in red have different
nucleotides but maintain the same secondary structure.
Nucleotides found in the human sequence only are in blue
and those found only in the G. lumblia sequence are in
green.  This structure does not look much like the two
shown in A and B but shows instcad that there is a high
level of secondary-structure conservation although the
sequences are different (positions in red).




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 utilises a local alignment algorithm for database searches. It also
reports back the statistical confidence and the structural alignment 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 well established. This program is slow but like RNAmotif, is aided by
parallel-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 (Figure 2.1D page 20 ).

This program has the advantage that neither a comprehensive model of the desired ncRNA,
nor an RNA sequence alignment need be constructed, and that an independent statistical confidence
scorc can be calculated. The disadvantage to this approach is that, like BLAST, a sequence from
onc species may not have enough sequence and secondary-structure similarity to find a candidate
sequence in a distant genome (however, this has not yet been fully tested).

RSEARCH (version 1.1) was tested with some USsnRNA sequences (human, S. pombe and
Ecz. cuniculi) against the Ecz. cuniculi and G. lamblia genomes, both of which were appended with
the human U5snRNA sequence. The human and S. pombe USsnRNAs successfully recovered the
Ecz. cuniculi USsnRNA from its genome but the S. pombe query did so only just. None of the above
sequences recovercd any viable USsnRNA candidates from the G. lamblia genome. Some G.
lamblia sequences were recovered but all ecither had large gaps in the alignment with the query
sequence/structures and did not contain esscntial features such as the Sm-protein binding site or
anything resembling a loop!l consensus sequence. The candidate USsnRNA recovered from the G.
lamblia genome with RNAmotif was not recovered with RSEARCH. Similarly, a search with the
G. lamblia USsnRNA candidate sequence found by RNAmotif, did not recover either the human
nor Ecz. cuniculi USsnRNA scquences during testing. Thus the RSEARCH testing could not
confirm the G. lamblia U5snRNA candidate but could not offer any alternative candidates.

Some RNaseP RNA sequences were used during the original testing phase of RSEARCH
(Klein and Eddy 2003) on a number of archaeal genomes. This testing showed that RSEARCH
outperformed sequence similarity programs (such as BLAST and FASTA) in recovering the
appropriate RNascP RNA sequences. Searches of the Ec:z. cuniculi and G. lamblia genomes
(appended with the human RNaseP sequence) and a test database consisting of some cukaryotic,

archacal and bacterial RNaseP scquences, with the human RNaseP sequence were attempted but ran
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into processing problems causing the program to prematurely abort. The nature of this problem is
not known at this stage. This effect was not seen during the U5snRNA tests and time constraints
have 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 ncRNA genomics. RNA-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 searches were too impractical
and expensive to run on early computers. However, since these early days fast heuristic tools such
as BLAST 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 single processor (parallel-processing
is not required but could, in theory be applied if necessary), and that the annotation can represent
pseudoknots and other RNA-characteristic features. The model is constructed automatically from
the sequence alignment annotated with bracket notation (the most common format for representing
secondary-structure). The dewnside to this approach is that it relies on the ncRNA being 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 number of gaps in
the alignment which leads to an inaccurate search model. This approach may be more appropriate
for tinding 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 information 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 present this was the most successful approach

with ncRNAs that contain variable sequence and secondary-structure. The current drawback to the




RNAmotif software is its lack of any statistical significance calculation attached to any retumed
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
issuc when the input is based on a ‘biological’ model (as it is with RNAmotif). A calculation of
some value of statistical significance associated with RNAmotif results should be possible. Future
development of RNAmotif may include a statistical valuc calculation based on randomised
representative RNA, randomised sections of a genome-databasc or even randomised sections of the
descriptor itself. Another future option may be to use a algebraic dynamic programming (ADP)
approach (Meyer and Giegerich 2002) to compare (in a similar way to RNAmotif) two ncRNAs.
This technique requires 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 possible
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 would
be very useful as a first step in finding a particular ncRNA from a sequenced genome, before
alignments and/or descriptors arc crcated. This software has only been recently published and is
likely to become more cfficient in later versions.

Although therc are now some ncRNA-finding programs available, at present all requirc a
measure of computing skills not normally associated with molecular biology. ncRNA modecls 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 Linux, parallel-processing and
some programming language skills. It is hoped that futurc 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.

32



Journal of Integrative Bioinformatics, 0001, 2003.
Online Journal: http: //journal.imbio.de/index.php?paper id=6

Searching for ncRNAs in eukaryotic genomes:
Maximizing biological input with RNAmotif”

Lesley J. Collins™, Thomas J. Macke? and David Penny’

" Allan Wilson Centre for Molecular Ecology and Evolution, Institute of Molecular
BioSciences, Massey University, Private Bag 11222, Palmerston North, New Zealand

2 Department of Molecular Biology,
The Scripps Research Institute, La Jolla, CA 92037, USA

" Corresponding author: L.J.Collins@massey.ac.nz

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 limited to ncRNA molecules
that either align 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 allow 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 catalytic 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 find ncRNA gene
candidates when there is a large evolutionary distance between the query species and
the target genome being searched [3].

* Formatting has been changed from the published manuscript to enable integration into this thesis.
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In the past, programs such as RNAMOT [4] and PatScan [5] were developed to
define 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
highly conserved sequence motifs, they also contain some secondary-structure
differences [9, 10].

The RNAmotif program [11] 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 find two groups of ncRNAs; tRNA [12] and the Iron Response Element (IRE) [11,
13], both of which contain highly conserved secondary-structures. This program uses a
user-defined “descriptor” as input, modelling allowable secondary-structure and
sequence motifs. It also has a scoring section that assesses the different features of the
match [11]. A criticism of RNAmotif software is the lack of any value of statistical
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-defined 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 USsnRNA and the RNaseP
RNA, from Giardia lamblia, Entamoeba histolytica (Ent. histolytica) and the
microsporidian, Encephalitozoon cuniculi (abbreviated here as Ecz. cuniculi to avoid
confusion with Ent. histolytica), and the USsnRNAs from Dictyostelium discoideum and
Ciona intestinalis.

The US snRNA molecule is part of the US snRNP ribonucleoprotein complex
that is involved in the splicing of nuclear pre-messenger RNA [14]. USsnRNA 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 testing stage, the US descriptors were used to search other small eukaryotic
genomes such as G. lamblia[15], Dictyostelium discoideum, [16], Entamoeba histolytica
[17] and Ciona intestinalis [18].

The other ncRNA investigated here is Ribonuclease P (RNaseP) RNA, part of
the ribonucleoprotein complex that cleaves S'-leader sequences from precursor-tRNA to
leave a mature tRNA molecule [19]. 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 find in more distant species.
RNaseP 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 USsnRNA and
RNaseP descriptors from known biological information (i.e. RNA and protein binding
sites), to enable researchers in the ncRNA field to design descriptors for their molecules
of choice.

2 Methods

RNAmotif [11] is written in ANSI C and available as source code via
‘anonymous ftp” from (fip.scripps.edu/pub/macke’/rnamotif-version.tar gz where “version” is the
version number, currently 3.0.0). RNAmotif supports parallel searches via an MPI
based driver, called mrnamotif, which is included in the RNAmotif distribution. Parallel
processing was done on the Helix Cluster, a distributed-memory Beowulf cluster with
65 nodes (128 processors) running the Linux RedHat (version 7.3) operating system and
communicating with the MPI protocol (http://helix. massey.acnz). All nodes used in testing
and searching with RNAmotif had AMD Athlon MP-2100 processors running at
1733.335 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 (AG). As expected thermodynamic stabilities improve with
length [21], the sequence with the lowest free energy will tend to have the longest
sequence which is retained using Getbest.

21 Sequences and Genomes

USsnRNA sequences were downloaded from the Rfam database [22] and the
databases at NCBI (http://www.ncbinlm.nih.gov/). The genomes of Encephalitozoon
cuniculi [23], (AL391737 and AL590442-AL590451), Ciona intestinalis [18] (AABS00000000)
and Pyrococcus abyssi (AL096836) were also downloaded from NCBI. The Plasmodium
falciparum genome was downloaded from PlasmoDB [24, 25] http//plamodb.org).
Dictyostelium discoideum (soil-living amoeba) [16] preliminary sequence data was
obtained from The Wellcome Trust Sanger Institute (http://www.sanger.ac.uk). The
Entamoeba histolytica genome sequencing data [17] was produced by the Sanger
Institute Pathogen Sequencing Unit at the Sanger Institute
(ftp://ftp.sanger.ac.uk/pub/pathogens/E-histolytica).

Early releases of the Giardia lamblia genome (WB strain, clone C6) was kindly
provided by the Giardia lamblia Genome Project [15] is based at the Marine Biological
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
AACB01000000. 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 — USsnRNA

A descriptor is read by the RNAmotif program from the ' end of the model to
the 3' end, so both ‘sides’ of a helix must be represented in the code. For example, 45
(tag = ‘helix1’, len = 4) opens a helix of 4 base-pairs, and h3(tag = ‘helix1’) closes the helix.
Single-stranded regions are represented by sstag — ‘single stranded 1°). Both helices and
single-stranded regions may contain length (minlen - minimum length; maxlen - maximum
length), sequence, mismatch and mispairing 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-defined 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 legitimate 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] (FigurelA). Features that are not present in
USsnRNA sequences from some species include a second helix-loop structure and a
PSF/p54™ protein-binding site. Figure 1 shows the US_A descriptor and lists 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 l1a) were not included in the descriptors or converted to
single-stranded regions. Mispairing events (i.e. mispair — 1) 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 “[L2” were given a wide length range (in this case, between 3 and 18
nucleotides to allow for an extra helix that is present in some yeast species).

Helixlc, Loopl and the Sm-binding site are important biological features of the
USsnRNA [9]. Helixlc in some species has an internal mispairing event (a G:A pairing)
which was modelled differently in descriptors US_A and US _B. US_A allowed a
mispairing on either end of the helix as well as internally (mispair = 1, ends = ‘mm’)
whereas US B used stricter settings with mispairing only permitted on the distal
(farthermost from the loop) end (mispair = 1, ends = ‘mp’). Loopl consists of eleven
nucleotides containing a highly conserved sequence motif [28]. Loopl was modelled
differently in the three descriptors as shown in Figure 1B 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 mispairing whereas the
US B descriptor was again stricter. The sequence within loopl 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-

36



anchored sequence, “ayuuuung” = 4 minutes, anchored sequence “ayuuuung$” = 33
seconds) and lowered the number of redundant hits and the output file-size.

Optional sequence motifs (e.g. The PSF-binding site on the 3’ side of helix 1b)
can be scored against in the scoring section but not included in the “descr” section as
this would make this motif inclusion compulsory.

#USnAN A Dasaipar (U5 A)
W Mg, woore b 6

darex
RSt ag=1b’, numben=3, maxkey=10mypaur = 11
sl baga' 112 murlamy 3, mnacian= 13)
B A tar="T ¢ madened, macka=?, moparsi | ends="mm)
i 5(tag='boop 1, minien=7 mailen=12)
3| SHAtag1cY
e lage's5 2 grarlen={), e ken=9)
HaitagaTh"?
stag="5re’ maden=] 5, mazkn= 34 musnx ch = 1 seq = "yprosregd )
WSltag="T manben = 0 molenw)
1(tkg="boog 7, mink n=3, nuxha=7)
b3itag="0")
AT
{
sh=00
o il St £t
RS ag=Te) == %) {sle= 10,x= A"}
Hlengthl sffag=loep 17l »w L) {31 #= 10 y= B}

4 Wt loop 1] =~ “opoamameme™) 3] += 203 =0}
alse BT sAlz="loop 1} == "prorema”) (sl e2 1 51 =%}
vhie B sslbagnToop L) == "oowasran ) (3] ¢= 058 ='c" )}
qlsa AT s bag="locpl} =~ "ramm" {3} 42053 ="}
VihXlag=Th] =~ "gragaggaac™} {s] «=10x= "2
elie EH(tag="IbT] = "gaggaa™}{il += 102 =V}
olse THtaz=Th) = "graga™) [5] oa D5z # 2}
Wstag="5rm's = "ampazmangd Ty sl .2 10 =W}
alon W srtag="Sn") == “wypmaemmgd®) (2] =05 =%}
alse #T530bar="0m) =~ “nayapnsangd') (sl +=0dg ="'}
elue 7 5tagwSu) w— “wyppmnnaned ) {21 4w 05 g =4}
Wsl =25 REJECT,

s = afi WS{1], W3RHSE] ),
W22 = emax}
WEEECT,
#.-=001,
JOORE = spmdd] ", Vas, ¥, Vi, Ve, Y %A 3f, 2, vt r, @512 )

Figure 1: U5 snRNA model and RNAmotif descriptor. A: Consensus model of the USsnRNA secondary-
structure based on the model of Peng et al. 2002. Loop2 is not present in the USsnRNAs of some species.
B: US_A descriptor used to search for potential USsnRNA genes. Other USsnRNA descriptors were based
on this descriptor but contained the following differences:
U5_B descriptor
Point 1, hS(tag="l¢',minlen=6, maxlen=_8, mispair=1, ends="mp");
Point 2. ss(tag="loopl', len=11) ;
Point 3, deleting these two lines thus not scoring on the length of helix 1¢ and loopl.
U5_C descriptor

Point 4, the sequences scored upon were as tfollows:

if(ss(tag="loopl’) =~ "ygccuuuuacu”) {s1 += 1.0it = "a’;}
else if (ss(tag="loopl’) =~ "ccuuuuac") {s1 +=0.7:t = 'b";}
else if(ss(tag="loopl ") =~ "ccuuuu”) {sl +=0.5;t ='c’;}

The scoring for option dis thesameasin US_A.

’

In the scoring section for each descriptor the individual letters i.e. ‘A’, ‘B, ‘x’, ‘y’, ‘t’, T" 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 [10, 29]. Thus the RNaseP RNA
descriptor had to take into account both conserved and variable features.
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hS(tag="P3’, minlen = 3, maxlen = 12) & P
RS

ss(tag="P3loop’, minlen = 3, maxlen = 45)

h3(tag="P3")

ss(tag="pre-CRI', minlen = 0, maxlen = 3)

ss(tag="CRI', minlen = 12, maxlen = 25, seq = "~gnaannuc”)
hS(tag="P7, minlen = 3, maxlen = 6)

ss(minlen = 2, maxlen=50)

hS(tag="P10', minlen = §, maxlen = 10, mispair = 1)

ss(tag = 'CRIT', minlen =40, maxlen = 150, seq = " a" X
r:;(([agg ='P10") R SR seq = ugnna’) if(sl < 1.7) REJECT;

ss(minlen = 0, maxlen = §) SCORE = sprintf( '%s, % 1.26,%1.3f L5152 ):
h3(tag ='P7) }

if(ss(tag="CRI') =~ "ggaamucngng”) (sl +=2.5:t="a"}
else if (ss(tag="CRI') =~ "gaamnucngng”) (sl +=2.0;t="b"}
else if (ss(tag="CRT) =~ "ggaaanucc”) (sl +=1.7;t="c"}
else if (ss(tag="CRI') =~ "ggaannuc”) {sl +=1.7;t="d";}
else if (ss(tag="CRI') =~ "gnaannuc”) {sl +=1.0;t="e"}

s2 =efn( hS[1], h3[NSE] );

if(s2 > emax ) REJECT;

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 variability 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='"CRI', minlen = 12, 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 | have been replaced by the following lines:

h5(tag="P3', minlen = 3, maxlen = 12)

ss(tag="P3loopl’, minien = 3, maxlen = 20)

h5(tag = "P3b’, minlen = 3, maxlen = 12)

ss(tag="P3loop2’, minlen = 3, maxlen = 10)

h3(tag = 'P3b")

ss(tag = "P3loop3’, minlen = 3, maxlen = 20)

h3(tag="P3")

[t 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. CRV pseudoknot pairing).
Descriptors were designed (Figure 2E) for the P3-CRI-P7-P10 section of the complete
secondary-structure (Figure 2B) and designated P7_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 Figures 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 either side. Adding this second helix both
dramatically increased the processing time (from 3 minutes to 35mins) and lowered the
specificity of the descriptor; however, most folding energies were improved with P7_C
for each sequence region recovered. Designating the second helix optional (i.e. setting
the minimum length of helix 1b to 0) recovered those sequences not detected with the
P7_C descriptor, but increased the processing time tenfold. The lesson learnt here was
to keep the number of helices to the minimum required for the desired species
specificity.

The CRI region is the most highly conserved sequence motif in the RNaseP
RNA and s critical for selection as an RNaseP RNA gene candidate. The CRI-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 CRI-minimal
sequence motif was anchored in descriptor P7_B by adding a separate single-stranded
region (rag - ‘preCRI") before this sub-element (rag 'CRI’).

The P10 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 situation in basal eukaryotes is unknown). The CRII-P12-CRIII single-stranded
region (tag = “CRII’) is highly variable in length, and the number and position of helices
between species and kingdoms [27]. This region was set to a single-stranded loop with a
large range in length (between 40 and 150 nucleotides) to allow for this variability.

2.2.3 Descriptor Testing

Known USsnRNA and RNase P sequences were downloaded from the Rfam
database [22] and from the NCBI databases. Test databases, TestDatabaseA (Tablel)
and Pdatabase (Table 2) were constructed containing sequences that were expected to be
returned with the descriptors (positive 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 of 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. [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. If
appropriate controls cannot be selected for a desired ncRNA then the Rfam database,
although large, will be a reasonable alternative. Scoring 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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In order to test the level of background from other ncRNAs, three USsnRNA
sequences, human (M23822) Schizosaccharomyces pombe (X15504) and Caenorhabditis
elegans (269665) and the human RNaseP RNA (X15624) 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.

Tablel Species : Us Ut U2 U4 U6 U1l U12 RNaseP
Plants  Arabidopsis thaliana X13012 X53175 X06474 X67146 X52527
Rice ACL104179 AC025783 AF106845 AB026295 AC079128
Pea X15934 X15926 X15936 X15931
Fungi  Aspergillus nidulans AC004395 AL683874 AY136823
Saccharomyces cerevisiae MIl6510  MI17411 MI14625 U18778 273279 M27035
Schizosaccharomyces X15310 X55773 X55772 X15491 M55650 X04013
pombe
Encephalitozoon cuniculi AL590450 AL590448
Animal Human M77840 L43846  N13624
Mouse M10336  MIl4121] K00027  M10328 ACI116657
Zebrafish AL591593 AL929029 AL92108 AL929029
Frog X06020 K02698 K02457 AF044330
Caenorhabditis elegans 268215 781556 X51372 X51382 722178
Drosophila melanogaster AC099022  X02136 X04241 K03095 M24605
Basal  Entosiphon sulcatum AF09539+ AF095839 AF095841
Leptomonas collosoma AF006632 X56453  AF204671  X79014
Plasmodium falciparum AE014823 AEO14841 798547
Tetrahymena thermophila X63789 X58845 X63786 X58844 X63790
Chlamydomonas X67000 X70869 X71483 X71486
reinhardtn
Trypanosoma brucei X04678 M25777 X13017

Table 1: Accession numbers of the sequences contained in the test database “TestDatabaseA” used in the
evaluation of the USsnRNA descriptors. An empty cell indicates that this sequence was not available for
inclusion in this database. Theoretically all USsnRNAs should be returned with the USsnRNA descriptors and
thus be positive controls and all non-USsnRNAs be negative controls. For practical reasons only some sequences
were selected to be specific positive and negative controls in the testing of the USsnRNA 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 USsnRNA
descriptors as the Ecz. cuniculi and P. falciparum USsnRNAs have already been
identified and are available from the Rfam database (AL590450 and AE014823
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 USsnRNA 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” Table2  Species RNaseP  RNase MRP
. Eukaryote  Saccharomyces cerevisiae M27035 214231
used ‘fOI' evaluatlon. Of. the RNaseP Schizosaccharomyces pombe X04013 ALHO919T (3121e-31615)
descriptors. Included in this database are Homo sapiens X 15624 T
v Mus musculus L8802
RNaseP  RNA  sequences from et Usoaos
Eukaryotic, Archaeal and Bacterial gempus]lacvi? AF044330 7
: rosophila melanogaster AF434763
species apd RNa;e MRP sequences from Arabidopsis thaliana X65942 (34)
Eukaryotic species. Note that RNase Eus Taurus ;Bm-nwl[ X 225280
. icotiana tabaenn 4 Tohaoeo K
MRP has not been found in any Archaeal Rattus norvegicus Rat) 105014
or bacterial species to date. An empty
1l indi h hi Archaea Pyrococcus abas AJ248283
cell indicates that this sequence was not Sulfolobus auidiszatidaris L13597
available for inclusion in this database. h{leﬂwﬂobaﬂeﬂlum U42986
. thermoautotrophicum
Theoretlcally all RNaseP RNAs should Methanococcus vannielii AF192357
be returned with the RNaseP descriptors; Archacoglobus fuleidus AEMO782
. Halobacterium vutirubim: 42983
however certain sequences are selected Actopyrum pernix APOO00G0
to be specific positive and negative o
. . L. Bacteria Escherichia colt V00338
controls. Blue indicates a positive control Bacillus subtilis MI3175
and . /indicates a negative control. K - Thermus aquaticus 213006
;. [ : Streptomyces lividans M64552
From Kiss and Filipowicz (1992) Agrobgeresim tumefaciens  M59352
3 Results

31 USsnRNA
3.1.1 Descriptor Testing Results

RNAmotif searches against TestDatabaseA with each USsnRNA descriptor
indicated their sensitivity (USsnRNA sequences from which species were returned) and
their specificity (which ncRNAs other than the USsnRNA were returned). Results are
shown in Table 3. All three descriptors returned all the designated positive controls
(USsnRNAs from human, Ecz. cuniculi, P. falciparum and Entosiphon sulcatum). The
looser US_A and US_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 USsnRNAs.

RNAmotif searches of the ‘doctored’ P. abyssi genome with the US descriptors
recovered all three inserted USsnRNA sequences above the cutoff score. The S. pombe
USsnRNA 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 USsnRNA descriptors, the known Ecz. cuniculi
USsnRNA sequence (AL590450) was successfully recovered from its genome as the
only top scoring hit with all three descriptors. The known P. falciparum USsnRNA
(AE014823) was also easily recovered from the P. falciparum genome by all three US
descriptors with the highest score. Recovery of their known USsnRN A sequences from
the Ecz. cuniculi and P. falciparum genomes indicated that it was possible with the
USsnRNA descriptors to distinguish between the USsnRNA and other closely related
ncRNAs in their own genomes.
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Table 3 US A U5_B U5 C
Test Database Testing
Processing Time 39.5 seconds 5.9 seconds 31.9 seconds
Output File Size 69 KB 33 KB (40 KB) 56KB
Highest Scores Highest Scores Highest Scores
Human US 449 1.50 (3.5) 3.99
Drosophila melanogaster US 3.99 - 299
Caenorhabditis elegans US 449 249 (449) 3.49
Arabidopsis thaliana U5 349 249 (349) 249
Oryza sativa US 450 2.50 (4.50) 3.50
Schizosaccharomyces pombe US 349 - 2.69
Tetrahymena themophila US 4.00 - 3.00
Encephalitozoon cuniculi U5 4.00 2.00 (4.00) 3.50
Plasmodium falciparum U 3.99 2.00 (4.00) 3.00
Pysarum polycephalum US 499 3.00 (5.00) 3.99
Entosiphon sulcatum US 449 2.50 4.50) 3.49
Human U1 299 - 299
Mouse U12 2.49 - 2.49
Caenorhabditis elegans U4 249 - 249
Genome Searches Processing Time  Processing Time  Processing Time
Ecz. cuniculi genome 26 min 49 sec 5 min 35 sec 26 min 50 sec
“P. abyssi” genome 19 min 43 sec 3 min 12 sec 19 min 46 sec
G. lamblia genome 17 min 33sec 3 min 19 sec 17 min 41 sec
P. falciparum genome 738min 4l sec 132min I4sec 746min 58sec
Ent. histolytica genome 640 min 0 sec 106min 39sec Not run
D. discoideum genome 1014min 52sec 366min 30sec Not run
C. intestinalis genome 495min 35sec 83min l4sec Not run

Table 3: Evaluation results for the USsnRNA descriptors. Representative results from searches of
TestDatabaseA are shown although other similar 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 “0.01” subtracted from their overall score for indicative purposes. Descriptors US_A and US C
had score cutoffs set to 2.5. US_B was run with two variations, the first containing scoring for the length
ofhelixlc and loopl, and the second without this scoring. The scoring cutoff was set lower at 1.5 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

3

USsnRNA sequences inserted for testing purposes. ‘=" indicates that this sequence was not detected with

this descriptor. Species in bold were positive control for testing the USsnRNA descriptors.

Other small eukaryotic genomes (C. intestinalis, G. lamblia, Ent. histolytica and
D. discoideum) were then searched with the USsnRNA descriptors. A prior BLAST
search of these genomes with all known USsnRNA sequences returned no significant
results. With RNAmotif and the US descriptors, five candidate sequences were returned
from the C. intestinalis genome, all of them contained the consensus loopl sequence
and could be folded into the consensus USsnRNA secondary-structure (Scaffold112:58432-
58331;Scaffold71:40056-39955;Scaffold1849:5070-5172;Scaffold1028:15981-5885;Scaffold108:18565-
18656). An alignment 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 USsnRNA candidates showed similarity to other
vertebrate  USsnRNAs including human and mouse USsnRNAs. The proposed
secondary structure for one of these sequences is shown in Figure 3E
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Figure 3: Predicted Secondary-structures of A. fcz.
cuniculi, B. G. lamblia, C. D. discoideum, D. Ent.
histol ytica and E. (. wntestinalis USsnRNAs. Only one
of the C. intestinalis USsnRNA candidates 1s shown.
The other candidates differ only in a few nucleotides
between them and these changes do not occur in the
loop!l or helix Ib regions. The human U5snRNA is
shown in F. as a comparison secondary-structure [9].

RNAmotif searches against the G. /amblia genome with the US_A and US_B
descriptors (the US_C descriptor failed to recover any clear candidate sequence)
recovered a candidate sequence (AACB01000156: 17548-17456) that could be folded into
the consensus USsnRNA secondary-structure. The sequence in loopl does not conform
entirely to the consensus loopl motif (constructed from crown and basal eukaryotic
USsnRNA loopl sequences, [28]. The loopl sequence in particular, affects splice site
selection, particularly for introns with non-ideal 5' splice sites [30], and thus the
differences in the loopl sequences of the G. lamblia USsnRNA candidate may be a
reflection of a difference in the splicing mechanism of this organism. The G. lamblia
USsnRNA 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.
lamblia USsnRNA is shown in Figure 3B.

An USsnRNA candidate was also recovered from the D. discoideum genome
(Figure 3C). Helixlc is shorter than those found in other species, having only Sbp but
allowing some non-canonical base-pairing i.e. G-A pairing could lengthen this helix. As
the candidate D. discoideum USsnRNA sequence was recovered from only preliminary
contig 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
with the candidate D. discoideum US5SsnRNA sequence returned the USsnRNA
alignment increasing the validity of this candidate.

Searches of the Ent. histolytica genome also produced a candidate USsnRNA
sequence (Figure 3D). Again this candidate USsnRNA sequence was recovered from
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preliminary sequencing data and will require more investigation once the complete
genome has been sequenced. As with the D. discoideum candidate, the Ent. histolytica
USsnRNA returned the USsnRNA alignment 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 still 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 different 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 did not distinguish 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. lamblia,
Ecz. cuniculi, Ent. histolytica, D. discoideum, P. falciparum and C. intestinalis. BLAST
searches of these genomes with all known RNaseP RNA sequences failed to find any
significant sequences. Candidate sequences were required to contain the CRIV, CRII
and CRIII 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 VII - start position 87184) which also contains some
sequence similarity 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
Figures 2D 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. thermoautotrophicum
RNaseP

A fulgidus RNaseP

H. cutribricum RNaseP

E. coli RNaseP

B. subtilis RNaseP

A. tumefaciens RNaseP
S lividans RNaseP

A. thaliana RNase MRP

N. tabacum RNase MRP
Human RNase MRP

S. pombe RNase MRP

S. cerevisiae RNase MRP
Other snRNAs that occur
with descriptor:

Processing Time
TestBatabaseA (Used for
US tesumed

Ecz cumauh genome

PTA

7 min 54 sec
47 KB
CRI motif

d(-2243)
d (-13.52)
d(-17.13)

d (-26.70)
¢ (-25.53)
B e21 40
wi-1327
{24 2

¢ (-3173)

e (-19.95)
e (-1892)
e (-14.74)
e (-1210)

L.collosoma U4 (e)
T. brucer U4 (e)

2 min 34 sec

266 min 25 sec

P’ B

3 min 12 sec
36 KB
CRI motif

¢ (-29.33)

a(-2146)
¢(-1527)
a(-26.89)
d (-25.63)

¢ (-19.95)
¢ (-18.92)
c(-1343)

Leollosoma Ud ;

I m I8 sec

290 min 26 sec

P71 C

35 min 28 sec
39KB
CRI motif

a(-2043)
a(-19.75)
¢ (-2741)

d(-20.38)

Wi Zedivg

a(-25.87)
¢ (-2793)

c(-26.15)
¢ (-2296)
c(-2174)
c(-16.51)

L collosoma U4 (d)
T brucei U4 (d)

8 min 23 sec

1619 min 9 s

Table 4: Evaluation results from the
RNaseP descriptors. Indicative results are
shown. For processing times all descriptors
had the following settings “emax = 157
with scores below this threshold being
rejected and score cutofls at 1.7. Detection
of sequences with an “e” motif was
achieved by setting the emax to -12 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. lamblia, and D, discoideum genomes
used parallel processing with emax at -20
and the score cutoff at 2.0. Searches of the
(. lamblia genome were run with 8 nodes.
Searches of the P. falciparum, D.
discoideum and FEnt. histolytica genomes
were run with 16 nodes. ‘-* indicates that
this sequence was not detected with this
descriptor.

CRI motif a = "ggaarnucngng" (Eukarvotic consensus
CRI with first “g™):

CRI motif b = "gaarnucngng" (Eukaryotic consensus
CRI without first "g”):

P. falciparum genome Not run 617min 27sec Not run CRImotif ¢ = "ggaaanucc” {Bacterial consensus
G. lamblia genome 588min 52 sec 174 min 48 sec Not nm CRI):
Ent histolytica genome Not run 1627 min 37sec Not run CRI motif d = "ggaannuc" (Archacal consensus CRI):
15¢ ) ser . n . -
B discoideum genome Not run 1093 min 26 sec Not run CRI motife = "gnaannuc” (Universal consensus CRI)
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Figure 4: Putative RNaseP RNA secondary-structures of A: £cz. cuniculi, B: G. lamblia 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.




RNAmotif searches against G. /amblia 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)(AACB01000012: 65152-64918). 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 is
expressed in G. lamblia and the sequence has been confirmed by sequencing.

RNAmotif searches against the FEnt. histolytica genome also recovered a
candidate RNaseP RNA sequence (Figure 4C) (Ent1359g08.plk:355-440). The P3-region
was longer than that found in the Ecz. cuniculi and G. lamblia RNaseP candidates, and
although there was a two-nucleotide bulge in the 3' side of the helix, the Ent. histolytica
P3-region still resembled the bacterial-like P3-region as opposed to the eukaryotic
model. As this sequence was obtained from preliminary sequence data, further
investigation will be required when the genome sequencing has been completed.

RNAmotif searches against P. falciparum failed to find 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 find any RNaseP RNA candidate. The
genomic data for this genome is still 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.
lamblia 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. lamblia, 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 positive results from Rfam for any of our RNaseP
candidates.

4 Discussion

Non-coding RNA genes are hard to find in genomic data. Previously, RNAmotif
has been used to find ncRNAs with highly conserved secondary-structure, using very
“tight” and efficient descriptors [11, 12]. 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 n~cRNA 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 partially. The concept of positive
and negative controls is fundamental in molecular biology (as many of its techniques
also lack statistical analysis). However, a measure of statistical significance 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 [31]. 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 simple task. Testing has
shown as the “descr” section of the descriptor becomes more complicated (1.e. more
helices, sequences and parameters), processing time increases dramatically. Ideally 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 US_A which was more accurate in finding candidates in
“typical” eukaryotic organisms such as C. intestinalis, but did not work as well as the
less-specific descriptor (US_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 time-frame and one that allows
enough variability for a search of a distantly-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 single-
stranded regions, aiding both processing performance and species detection. Analysis of
regions “downstream” of the descriptor region was done manually in this study, but
could also be automatically incorporated into future RNAmotif releases.

The RNAmotif program is still a program under development. The largest
genome size that we used here was that of the sea-squirt C. intestinalis (155Mbases). It
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 without 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 i1s 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 BLAST 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 similarity to the first genc is statistically significant; then the function of the unknown
protein is inferred based on the function of the known protein (Sjolander 2004). A number of
computationally cfficient methods for pairwise scquence comparisons have been developed
including BLAST (Altschul et al. 1990), FASTA (Pearson and Lipman 1988) and PSI-BLAST
(Altschul et al. 1997), which have been used in high-throughput, homology-based prediction
(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
duplication events (paralogous genes) can diverge in function, but still contain statistically
similar sequences. A homologous scquence from a distantly related specics may be more similar
to the scquence from the duplicate copy and an incorrect function can be inferred. The second
evolutionary factor is the shuffling of protein domains where in two functionally different
proteins, motifs may be highly conserved but in different positions. Standard methods typically
ignorc whether two proteins align globally or only locally, and thus again the wrong protcin
may be used to assign function. The third factor that can causc interpretation crrors is speciation,
where orthologous proteins share a common ancestor but have different functions if the specics
arc distantly reclated. The correct function may be assigned if the specics that arc being
compared are closec 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
regions (or alternatively merge scveral regions into one) (Mathe et al. 2002). Current programs
aim at optimising performance on the majority of data, usually at the expense of the “outliers’,
however these ‘outliers’ may, in some organisms be more frequent than suspected. The
prediction of protein encoding genes is still in need of improvement (Mathe et al. 2002).

Within this project, spliccosomal protein studics depend on the accurate prediction of
protcin 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 will examine protcin prediction and the ASR technique
using a number of RNaseP-associated proteins that may have been present in the cukaryotic
ancestor. It contains a published manuscript, “Using ancestral scquences to uncover potential
gene homologues™ (Collins et al. 2003). This was presented initially at the New Zealand

Bioinformatics Conference 2003, and shows how inferred ancestral sequences can be used in

51



combination with standard secarch algorithms to identify candidatc genec homologues from newly
sequenced genomes (such as Giardia lamblia and Entamoeba histolvtica).

In genome comparisons of distantly related species, it is often difficult to identify highly
diverged protein-coding regions (Collins et al. 2003). This is especially true when searching for
either protein or ncRNA genes from any of the basal cukaryotes. Theoretically identifying an
ncRNA from a genome increases the chance of finding suspected associated-proteins, and vice
versa. Thus finding the RNasecP RNA from G. lamblia (Chapter 2) makes it possible that
proteins (such as Popl, Pop4, Pop5 and Rpp21) known to be part of the RNaseP from other
cukaryotes, are also present in G. lamblia. This study used these proteins to test this premise,
and cvaluated techniques that would be used later for studying the large group of proteins
associated with the spliceosome (Chapter 4).

RNascP processes the 5' ends of precursor tRNA molecules in all organisms (Altman
1989). In bacteria RNascP may also processes other RNA substrates as several polycistronic
mRNAs have recently been found to be cleaved by RNaseP in Escherichia coli intergenic
regions (Li and Altman 2003). Cellular processes other than tRNA processing may also be
affected by bacterial RNaseP including the maturation of SRP-RNA (a major component of
bacterial protein secretion) and protein translocation (Li and Altman 2003).

In cukaryotes, RNaseP contains a single catalytic RNA and multiple protein subunits
(possible exceptions include 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 higher-order protein structure rather than conservation of
amino-acid sequences. As a result, it is often difficult to identify homologous RNascP protcins
in distantly related lincages. There are 9-10 proteins (depending on cukaryote) and all are
essential to the function of the ribonucleoprotein (Xiao ct al. 2002). Only some of these proteins
(Pop4 — also called Rpp29; Rpp21, Rpp30 and Rpp38 in humans) bind to the RNA while others
act as stabilisers or aid in transport throughout the cell (Xiao et al. 2002). Recent studies show
that the human RNaseP RNA (HI RNA), Rpp2! and Rpp29 are sufficient for the 5' cleavage of
precursor tRNA (Mann et al. 2003). Finding RNaseP proteins in other cukaryotes should help in
understanding the nature of RNascP in the ancestral cukaryote (Penny and Poole 1999).

The four RNascP proteins chosen for this study are Popl, Pop4, PopS and Rpp2l,
which were used to search the Encephalitozoon cuniculi (Ecz. cuniculi), Giardia lamblia and
Entamoeba histolvtica (Ent. histolvtica) genomes. The first step in phylogenomic analysis
involves the identification of homologous proteins from different species (Sjolander 2004).
Homologue identification can then lead to sequence alignments, that in turn are used for input
into HMM-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 cach of the four proteins (Popl, Pop4, Pop5 and Rpp2l1). Proteins, accession
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numbers and references are shown in Table ASR-3.1, page 71). Downloaded data was stored in
a custom designed database “P-MRPbase”, named because the majority of proteins that bind to
RNaseP also bind to a closely 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
detail 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 well as recovering sequence regions
corresponding to the desired candidate protein. For example a BLAST scarch with the human
Pop4 as query sequence will recover a Pop4 candidate protein from the G. /lamblia genome - but
homology is scattered throughout the alignment between the two proteins. The S. pombe Pop4
also recovers the same G. /amblia candidate but there are differences in the aligned sequences
(due to sequence differences between the human and S. pombe query sequences). If,
theoretically, a kiwi Pop4 scquence (only used here as example) recovered a different sequence
from G. lamblia with very different scores and alignment then the kiwi sequence would have to
be examined to see if it rcally 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 scquences (Han ct al. 2004). Amino-acid
composition, charge, polarity and hydrophobicity play prominent roles in protein classification.
Amino-acid composition and hydrophobicity arc important factors for the interaction of a
protein with other biomolecules, as well as for protein folding. Similarly, charge and polarity
arc important for electrostatic interactions and hydrogen-bonding to RNA (Han et al. 2004), and
thus it is expected that candidate sequences will contain similar physiochemical propertics to
those of the known protein sequences. Such features can be predicted using software such as
WinPep (Hennig 1999), however predictions based on amino-acid sequence alone may differ
from biochemically determined features.

Using this procedure of ‘comparative’ BLASTing, the Pop4 protein was identified in G.
lamblia, Popl in Ent. histolvtica and Ecz. cuniculi, Rpp21 in G. lamblia and Pop5 in Ec:z.
cuniculi and Ent. histolvtica. Results and candidates are indicated in the included manuscript.
‘Back-BLASTing’ (BLASTing the candidate sequence against the NCBI protein databases)
checks to see if a candidate sequence is similar only to it’s original query protein or is similar to
multiple proteins (e.g. the candidate protein could belong to a protein family). This tests the

reciprocity of the BLAST scarch and was used here to check the validity of protein candidates.
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Some proteins were not found within the basal eukaryotic genomes using BLAST, so other
techniques were investigated that could recover potential sequences. BLAST is a useful quick
method but more powerful methods are sometimes required.

One such program is the HMMer software (Eddy 1998) that builds a hidden markov
model profile from an input alignment then scarches a database to find candidate sequences to
fit this profile. Hidden Markov models (HMMs) are statistical models of the consensus of
sequences from a protein family (Durbin 1998); Eddy - HMMer users guide). They develop
scores for amino-acids (or opening and extending gaps) thatarc specific for each amino-acid (or
nucleotide) position. In contrast, traditional pairwise alignment (for example, BLAST or
FASTA) uses position-independent scoring parameters (a match or mismatch is scored equally
anywhere in the scquence). This position-dependent property of HMM-profiles captures
important information about the degree of conservation at various positions in multiple
alignments, and thc varying degree to which gaps and inscrtions are permitted. HMM- or
profile-based methods typically outperform pairwise methods, such as BLAST, in both
alignment accuracy and database scarch sensitivity and specificity, but do not capturc any
higher-order correlations such as sequence folding (Eddy — HMMer Users guide). This is why
HMM-profiling makes poor models of RNAs, becausc an HMM profile cannot presently,
describe base-pairing cvents (Durbin 1998); Eddy - HMMer users guide).

HMMer recovered a candidate for the Pop5 protein from the G. lamblia genome that
was not found using any other method in this study (results in the included manuscript). This
Pop$5 candidate gene was detected on a 9 amino-acid conscrved 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. lamblia Pop5 sequence such as length,
predicted molecular weight and predicted isoelectric point confirm that this is a likely Pop5

candidate.

3.1 ASR - Ancestral Sequence Reconstruction

A new mcthod was developed in this project to aid in finding proteins from distant
genomes. This method used ‘ancestral sequences’ inferred using a sequence alignment and a
phylogenctic tree of the sequences. Previously, reconstruction of inferred ancestral protcins has
been uscd to infer functional properties of current protcins and to look at how thcy may have
evolved (Chandrasckharan et al. 1996). Ancestral scquences have also been used to develop
vaccine antigens against HIV (Nickle et al. 2003). A ncw application of ancestral sequence
reconstruction (ASR) for homologue identification is reported here. ASR involves aligning
sequences from cxtant (living) species and calculating the most likely sequence (i.e. the
maximum likelihood estimate; Steel and Penny 2000) of an ‘ancestor’ at a nodc on an

evolutionary tree (Collins 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
been shown under current models of sequence evolution, to be ‘“impossible” to reconstruct
ancestral data at the root of “deep” phylogenetic trees, such as those representing the eukaryotic
phylogeny (Mossel 2003). However, in applying ASR as a tool in gene finding, the
reconstruction of the sequence does not have to be perfect; only close enough to advance the
construction of the next node, or to find a candidate homologue. Basically the ancestral
sequence, even if not perfect is closer to the target than any extant sequence. The ASR
technique, its development and application to finding proteins within protist genomes, are
covered in the manuscript included in this chapter. Supplementary data to this manuscript is
given in Appendix B. RNaseP-associated protein candidate sequences are given in AppendixC.3.

There is some information additional to that in the included manuscript. In the
manuscript summary it is stated that the effect of different substitution matrices with BLAST
(BLOSUMG62 was used throughout) was not tested. Since this publication, the PAM250
substitution matrix was tested with the Pop!l proteins and inferred ASR sequences; results
showing a decrease in scores and E-values from al] searches (Table 3.1). For this reason the

default substitution matrix BLOSUMG62 was used for subsequent ASR testing.

G. lamblia genome BLOSUM62 PAM250
Pupi 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 0.001 - -
E. histolytica 33 0.084 - -
Node A 43 7e-04 40 0.007
Node B 45 le-04 41 0.003
Node C 44 2e-04 41 0.003
Node D 44 2e-04 + 42 0.001
Node E 38 0.022 + 35 0.27
Node F 35 0.11+ - -
Node G 41 0.003 - -

Table 3.1: Comparison of different substitution matrices used with the ASR technique. Results
from the search of the G. lamblia genome with the Popl protein sequences and inferred
ancestral sequences. The full length ancestral sequences for the Popl proteins were used here.
* indicates that the (. /amblia 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. In general the
score value reflects the number of similar or identical residues (i.e. the higher the better). The
E-value (Expectation value) is 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.
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During this study two programs were used to infer ancestral sequences but there are
other software that can also do so. One such program is PAUP® (Phylogenetic Analysis Using
Parsimony) which is a widely used software package for the inference of evolutionary trees.
This package is not frece and requires some time for the non-experienced user to understand
command and paramecter settings but offers a different option for the calculation of ancestral
sequences. The AlIAll 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 alignment, instead using a file of sequences to createc an alignment. This is not a
problem if the sequences can be easily aligned, 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 HMMer and ASR
comparcd with BLAST is that they require much more time, both in the construction of
confident sequence alignments and in the case of HMMer, in the running time of the software.
Pre-assembled alignments and HMM models are now available from the Pfam database
(Bateman ct al. 2004); http://www.sanger.ac.uk/Software/Pfam/) and can bc downloaded for
searching local databascs. Pop4 belongs to a Pfam alignment (UPF0086 — domain of unknown
function) which contained some of the sequences that were used in this study but none from any
basal eukaryote. Popl had a Pfam alignment (PF06978 -Ribonucleases P/MRP protein subunit
POP 1) which includes sequences from G. lamblia and Ecz. cuniculi but no scquence from Ent.
histolvtica. Rpp21 also had a Pfam alignment (PF04032 - RNascP Rpr2/Rpp2! subunit domain)
which now includes many more sequences than were used during this study including sequences
from Cryptosporidium parvum, Plasmodium falciparum, G. lamblia and some archaeal
sequences. There is currently no Pfam alignment for the PopS protein.

The availability of these alignments speeds up the search process when techniques other
than BLAST arc necessary. ASR uses one other factor, the construction of a phylogenetic tree
appropriate for the sequences and species contained in the sequence alignment. SSU rRNA trees
arc recadily available from the Ribosomal Databasc Project (http://rdp.cme.msu.edu/html), bearing
in mind that branch positions of the basal cukaryotes, microsporidia and sometimes other
cukaryotic species, on these trces may not be representative of the true relationship between
organisms.

For a significant percentage of proteins encoded in a ‘typical’ genome, no amount of
BLAST will identify homologues of known function (Sjolander 2004). In prokaryotic

organisms >35% of genes arc annotated as “‘function unknown™ (Karaoz ct al. 2004). In

¥ Swofford, D. L. 1998. 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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cukaryotes, functional annotation is especially daunting, for example >60% of the genes in
Plasmodium falciparum are “hypothetical” proteins (Gardner et al. 2002). Further annotation of
these genomes will probably come mostly from individual genes analysis (in contrast to high-
throughput annotation). BLAST will probably remain the most popular gene-finding tool due to
its case of use and that it has been largely successful to date but its limitations are becoming all

too clear with the large number of ‘hypothetical proteins’ listed in every genome sequence. ASR

becomes another tool to join HMMer and other protein software in the protein-finding ‘toolbox’.

Finding RNascP proteins, Popl, Pop4, Pop5 and Rpp2!l in G. lamblia increases the
expectation of also finding an RNaseP RNA (and vice versa). A candidate RNaseP RNA was
found in G. /amblia (Chapter 2) suggesting that the RNaseP complex in G. lamblia is
cukaryotic-like (i.c. many proteins and a single RN A) rather than bacterial-like (one protein and
onc RNA). Although there is significant similarity between the RN A subunits of bacterial and
archacal RNascP (Brown 1999), database mining of the available archacal genomes has failed to
identify a protein homologous to the bacterial RNaseP protein, however, proteins homologous
to some of the cukaryotic proteins have instead been found (Boomershine et al. 2003).

Pop4, Rpp21, Rpp30 and PopS homologues have been experimentally 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 Pop$,
Rpp2!l and Pop4 homologues are minimal components of RNascP activity, that is greatly
increased by the inclusion of the Rpp30 protein (Kouzuma et al. 2003). All four of the P.
horikoshii proteins bind to thec RNascP RNA from this species. Other tests showed that the
reconstituted RNaseP complex may have a slightly different structure than the native complex,
suggesting that there may be other RNascP proteins that have not yet been tested (Kouzuma ct
al. 2003). With the finding of Pop4, Rpp2l and Pop5 homologues in G. /umblia, it may be
likely that at least these three proteins were present in the last common ancestor between
cukaryotes and archaca. Popl has not yet been identified in any archaeal species but its
presence in G. lamblia indicates that it is likely to have been present at least, in the eukaryotic
ancestor. RNascP proteins Rppl4 and Rpp30 have been characterised in archaea (Jarrous ct al.
1999; Koonin et al. 2001; Jiang and Altman 2002) and belong to alignments in Pfam (Rppl4
family and RNase P p30 alignments respectively). No Rpp14 or Rpp30 protein candidate genes
were found in G. /amblia or any other basal cukaryote, although Rppl4 and Rpp30 have been
identified in the microsporidian Ecz. cuniculi (Pfam sequences: Q8STUI and Q8SUNS
respectively). An Rpp25 protein homologue has been isolated from the ciliate Stvlonychia
lemnae (called Mdp2) (Fetzer et al. 2002; Aravind et al. 2003). Rpp25 and Pop7 (Rpp20 in
humans) proteins belong to a protein superfamily of which members have also been identified
in some archaeal genomes (Aravind et al. 2003). BLAST results of Rpp25 and Pop7 sequences

returned no significant hits in either G. lamblia, 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 Popl, Pop4, PopS, Rppl4, Rpp2l, 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! from G. lamblia opens the way for biochemical analysis to determine if
like humans (Mann et al. 2003), these three components are enough for 5' cleavage of the
precursor tRNA. It will 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. lamblia or any other basal eukaryote, determining the likely
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 respectively,

should shed some light on the evolution of this ‘ancient’ ribozyme.
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Introduction
In genome comparisons of distantly related species. 1t 1<
often difficult tw 1dentfy homologeus protein coding regions
that are highly diverged. One example 1s RNase P.
ribonucleoprotem that is responsible for processing t(RNA
transcripts into mature tIRNAs {Altman 1989), Ineukaryotes.
RNase P contains multiple protein subunits and a single
cataly ic RNA. Because the RNA prosvides the catalytic
function, evolution mamtams higher-order protem structure
rather than conservation of amino acid sequences. As a
result, 1t s often difficult to 1dentify homologous RNase P
pretems i distantly related hneages.

Eukarvotic RNase P protein sequences vary greatly
between species, Few have been identified in species other
Dhecovepheidi

edeirnn aald The yeasts Sucofiarom s

thus  human., muouag, H.'a'flu'irr_:.,"r\.’:'f.

Caonapfibdins

ceret e and Sefezosicolidrnm cos pombe. There are 9-
HI proseins tdependimy on specwest plus one catalytic RNA
present n the eukaryouc RNase P complex. and all are
essential to the function wt' the ribonucleoprotem ( Xiao et
al 2002) Only smie of these prateins bind to the RNA
species. while others act as stabihsers and add n transpert
of the complex and or s components { Xiae et al 20021

Many of the proteins are abzo found in the RNase MRP
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genomes may help usto understand the ancestral condition
ot RNase P in eukaryotes and may add to the understanding
of the first ancestral eukaryotes (Penny and Poole 1999).

Theamitochondrnial protist genomes Giandia lamblia and
Entamoeba histol vtica are highly diverged trom each other
and from species in which RNase P proteins have been
charactertsed (eg humans and S. cerevisiae). The
microsporidian protist. Encephalitozoon cuniculi, was once
thought to be part of a deeply branching protist lineaye. but
microsporidia are now considered atypical fungi (Katinka
et al 20011) so should provide an 1deal “stepping stone’ in
the path tfrom the yeasts to the other protist genomes. To
date. no RNase P components have been identified from
any of these genomes. Figure 2 shows the putative
relationship between the species whose sequences and
genomes are used 1n this study. Protein names and accession
numbers are given in Table |.

In the past. reconstruction of inferred ancestral proteins
hasbeen used totest finctional properties of current proteins
and to look at how they may have evolved (Chandrasekharan
et al 1996). Some predicted sequences have been
synthesised. cloned and expressed tn cell cultures. The
expressed proteins have then been puntied and tested in
functional assays. In this way. the activity of the inferred
ancestral protein can be compared to that of a present-day
protein (eg with serine proteases as n Chandrasekharan et
al 1996)

Another potential application of ancestral sequence
reconstruction (ASR) 1s homologue 1dentification. When
BLAST® (Altschul et al 1997) fails to ptck up a distant

Figure 3.2:
Figure 2 Distribution of RNase P proteins prior to this study. Some proteins
are only found in humans and closely related species. and some are only found
n the yeast Saccharomyces cerevisige and it close relauves. Proteins such as
Pop| and Rpp20 are found in boch. whereas there is a group of RNase P
proteins found also in Archaea (Archaebacteria). A search of the Giardia lambia
genome might expect to find the proteins that are found in the intersecuon of
humans. yeast and the Archaea, namely Pop4.PopS. Rpp21.Rpp30 and Rppt4
and perhaps Popl and Rpp20. bux may not ind proxeins such as Rpp40 or Pop3

homologue, another solution 1s to use a hidden Markoy
model (HMND profiling program such as HMMER (Eddy
1998). While HMM profiling makes use of a training dataset
{a multtple sequence alignment). and 1s therefore potentially
more accurate than pairwise BLAST. the relationship
between the species represented in the input alignment 1s
not taken nto account. and often there arec many sequences
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 protile 1s well trained for
sequences closely related to the majority in the nitial
alignment and not so well traned for under-represented (or
unrepresented) sequences that are more divergent. Finally,
HMM protiling can be difficult in the absence of information
about annotated open reading frames trom incomplete or
newly sequenced genomes.

ASR involves aligning sequences from extant species
and calculating the most Likely sequence of an “ancestor’ at
nodes on an evolutionary tree. Because the output 1s a
sequence. this can. in principle, be used in combmation with
both BLAST and HMMER. Figure | depicts such a strategy
where a homologous sequence may be present in each of
the represented species and the lettered nodes A-M
correspond tothe most bkely ancestral sequences. Searching
with the known species. ep human or mouse. may not
uncover any homologues tn the very distant genomes of
Giardia lamblia and Entamoeba histolvtica. but they may
be found by searching with the ancestral sequences at nodes
AorB.

As expected. the accuracy of the reconstruction of an
ancestral sequence ts reduced sharply with increasing
evolutionary distance (Koshi and Goldstein 1996). Often,
the most interesting evolutionary changes do not occur at
the low levels of sequence divergence where the ancestral
ratesaremore easlly inferred (Changand Donoghue 2000).
However. in applying ASR as a 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 find a candidate homologue. There are a number of
methods available tor calculanny ancestral sequences (as
reviewed in Chang and Donoghue 2000). Likelihood
methods such as PAML and FastML idenufy the most likely
ancestral state according to a specified model of evolunion.
Their scores retlect the probability of observing the
sequence data, given a particular tree and model of
evolution.

In this study. we show how inferred ancestral sequences

can be used in combination with standard search algornthms
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Table | Sequences used in this study

Protein

name Species Accession number Rererene

Popl Human X99302 Lygerou ¢t al 1996
Mouse BAB3(296.1 Direct sub®
Caenorhabditis elegans S{EC 22 Lygersu ctal 1996
Caenorhabditis briggsae CBRGI18DI16 NCBI*

Drosophifa melanogaster AAF46049.1 Directsub®
Aspergillus nidulans gnliTIGR_S08Sjafumi_1341° TIGR.! this study*
Saccharomyces cerevisiae X80358 Lyvgerou et al 1998
S«chizosaccharomyees pombe T30203 Direct sub?
Candida albicans «nl|SDSTC_S476iC albicans_Contigh_1 614 NCBI.* this studv*
Arabidopsis thaliana AABG3SO Direct sub?
Cryptosporidium parvuim gnllCVMUMN_5807icparvum_C ontig293 NCBI*

Entamoeba histolytica «nliTIGR_$759lehistolyt_ENTLB32TF TIGR.# this study*
Plasmodium falciparum unl|Sanger_36329|Sanger_BLOB_(02759 Sanger.! this study*
Giardia lamblia 200641 Contig6 70 GGSP # this stuh*

Popd Human (Rpp2Y: AF®01176 Jarrous et al 1999
Mouse From reference van Eenannaam et al 1999
(Caenorhabditis ¢legans T193065 Direct sub?
Arabidopsis thaliana AACK4308 Lin et al 1999
Drosophila melanogaster AAF5040% Direct sub?
Saccharomyces cerevisiae CAB#&44S Ditect sub®
Schizosaccharomyees pombe NP_009816 van Eenannaam et al 1969
Entamoeba histolytica gal{TIGR_S739 chistolyt_ENTLX67TR TIGR." this study*
Giardia lamblia PH060.Contiged? GGSP.# this studv?
Methanobacterium thermoasiotroghicam (MTHL L 026119 Smith ¢t al 1997
Halobacterium halobiem 024785 Miyokawa ot al 1996
Haloarcula marismoryui 22827 Arndtet al 199
Pyrococcus ubyssi H75 146 Genoscope
Archavoalo s felandas 028342 Klenk et al {997
Methanococous vanniell: Pl4922 Auer etal 1989
Merhanococcus gunnuschii VITH464 ) 057903 Direct sub*

Rpp2l  Human AAK399355 Jarrous etal 1999
Mouse NP_0803584 Shibata et al 2061
Saccharomyces cerevisiae i Rprlp; AFDOS599] Chamberlainetal 1998
Schizosaccharomyces pombe T39293 Direct sub*
Encephalitozoon cuniculi »gil 1 7158052 irefINC_003236 | Katinka <t al 2001
Giardia lamblia 00060.Contig293 GGSP.# this studv®

Pops Human AAFI7213 van Eenannaam et al 1999
Mouse BAB23935 Direct sub”

Drosophila melanogaster AAF49372 Direct sub®
Saccharomyees cerevisiae NP_989369 Chamberlain 2tal 1998
Schizosaccharomyces pombe T414633 Direct sub®

Arabidopsis thaliana AABS0636 Direct sub?

Giardia lamblia #0060 Contigd90) GOGSPethis studye
Methanobac erium Hnermawtor roprhcum { MTHE8T) AAB35I2 Andrews et al 2001
Prrccins s dhyes AJ248285¢ Direct sub®

Frrociectes korinder APOHIME Kawarabayasi¢t al 1998
Arckacefod s AE001670¢ Klenk etal 1997
Motham o us i ki U67499¢ Direct sub®

MUOTE. Alternative scqucnce namces are grven next b the specics name in parenthescs. Archacal scquence names are in italics,

* Scguences were directly subnuned to GenBank and W not have a pubhished reference listed

* Sequences were recenered frem the NCBI unfinished zeneme database

© Horneleguc within memtioned scquence »as recovered with BLAST

4 Prelimunary gononx soyucace data was obtained from The lastitute for (Geoomuc Rescarch website 2t hitp  wa s tar oy
* Although the gopome sequeace data has been obtained foom the source listed, 114 1dentification has been detcrmined in this study

f Prehiminary genome sequence Jata was obtained from the Sanger Institute Pathogen Scquencing Unit http  www sanger ac uk Projects Protozca
* Giardia Genome Sequencing Peoject http - ‘jbpe mbl edu Giardia-htmiindex2 htmi

Table ASR-3.1:

Applied Bioinformatics 2003-2(3 Suppl)
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to 1dentify potential gene homologues from newly
sequenced genomes, where homologues of'a gene are only
known from speciesthat are phylogenetcally distant from
that of the sequenced orgamism. These ancestral sequences
can also be ncorporated into HMM protiles or nto other
algonithms to aid in other genomic homologue search
strategies.

The targetgenomes used n this study were E. cuniculi,
Ent. histolvtica and G. lamblia. The last two genomesconsist
of preliminary contig data and represent new information
coming from recent sequencing projects. However,
prehminary contig data may also be mcomplete and can
test the robustness of any search strategy. We show here
that the use of ancestral sequences can In some cases
improve on BLAST and HMMER in the recovery of
potential gene homologues, complementing existing search
strategies.

Materials and methods

Ancestral sequence reconstruction

Ancestral sequences were calculated for each RNase P
protein using the PAML and FastML programs. All
sequences. inttial and calculated. were then used in BLAST
searches of the target genomes. Not all nodes (as shown in
Figure 2) could be calculated for each protein owing to
limited sequence availlability for ditferent proteins. As genes
tor many RNase P proteins have been identified in S. pombe.
we used this genome as a control for testing the utihry of
ASR in homologue 1denufication.

Trees were calculated for each set of sequences based
on 18S rRNA sequence trees (sequences downloaded from
the Ribosomal Database Project. http://rdp.cme.msu.edu
html). The sequences were aligned with ClustalX
(Thompson etal 1997), and the resultng tree tile used as
the tree-nput file for the ancestral sequence calculation.
Trees were constructed for each set of sequences used to
calculate ancestral sequences.

Ancestral sequences were calculated using the Codeml
program in PAML v3.1 July 2001 (Yang et al 1995). This
program uses the marginal reconstruction approach. using
most-parsimonious likelihood (Steel and Penny 2000). that
compares the probabilities of different amino acids for an
interior node at a site and then selects the amino acid that
has the highest posterior probabilitv. The WAG (Whelan
and Goldman 2001) model and the fixed branch length
option (to retain the relationship information inherent n
the SSU rRNA trees) were used throughout the PAML

calculations.

FastML was also used to reconstruct ancestral nodes
from the sequences available for each organmism (see
Figure 2). FastML s a fast dynamic programming
algorithm developed tor maximum-likelihood joint
reconstruction of the set of all ancestral amino acid
sequences in a phylogenetic tree (Pupko et al 2000)
(http:/skimura.tav.acal). The same trees that were used
for PAML were used with FastML. Default parameters
were used throughout.

BLAST

BLAST searches of the Giardia lamblia. Entamoeba
histolvtica and Encephalitozoon cuniculi genomes were
done using the BioEdit2 program (Hall 1999). The newest
Giandia lamblia contigs were available through an onhine
BLAST facility at http://jbpc.mbl.edu/Giardia-html
index2.html. Searches of GenBank® and other unfinished
eukaryotic genome sequences were available at the NCBI
(National Center for Biotechnology Information) BLAST
site (http://www.ncbi.nlm.nih.gov/BLAST/). Forall BLAST
‘Back-
BLASTing takes a candidate protein sequence from the

searches the default parameters were used.

above genomes and does a BLAST search against GenBank
and other genome databases available at the NCBI BLAST
site listed above. This establishes whether a candidate
sequence 1s primarily similar to other homologues of the
onginal test sequence, or whether it just carries moufs that
are similar tomany other proteins. This tests the reciprocity
of the BLAST search.

Genome databases

The Giardia lumblia Genome Project (McArthur etal 2000)
1s based at the Marine Biological Laboratory at Woods Hole.
Massachusetts. USA (http://)bpc.mbl.edwGiardia-html
index2.html).! The Enramoeba histolvtica genome sequence
data was obtammed from the Sanger Institute Pathogen
Sequencing Unit (http://www.sanger.ac.uk/Projects
Protozoa/ and ftp://ftp.sanger.ac.uk/pub/pathogens
E_histolytica/).

The Encephalitozoon cuniculi genome (Katinka et al
200 1) and the S. pombe genome (Wood et al 2062) were
avaifable through the NCBI site thttp://www.ncbi.
nlm.nih.gov).

Graphs
The In (natural log) of the resulting E values was plotted
against the sequences or HMM model. For graphing
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purposes, the highest value (usually the 5. pombe protein
sequence against the ¥ pomhe database) was set to 130 or
~200 and a ‘no result’ was set to0. A *good return’ threshold

for the E value was setat 1 « [0 {In=-6.90),

Profile hidden Markov models
Profile hidden Markov models (Durbin et al 199%) were
produced using HMMER 2 (Eddy 199%) available as part of
the Wise2 package (http: 'www.sanger.ac.uk Software
Wise2 ). Input protein alignments were censtructed using
ClustalX (Thompson etal 1997). To build the profile HMM
trom the alignment, HVMAbuuld was set to -f to configure
the model for finding multiple domains per sequence, where
each domain can be a local ahgnment. The HMMcalibrate
program. which calibrates the profile, used default settings.
Crenewisedb. available with the Wise2 package (Birney
and Durban 1997, enabled searches of nucleotide databases
with protein HMM profiles, Default parameters were used,
except the splice parameter was setto flat and the bits cutoft

setto 10 to allow for more distant sequences to be recovered.

Results

Search results for four RNase P protemns are reposted for a
number of genomes, with ¥ pombe serving as a control to
evaluate the alternative search methods (BLAST. profile
HMDMs and ASR.

Pop |

Popl is the largest protem n the eukaryotic RNase P
complex. In humans it 15 115kDa (1024 amino acidsi and
i the yeast S cerevisice. 100.5kDa (875 ammo acids). To
date. it has been found in some eukaryotic species but not
inany Archaea (see Table 1. 1t1s thought to interact directly
with the RNA component of RNase P in 5 woreiae
{Ziehler et al 20011 but not in humans (Juanyg et al 2661,
BLAST searches of the NCBlunfimshed genomes database
recovered full-length candidate Popl sequences from
Candida afbocans, Dpergiffes aidatuns and O Prigarae
with fragments from Criprosprarsdinn parvrn, dricbidogas
thadiana, Plasmodium fulciparim and Entamochy
hisaedviion (sequence idenufications are given in Table 1),
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Figure 3.3: Query sequence

Figure 3 Graph showing the results of BLAST searches of she Schiaosoccharomyces reomibe, Encepnaltozooe cumedls, Lntamoeta Ristiptica and Card-o ‘ambla genomes
with Pop! kreowem and anceswal requences (nodes A-Hj. Each sequence is ploreed agawt the nacural bog iing of che € value renurned wish the search of e geneme
For graphing purposes. the highe st resut was set 10 -200 and 3 'no result’ was sec %0 0. Tha higher bars indicate a better match Searches of dhe 5. pombe genome
used sequénces calculated with both PAML and FastML. while searches of the other ganomus used PAML cnly Results indicite that ancescral sequances recoverad

sequuences at nodes E and F with a higher prokuabiley chan any of the known sequences ja<cept kor the § porvbe Pap| sequencel Ending 1te¥ m the 5. pembe geneme

The . lamt.q Pop | homologua is recaversd above the thresheld (In (1 » 107)=-6.98) only with ancestrd sequences
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Figure 4 Partal alignmenas of eukaryouc Popl protein sequence and che candidate Popl sequences from Giardia lamh'ia, Entamoebo histolytica and Encep
cuniculi. (A) RRR motif region. (B) W-Box motif region. Darker shadings represent the increased amount of homology of the amino acid position in the alignment.
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The full-length candidate homologues were included in the
ancestral sequence calculatons. but the partial sequences
were not,

Results of BLAST searches of the target genomes with
Popl known and ancestral sequences are shown in Figure 3.
This shows that the recovery of the S. pombe Popl sequence
is successfully achieved with sequences calculated for
ancestral nodes. The ancestral sequences generally recover
the expected sequence with a higher E value than obtained
by BLASTing the known sequences. although in some cases
the actual scores can be marginallv lower.” The highest score
(other than with the S. pombe Popl sequence itself) is that
from the closest node to the S pornbe sequence, node F.
The next highest 1s node E. before the other fungu.
A omdufans, S cerevesnee and € cfhicanss When the
S pomhe sequence 1s net iwluded i the alipnments used
to calculate ancestral sequences, node E agamrecovers the
expected sequence mere strongly than the other yeast
sequences (data not shown}.

BLASTmngthe G. lamblia genome database with any of
the known Popl sequences {mcluding those found above)
recovered no candidate sequences. However. a potential
candidate was found using the ancestral sequence at node A,
The ¢ candidate
experimentally by RT-PCR {real-time polymerase chamn

{ambiia Popl was examined
reactiont and showed that this gene was expressed (data
not shown). and the sequence wus confirmed.

The ancestral sequences calculated with FastML were
truncated to the most conserved region near the N-terminal
end of the proteins. as were the origmal known sequences
in the outputalignment, These truncated ancestral sequences
generally scored lower 1 BLAST searches than the
equivalent tull (PAML ) ancestral sequence.

Apartial Ent hepesfvtica Popl candidate recovered with
BLAST from the NCBI unfinished genome database was
also recovered from the £nr fisrifi ficur database nsing ASR.
An E. cumculi Popl candidate sequence wus recovered
using BLAST. both with the known Popl and with inferred
ancestral sequences.

Figure 4 shows the most conserved part of the Popl
protemn ahignment. including the parual candidate sequences
recovered from the NCBI untinished genomes database and
the candidate Popl sequences frem £ cwricult and
€7 lambiia’

The Popl candidate sequences were ‘back-BLASTed’
agamnst the NCBI databases to check for any previous
designated function, and us a way ef checking sumilarity

with other Popl sequences. The Popl candidates from

G. lamblia and Ent. histolvtica did not recover any known
Popl sequences nor were there any significant results with
any other protemns having homology only to small lysine-rich
regions, These results show that the G lumbiia and Ens
fustofirica Popl candidates do not show any sigmificant
homologytoanyother sequence in the large NCBI databases
The E. cunicudi Pop1 candidate recovered the human and mouse
Popl proteins from GenBank with respective E values of
0.001 and 0.004 showing more homology to other Popl

homologues than to any other protemn in the larger databases.

Pop4

Pop4 is the central protein in the eukaryouc RNase P
complex, binding to many other proteins and the RNase P
RNA molecule. [t also plays an important part in the RNase
MRP ribonucleoprotein complex {Xiao et al 2002)
Ancestral nodes were calculated for Pop4. with and without
archaeal sequences. Because our target protist genomes.
G lamblia and Ent e ficu, are basal on the eukaryvone
tree, archaeal sequences may share greater identity te the
candidate sequences from these proust genomes than the
known ‘crown groupeukaryotic sequences. BLAST results
for Pop4 are shown in Figure 5.

The 5 pombe Popd sequence was again readily
recovered; the ancestral nedes generally scoring higher than
the known sequences. In contrast to Popl. node A did not
score higher than the human or mwouse Papd sequences A
Pop4 candidate was recovered in the G {wmbiicc genome
using BLAST. but only ancestral sequences successfully
recovered a potential homologue in Enr, fisatofuzic, although
only a partial sequence wiys recovered: however. the genome
15 at ths stage mcomplete. Again the ancestral sequencys
gave better weores than the known Popd sequences.? Results
from FastML were verv sumilar to these calculated with
PAML. although the sequences were again shghtly truncated
{results not shown),

The archaeal sequences and their respechite ancestral
nodes (not shosvnin Figure 2) did not recivver any casindales
from any of the target genemes. This indicates that the protist
Pop4 protein candidates share a greater sequence similarity
with the eukarvouc Popd protens than with the archaeal
sequences used in this study.

Again, the Popd candidate from . fumbiie was shown
by RT-PCR to be expressed, and the sequence was confirmed
(data not shown). No Pop4 candidate was recovered from
E. cindcudi with any known or ancestral Popd sequence.
Because this genome is considered complete. thus 1s

unexpected. As Popd candidates were recovered from the
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Figure 5 Graph showing the results of BLAST searches of the Schizosaccharonyces pombe. Encepha'tozoon cuniculi. Emtamoebo histolydica and G ardia kamblic genemas
with known and ancestral Popd and Rpp2| sequences. Exch sequence is plotced against che natural log (In) of the E value recurned with cthe search of the genome.
For graphing purposes. the highest resuit was set to -150 and a‘no result’ was set to 0. The higher bars indicate a becter match. The Pop4 homologue is onty
recoversd from Enz histolytica using ancestral sequences. No Popd homologue was recovered from £ cuniculi. There were no results frem any genome wich any of the
archaeal Pop4 sequences or ancestral sequences calculated for nodes 1,}. K. L.M and O. The candidate Pop4 and Rpp2 | homaloges from G. lambia and the potential
E curvadi Rpp2| homolegue were recovered using known sequences. No Rpp2| homolo gue was idenufied in Ent histolywca.

more basally branching protists (Ent. histolvtica and
G. lamblia). this suggests that Pop4 1s either absent or highly
diverged in the microsponidian E. cunicudi. The partial
sequence from Ent. lustolviica aligned only in lysine-nch
regions and was not considered a strong candidate.’ Back-
BLASTing of the G. lumblia Pop4 candidate recovered the
human. mouse. S. pombe and Drosophila Popd genes trom
GenBank. This showed that the G. lamblia Pop4 candidate
has more similanty to Pop4 proteins trom other species than
to any other proten in the larger databases.

Rpp21

The Rpp21 proten has only been characterised to date n
tour eukaryotes (human, mouse, S. cerevisiae and S. pombe).
In humans. Rpp21 binds directly to the RNase P RNA (Jiang
et al 2001) but does not interact strongly with any other
proteins in the RNuse P complex tJiang and Altman 2001).
BLAST searching tresults in Figure 3) uncovered potential
homologues n G. lamblia and E. cuniculi. In both cases.
the ancestral sequences readily recovered the same

sequences.® There were no candidate homologues found

within the Ene. histolvtica genome. As there are only four
known sequences. only two ancestral sequences could be
calculated.” Back-BLASTing of the G. lamblia and
E. cuniculi Rpp21 candidates returned both the human and

mouse Rpp2l proten from GenBank.

Pop5

PopS was onginally found in §. cerevisiae and was thought
until recently to be absent in humans (van Eenennaam.
Lugtenberyg et al 2001). However. 1t has now also been
identfied in a number of eukarvotic and archaeal species
(Auer et al 1989: van Eenannaam. Lugtenbery et al 2001
Hall and Brown 2(M2) (sequences in Table 1).

With the genome data available. BLAST searches with
known eukarvotic and archaeal PopS protemn sequences were
unable to pick up any Pop$ candidates from the G. lamblia
genome. However. a profile HMM model of the eukarvouc
sequences recovered the first 9 amino acids of a potential
candidate right on the end of a contig sequence. This was
not recovered when ancestral sequences were added to the

model or used in individual BLAST searches ot the genome.
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Figure 6 Graphindicating hew well each profile HMM returned the correct homelogue from Schizessccharomyces pombe and Guardra lomblia. Each HIMM model 15
pheued againse the natural log (In) ef the E value rewrned with the search of the genoms The higher bars indicate a better match. In most cases. the addinon of
ancestral sequances increased she In(E value) chus indicaning a graacer possibility of finding the correct homologue.

However, when these 9 amno acids were BLAS Ted against
a later release of the ¢ Lisnhini contigs (currently available
at http: jbpe.mbledu Giardia-hunl index2.humb. a full
Pop3 candidate sequence was uncovered.

A BLAST searchof thus release of the (5 Jumblia conugs
with known Pop3 sequences and ancestral sequences failed
1o pick up the same motif orcontig. This s acase where the
HMM profile outperformed a BLAST scarch using ancestral
sequences. demonstrating that ASR does not always
outpertorm HMM-based searching. BLAST searches of £,
fristofi e and £ cwnicads also failed to find any potential
candidates.® As expected, back-T8LASTing with the
G lambiia PopS candidate did not recever any proteins from
GenBank.

Ancestral sequences and HMM

Profile HMM models were made from RNase P proten
homaoieyues. either with or without ancestral sequences and
both with and without archacal homolegue sequences. The
HMM models were then used to search the S pwrmnfe and
G, lumblia genomes to test if the addition of ancestral
sequences helped or hindered the search for candidate
homologues. As is seen in Figure b, the profile HMMs of
Pep| sequences recovered the Pepl sequence frem the

S. pombe genome. The truncated sequences generated by

FastML gave lewer sceres than the full-length PAML
sequences. This max be a reflection of the scoring system.
where a hit over a longer region of sequence will score
higher than a hit ever a small but more consenied region.”

In all cases studied here, the addition of ancestral

sequences increased the chance of finding the candidate

(4]

sequence (Figure £ When the orniginal sequences wer

omitted from the protile, using only ancestral sequences
tor the profile HMM model the results wwere sometimes
better and sometimes worse than when only the known
sequences were used.

Testing of Popdand Pop3 profile HMM models showed
that for these proteins the addition of archacal sequences
had lhittle effect tFigure 61 Profile HMMs of Popd proteins
also failed to recover a Popd homologue from £ civn udi.
Further werk 15 required tw sce if this protemn s present in
this species or just not contained in the data.

By increasing the scores in all ¢ases tested here. the
results show that ancestral sequences can impreve the

sensitivity of homulogue identification using profile HMMs

Summary
We have demonstrated that ancestral sequences can be useful
in searching genomic data fer gene homologues when

protein sequences are not well censerved vr emls cuntiun
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limited sequence homology. This includes cases where the
genomes beng searched are phylogenetically distant from
known protein sequences. Ancestral sequences can also be
used in combination with known protein sequences to build
profile HMM models. another powerful tool in searching
genome databases for gene homologues. Models should.
however, be built withand without the ancestral sequences
to check that the addition of ancestral sequences does not
bias the model in the “wrong’ direction.

The method of calculation of ancestral sequences may
not be critical for their use. We tound that PAML gives
ancestral sequences over the tull length of the alignment.
whereas FastML produces truncated sequences. Both sets
of ancestral sequences gave similar results as far as finding
the potential gene candidates, but the longer sequences
generated by PAML provide greater confidence that one
has recovered the candidate sequence. reflected in higher
similarty scores. In homologue identification. the accuracy
ot ASR 1s not critical as tor other applications since 1t is a
means to an end: 1ts utility 1s to improve homologue
wlentification. The BLAST and HMMER applications also
allow for mismatches in their searches. which 1s perhaps
analogous.

For the RNase P protemns studied here. the addition of
archaeal sequences did little to help find candidate
eukaryotic sequences. For other proteins tfrom basal
eukaryotic lineages. archaeal sequences may nevertheless
aid identification of gene homologues and should not be
excluded solely on the basis ot the results reported here.

In genome sequencing projects. itis desirable to idenufy
potential gene homologues early after sequencing. of'ten on
preliminary contig data. Searching the prelimmary contig
data of the E. cuniculi, Ent. histolvtica and G. lamblia
genomes. as well as the complete S. pombe genome.
provided a useful test of the utility of ASR in homologue
identification. In some cases. inclusion of ASR in BLAST
and HMMER searches outperforimed equivalent searches
with extant sequences making this a viable supplementary
technique 1n homologue 1dentitication.

In the present study, we have not examined the effect of
using different substitution matrices with BLAST:
BLOSUM®62 was used throughout. Using a matrix more
suited to distant relationships (eg PAM250) nught improve
the results of BLASTing with extant sequences and may
likewise improve the results using ancestral sequences. This
could. for instance. be helptul in searching E. cuniculi for
candidate Pop4 sequences.

It would also be interesting to compare BLAST using
ancestral sequences with the performance of PSI-BLAST
(Altschul et al 1997). PSI-BLAST produces a profile
through 1terative searches of a database. At each step, the
generated profile 1s used in subsequent search iterations so
can pick up new sequences not tound in previous iterations.
ASR could be used in combination with PSI-BLAST (at
the first iteration). though 1t is unclear whether this would
significantly improve the quality of the hits retumed.

In conclusion. ourresults demonstrate the utlity of ASR
in detailed homologue identfication where BLAST and
protile HMMs using extant sequences have falled torecover
any homologues. Furthermore, there 1s scope to fine-tune
the approach, when needed. by makmg tull use of the

parameters available in currently available search strategies.
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Notes

' Since the submission of this paper. genomic sequence data from the
whole genome shotgun sequencing Giurdia lumblia sequencing project
has been lodged in GenBank under the accession number
AACB00000000. The candidate sequences can be found as follow's:
Pop1{gi|29250263). Popd(gi|29250923). Rpp2 | (gil29248569) and Pop$
(gi|292508301.

Sce Supplementary Table 1. available at http:/awemee. massey.ac.nz’
downloads.htm

A full alignment is available as Supplententary Figure 1. available at
http://awcnwee massey.ac.nz/downloads. htm. The twosequence matifs.
the R-box (Supplementary Figure | A) and the W.box (Supplementary
Figure | By(van Eenennaany van der Heijden et al 20011 are part of the
Popl conserved region and are present in the candidate sequences.

* Sece Supplementary Table 2. available at http: awcmee massey.ac.nz.
downloads htm

“

An alignment of known Popd proteins and the candidate Popd protein
from G. fumblia is available as Supplementary Figure 2 at hup:
awemee. massey.ac.nz.downloads.htm. The Ent. histolvtica partial
sequence does not align well sowasomitted from thisalignment. Back-
BLASTing of the candidate Pop4protein from Ent. histolyica retumed
no significant result.

See Supplementary Table 3. available at http:/:awemee massey.ac.nz
downloads.htm

-

An alignment of known Rpp2| protein sequences and the candidate
sequences from G. lumblia andE. cuniculi is available as Supplementary
Figure 3, available at http/awemee. massev ac.nz-downloads. htm

Supplementary Figures and Tables are shown in Appendix B.
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An alignment of known Pop5 proteins and the candidate Pop$ protein
from G. fumblia is presented in Suppleme ntary Figure 4. available at
http.‘awemee massey.ac.nz downloads htm

Sce Supplemeatary Table 4. available at hutp:“awemee massey.ac.nz/
downloads hitm

©

Supplementary Fizrgs 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 (Patel and Steitz 2003). Intron removal and the ligation 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') is made up of five snRNPs (Ul, U2, U4, US and U6
snRNPs) each containing a small stable RNA bound by several proteins, together with >150

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).

Fig:ire 4.1: Scanning electron Consequently these processes will be referred to frequently.

micrograph of a spliceosome

, Introns, snRNAs and splicing-associated proteins
processing an mRNA.

have now been characterised in a number of basal
eukaryotes (Wilihoeft et al. 2001; Archibald et al. 2002; Nixon et al. 2002) suggesting that
introns and the spliceosomal machinery evolved very early in the eukaryotic lineage, and
likely 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 lineages. 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.

" 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/tigl.12-25 html.
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4.1.1: Major (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. S'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 Ul, U2, U4, U5 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 (B/B', DI, D2, D3,
E, F and G) (Labourier and Rio 2001). A summary diagram of the major splicing cycle
(Gesteland et al. 1999; Nagai et al. 2001; Valadkhan and Manley 2001) is shown in Figure 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 UlsnRNP to the S'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.UStri-snRNP joins the pre-spliceosome complex, thus activating it to become the
‘spliceosome’ (StepB1). 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 UIsnRNA with the S'splice-site is exchanged for base-pairing between
U6snRNA and the 5'splice-site.

After these rearrangements the Ul 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'OH group of the bulged adenosine is activated to attack the phosphodiester bond at the
S’splice-site, resulting in the formation of a branched (lariat) intron containing a 2' to S'
phosphodiester bond and release of the exon (Step C1). The second catalytic step (Step C2)
involves a nucleophilic attack by the 3' OH of the S'exon on the phosphodiester bond at the

3'splice-site, resulting in ligation of the two exons and excision of the intron lariat.

I] Splicing Complex Summary of Stage
|l Pre-spliceosome UlsnRNP attaches to the pre-mRNA.
IJ A Complex U2snRNP binds to the complex at the branch point adenosine.
Bl Complex The U4/U6.US tri-snRNP complex binds to the pre-mRNA.
B2 Complex U4snRNP leaves the complex allowing the U6snRNP to bind with the
U2snRNA.
C1 Complex Step I catalysis: separation of the mRNA at the 5' exon/intron boundary
and formation of the lariat RNA.
C2 Complex Step Il catalysis: joining of the exons and excision of the lariat RNA.
I Complex Joined exons leave the complex leaving the lariat RNA behind.
Completion Spliceosome dissociates, snRNPs recycle and lariat 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, Ul 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 S'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 cvidence 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
spliccosome and the self-splicing groupll introns (these ribozymes are found in bacteria, basal
eukaryotes and organelles of higher eukaryotes). Although catalysis in the spliceosome
appcars to be RNA-based, both protein-protein and RNA-protein intcractions 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 (Malca et al. 2003). Onc such study indicates that a complex of
all five major snRNAs (Ul, U2, U4, U6 and US), a ‘penta-snRNP’ can specifically bind to the
S'splice-site through basc-pairing of the 5' end of the UlsnRNA. Similarly an early functional
intcraction between the U4/U6.US tri-snRNP complex and the S'splice-site occurs
independently of prior binding of U2snRNA to the branch site (Malca ct al. 2003). Although
the above intcractions may be valid, for the purposes of this study the “accepted” spliceosomal
cycle will be used as it tidily scparates the different stages of splicing to cnable uncomplicated

analysis and it doesn’t affect the analysis of splicing requirements.

4.1.2: Minor (Ul2-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 (Patel
and Steitz 2003). The excision of these “minor” class introns is dependent on the U12 snRNP
and is known as U-12 typec or Ul2-dependent splicing (whereas the canonical “major” class
introns require U2snRNA thus the process is also known as U2-type or U2-dependent
splicing).

Minor spliceosomes contain a different set of snRNPs to that used in major splicing
(Figurc 4.3B). The Ul1snRNP replaces the UlsnRNP, the Ul2snRNP replaces the U2snRNP,
and the U4atac and U6atac snRNPs replacc the U4 and U6snRNPs respectively. Of the
snRNPs only the USsnRNP is shared between the two spliceosomes. In contrast the majority
of spliccosomal protcins appear to be shared (Lynch and Richardson 2002). Although the first
Ul2-type introns characterised had AT-AC boundaries (hence the naming of the U4atac and

Ub6atac snRNAs) GT-AG boundaries appear to be more common (Burge et al. 1999).
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In general, the minor and major snRNAs are engaged in analogous snRNA/snRNA
and snRNA/pre-mRNA interactions such that a similar dynamic network is formed (Schneider
et al. 2002) (Figure 4.3). The U4datac/U6batac snRNPs undergo base-pairing like 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 U1 and U2snRNPs to the pre-mRNA,
in the minor spliceosome the Ul1 and U12 snRNPs form a stable complex and interact with
the pre-mRNA as such. This mechanism is suggested to prevent the formation of mixed

spliceosomes (Patel and Steitz 2003).
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Figure 4.3: The three spliceosomal 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 USsnRNP (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 (Ul2-dependent splicing) where the Ul (black) and U2 (blue) snRNPs are
replaced by the preassembled Ul (dark green) and Ul2 (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 similar to that of major splicing. C: SL-trans splicing contains
most of the snRNPs found in the major splicing mechanism but is lacking the UlsnRNP. 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 UI1/U12snRNP (Will et al. 2004) and the fruitfly Ull snRNP
(Schneider et al. 2004). Ul 1snRNP-specific proteins, U11-25, Ul1-35, U11-48 and U11-59
and the UI1/UI2-specific proteins U11/12-20, UI1/12-31 and UI1/12-65 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 al. 2004).

A computational scan of the human genome found 404 Ul2 introns (Levine and
Durbin 2001) 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 Ul2-type
introns In the genome of any given species, their presence in insects, metazoa and plants
(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 lineages (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-splicing.
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, Fuglena 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 USsnRNA 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 all organisms carrying out trans-splicing, although the
nucleotide sequence is not conserved (Liang et al. 2003). The UlsnRNP 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-splicing SL1 (SL-like RNA) to the S'splice-site for the first exon in the mRNA then
trans-splices SL2 (similar to SL1) to the S'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 1992; Garcia-Blanco 2003) but SL-trans-splicing in vertebrates although reported
(Sullivan et al. 1991; Eul et al. 1995; Caudevilla et al. 2001; 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 groupll” splicing (Bonen 1993). 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
groupll trans-splicing has been found in plant and algal chloroplasts and some plant
mitochondria (Bonen 1993) 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 SL-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 Figure
1.3 (page 4) and Figure 4.6) contains a group of eukaryotes collectively referred to in the
literature as the trypanosomes (includes 1rnpanosoma brucei, FEuglena gracialis and
Entosiphon sulcatum), whose mRNAs are spliced predominantly by the trans-splicing
mechanism (Nilsen 1995; Frantz et al. 2000; Liang 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. In
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
al. 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. 2001).
These similarities imply an evolutionary relationship between cis-splicing and trans-splicing
(Bonen 1993). However, the nature of this relationship is unclear because the phylogenetic
distribution of trans-splicing has not yet been fully determined (Vandenberghe et al. 2001).
The presence of trans-splicing in both crown and basal eukaryotes suggests that either it is an
ancient eukaryotic characteristic or it 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. 2001).
4.1.4: Exon /Intron Recognition and Alternative splicing

No matter which type of splicing is used to excise introns from an mRNA, the

intron,/exon boundaries of the mRNA must be recognised by the spliceosome. In vertebrates,
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exons are short (average 150nt) 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 1995; 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 Ul,
U2snRNPs, U2AF and other splicing factors, recruiting the pre-spliceosome to the pre-
mRNA.

Exon Definition Intron Definition
< > 4—

5 TESE] ese |3

| Exon |
Intron

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 introns and
exons are recognised 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 size 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 al. 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.

5 Exon | | Exon 2

Figure 4.5: Simplified diagram describing alternative splicing. In situation A the exons are spliced
together in the usual fashion but in 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 mRNA 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 (13/404 human Ul2 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 Ancestor

Investigating the distribution of splicing mechanisms and spliceosome components
among present eukaryotic lineages (Results shown in Figure 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 1996; Embley and Hirt 1998;
Dacks and Doolittle 2001; Simpson and Roger 2002) but there is still debate as to the
placement of some lineages on these trees. Excavates are one such lineage which includes
jakobids, heteroloboseans, diplomonads, retortamonads, 7rimastix 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 lamblia and Entamoeba 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 different 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 lamblia) 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

Information 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 USsnRNA from
some basal eukaryotes is described in Chapter 2. Intron taxonomic information was taken
from the literature. Intron length was classified into three levels; high (>1000 nt), medium (50-
1000 nt) and short (<50 nt). The presence of minor (Ul 2-type), alternative and trans-splicing
was extracted from the literature. snRNA candidate sequences are given in Appendix C.1.

The genomes of Giardia lamblia and Encephalitozoon cuniculi were downloaded
from NCBI (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
(fip.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.nlm.nih.gov/sutils/static/blinkhelp.html).
Protein homologues were also recovered from ‘KOG’ (eukaryotic orthologous groups
fip:ftp.ncbi.nih.gov/pub/COG/KOG) (Koonin et al. 2004), a subset of the ‘Clusters of
Orthologous Groups’ (COG) database (Tatusov et al. 2001).

Protein homologues were selected with the following criteria; proteins either had to
have been experimentally confirmed 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 similar in sequence to the query protein (designated “S” 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 (Altschul et al.
1997). Results were ranked (1-4; 1 having the highest confidence of validity) on the following
system: A ‘candidate’ sequence of similar length (within 100 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

80



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

ES]

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
sequencel, but the homologous proteinA sequence from C. elegans returns sequence2), then

ey

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.

Species 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 | % Danio rerio Zebrafish Teleostei (fish)
eukaryotic  species | Ci Ciona intestinalis Sea squirt Ascidia
used in this study. Ce Caenorhabditis elegans Nematode worm Ncmatoda
These, codes  are Dr Drosophila melanogaster Fruitflv Arthropods
used in tables shown
throughout this Sc Saccharomyces cerevisiae Bakers’ yedst Fungi
chapter. Sp Schizosaccharomyces pombe Fission veast Fungi
Ne Neurospora crassa 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 voelii voelii Mouse parasite Apicomplexa
Tp Trypanosoma brucéi Euglenozoa
Lm Leishmania ma jor Euglenozoa
D Dictyostelium discoideum Slime mold Myxogastrids
Gt Guillardia theta nucleomorph Cryptophytes
Eh Entamoeba histolytica Entamocbae
Gl Giardia lamblia 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 1997) then combined with BLAST to search genomic databases. This
technique is described in more detail in the published manuscript included in Chapter 3.
Results of snRNA and protein searches are shown in tables throughout this study. Information
from published comparative genomic studies, that included some splicing proteins

(Anantharaman et al. 2002; Koonin et al. 2004), has been included in the results tables. The
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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
following settings were used: Run A: {E, S, H, 1,2, 3} =1; {-, 4 =0; {?) =2 Run B
(slightly stricter): {E, S, 1,2,3} =1, {-,4} =0; {?,H} =2 RunC (strict): {E, S, 1,2} =1;
{-, 4, H, 3, 7} = 0. The likely presence of a protein in the eukaryotic ancestor was scored as
follows: 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 lineages (i.e. lineages outside animals, yeast or plants). MacClade results are

shown 1n each of the results tables.

4.3: Results and Discussion
4.3.1: Intron presence and length in the eukaryotic ancestor

The presence of spliceosomal introns has been previously described for a number of
basal eukaryotic lineages and are collated and summarised in Table 4.3. This further supports
the premise (Lynch and Richardson 2002) that spliceosomal 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 1kb) range and long introns (> 1kb))
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 1.1kb 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 171nt (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 al. 2004). The yeasts S.
cerevisiae and S. pombe also have shorter introns than mammals with the average lengths 270
ntand 57 nt respectively.

Many of the introns described for the basal eukaryotes are classed in our system as
being short. Only one short intron (35bp) has been found to date in the Diplomonad Giardia
lamblia (Nixon et al. 2002) containing a canonical 3'splice-site but a non-canonical S'splice-
site. Short canonical introns have been found in Carpediemonas mambranifera, a free-living
relative of G. lamblia (Simpson et al. 2002). Introns that are shorter still have been found in
the ciliate Paramecium tetraurelia (18-35 nt) (Dessen et al. 2001) and the Chlorarachniophyte

algae CCMP621 nucleomorph (18-20 nt) (Gilson and McFadden 1996). 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. From the analysis shown
here it is feasible that the intron length in the eukaryotic ancestor was within the short (<50 nt)
and medium (50nt to 1kb) range, withlong introns (> 1kb) arising later in some lineages.

Intron frequency does not appear to be conserved across eukaryotic lineages. Introns
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. 2001) and D. discoideum (Rivero 2002).

Species Ref Group Intron 5' 3 Branch Py Tract
Length  splice-site  splice-site Point
Section A
Human X Vertebrate 2300av  AG/GTAAGT CAG/GT CTGAC Py tract
C. elegans X Vertebrate 300av GT TTTCAG TTT(C/G)AA Pyrich
Drosophila X Vertebrate 826av GTATGT YAG CTAAT Py rich
Arabidopsis X Land Plant 171av AAG/GTAAGT TTGCAG/GT CTGAT UA-rich
S. cerevisiae X Yeast 270av TGT YAG TACTAAC None
S. pormbe X Yeast 57av GT AG CTRAY Py rich
Ecz. cuniculi m Microsporidia 129av NS NS NS NS
Section B
Chlamydomonas j Chlorophytes 79-297 GT AG CTCAC NS
reinhardii
Entamoeba histolytica c Entamoebae 46-115 GTTTGTT TAG YNYYRAY NS
Entamoeba dispar c Entamoebae 45-84 GTTTGTT TAG YNYYRAY NS
Dictyostelium discoideum |d Dictyostellids 70-150 AG/GTAAGT ATAG/ TACTAAY weak Py
Paramecium tetraurelia |k Ciliates 18-35 NS NS NS NS
Cryptosporidium parvum 1} Apicomplexa 566av NS NS NS NS
Plasmodium faiciparum |k Apicomplexa NS GT AG NS NS
Giardia lamblia E b Diplomonad 35 CT AG AACTAAC NS
Carpediemonas E i ,Carpediemonas  31-33 GT AG TYCTTAT NS
mambranifera
Reclinomonas E a Core Jakobid 67-145 GT AG NS NS
americana
Acrasis fosea E a Heterolobosea NS NS NS NS NS
Euglena gracialis E E Euglenozoa 50-9200 GT AG NS NS
Trypanosora brucei E  |g Euglenozoa 302653 GT ' AG NS NS )
Entosiphonsulcatum E  |f Euglenozoa 102 GT AG CGTCGAT Py tract
Malawinomonas E “la Malawinomofias ~ 58-127 GT AG NS NS
jacobiformis CT R

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.
2004) 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 1s 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), e-(Wilihoeft et al. 2001), d-(Rivero 2002), e-(Breckenridge et al. 1999; Canaday et al. 2001), f-
(Ebel et al. 1999), g-(Djikeng et al. 2001), h-(Huestis and Fischer 2001), i-(Simpson et al. 2002), j-(Watanabe
and Ohama 2001), k-(Dessen et al. 2001), 1 -(Abrahamsen et al. 2004) m-(Katinka et al. 2001). Crown
eukaryotic information came mostly from the Xpro database (Gopalan et al. 2004) X.
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Opisthokonts Primates fuman 111 12456 1112 4atac 6atacMM
Rodents #ouse iii 12456 1112 4atac 6atac MM

Key: : Gallus gallus (Chicken) 1 124512 MM
y; 9456 Reptlles/ Birdsjpl«anodon punctatus(Taatara)
gL |- Chordates Amphibians xenopus izevis (Frog) 125M
i Teleostei Danio rerio zebrafist) 1256 M
SNl[. SLsnRlA Deuterostomes Asci‘dia Ciona intestinalis @ea squirt) 112456 12 Ugatac N.”
Major cis-splicing | Echinodermates cytectinus variegatus (Groen sea wrchin) i12M
I—:-l ;.}(:":::::::: . Hemichordata Acomt worms
ARernative splicing — Nematoda Ccaenorhabditis afegans 1112456SL MT
Intron Iength Protostomes = Cestode Fchinococcas muftifocaiaris SLMT
: L Trematode Sctistosoma mansoni 126
1 Long (> 1000nt) SR e o 12 MM
i Medium (50 - 1000nq o b Arthropoda prosophia melanogaster Fruittly) 1112456 4atac
i Short (<50 ) . Cnidaria Pokyorchis pen catlatus (Jellyfisk) iMM Satac
i Notstated — Choanoflagellates Proterospongia choanojuncta

= Saccharomyces Saccharomyces cerevisize i 12456 M

| Schizosaccharomyces Schizosaccharonycespombe i § 19456 M
1 Neurospora Heurospora crassz 26

-0

. Aspergillus Aspergillus fumigatas 26

L— Microsporidia Frcephalitozoon cunicali i 1256 M

Plantae _: Land Plants Aabidopsis thatiana ii 12456 12 6atacM M

D

? Chlorophytes Chlamydomonas reinkardtii(Green algae)1246
Rhodophytes Cyanidioschyzon merolae (Red algae) i

Pelob1onts Pelomyxa pelusnis (Giant Amosbae)
Amoehoz Entamoebae Frtamosta histolytica i i 256 M
?

Myxogastrids Physarum polycephalum (Slime mold) 145
b Protostelids Plasmodial Stime molds
Lobosa Acantkamoeda castellanii

Chromalveolate Ciliates pazamecium totraurelia 1 12456
_E Apicomplexa Plasmodium faiciparum i 2456 MA
? Dinoflagellates ciyptiecodinium connii 5

Heterokonts Diatoms, Brown algas 6
Haptophytes Emiliania kuxleyi

Eukaryotic

Ancestor
12456 ii

9

MT: :

s Chlorarachniophytes ciorararcmion cCrp 621 6M
Cerc0Z0a b Foraminifera Fraskwater amoebae

[ Diplomonads Gizrdia tamblia i 5
b Carpediemonas carpediemonas membranifers i M

Parabasalids Irickomonas vaginalis

-~

CoreJakobid Rewiromonas americana i

[ Heterolobosea Acrasis rosea

Trima tix Trimestix pyriformis
Excavates Oxymonad Dinenymphaexilis
Malawimonas Mafawimonas jzkobiformus 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 information from Simpson and
Roger 2002. A representative species for each lineage 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 lineage) which in turn contain the
vertebrate lineages (as marked on the tree).

Intron, snRNA and splicing characteristics present in the eukaryotic ancestor are determined from
their distribution over eukaryotic lineages. References additional to those in Table 4.3 and the text are
(Takahashi et al. 1996; Spafford et al. 1999; 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

reasoning.




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 Euglenozoa (e.g. Euglena gracialis) are long (> 1kb), one as long
as 9.2kb (Canaday et al. 2001), which may cause problems for the intron-definition
mechanism requiring instead some form of exon-definition. Since 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 (Ul, U2, U4, U5 and U6 snRNA) are found throughout the eukaryotic tree in both
crown and basal eukaryotes (Table 44 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. Ul and US5) 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.

MacClade
A BC EA snRNA Hu Mu X Z Ci Ce Dr Sc Sp Nc Ec Ar Os Pf Tp Lm D Eh Gl
2 12| 2|**|UIsnRNA E E E E E E B E S E
3133 |**|U2snRNA E E E 2 E E EE S 2 E E 2 E E S 2
2122 |**|Ud4snRNA E E 2 E E E E E S S E
2122 |**|USsnRNA E E E 2 E BH [E B E S S E 2 2 1
333 |**|U6snRNA E E 2 E E E E S E S H E E E
-1 -] - Ull snRNA E E 2 E E
-1 - - Ul12 snRNA E E 2 E E
Ud4atac snRNA | E E
U6atac snRNA | E E E
22| 2|**|SLRNA E B 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 of snRNA has not to date been found in this species. Species names 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 USsnRNA
identified from G. lamblia 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 (Udatac, Ubatac, Ull and Ul2) have been found in
humans and the fruitfly Drosophila melanogaster (U12 and Ubatac snRNAs only have been
characterised from the plant Arabidopsis thaliana). BLAST searches of the P. falciparum, Ent.
histolytica, G. lamblia 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 Ul2 snRNAs were
recovered from the sea-squirt genome, which, besides having major splicing has also been
shown to contain trans-splicing (Vandenberghe et al. 2001). 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. lamblia, Ent. histolytica and D. discoideum
genomes only with the use of specialised RNA-finding software. It 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 (Ul 1-35kD) has been characterised that appears to be part of the
minor spliceosome but not present in the major spliceosome (Will et al. 1999).

One theory for having more than one type of cis-splicing (i.e. both major and minor
splicing) put forward by Patel and Steitz (2003), is that the removal of Ul2-type (i.e. minor)

introns may be a rate-limiting step in pre-mRNA processing. The conversion of a Ul2-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 (Patel and Steitz 2003). Another potential
role of U12-type introns may be to change splicing speed in response to stresses in the cellular
environment (Patel and Steitz 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-I.) 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 U12-type introns and the minor-
splicing mechanism (Schneider et al. 2002); co-divergence, fission-fusion and parasitic
invasion. In the first two models the U2 and U2 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. 1998). In
the third model -parasitic invasion, where a Groupll intron invaded a number of genes of a
common ancestor of metazoa and plants which had a pre-existing spliceosome. Subsequent
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. Ul2-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 Ul2-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 Figure 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. 2001; Garcia-Blanco 2003), indicating that the necessary machinery may
be present in humans and other crown eukaryotes. The 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. 2001), 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 Figure 4.6 indicates that multiple splicing mechanisms are common in today’s
eukaryotes. It 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 ancestor

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 Ecz. 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 150 of the most conserved spliceosomal proteins were
examined in this study and were grouped based on common snRNA-binding properties (e.g.
the UlsnRNA-specific proteins) or containing common distinguishing sequence motifs (e.g.
Sm/Lsm proteins). Results are summarised under the different protein group headings on the
following pages. As each protein group is required to be examined in full the reporting of this
information can become somewhat repetitive. This unfortunately® 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.

? Please refer to Figure E.4 and perhaps feel some sympathy for the researcher who had to evaluate this
information.
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Results Tables for Spliceosomal Proteins (Key is given on page 93)

Table 4.5A: UlsnRNP associated proteins

MacClade
A BC J1snRNP Protein Name |Hu Mu X Z Ce Dr An Sc Sp Nc Ar Os Pf Py Tp Ec* Pf* Eh Gl
EA| K An Human Scere
212 1]|*™|KE U1-70 SNP1 |E E E S SHEEMHETSSSE©? 2 7?2 7
2|22 || K |Euk-S| UI-A MUD1|E S S H EEHESSSE 1 2 2 4
2. 1| 211 1 AR = R Ui-C YHC1 |E E EE H H E E S S HHE 1 2 3 -
AW e [k FBP11 Prp40 | E H E E H 2 2 3 -
-1 - - Snu56 E - - - -
Ul Ol R Euk-C Nam8 E H 2 2 2 4
-1 - - Snub5 E - - - -
-1 -] - K-E| Sc Snu71 E ? 4 - -
-1 -1 - Usal E - - - -
(N W I Euk Prp39 E E S S 3 2 ? 1
Table 4.5B: U2snRNP associated proteins
MacClade
A BC U2snRNP Protein Name Hu Mu X Z Ce Dr An Sc Sp Nc Ec Ar Os Pf Py Tp D Ec* Pf" Eh GI
EA| K | An| Human Scere  Spombe
ST 1TH™ I K SAP155 HSH155 Prp10 |E E E HHHEEHHH HHHH 2 1 3 2
211 1]*™| K |Euk|] SAP145 CUS1 Sapi145p|E S SHHEESSH H H 1 - 21
1010 -0 K SAP130 RSE1 Prp12p |E H SHHHETEH S H H 4 1 3 -
21111 [|KE SAP114  Prp21 Sap114p|E S S HHETEH H H H 2 2 27
313 1iF={ K SAP62 Prp11  Sap62p |[E HSS HHHEEHSSHSSH 1 1 11
2010110 K SAP61 Prp9 Sap61 |E H HI & kI E E S EHSSH 2 2 1 -
3132 K SAP49 HSH49 Sap49p |[E S SS S H HEE S S HSSH 2 2 21
21111 I-E U2-A' LEA1 U2-A" |E E HHHHHEH E HHE - 4 7?7 2
14110k K U2-B" MSL1 U2-B" |[E E H H E E E 2 3 2 2
2 Ji2 ] 1 [} pl4 SNU17 E EHHEH HHHHHS 2 2 ? 2
-1-1 - Ist3 E ?7 3 4 -
1301 LA R:T SF3b14b Rds3 E HEHIH YECIEHLSR H H 2 2 4 2
Table 4.5C: USsnRNP associated proteins
MacClade
A BC USsnRNP Protein Name |Hu Mu X Z Ce Dr An Sc Sp Nc Ec Ar Os Pf Py Tp Lm D Gt Ec* Pf* Eh GI
EA| K | A | Human Scere
313]3]*| K |Euk] U5-220 Prp8 [E SSHHHHEEHSSSSHSSSS 1121
212]|1] *™ | K |Euk] U5-200 Brr2 |E E HHHEEH SHSH 1111
2111 ™| K|Euk| U5-116 Snul14 |[E E S S H E E H S S H ? 1 2 2
22)2f Euk| U5-102 Prp6 |E H HHEEH S SHS S ?7 217
3|2]2|***H|K-E|Euk| U5-100 Prp28 |E HHHEEH S SSSH S 2 2 27
21111 * Us-52 Snu40 |E S S HHHHHH S H -2 2 -
2010-0 " U5-40 E SSSHHH E H S S H H 717?77
313|3]|*|KC uUs-15 DiB1 |E HHEEHSSSSHS S 2 111
-1 - - Aar2 E - - - -
11-1- PSF ES S 3 333
1| -] - P54nrb E 31..31 13,3

Table 4.5D: U4/U6.US tri-snRNP associated proteins

MacClade| U4/U6.US

A B C | tri-snRNP Protein Name Hu Mu X Ce Dr An Sc Sp Nc Ec Ar Pf Py Ec* Pf* Eh Gl
EA| K | Human Scere Spombe

2|11]|1] *™ | K-E|SART-1 Snu66 Snué6p|E E S H H H E E H SHS - 2 3 -

211411 Tri-65 SAD1 Sadip |E H HHHE EH HHH 4 2 123

11-1|- Tri-27 E S HHH S H HH - 2 - -

1|-]- K-S Prp38 | S S S S1IS E S S SHH
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Table 4.5E: U4/ U6snRNP associated proteins

MacClade
A B C |U4/U6snRNP Protein Name Hu Mu X Ce Dr An Sc Sp Nc ArPfPy Tp Lm D Gt Ec* P Eh Gl
EA|IK |A Human Scere Spombe
3 12 |1 " |K-E|Euk U4/U6-90 Prp3 Prp3 E HH HHE E S HHS HS - 2 2-
2 |1 1 |I™ |KE U4/U6-60 Prp4 Prp4 E SR IH HEE IS S H ? 327
1 |1 |1 |”™ |K-E|Euk/Arch |U4/U6-61 Prp31 Spp13p |E E S E E H H 2 ? 22
1111 e U4/U6-20 Cpr1  USA-Cypl |E E E 2 2 22
110 1™ U4/U6-15.5 Snu13 Snu13p |E E E S Ss2 ? 2 2
- |- |- Euk Prp24 Prp24 E E ? 2 - -
111 |- RY-1 E S S - 3 3 -
- - I Spp41 E - - 4 -
- |- |- Snu23 E - 4 - -
Table 4.5F: Sm/ Lsm proteins
MacClade
A B C Sm/LSm Protein Name |Hu Mu X! Ce Dr An Sc Sp Nc Ec Ar Os Pf Py Tp Lm D Gt Ec* Pf* Eh GI
EA| K A Human Scere
3lll2° 12 W SmBB SmB1 |[E S SES E S E E H S S HHE S - - 21
313|3|™| K| Euk |[SmD1 SMD1 |E E HE S S H E E HS S SSSE S s 2 1 -1
313|3|™]| K| Euk |[SmD2 SMD2 |E H S SHETESSSH S E s 2 1 21
3l 3N2 0 Euk |SmD3 SMD3 |E E HSH S H E E S S HS HE H 2 1 2 2
313|3|"™| K| Euk | SmE SME1 |E E S H HE EH S S S E E s 1 - -2
2if 210l SmF SMX3 |E E SHHETESSS S S E s 2 1 -7
111" | K| Euk | SmG SMX2 |E E S HHEEH S S SS E 2 1 - -
333l K LSm2 LSM2 E S HHETEHSSSSSE 2 2 21
21111 | K|Euk-C | LSm3 LSM3 | E HHEEH HS S E 2 - 2 -
212|1|*™| K|Euk-A]|LSm4 LSM4 |E E S HHETEHS S S E S 2 2 - 2
11110 Euk | LSm6 LSM6 |E E S HHEE S S E - - -2
111]1]| " |K-E|] Euk | LSm7 LSM7 H H HETEMH S S E - 4 2 -
1]-]-1*] K| Euk | LSm1 E H S HHEES S 2 - - -
111]1|* |K-E|] Euk Lsm5 E S HHEES S E - - 2 4
11| 1| " |KE| Euk-C | LSm8 E S S HH E E S S S E -1 - -

Table 4.5G: Catalytic Step Il and late acting proteins

MacClade Catalytic step i
A B C |and late acting proteins | Protein Names |Hu Mu Ce Dr An Sc Sp Nc Ar Os Pf Py Tp Pf* Eh Gl
EA K A Human Scere

111]1| *H K Euk Prp16 Prp16|E S H HEE S 3 2 3
11111 *H Euk Prp22 Prp22| E H E E S H 2 2 3
11111 *H Euk Prp43 Prp4d3|E E H H H E E H 2 2 3
1111 *H K-E Euk Slu7 Slw7p|E S HH HE E H S 2 2 -
2111 *H K Prp17 Prp17|E S HH H E E HS S H 2 3 ?
- -] - Prp18 Prp18| E S S E E HS HS 2 - 4

Table 4.SH: Proteins associated with the Minor spliceosome

MacClade

A B C |Minor-Splicing|Hu Mu Z Ci Ce Dr An Ar Os Ec Pf Eh Gl
-l - - U11-25 E S S2 s S - - - -
-1- - U11-35 E S S2 S S S 44 - -
-1 - - U11-48 E S $3 - - - -
-1 - - U11-59 E S S - - - - -
-|-1-1] utiu12-20 |[E S S 2 S| IS - - - -
-|-1-1] uttu12-31 |[E s S 3 S s§sSs - - - -
-|-1-1 ut1/u1265 |E H S 2 S SsSs - - - -
-1 -1- C114 E S 2 HS S - - - -
-l - - YB1 E E 2 - - - -
-1 -1- Toe-1 E_E 2 H - - = =
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Table 4.51: SR proteins

MacClade
A B C SR Proteins Protein Names [Hu Mu X Z Ce Dr An Sc Sp Nc Ar Os Pf Py Tp Pf* Eh GI
EA| K A Human Scere

- - |- K-E SRp75 E H S S HH S S 3 -

- -1- SRp54 SFRS11|E H S HSH S S H - -
111]- K-E| Euk-A-S | SRp55 E HS s [ 3 3

-1 -1- SRp40 Srp4Op(E E S E E S - -

-l -1- SF2 ASF |E H S EEH E S S S 2 - 4-°
-l -1- C.DH 9G8 E H E S 2,2° - 4,
111]- Euk-S-Sp| SC35 E S HS E H E ESSSH 3 4
111]- SRp30c E H E S 3 3

- - |- C,DH hTra2 E S SH E H 3 ?

-1 - - SRp20 E E HS 3 -
111]- K-E SRm300 E S 3 3
111]- SRm160 EL_E H H S 3 3

Table 4.5J: Spliceosomal proteins also associated with other cellular events

MacClade Other
A B C [cellular events Protein Names Hu Mu X Z Ce Dr An Sc Sp Ec Ar Os Pf Py Lm D Pf* Eh GI
EA K Human Scere

111411 ™H UAP56 SUB2 |[E S HH HHE E H S S 2 1 2
2(-]- TAT-SF1 CUS2 |E H HHHEEHSHMHH ? 3 -
10101 * SKIP Prpd5 |E S E E S 2 2 -
1{1]- THO2 Rir1 E S SEHHE S HHH 3 3 -

- -]- HPR1 E S E - - -
1111 * hPrp4 kinase E E S11S) 1HR IS S H? 3 2
1{1]1 i TEX1 E H HHHE H 2 2 7
211 - XAB2 SYF1 E H HHHESHHHHH 3 3 -

1M 41 - CA150 E S H H H H 3 3

-l -] - CF 1-68 E S HHH - - -
111]1 * CF I-25 E S HHHH H H S - 2 -

-l -] - ASR2B E E EHHH -3

- (of K-E Aly YRA1/Rai| E E E 4 2

|.2.1 2 |21 [ F=== PABP PAB1 | E E B JE ELJE E 2 3 2
Table 4.5K: Proteins associated with the Prp19 complex

MacClade | Prp19 complex

A BC (NTC) Protein Names [Hu Mu Z Ce Dr An Sc Sp Nc Ar Os Pf Py D P Eh GlI

EA K Human Scere

01 = K CDC5L CEF1 E S SHHHE E H 2 2
201 **H K-E |Prp5 Pri1p E H HHHE E HH HHH 2 2

2| - * fSAP33 ISY1 E H HHHE E HH H H ? 2 -
101 = hCrn CLF1 E HSHEMHE S HS 1 2 -
a1 A PLRG1 Prp46 E 'S HHHE E S E 1 3 2
2 1.2 = K-E |Prp19  Prp19p EL. [Skil H HE E H S H H H 22" 33° 33°

Table 4.5L: Proteins associated with the Exon-Junction complex

MacClade
A BC

Protein Names

Hu Mu X Z Ce Dr An Sc Sp Nc Ec Ar Os

Pf Py D P Eh GI

EJC-associated
EA| K A
K

K-E | Euk
i K Euk

Human Scere

Y14 E
Magoh E
RNPS1 E
CBP80 Sto1 E
CBP20 Cbc2 | E

S
H
S

E S

nw I nwn

mw I ITm

I IT I X

»w ouomaow

mwI I

(7]

m m

m m

(7]

3,3 3.4 .
s s 2 2 -
?2 4 -
S SS 2 ? -
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Table 4.5M: Other DExD/DExH proteins

MacClade|Other DExD/H
ABC proteins Protein Names [Hu Mu X Ce Dr An Sc Sp Nc Ec Ar Os Pf Py D Pf* Eh GI

EA A Human Scere
111(-1 *H Euk Prp2

1(1(1] *H Abstrakt
101 f-1 *H p68 DPB2

E H
H S E S H
R E [E H S H H

m m m
»w v m

H
S E
H

~N =
N DN
w N W

E

Table 4.5N: Other splicing proteins
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Key:

EA

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 i1s 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. 2004. (genomes searched are indicated in methods section)

K Protein present in all 7 genomes.
K-E All genomes except Fcz. cuniculi.
K-S All genomes except S. cerevisiae.

K-C All genomes except (. elegans.

Euk Protein present in all eukaryotic genomes tested in (Anantharaman et al. 2002).
Euk-S Protein not found in S. cerevisiae.

Euk-C Protein not found in . elegans.

Euk-A Protein not found in 4. thaliana.

Euk-A-SProtein not found in A. thaliana or S. cerevisiae.

Euk-S-S Protein not found in §. cerevisiae or S. pombe.

C.D.H Protein found C. elegans, 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 nor 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 1ndicates 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 names are shown in full in Table 4.2.

Colour coding:

Animals blue (vertebrates in darker blue)
Yeasts red

Microsporidia ~ brown,

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; {7} =2
RunB: {E,S,1,2,3}=1;{-.4}=0; {2, H} =2.
Run C: {E, S, 1,2} = 1,{,4H3‘7}=0

Scores: 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 lineages.
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UlsnRNP-specific proteins: (Table 4.54)
Ul-A, Nam8, UI-C, Ul-70, Prp40, Snu36, Snu71, Usal, Prp39 and U11-35

The UlsnRNP binds to the mRNA in the pre-spliceosome and leaves the spliceosome
before the first step of catalysis (see Figure 4.2). It’s function in the early stages of splicing is
in the recognition of the S'splice-site on the pre-mRNA (Labourier and Rio 2001). Although
the Sm-core group of proteins (B/B, DI, D2, D3, E, F and G) are associated with the
UlsnRNP, these proteins also bind to the other snRNPs and will be covered in the Sm/Lsm
core proteins section. Results for the UlsnRNA-specific proteins are shown in Table 4.5A and
are described below.

The U1-70 and Ul-C proteins interact with the Sm-core proteins during UlsnRNP
assembly (Nelissen et al. 1994) whereas Ul-70 and UIA interact with the UlsnRNA
(Labourier and Rio 2001). The Ul-A protein also plays a role in cap modification in
trypanosomes linking splicing and polyadenylation in these excavates (Tschudi and Ullu
2002). Ul-A candidates were found in G. lamblia, Ent. histolytica and P. falciparum, having
previously been found in animals, yeast and plants and thus was likely present in the
eukaryotic ancestor. Ul-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. 1t’s presence in crown and basal eukaryotes suggest that Ul-C was
also present in the eukaryotic ancestor. The Ul-70 protein binds to the AFS/SF2 splicing
factor to promote binding to the S'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. lamblia were unclear. This protein has been characterised from
trypanosomes (Tschudi and Ullu 2002). UI-70 was also placed in the eukaryotic ancestor.
Yeasts contain a number of additional UlsnRNP-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 FBP11 protein from humans (Allen et al. 2002) but FBP11 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. falciparum and Ent. histolytica
indicating a possibility that Prp40 could have been present in the eukaryotic ancestor.

The Prp39 protein (Lockhart and Rymond 1994) and is required to stabilise the
UlsnRNP complex to the S'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, Snu65, Snu71 and Usal) have not
been found to date in any other eukaryote (Gottschalk et al. 1998) 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: (7able 4.585)
Sapl55, Sapl45, Sap130, Sap 114, Sap62, Sap6l, Sap49, U2-A', U2-B", Ist3, Rds3, SF3b14b and

SE3b10b

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 Figure
42). 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 Sap61, Sap62 and Sapl14 (Will et al.
2001). None of the SF3a 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. 1999). All of the three SF3a proteins
(Sap61, Sap62 and Sapl14) 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. lamblia whereas Sap61 and Sapl114 were recovered from P. falciparum
and Ent. histolytica).

The other complex, SF3b (containing the P14, Sap49, Sap130, Sapl45 and Sap155,
Rds3/SF3bl4b and SF3b10 proteins) has been shown to be present in both the major and
minor spliceosome (Golas et al. 2003). Two proteins of the SF3b complex, P14 (interacts
directly with Sap155 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, Sapl155, Sapl45 and Sap49 are also
conserved across eukaryotes and good candidates for being present in the eukaryotic ancestor.
Sap130 was only recovered confidently from /. falciparum in addition to sequences found in
crown eukaryotes indicating a lower likelihood of being present in the eukaryotic ancestor.
SE3b10 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 al. 2001) 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 Ist3 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. Since 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, Snull4, Prp6, Prp28, Snud0, U5-40, U5-15, PSF and P54nrb

The USsnRNP is required for both steps of splicing interacting with both the 5' and
3'splice-sites of the mRNA (Dix et al. 1998) and is the only snRNP found in all three types of
splicing. The yeast USsnRNP has fewer proteins than its mammalian equivalent and contains
Prp8, Brr2, Snul 14, Prp28, Snu40 and the Sm proteins (Stevens et al. 2001) while the human
USsnRNP additionally contains Prp6, the U5-40 protein and the U5S-15 protein (Zhou et al.
2002). The S. cerevisiae Dibl (U5-15 homologue) has been found not in the USsnRNP but in
the U4/U6.US5 tri-snRNP (Stevens et al. 2001) but for convenience is dealt with in this section.
Results of the USsnRNP-specific proteins are shown in Table 4.5C.

USsnRNA associated proteins such as Prp8 and Brr2 are found throughout crown
eukaryotes and also in a number of basal eukaryotes including G. lamblia (Nixon et al. 2002)
Trypanosoma brucei (Lucke et al. 1997) and Trichomonas vaginalis (Fast and Doolittle 1999).
The Prp8, Snull4 and U5-40 proteins interact with each other forming an RNA-free complex
which then interacts with the USsnRNA (Dix et al. 1998). 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 USsnRNA in both yeasts and humans indicating that not only is the protein
highly conserved but also is conserved in its interactions with the USsnRNA and interactions
within the U5snRNP (Urlaub et al. 2000). This protein may stabilise the fragile interactions
between the USsnRNA and the non-conserved exon sequences at the splices sites, anchoring
them in the catalytic centre of the spliceosome (Dix et al. 1998).

Early steps in splicing catalysis include the unwinding of the UlsnRNA/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. 1998). However, its
highly conserved sequence contains no distinct RNA binding or other recognisable motifs that

may give clues to its function (Dix et al. 1998). 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, Prp§,
Slu7, Ul-C and Snu66) and also mediates the recruitment of Prpl6 to the spliceosome (van
Nues and Beggs 2001). It also interacts with a number of non-splicing proteins involved in
signal transduction and transcription in yeast (van Nues and Beggs 2001). Prp28 has an
important role by displacing U1snRNP from the S'splice-site (Chan et al. 2003). The Brr2 and
Prp28 DExXD/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. 1999) 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.

Snull4 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 2001). Snull4 shares strong
homology to the ribosome translocating factor EF-2 (Dix et al. 1998), thus it is difficult for
sequence similarity programs such as BLAST to distinguish between these two proteins.
Snul14 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 Snull4 than EF-2 proteins. Thus Snul 14 was
likely to be present in the eukaryotic ancestor.

The US-15 protein (Diblp in S. cerevisiae and Dimlp in S. pombe) has a highly
conserved sequence across crown eukaryotes (Zhang et al. 2000) and has roles in splicing and
cell cycle progression (Berry and Gould 1997). Candidate sequences were found in a number
of basal eukaryotes, and thus U5-15 was also placed in the eukaryotic ancestor.

Snu40 has been shown to be important in USsnRNP assembly but is not present in the
U4/U6.US.tri-snRNP complex (Stevens et al. 2001) 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. lamblia and Ent.
histolytica). Given 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 P54™ (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 P54™ form a complex with the
USsnRNA and associate with the S'splice-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 P54™. Searches of
basal eukaryotic genomes also failed to find any viable homologous sequences although some
small “motif” areas shared some similarity.

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 established

within the eukaryotic ancestor.

U4/U6snRNA-specific proteins: (7able 4.5E)
Prp24, Prp3, Prp4, Snul3, Prp3l, 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.US5tri-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-specific, 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 4.5E.

The discrete U4snRNP (when not coupled with the U6snRNP) is not an abundant
species in yeast and may behave as a limiting factor in U4/U6.US tri-snRNP and spliceosome
assembly (Stevens et al. 2001). Snul3 and Prp4 are associated with the 5' 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 Snul3
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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
U4/U4.US tri-snRNP but has not been found in the purified human tri-snRNP (Stevens et al.
2001). All three of the above proteins (Prp3, Prp4 and Snul3) 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. 2001). The Lsm
proteins are discussed in a later section. Prp24 was only detected in P. falciparum and thus has
only a low likelihood of being present in the eukaryotic ancestor.

Prp31 is required for the U4/U6.US tri-snRNP assembly (Makarova et al. 2002). It
remains bound to the U4/U6snRNP complex while binding to the USsnRNP-protein Prp6
tethering the complexes together. Prp31 has been characterised in animals and yeast with
candidate sequences found in some basal eukaryotes including G. lamblia and E'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).

Cprl (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 Cprl binds to Prp18 and to the Prp3/Prp4
complex but its function is still not clear. Although Cprl candidates were found in Fcz.
cuniculi, P. falciparum, Ent. histolytica and G. lamblia, 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 Cprl or related to Cprl), may have
been present in the eukaryotic ancestor.

The S cerevisiae-specific proteins, Spp41 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: (Table 4.5D)
Snu66, Sadand, Tri-snRNP27

Three U4/U6.UStri-snRNA specific SR related proteins (Tri-snRNP27, Sadl and
Snu66) mediate the recruitment of the tri-snRNP to the pre-spliceosome during spliceosome
formation (Gottschalk et al. 1999; Makarova et al. 2001). Results for these three proteins are
shown in Table 4.5B.

All three tri-snRNP-specific proteins (Sadl, Snu66 and Tri-27) recovered possible

candidates from P. falciparum but only Sadl recovered a candidate from Enr. histolytica.
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BLAST results from G. lamblia were less successful with unclear results with Sadl and no
sequences recovered with any Snu66 and Tri-snRNP27K proteins.

The ancestral sequence reconstruction (ASR) was applied with Snu66 and Sadl to G.
lamblia and recovered a motif-associated area with Sadl indicating a possibility that Sadl is
present in G. lamblia. ASR with Snu66 did not recover any significant hits against G. lamblia
but was present in other basal eukaryotes. The absence of a candidate recovered from G.
lamblia 1s 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 Sadl and
Snu66 were given a low possibility of being present in the eukaryotic ancestor.

Although the U4/U6snRNP complex and the USsnRNP ancestor and some U4/U6-
specific proteins (Prp3, Prp4, Prp31, Cprl, Snul3 and Prp24) were likely to have been present
in the eukaryotic ancestor it is uncertain at present as to whether the U4/U6.US 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. 1999) 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)
SmBB, SmD1, SmD2, SmD3, SmE, SmF, SmG, Lsml, Lsm2, Lsm3, Lsm4, Lsm3, Lsm6, Lsm7 and Lsm8

Sm-core proteins (B’/B, D3, D2, D1, E, F, and G) are found in both the major and the
minor spliceosomes (Hastings and Krainer 2001) 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 U1, U2, U4 and US snRNAs and are present in all major and
minor snRNPs (Vidal et al. 1999; Donahue and Jarrell 2002). Despite structural similarities,
Lsm proteins play distinct roles from Sm proteins (Chan et al. 2003). Lsm proteins (Lmsl,
Lsm2, Lsm3, Lsm4, Lsm5, Lsm6, Lsm7 and Lsm8) play roles in 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, Lsml, 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”, SmDI1, SmD2, SmD3, Lsm2 and

> Sm B and B’ are alternatively spliced products of the same gene (Vidal et al. 1999).
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Lsmd) recovered candidate sequences in at least two basal eukaryotic species and are also
likely to be present in the eukaryotic ancestor. Of the last three Lsm proteins (Lsm6, Lsm7 and
Lsm8), Lsm8 recovered a good candidate from . falciparum;, Lsm6 a possible candidate from
G. lamblia and Lsm7 a possible candidate in E£nt. histolytica. Recently, Lsm2 to Lsm8 have
been experimentally identified in 7rypanosoma 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.

U11/U12 snRNP-specific proteins (Table 4.5H)

Recently a number of minor splicing-specific proteins have been identified from
analysis of the human UIl1'U12snRNP (Will et al. 2004) and the fruitfly Ull snRNP
(Schneider et al. 2004). Ul 1snRNP-specific proteins, Ul1-25, Ul1-35, U11-48 and U11-59
and the UIll/U12-specific proteins Ul1/12-20, U11/12-31 and U11/12-65 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 al. 2004) (Table 4.5H). Searches
against the C. intestinalis (sea-squirt) genome recovered candidates for most of these proteins
(the U11-59 being the exception). Candidates for three other Ull/Ul2-associated proteins,
YBI, Toe-1 and C114 were also recovered from the sea-squirt. These protein candidates,
together with the presence of candidate sequences for the Ull, Ul2 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 Ul1-35 from P. fulciparum and FEcz. cuniculi. At this time there is no

evidence to suggest that minor-splicing was present in the eukaryotic ancestor.

Catalytic Step Il and late acting proteins : (7Table 4.3G)
Prpl6, Prp22, Prpd3, Slu7, Prpl7 and Prp 18

Protein interaction in the second catalytic splicing step can be divided into two stages;
Prpl6 and Prpl7 activate the first stage, then Prpl8 and Slu7 activate the second stage
(Chawla et al. 2003). Prp18 weakly associates with the USsnRNP in yeast but not in animals
and is involved only in the second step of splicing (Dix et al. 1998). Slu7, Prpl8 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 2001). After the second
splicing reaction, ATP-hydrolysis by Prp22 releases the mature mRNA from the spliceosome
(Gesteland et al. 1999). Prpl7 has extensive interactions with a number of other splicing
proteins (Prpl8, Prp16, Prp8, Slu7, Prp22) and also with the U2 and USsnRNAs. Prp17 has
an additional role in cell division (Chawla et al. 2003). Prp17 and Prpl18 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. Prpl6, 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: (Table 4.5M)
Prp2, Abstrakt, P68, P72, Prpl6, Prp22 and Prp43

In S. cerevisiae, eight DExD/H proteins (Prp2p, Prpl6p, Prp22p, Prp43p, Brr2p,
PrpSp, Prp28p and Sub2p/UAPS56) have been identified as being required for pre-mRNA
splicing (Jurica and Moore 2003). Seven additional proteins emerging have been found in
mammalian spliceosomes (DICEI, Abstrakt, elF4a3, DDX35, DDX9, KIAA0052, p72)
(Jurica and Moore 2003). These DExD/H 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-
USspecific proteins, PrpS — NTC proteins; UAP56 —Other important splicing proteins).

Problems arise when searching for DExD/H proteins as they contain large conserved
sequence motifs and often searching with one DExD/H protein will 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 DExD/H motif. For example the G. lamblia Contig 41 (9432-13868) is 1478
amino acids in length and was recovered highly with searches of Prpl6, Prp22, Prp43 and
Prp2 (also recovered at a lower level with other DExD/H proteins). From the lengths of known
proteins used in this study, this protein could fit Prp16, Prp22 or Prp43.

Because not all the splicing factors that have been identified were able to be screened
in this study there may be other DExD/H proteins that may also fit these candidate sequences.
Searches of NCBI databases with DExD/H protein candidates recover many DExD proteins
with very similar scores. For this reason only the DExD/H proteins that showed outstanding
homology, with no conflict with other DExD/H proteins (e.g. Brr2 and UAP56), were placed

in the eukaryotic ancestor although it is likely that other DExD/H proteins were also present.

SR proteins: (Table 4.5])
AFS/'SF2, 9G8, Srm160, Srm300, Srp20, Srp30, Srp40, Srp354, Srp33, 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 2001; Furuyama and Bruzik 2002,
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Graveley 2004). They have also been shown to stimulate exon 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 2001) but are absent in yeast
(Zhou et al. 2002). Some novel SR proteins have been found in I'rnypanosoma cruzi (Ismaili et
al. 1999; 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 4.51.

Candidate sequences for the proteins ASF/SF2 and 9G8 were recovered from P.
falciparum, but BLAST searches with other SR proteins of P. falciparum, G. lamblia and Ent.
histolytica returned at best, only motif-associated areas. ASR searching with 9G8 recovered a
possible candidate in P. falciparum 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. lamblia and Ent. histolytica may be part of novel
SR proteins. The presence of the RS-domain in these three basal eukaryotes as well as the
novel 7. cruzi SR proteins (protein sequences were not found) indicates that SR proteins as a
group may have been in the eukaryotic ancestor but no specific protein as yet can be ancestral

to living eukaryotes

Prp19 associated complex (NTC): (7Table 4+.5K)
Prpl9, Cde3 Cef Snt309, Plrgl, Cifl

The Prpl19 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 Ceflp (CDCS5L
homologue), Snt309, Ntc31, Isyl, Ntc20 and at least another six uncharacterised proteins.
Another 30 uncharacterised proteins have been copurified with the human Cdc5/Cef1 protein
(Ohi and Gould 2002). Results of searches with NTC proteins are shown in Table 4.5K.

Prpl19 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 Prpl9 candidate was found in P. falciparum but only motif areas

could be determined from Fnt. histolytica and G. lamblia using both BLAST and ASR.
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However, Prpl9 was recovered from D. discoideum and thus, Prpl9 was placed in the
eukaryotic ancestor.

PrpS and PLRG1/Prp46 are core components of the mammalian NTC (Ohi and Gould
2002). Although PrpS 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.
lamblia. PLRGI1 also recovered candidates from P. falciparum and G. lamblia with a motif-
associated region recovered from Ent. histolytica. CdcSl/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 al. 2001). CdcSI/Cefl is also associated with PLRGI1 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. 2001). CdcSl/Cefl candidate sequences were both
found in P. falciparum and Ent. histolytica and a motif-associated area recovered from G.
lamblia. As all three of these proteins (PrpS, PLRGI1 and CdcSl) are found also throughout
crown eukaryotes they are likely to have been present in the eukaryotic ancestor.

CIfl is part of the NTC and promotes the functional integration of the
U4/U6.UStrisnRNP into the pre-spliceosome (Wang et al. 2003). CIfl recovered candidate
sequences from P. falciparum and Ent. histolytica but no candidate could be recovered from
G. lamblia 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 splicing. 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 well as Prpl9
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: (Table 4.5J)

There are still 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.

104



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. lamblia but results were uncertain in P. falciparum. A
hypothetical sequence was found in Tnpanosoma brucei (through a search of this genome’s
annotation) thus this protein was placed in the eukaryotic ancestor.

The transcription cofactor Tat-SF1 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. CA150, Xab2 and Skip) as well as
polyadenylation factors (e.g. CF1-68, CF1-25) are also found in the spliceosome (Zhou et al.
2002). The proteins CA150, Tat-SF1 and Xab2 recovered only at best motif sequence areas
from P. falciparum, Ent. histolytica and G. lamblia and were not placed in the eukaryotic
ancestor. The Skip/Prp45 protein, recovered candidate sequences in P. falciparum and Fnt.
histolytica and was likely 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. Both Aly (covered earlier and placed in the
eukaryotic ancestor) and UAP*® are components of the TREX-complex. Aly is recruited to the
mRNA during splicing and specifically interacts with UAP*. UAP® has multiple tasks in
spliceosome assembly, including dissociation of U2AF® from the spliceosome (Luo et al.
2001). Excess UAP™ is a dominant negative inhibitor of mRNA export and prevents the
recruitment of Aly to the spliced mRNP (Luo et al. 2001) UAP™ protein candidates were
found in P. falciparum, Ent. histolytica and G. lamblia 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. lamblia, 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 Tex1 recovered possible candidate sequences in P.
falciparum and FEnt. histolytica and thus was placed in the eukaryotic ancestor. Other
components Tho2, Hprl (Reed 2003), Asr2B, CF1-68kD and CF1-25kD recovered at best
motif-associated areas and were not placed in the eukaryotic ancestor.

The PolyA-binding protein (PabP) has been characterised in vertebrates, yeast and the
basal eukaryote [.eishmania major and has important roles in translation initiation and mRNA
biogenesis, export and degradation (Chekanova and Belostotsky 2003). Candidates 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 interacts with the
Yralp 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: (7able 4.51)
Y14, Magoh, Rnpsi, Chp80 and Chp20

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 Y14,
Magoh and the Aly proteins, of which only Y14 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 (pl170, 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 elF4E cap-binding protein.
It 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). In C. elegans and D. melanogaster, Y14 and Magoh
are required for late embryogenesis and proper germline sexual differentiation indicating that
the conserved interaction between Y14 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 al. 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 UAP*® and Aly. The SR proteins Srp20 and SRm160
recovered at best motif-associated areas and there was some uncertainty with Rnpsl 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.
lamblia. Magoh is also found in vertebrates, yeasts and plants and was placed in the
eukaryotic ancestor. However, Magoh’s partner Y14 recovered at best motif-associated areas

with both BLAST and ASR from P. falciparum and G. lamblia 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, Y14 was not placed in the eukaryotic ancestor. If Y14 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 Y14 but

not sequence similarity.

Other Essential Splicing proteins: (7able 4.5N)
U2AF65, U2AF 35, UAPS56, fSapl 18, SF1

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 SF1, Luc7a and U2AF (U2AF® and U2AF™ subunits)
play important roles in splice-site recognition during early spliceosome assembly (Fortes et al.
1999; Selenko et al. 2003). During this assembly phase the UlsnRNP binds to the S'splice-
site, U2AF® binds to the Py-tract and U2AF® binds to the downstream AG dinucleotide
respectively. Specific recognition of the branch point sequence is mediated by SF1 (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 UlsnRNP recruitment to the 5'splice-site and U2snRNP recruitment by association to
the RNA helicase UAP56 (Forch et al. 2003). A U2AF® was recovered from G. lamblia but
results were uncertain in P. falciparum and Ent. histolytica. U2AF* has been characterised in
T .brucei (known as U2AF®) and candidate sequences were recovered from P. fulciparum and
Ent. histolytica. Candidate SF1 sequences were recovered from P. falciparum, Ent. histolytica
and . lamblia. Both U2AF subunits and SF1 have been characterised throughout crown
eukaryotes and in basal eukaryotes, and thus were likely present in the eukaryotic ancestor.

Possible fSapl18 candidates were found in P. falciparum, (. lamblia and Ent.
histolytica but will require further analysis to determine their validity because of the close
sequence similarity between members of the RNA helicase protein family. Little is known
about fSap118 except that it is a helicase of the SKI2 subfamily and has been implicated in
mammalian splicing,

The IFN4/Fallp protein is involved in 40S ribosomal subunit biogenesis in S.
cerevisiae (Forch et al. 2002) but it is also found in vertebrates and plants. [FN4 recovered
candidates from P. falciparum, Ent. histolytica and G. lamblia and although it is a DExD/H
protein was placed in the eukaryotic ancestor. Little 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. This situation is the same for other proteins such as
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Mfapl, 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 7.
falciparum, Ent. histolytica and G. lamblia 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 /.
falciparum, Ent. histolytica and G. lamblia. 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 splicing-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 simplified
but just as complex. All five major-splicing snRNPs (U1, U2, U4, US and U6) are likely 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. DExD/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 limited use in this situation because they are often shared by the other
members of the family. Thus biochemical analysis including protein/RNA binding studies will
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

4.5A | 89 [Ul-specific U1-70, Ul-A, UI-C, Prp48, Nam8, Prp39

45B | 89 |U2-specific Sap 155, Sap145, Sap130, Sapl14, Sap62, Sap61, Sap49,
Ul-A, Ul-B, P14, Rds3

4.5C | 89 |U5-specific Prp8, Brr2, Snul 14, Prp6, Prp28, Snu40, U5-40, US-15

4.5E | 90 |U4/Cé-specific Prp3. Prp4. Prp31, Cprl. Snul3, Prp24

45D | 89 |U4/U6.US-specific Snu66, Sadl

4.5F | 90 [Sm/Lsm core SmB/B’, SmD1, SmD2, SmD3, SmE, SmF, SmG, Lmsl,
Lsm2, Lsm3, Lsm4, Lsm5, Lsm6, Lsm7, Lsm8

45G | 90 [Catalytic Step II Prpl6, Prp22, Prp43

45M| 92 |DExD-motif Abstrakt, P68

4.51 | 91 (SR proteins SF2, 9G8

45K | 91 [Prpl9-complex Cdc5l, Prp5, fSap33, Crn, Plrgl, Prpl9

4.5) | 91 [Other cellular events UAPS6, SKIP, Texl, PabP

4.5L | 91 |Exon-junction proteins |Magoh, Cbp20Q

45N | 92 |Other splicing proteins |U2AF65, U2AF23, SF1, fSapl 18, Mfapl, Ifa4, Rha,
Ccap?

Table 4.6: Summary of the 75 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. Lineage-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 horizontally transferred (Jain et al. 1999). 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
ability to join two independently produced pre-mRNAs in a trans-splicing reaction has
remained in lineages that do not contain SL-trans-splicing (Garcia-Blanco 2003). [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 all three types of splicing (major, minor and trans) (Boue et al. 2003), present in many
diverse eukaryotic lineages and is an important mechanism in gene expression and regulation.

Alternative splicing is thought to have played a major role in genome evolution (Boue
et al. 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 allow a ‘trial and error’ approach for the evolution of gene structure
(Boue et al. 2003; Modrek and Lee 2003). It 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. Intron characteristics can reveal a number of things about
how they are managed. Intron 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
likely less than 1000 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 splice-site boundaries across
exons. It 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

lineages) 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 intren 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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Chapter5 Conclusions and Future Work

"I 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, itis 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 study' 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 itself. 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 followed 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
cluster with 65 nodes (128 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 likely 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 (USsnRNA 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 identification

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 NCBI database search facility and thus, is a very

" With the help of Dr. T. Macke, the principle programmer of the RNAmotif software.
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useful tool for finding homologous proteins from many species in 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-BLASTing 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, BLAST 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 reconstruction (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 HMMer, 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 (PAML and FastML) were used to infer the ancestral sequences, but there are
other programs available. A comparison of ASR using a range of prediction software would be
useful in developing this technique 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 straighttorward 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 eukaryote (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 examine the nature of RNaseP in the eukaryotic ancestor.
Crown eukaryotes are known to have 9-10 proteins (depending on the species) associated with their
RNaseP RNA but until now, nothing was known about RNaseP in basal eukaryotes.

The RNaseP RNA candidates recovered from the basal eukaryotic genomes used in this
study (G. lamblia and Ent. histolyvtica) mostly resemble their crown eukaryotic counterparts. An
exception is in the P3-region of the RNaseP RNA, where a bacterial-like structure is formed instead
of the traditional eukaryotic-like structure. Secondary-structures were calculated by folding local
regions with computer software, using the consensus RNaseP structures (from all three kingdoms)
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.
lamblia and Ent. histolytica contain essential motif regions that are present in RNaseP RNAs from
all three kingdoms (Frank et al. 2000) and there is confidence in their validity. It is hoped that once
published these sequences will be examined further by researchers who specialise in eukaryotic
RNaseP RNA.

RNaseP from basal eukaryotes, as expected, seems to be comprised of a single RNA and
multiple protein components, like that of crown eukaryotes and some archaea. Since a complete
RNaseP complex has never been characterised from any basal eukaryote, it is unknown as to its
total protein content. Four proteins (Popl. Pop4, Pop5 and Rpp2l) were characterised from G.
{amblia but, there are other proteins (Rppl4, Rpp25 and Rpp30) that have been characterised in
archaea that may also be present. There are differences in the total protein complement between
crown eukaryotes. Humans and the yeast S. cerevisiae each contain an acidic protein (Rpp40 and
Pop& respectively) which bear no sequence homology to each other and are not found in any other
species (Jarrous et al. 1998). 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 (Popl,
Pop4, PopS, Rpp2l), or present in crown eukaryotes and archaea (Rppl4, 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: Splicing 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. Major and trans-splicing have 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 with 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 with 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 by no means complete.
Buring this study, new proteins were being characterised in the literature on a monthly 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, although some species specific proteins (e.g. from
human and S. cerevisiae) were included as a negative control for the searches of basal eukaryotes.
Although it was possible that some species-specific proteins may be detected in 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.
lamblia; Nixon et al. 2002) were used as positive controls.

This study focused mainly on three basal eukaryotic genomes, G. lamblia, P. falciparum
and Ent. histolytica 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 1998). 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 will be used
to further annotate the G. lamblia genome. Biochemical 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 spliccosomal proteins indicates the presence of a spliceosome, G.
lamblia to date has still 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 it is likely 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. 2001). As the G. lamblia genome is further
analysed, both computationally and biochemically, it is expected that more introns will be
characterised and a clearer picture will emerge of spliceosomal processing in this organism.

At present, the USsnRNA is the only snRNA characterised from G. lamblia (Chapter 2)
although the other snRNAs have been found throughout basal eukaryotes and were likely present in
the eukaryotic ancestor. [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 spliceosomal
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, literature and results data had to be collated, analysed and
managed. SpliceSite 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 protein components may have been
present in the first eukaryote would require searches of archaeal genomes (similar to searches in this
study). Some spliceosomal proteins (including 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 bioinformatics meets molecular biology. It is well known
that the 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 humans 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 tofind it, organise it, then analyse it. Bioinformatics will
play as much a role in finding out how an organism works, as traditional biological sciences. As we
struggle to comprehend biological systems in even the ‘simplest’ organisms, using high-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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KOG eukaryotic orthologous groups

Ribosomal Database Project

Internet-Based Analysis:
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BLink helpfiles

Software:

RNAmotif

RSEARCH

ERPIN

RNACad

WinPep Protein properties software
PepTools

FastML
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Paup*

Miscellaneous:

Eukaryotic Tree (Figure 1.3)

The Gene Ontology Consortium ™ (GO)
Helix

Genomes:

Plasmodium falciparum

Entamoeba histolytica
Dictyostelium discoideum: dictyBase
Giardia lamblia

Ciona intestinalis

Drosophila melanogaster: Flybase

Caenorhabditis elegans: WormBase
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Introduction

Non-coding RNAs make transcripts that function as RNA, rather than encoding proteins e.g.
ribosomal-RNA (rRNA) and transfer-RNA (tRNA) [1]. They often form part of RNA-protein complexes
(Ribonucleoproteins or RNPs) and play vital roles in essential cellular processes such as protein
metabolism and splicing. Searching databases for homologs based on sequence similarity is only useful
for the most slowly evolving or large ncRNAs like ribosomal RNAs, and becomes much less reliable for
other snRNAs. If there is also large evolutionary distance between the species that is being searched and
the species for which the gene is known, sequence similarity methods often fail to uncover any potential
gene candidates for further analysis and confirmation as ncRNA gene homologs [1].

Noncoding RNAs usually fold into characteristic secondary structures and also can contain small
sequence motifs. RNAmotif {2] is a program that uses this information 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-function 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 U5 snRNA and the
eukaryotic RNase P RNA. These genes have conserved and variable sequence and structure areas which
allowed the identification of gene candidates in some protist genomes such as Giardia lamblia {3} and
Encephalitozoon cuniculi {(a microsporidian).

Results and Discussion

Descriptors for the US snRNA were designed with a unique motif scoring section allowing
important motif presence or absence to be seen at a glace in the results file. This is necessary because
sometimes scoring regimes can add up individual motif scores in such a way that a sequence can be given
a higher score even if an extremely important motif is missing. Spreadsheet sorting can also be used to
detect sequences containing a certain motif. RNAmotif is a processor-intensive program. Even a short
descriptor can run into problems when searching a large genome database and often the program will not
run to completion in this situation. Parallel computing is one solution with large databases being split
into smaller pieces, each piece run on a separate node, and then the results collated in a single result file.
Getbest was also incorporated into the parallel implementation as a --post command, filtering the results
from each worker node to give a more condensed results file. This reduced the space required for the
results file and enabled realistic sequence analysis of the results

The US descriptors were tested by searching against the genomes of £. cuniculi and Plasmadium
falciparum for which the US snRNA genes were already known. Application of this technique resulted in

new U5 snRNA gene candidates from the genomes of Ciona intestinalis (sea squirt) and Giardia lamblia.
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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 1 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-CRI-P7-P10 section of the whole secondary structure and was called
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. CRV pseudoknot pairing and CRIV 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 £.
cuniculi genome recovered 14 sequence areas with only one having a viable CRV consensus sequence.
When this sequence was BLASTed against GenBank, rat and mouse RNase P RNAs were returned with
low scores. Genome searches against G. /amblia recovered eleven sequence areas with the top score,
each having the Eukaryotic CRI consensus sequence. Of these only one had a viable downstream CRV
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 RNAmotif 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 searching for some sometimes hard-to-find ncRNA genes.
Finding these genes in protist genomes may help in our understanding of the evolution of RNA
metabolism from the earliest Eukaryotes.
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Appendix B: Ancestral Sequence Reconstruction Supplementary Data.
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TS~HLPSNYF THDLLHNNF TNSTILPAFRITRLUTLAPLGEP PEWSRGSRNALRYKIQSASLELFODQTLTOLTXEME TYLSNDSLRK-LRVEQVLSZDARKILT
ISSPAEIPAGTILGLTVRDPR-VNLPPQRSKALPNPERYQANERVXQLLLEGVPVACANSF I¥DQD ICRSVTENKLSDQDLNRMRSE- LLVPGSQLILGARESK
NSTPAEIPAGTKKGL TVVDPRLENLPAKNGDALLHPPKFLPSERVRPLLLEGYPVLCEHSFWUDKD IERSAKE I BSSDQDDKRRRIHAVLP PGSCLFLGQREAL
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i74
221
376
376
323
309
382
38z
382
407

348

220

336
382
455
455
455
486

418

492
492
407
372

525
456
9477
480
504

324
295
545
549
457
486
559
559
559
503
186
522

594
594
430
406
491
567
482
524
515
567

405
397
647
653
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840 ® 860 * 880 * S00 b 920 *

Human IPILLIQQPGK-VTGEDRLGUGSGUDVLLPKGUGHAFWIPF IYRG- VRVGGLRESAVHSQYKRSPNVPGDFPDCPAGNLF AEEQAKNLLE-KYKRRPPA
House : IPILLIQQPGK-VTGEDRLGUGSGWDVLIPKGUGHAFVIPF IYRG- ARVGGLREATVHSQYRRSPNIPGDF PDCRAGVLFAEDQAKDLLE-KYRRRPPA
Drosophila: PVILIQRPGSQDPRYKRLGYGCGWDVIAPAGYGMTLYLTLTHUG------ ARPGGLRELDSVAREAG---AEIHLPDTL AGVQRAAASADELRA-RYFRMPPNK
Celegans DFWVSLQRR VRASGLRDE YAAHLESKALYYPLDDVGSEAGRESEL AMRRELIE-RYLGKPHN
Cbriggsae : =--LFFQIP--=-A-ccccccccccccccaa" K--DLWVSLQRRG--===~ ‘VRASGLRDEYAARLESKALYFPLDDVESEAGKESEAVHRAEL TE-KYQGKPHN
Scere H LVHLLNRIPR MYHIGLRQFQQIQYENRQLYFPDDYPFTQLGYIENSFYKKEASKTKUDRKPHE
Sponbe FVURKNRYQK! IRFGGLENLHQIAFEKRHMPFFP IDYPDTISGQLCEEERKKRNED-SWKRRPPAKRVNYQKF GDNFS
Aspergil LVYSLEYYPLSSGGTVRFGGLKEQRQLAFEAGEPWFPGDF PGTRAGWEUN- IREREKARQEWE
Candida FUIQITRVTD---~- IRPGGSKQNHQF QFENHKPYYPQDF PUSYDGUQYN-KLVGEANQIRAA
Plaswod :
Crypto H
Ent ba :
Microspori:
Giardia ¢  ALLGHYQVPLDEGEVIHDDSIDCVATQCDSKPIELAHESPL TEAPKPLSRPTHVD IEPLTSLEFVTPPPA
Nodeai :  IPILLIQQPGK-VTGEDRLGUGSGUDVLIPKGUGMAFUIPFIYRG- ~-VGGLREATVHSQYRRSPNIPGDFPDCRAGVLFAEDQAKDLLE-KYRRRPPA
NodeB : PPILLLQPPGRDPTGKDLGGUGSWWDVLLPKGGGTAFWIPFLVRG-: ~GGGLKLDSVARQHRRAPNVPEDYPDCDAGQRFAASQDKKLLERKYRRRPPA
NodeC : PPILLLQPPGRDPTGKDLGGUGSWWRVLLPKKGGTAFWIPFLURG--——~==~ GGGLKFDSVKQQHQRALEYPEDYYPCDAGGSYAASQYKKLVERKYRRRPPA
NodeD H F VERKAKYQK! VIRFLVRGLNHVTASRGGHVRFGGVKQQHQSAFEYPEDYYPRDAPGSYAGUQYNKRVEREKRRRPPA
NodeE : L IRFLYREIMAVTASSGGMURFGGQKQQHQSAQEYEEDYYPRDFPGSYEGUQYNKKVEREKSKRKPA
NodeF : VURKAMYQ LIRFLBREL RFGGQKQQHQSAQEYEEDYYPRDFPGSYEGUQYNRKVERERERRKPA
NodeG : LVHLLYRQITRVTDFXYHIVRPGGQKQQHQSKQEYHEDYYPQDFPGSYEGUQTNRKKLSKEKWQRKPA
Noded H
NodelL
NodeN ~--DFWVSLQRRGLLALTAVRASGLRDEYAAHLESKALYFPLDDVESEAGKESEAVERAELTERKYQGKPEN
940 . 960 . S80 * 1000 » 1020 " 1040
Human RRPN-YVKLGTLAPFCCPVEQLTQDVESRVQAYEEPSVASSPNGKESDLRRSEVPCAPMPKKTHQPSDEVGTS IEHP REAEEVADAGCQESAGPERITDQEASE
House :  KRRPN-YVRLGTLAPFCCPUEQLTRDWESRVHAQEAAIIASMPGAQETDPRRLGVPCV--PKEICQLSNEAGIAYNQPRKPE---VTCQAQEGTRKVANEWNASEA
Drosophila: RTN-YRKLAVVSPFTAPURHLVRDWRASFSSASE YVLR ---LPQTLP----DDAIIQI
Celegans RRCKHUSAVSVKYPFEFKWDELSQDUNLSNKP--—-=-—-=-—-—-ocoemm RSEAFVCR------- DLQK~---LRIIEEAMRK---GSGLEEFQEP--G---HLIP
Cbriggsae : RRCKYWUSALSVRYPFEYKFDELVTDUWND ETKAFACR DLQK---LNEIQMNLK----GHGEVQKEEP--G---HLIP
Scere : GRRINFEKIKDIHNTKLPAYSGEIGDFFSSDWR FLQILR NGIDYLQRNDK-=-===-~ TLELMDS-------KK
Spombe : EIG---NPFCCDWVYLNENM
Aspergil : RRPKGRRTEFDSLDLGNGQKGE IGHGWACDWERLVQG. ~PPKISTPEPNEAKE IEQSQDAEQQDT---~~
Candida RLPKSQVSVQQSERNYSVIFN----ANKCDUTDLRN----
Plasmod
Crypto

Ent

Microspori:

Giarzdia H SAASSGQTSIIFQPILSTSQF ASLSFAVSKDEAQPFLLGLVRDGIP ILGEKELL ITVSNLTQAPCIPT
Nodei RRPN-YVKLGTLAPFCCPWEQLTRDWESRVHAQEAASIASHPGAQETDPRRLGVPCVPNPRE IHQLSNEVGTAENHPRKP EEVHVTGCQEQEGPRRATEQNASE
NodeB :  RRPKVRKKLAVSPPFASPVHQLTEDWESCSSAREAAGVASMPGGRETDGRSLYVPCLPNPKEHRQLLEEVGESTRHRRKPEPVMAKGLQQSLDPERADDAIVKE
NodeC :  RRPRYRKKLSVSYPFASPVHQLTEDWUNSCDSAREAAGVASNPGGRETDGRSLYLPCLPNPREHRQLLEEVGASERHQRTPEPVEAKGLEQSQDPERADDAILRR
NodeD : RRPKYRKSVSDSHPYANPWHSLVGDUNSCDWARLRQGVASLPGGKETDGRSLFLQCLRMPREHRQLLEEVNGIDYQQRTPEPNEAKGIEQSQDPEQQDTAILKK
NodeE : RRPRNRKSVCDSHNYKNPNYSEIGGGUWACDWTR-~—=--vm———mmmmmm FLQILR------ QLLE--NGIDYKQRTPKP---KEIEQEQDAEQQDTAILKK
NodeF : RRPKNRKSVCDSHNYKNPMYSGEGGGFAC QDAEQQDTAILKR
NodeG :  KKPKNQESVKDSHNNKSPXYSGE IGAFKCDUTRLRNGVASLPGGKETDGRSLFLQILRNPKEHRQLLEEVNG ID YLQRNDKPNEAKE ITLELEDSQQDTALLKR
NodeJ : -
NodeL :
NodeN :  RRCKYWSALSVKYPFEYKUDELVTDWNDGPSPREAAGVASLPGGKEADGETKAFACRPNPRELRDLQKEVGLNE IQMNLRKKPVLGHGLVQREEPEKGDDANLIP
% 1060 * 1080 . 1100 » 1120 % 1140
Human NHVAATGSHLCVLRSRKLLKQLSABCGPSSEDSRGGRRAPGRGQQGLTREACLSILGHFPRALVUVSLSLLSKGSPEPHTNICVPAKEDFLQLHEDWHYCGPQE
HBouse HEATTGSQLCVVRSRKLLKQLSSWCGPSSE----IRRAPCRAQQELTSNVCLSILNDFPRALVWUVSLSLLRKGSPEPHTNICVPSKEDLHRLSQDQC YHGPWES
Drosophila: QLQLLS------RGH--VKDNALICLPTRADHK-KRVRQLKHNDQAPVHVEPTQPDLNEQLRKELRQS--HKLKLKRLRSRRVREKR-----~ R--LQETATKR
Celegans VEKLQFFG: RGR--PKRYGMVCLPTDDDLIS IRRNRNREIIQTPPEASSQDSDIVEANRE IEEIT---VKKNQGFHESLEAAASEK---PINLKLLFEETTK
Cbriggsae VRLQFFG- RGR--PRKFGMVCIPTEEDLVLIRLDKTKEIIQTPPFST--DGDDVEPMEVEEEVPETRKMMQGFVSLQAAASEK--~-PINLKVLFEERAK
Scere H CTLLERGHPK
Spombe ;o VKASRDEDKTLQLVRVQVQLVQRGSLQDRARIYCLSDDELSKWKTIIYKENLTAENLLYPKCPNETAIIGFVTTGNFNLNAGKPSGIANVLAKTIRNER
Aspergil -QNSDAEQQAVG------~ GHAPPFDIHHLP IAKAEAA INNRSEPTEQAAIATVRISLLHRGSPNP AARI YRLPTITNPDLRQEVWLRLASDERR~====-~ SKSR
Candida | --------c---coo-oooo MVLLEKYSKMDRKTVKK---GSGQPDFAQYDGPERIINSVHDLLQTTKSLENDVTDVNETTVELYTNNQSQVD~-~---—--~~. EY
Plasmod
Crypto oo
Ent, :
Hicrospori:
Giardia i TLAPSTLYYNLSHVLDAFGAWARRPRTKRAHSYSSRSVLWYVSQIVGSTELTNAYLSSPVATCFDLVLEEVCKELYDQC YPLRRAKVKQVKDAFNQUITTPAIK
Nodei :  AHNATTGSQLCVVRSRKLLRQLSSWCGPSSEDSRGIRRAPCRAQQELTSNVCLSILNDF PRALVWVSLSLLRKGSPEPHTHICVPSKEDLHRLSQDWHYHGPQE
NodeB AHMLLSGSQLCVRRSRKLLKNAVLUCAPSSEDKRARRRALSRSEQEPVPVVATQRKLNNAQRRLVLPSSSLTRLKSKEPRTRRALPSKKDLHRLNVDLL YTGTKR
NodeC TQMLLAGAQLCVDRSRKLVKNAVLLCVPSSEDKRARRRALSRSEQEPVPVVATQRINNAERQLVQPSSSLTRLKTKEPTTRQALASKKSSQRLNVTLL YRGRSK
NodeD TQASNAGAQRVED RRRQLVRNAVLLCVPNSEQKRARRRALSRSEPEKVPVIATKKINNAERQLLQPASSLTRLVTFVPTTRQELITKKSSQRANVTLLERGNSK
NodeE :  TQNSNAQAQRVEDKRDQLVRNAVLLVIRNMIQKRAKTRALSRSEPSKAPV IATKKINNAERQLLQPASSLTRLVTFVPTTRQELITAKSSQVANVTLLERGNSK
NodeF :  TQNFNAQAQRVEDRKRDQLVRNAVLLVVRNEEQRRAKTRALSRSEPSKAQVIATKKINNAEHQLLQP ASSL TRLVTFVTTTTVELI TAKSSQVANVTLLERGNSK
NodeG TGQFNAQGQRVEDVRD INCUNAVLEVYKD RZRKTARTRANSSSQPENAQVAASKRINNSKHQLLQPTSSLVNSVTFVLTTTVELITANSSQVDNCTLLERGRPR
NodeJ — o
NodeL
NodeN VRLQFFGGQLCGDRGRKLPKRFGHVCIPTEEDLVLIRKDKTKE I IQTPPFSTSQDGDDVEPMEVEE EVPETRKMXQGFVSLQAAASEKDLEP INLKWLFEERKAR
= 1160 = 1180 = 1200 = 1220 = 1240
Human SKHSDPFRSKILKQREKKKRERRQRPGRASSDGPAGEEPVAGQEALTLGLUSGPLPRVTLHCSRTLLGFVTQGDFSHAVGCGEALGFVSLTGLLDMLSSQPARQ
House :  RHSDPFKSLILREKEKKKKERRQDGEHRASEGQAAGPPIAGQE AL TQGL¥SGPLPGLTSHCSRLLLGFVTQGDFSHAAGCGEALGFVSHTGL LENLSSQSAAN-
Drosophbila: VHIRPANTAHLVRGQLQEMCRLWLPTDPAELRDSVRRQCS RQUFGYVSTAGFSFTEALVCAVGYVTPAGLQQLIEELPASKG
Celegans : -LDDKTTKRRRVNRKKRESK-KRRKIEQEKRKEEAEVEEVQ-RLATKYRFSANR~--—-—----- EIIGRLVAGEQSVLAGHGVGIGYICANTLSLIASNYRKS-
Cbriggsae : NFRFRTSKRRRANRRKKESR-RRRKLEFEKRKLENEEEETQ-REQVKYRFSANRYT-VNTPSSHEIIGRLVAGEQSVLAGHGTAVGYICANALLRIASNYHKSE
Scere :  DNARIYQVPEKDLEHWLQLAKGVYRPNGRKDHDLKIPLPEVH---v—-— oo v mmmmmm e e DLIGF ITSGTYHLNCGNGMGIGF IDH- ----HAAIRQPT
Spombe ¢ SGYCIIRNVGCSVPRLAQUVKFNQSH
Aspergil : KAPHPQGHLQQSAQPSAAQGDARQRLAASLITPAADTESRKEHLPIP ~TEEDLIGFVTTGNYNLSEGKGTGIGSILVSKVAASGRG
Candida NNTYRIANLAE TVATRLP IVQVSL TVUNDGTIEDNARLYSDPSGTD- IHCVGFVTTGAMNLNLGKYSGIGTIIA-----QRUL
Plasmod H
Crypto
Entamoeba :
Microspori:
Giardia i LSQSNLGSHHNGAARDNLNEIDVSATIARLESFVESLPARSLELESVLCLATRYTKIISLTVLHNYPYGHILKLRPVDGVSTESLSAVVLHCSYSTLAGRCLAIL
Noded SRHSDPFKSKILKEKEKKKKEKRQKPEHARSEGQAAEEP IAGQEALTQGLUSGPLPGLTSHCSRLLLGFVTQGDFSMAAGCGEALGFVSETGLLEXLSSQSAAQ
NodeB SHHRPASKARLVKQKRKEMREKRQKPEHAKTKDEAAREPSAGQEALTLGLUSGPLPGVTSHCSRVLLGVVTAGFVSTAAGCGAAGGFTSVGALLLIESAPSARG

650
650
584
468
561
629
558
586

626
688
692
688

701

793

762
734
792

805



L4 1260 . 1280

Human 1024
Mouse 1014
Drosophila: NRKQPPLACLVRDADSRDYRWASFQVNLNVASPTF-- B8s7
Celegans : -—---—- KTVVM-RNSTSKYYHPAYVTILENATKI--- 744
Cbriggsae : LDILF-KTVVEVRNSTSKYYHPAYVTVLKSAVQI--- 8s3
Scere Becccc—cg YVLIRNVGTNTYRLGEUSKISV------ 87s
Spombe =
Aspergil QARER---~--- REC IVRNAGERVGRLGFWELIH--~ 850
Candida IEENG—----——- HRLYVRNPGKSKVYSVFFRVIK--- 780
Plaswod =
CIYPLo  § =mmcmimcmemeecaea- -
Entamoeba : ——— =
Microspori: -
Giardia IVIFTNQQLAQRDVICTSSPSEFYVEGEQF TSRLHUN 780
Nodeh - : ----- PRGLVLLRPPTSLQYRFARITIEVV----~-- 1077
NodeB REKQPPRGLVVLRASTSRYYRAAYVTILVVAVPTF-- 1096
NodeC REKQPPRTLVVLRRSTSRYYRASYVTILFFAVPT--- 1043
Nodep REKERPRGLYVLRRSVVRNYGKSYVRLVFFAVIK--- 972
NodeE RERERPRGLYVLRKNVVRNAGKSVVRLVFFEVIK--- 1004
NodeF =
NodeG REENGPRGL YVLHKNVVRNTGKSKVESVFFVVIK--~— 1034
NodeJ =
NodelL == =
NodeN LD ILFPKTVVHVRNSTSKYYHPAYVTVLRSAVQI--~ 1047

Supplementary Figure 1: Complete amino acid alignment of the Giardia lamblia, Entamoeba
histohtica and Encephilitozoon cuniculi Popl candidates with cukaryotic Popl proteins and
ancestral sequences. Node positions are shown in the main text as Figure 1. Key: Human — Homo
sapiens; Mouse — Mus musculus; Drosophila — Drosophila melanogaster, C. elegans —
Caenorhabditis elegans; C.briggsac — Cuenorhabditis briggsae; Scere — Succharomyces cerevisiae,
S.pombe — Schizosaccharomyces pombe; Aspergil — Aspergillus nidulans; Candida — Candida
albicans; Plasmod — Plasmodium falciparum; Crypto — Cryptosporidium parvuni, Microspori —
Encephalitozoon cuniculi; Giardia — Giardia lamblia. Darker shadings represent the increased
amount of homology of the amino acid position in the alignment. Note that the alignment has only
two arcas of conservation, the “RRR-motif” and the “W-box™, both of which are shown in greater
detail in Figure 4.
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. 20 * 40 . 60 * 80 L 100

Human : HE: RHALSQ-~————~=————eeee——e KE DY AQRAEAFVRAFLKRTSPRMSP--- 44
Mouse : MR-— [AF SH- KEA! F SQRAEAFVRAFLKQS IPHMSQ--- : 44
Drosophila: = LEHATSEL REFISDLGIPH QRCNVNINP--- : 28
Celegans : s E S : 20
Scere § memmmemmmer e MDRTQTF IRDCEF TKCLEDPERKPFN-—-——----— ENRF LLPTDGGLTSRLQ---~-~| RQORKSKLNLDNLQKVSQLESA--- 69

: HAD. SLET—~— e VNSTSKYTPESL-——————————= ==~ VFQTKILTPEEARNVINEKIA--- : 44
Arabidop : MGTETVVHDQARVAMAAMERRLAVARAQZLQQQQQKNEKDKKGTSDVDVSMKESHQ PTPSKTSIKKVDPKDDDSVAYTKLSHPVDENLLATNVKFSSAKG : 104
Giardia : NSSNDT LTF I LGLTSF Y¢ --SRANEVQDA--- : 27
Nodei : ER- -} HALSQ RE DEQPSG --SQRAEAFVRAFLKRTSPHESP--- : 101
NodeB H BR--"YHALSQ- -KEF! l."l'?:“ AQRASALVRENLQRTSQKMSP--- : 101
NodeC I NDRTLTFER--YHALSE-——--—————ommmmme KEF TPPG—~~-~~——====—— AQRASALVR LQRTSUNMEP--- : 101
NodeF ] ~-NDRTQTFERDPIVFSKLKEDPERPFN--~=----—-= ENRF: I TPPSDGGLTSRLQ-~~~-~~ QORTSKLTPENLQRVSQERSA--~ : 101
NodeH : —---HDRTLTFER--¥ QQKPERPFNGTSDVDVSHKENRFSUSLY TPPSTGGLTSRLQDDDSYRCQRTSKLVPENLOKTIQKESAAKG : 104

% 120 * 140 * 160 o 180 n 200
5 £ péh
Human TRAV .’memq:-- Agc« ol 116
House : JKAV- ILEYFTRLKPIPR-PRRISG 117
Drosophila: TKIKRQHSHIR--RAHISS 3 EYALR MK ;~H H H 95
Celegans K 45~ -KRTEKTN JRG——————-~ ' TEDDKKAFK Vi K ER : 82
Scere ITDREDLLHYIEEKHP THYESLPQ VR YKE) X i 187
Sponbe %: P-KIADRSQKHE: -3 BCS| A7 : 113
Arabidop SMKRLKKSGALHPKDLOQK K _RESH MK i 207
Giardia R P i K : 100
Nodek 208
NodeB 208
NodeC 208
NodeF 208
NodeH 208
g

Human :  LRPDTQPQMIQH-----—- 3 T Ebeg: | ETR KF 203
House : LEPDTQPQNIQU----- K ST & ] 4 3 R H I I KF 204
Drosophila: REGDEVPQVHD]] { 1 3 H % 'QHL] 189
Celegans : HFS-S--TKIEK------- 7. G G 5 T TP 15 FUVH F ' DGHRT 166
Scere :  TRNLKTFNGSLI-- RE T MR ‘KGT\YJQFENP ISDDDDSALRYS LNDR!‘KYF 1 256
Sponbe : CTG----ESL R QDSHHKVIHDWQRK———E?{’:I TQHL! : 200
Arabidop : TGK- A AECKIASFTGV( ————— ETSETFGI : 290
Giardia :  DQK- P -LSVDVGLF”PNG—-S---TGHVYLVGKLL s @ 180
Nodei : LKPDTQPQNIQY /LN I'SRT 312
NodeB : TRGDTTPQNI KD! 312
NodeC : REGDTTPQVIE KD 312
NodeF :  TRNLKTFESLL! KF I¥DVSDDD--~| 312
NodeH :  TRNDKTPQILLJ KD AF I}iGVSGDDDS 312
Huwan : SIS AR S~~~ -~ -~ ALGTHDL - -——---- i 220
Mouse : SSARR G~ -~~~ — - AGSDL -~ —-—-——~ 221
Drosophila: R: SN~~~ —=FVPFl- =~ == e : 206
Celegans : 198
Scere 279
Spombe 216
Arabidop 309
Giardia 198
Nodeid 336
NodeB 336
NodeC LLPYVSTKD 344
Node¥ ‘2 MLYYIQN-- : 342
NodeH SGTLDE-——————— 336

Supplementary Figure 2: Complete amino acid sequence alignment of the Giardia lamblia Pop4
candidate with other cukaryotic Pop4 proteins and ancestral sequences. Key: Human — Homo
sapiens; Mouse — Mus musculus; Drosophila — Drosophila melanogaster; C. eclegans —
Caenorhabditis elegans; Scere — Saccharomyces cerevisiae, S.pombe — Schizosaccharomyces
pombe; Arabidop — Arabidopsis thaliana; Giardia — Giardia lamblia. Darker shadings represent the
increased amount of homology of the amino acid position in the alignment.
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House
Ruman
Scere
Spombe
Giardia

Microspori:

Hodek
NodeD

Mouse
Human
Scers
Spombe
Giardia

Microspori:

Hoded
KodeD
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Supplementary Figure 3: Complete amino acid sequence alignment of the Giardia lamblia and
Encephalitozoon cuniculi Rpp21 candidates with other eukaryotic Rpp2! proteins and ancestral
sequences. Key Human - Homo sapiens; Mouse - Mus musculus; Scere - Saccharomyces
cerevisiae; S.pombe - Schizosaccharomyces pombe; Giardia — G. lamblia; Microspori - Ecz.
cuniculi; Darker shadings represent the increased amount of homology of the amino acid position

|

|

L )

| in the alignment.
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60 L 80 . 100

Human : R BLCEALUSDDPRC-———————=————————me RLSLDDRV#SSBYRDTIARV] TEA-———— PCSIG 51
House g ‘ BLCEAYSEDARC-—————————————————— RLSLDDRVIG RDTIAR' FEA---—-AACSVG 52
Drosophila: < TN AV QIR PY TP TQ-— — = ——— == == === == SLRLNDHSIET! LONVEKY' YI L----AVIEQG 52

H R Rl FFDYPTIPSDSS-ITTSS)ES RTMVAEN] V] = 61
Scere ] RIBRSIR FPPTDTNVEESVSKAD ILLSHHERASPADVS IKSHLQENRRSLSLN] Yl —----3ARCNSL 71
Arabidop NCBNLMES FLDPDKD -~ =—===—=—=< LLGEGTPIILTQFNZSKAJKDSILVNI C&—---LG3SLGS 58
Giardia R I ITQED---IGDALRTAILN; 47
Pabyssi I Sl I EFTKDEV--KS) ss
Phorik I} mem—meme—e—emeee——— RIJROR " T DFTKDEV--KE]| 56
Archaeog : MNHGSRGNFRNHHKLFFTFRSKAIVKGLPPS®:SY KIDERS) 74
Mjann I R LKEGE--| 56
Mthermo ) R LSREE--| 57
Noded : R L CEASEDPRC-—————————————————— RLSLDDRV) FEA----AACSVG 52
NodeB R --PLSLNDHS: A----ARCSSG s2
NodeH 52
NodeD 51
NodeF 52
Nodedrchl : —-=—=—---—-—————e——— ;] BI 60
NodeArch2 : MHGSRGNFRNHHKLFFTFRMMAMLKTLPPTI®: CETS---TALAKP 82
NodeArch3 : MHGSRGNFRNHHRLFFTFRMIEMLRKTLPPTIAIE (K BAFKESISDEEAA -~~~ —————————— e | CETSNFRTALARP 85
NodeArch4 : MHGSRGNFRNHHRLFFTFRMIEMLETLPPTISS PAFESISDKEAA-—————————————————— CETSNFRTALAKP 8s

* 180 ¥ 200

Huran ENKGHRYPCFF] H ‘ 2~ TC! IQYNRRQLLILLONCTDEGEREAIQRKSVTRSCLLE-~--- 148
House ENKGHRYPCFF H 3-TC IQYNRRQLLILLQNCTDEGEREAIRKSVSRSCLLDREPV 153
Drosophila: IGDVRAR----FRTMY I-QC KHQKQFLDRTMGQITSAKERQDLFRRVMEFDMDR-~-— 145
Spombe R) RELYG----KPVIIRVER KAELAAVERNKSE IRNISLMDEPIEV--———-—-————mm 139
Scere : ¥ T M P SKIEQFA.RRNSKILNIIKCSQSSHLSDNDFIINDFKKIGRENENEN 170
Arabidop R LKSLKSQEKLVSERKAHQIPDTLLSLQHPPTYTLGKRRTDHNLLI 160
Giardia R QMTRVMAPILSAELTRSRKALRT- 121
Pabyssi  : ¥ 3 :z - 'vRLHSQYG——-UK 119
Phorik : R i 3 RL AKYG---WK- 120
Archaeog : ] WAL “RC Ve e e 132
Hlann 5 S SKAKIRF#GIKKPKRWFVIRRERLKAKKQR-======——mmmmemme 134
Mthermo : O Ry M L N 2 SATQKFEKPSKKDKY: 124
Noded “EFYQL, Li L KTCQRF#IQYNRRQLLILLONCTDEGEREAIKKSVSRSCLLDEEPV 154
NodeB EHYRL, IGDVGHRYPVIFR' “KTCQRF¥VQHKKQLLNITLQQSTSESEREAIIKSVSKSGLDNEEPI 154
NodeH . EDYRL, KSIGDVDEMRPVIIR JKLEQLA?QRNKKELHNISLMQETLLSERDPIINSLKKIGTDNENPI 154
NodeD %HYRL YIGNVGHRYPVIFRTHEH KTCQRF #VQHKKRQLNILLQQSTDESEREAIIKSVSKSGLDNEEPV 153
NodeF SEDFRL RKIGDVDEMRPVIIRVER KIEQAAMQRNKKELHNISLMQESILSDNDFIINDFKKIGRENENEN 154
NodeArchl : B ieDEYVEY # TEFNGKGERYRLIIRTH mgﬂ AKYGPKRWKVIRRERLKAKKQKALLKAVAKLGLD----L 158
NodeArch2 : 3 FNGKGERYRVIILTEGE RA] EVYKPKRWFVIRRERLKAKKQKALLKAVAKLGLD-E--V 181
Nodedrch3 : 2 THFNGKGERYRVIIL ‘~RAKRX!"'!VIG(PKR"VIRRERLKAKKQK.LLLKAVA.KLGLD—E——V 184
NodeArch4 : WLEDIDDAVRVRGH] (HHF SGVGERYRVII JRA 1Y KPSKKDKWFVIRRERLKAKKQKALLKAVAKLGLD-E--V 184

* 220
Human : EE--EESGEEAAEAME- : 162
House : EELSDSAGEEVAEAME- : 169
Drosophila: -
Spombe -
Scere 173
Arabidop 177
Giardia =
Pabyssi -
Phorik =
Archaeog =
Mjann -
Mthermo : =
Nodea : EELSDSAGEEAAEANME- : 170
NodeB : EESSLTKGGEEAEAME- : 170
NodeH : EESELTKIGAELHYTQ- : 170
NodeD : EELSLSAGEEAAEAME- : 169
NodeF :  EDDELTKIGAELHYTQ- : 170
NodeArchl : EELSLAAGGEALEATE- : 174
Nodeirch2 : EELSLAAGGEALEATE- : 197
NodeArch3 : EELSLAAGGEALEAT - : 200
NodeArch4 : EELSLAAGGEALEATE- : 200

Supplementary Figure 4: Complete amino acid sequence alignment of the Giardia Pop5

candidate with other eukaryotic and archaeal Pop$S 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 lamblia; Pabyssi — Pyrococcus abyssi, Phorik — Pvrococcus horikoshit,
Archacog — Archaeoglobus fulgidus, Mjann — Methanococcus jannaschii; Mthermo —
Methanobacterium thermoautotrophicum; NodeArchl — Node between Pabyssi and Phorik;
NodeArch2 — Node between NodeArch!l and Archaeog; NodeArch3 — Node between NodeArch2
and Mjann; NodeArch4 — Nodc 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

- Pop} S. pombe (PAML) S. pombe (FastML}) Ecz. cuniculi Entamoeba Giardia

Score E-value Score E-value Score E-value Score E-value Score E-value
Human 84 2¢-16 59 4c¢-10 61 3¢-10 - - 35 0.13
Mouse 72 9¢-13 70 3e-13 S8 3¢-09 - - 37 0.045
D. melanogaster 81 le-15 60 3e-10 50 9¢-07 - - -
C. elegans 75 8c-14 46 3¢-06 36 0.010 - - - -
C. briggisae 64 3e-10 46 3¢-06 38 0.003 - - -
A. nidulans 175 2¢-41 89 4¢-19 - - - - - -
S. pombe 1362 0.0 171 Te-44 - - - - - -
S. cerevisiae 162 6¢-40 81 le-16 33 0.099 - - - -
C. albicans 168 S5¢-42 75 7e-15 34 0.051 - - - -
C. parvum (partial) 62 Je-10 53 2¢-08 34 0.022 - - 39 0.002
P. falciparum (partial) 54 le-07 - - 46 Se-06 - - 38 0.008%
Node A 94 2¢-19 70 3c-13 38 0.006 40 Se-04 43 8e-04
Node B 117 3¢-26 74 le-14 39 0.002 - - 45 3¢-04
Node C 132 7¢-31 47 2¢-06 41 7¢-04 - - 44 4¢-04
Node D 140 4¢-33 95 9¢-21 46 1¢-05 - - 44 3¢-04
Node E 177 2¢-44 118 6¢-28 41 7¢-04 - - - -
Node F 206 4¢-53 120 2¢-28 41 7¢-04 - - - .
Node G 123 4¢-28 91 le-19 37 0010 - - 41 0.008

Supplementary Table 1: Results from BLAST scarches with known Popl sequences and ancestral sequences of the genome databases from
S. pombe, Entamoeba, Ecz. cunicult and Giardia. Node names arce as indicated in Figure 1.
-* Indicates no hits (E-values above 1.0 are reported as no hits).
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Known sequence or Target Genomes
Node — Pop4 S. pombe Ecz. cuniculi Entamoeba Giardia

Score  E-value | Score E-value Score E-value | Score E-value
Human 81 3e-16 - - - - 48 6e-06
Mouse 74 3e-14 - - - - 47 8e-06
D. melanogaster - - - - - - 41 8e-04
C. elegans - - - - - - - -
A. thaliana 32 0.25 - - - - - -
S. pombe 371 e-104 - - - - 46 2e-05
S. cerevisiae 49 1e-06 - - - - - -
Node A 72 3e-13 - - - - 51 Se-07
Node B 87 6e-18 - - S S S S
Node C 75 4e-14 - - 27 0.88 -
Node H 94 9e-20 - - 36 0.002 - -
Node F 172 2e-43 - - 31 0.058 57 9¢-09

Supplementary Table 2: Results from BLAST searches with Pop4 known and ancestral sequences of the
target databases from S. pombe, Giardia, Entamoeba and Ecz. cuniculi. Node names are as indicated on
Figure I. E-values 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 sequence

Target Genomes

or Node — Rpp21 S. pombe Ecz. cuniculi Entamoeba Giardia

Score E-value Score E-value Score E-value Score E-valuc
Human 54 3e-08 37 8e-04 - - 36 0.006
Mouse 67 2e-12 39 le-04 25 0.97 46 4e-06
S. pombe 163 6e-42 47 2e-07 22 54 50 le-07
S. cerevisiae 46 S5e-06 28 0.32 27 0.31 32 0.069
Node A 51 2¢-07 39 3e-04 - - 40 6e-04
Node D* 103 3e-23 48 7e-07 - - 45 2¢-05

Supplementary Table 3: Results from BLAST scarches with Rpp21 known and ancestral sequences of
the target databases from S. pombe, Giardia, Entamoeba and Ecz. cuniculi. Node names are as indicated

on Figure 1.

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.



HMM model S. pombe Giardia

Score E-value Score E-value
Popl PAML sequences 162.82 4.3e-41 27.84 2.9¢-03
Popl PAML and ancestral sequences 199.93 1.2e-53 27.84 3.3e-03
Popl PAML ancestral sequences only 163.88 5.5e-44 25.65 0.16
Popl FastML sequences 167.25 1.5e-35 18.73 0.014
Popl FastML and ancestral sequences 156.31 le-34 21.03 0.039
Popl FastML ancestral sequences only 130.59 le-30 17.07 0.11
Pop4 Eukaryotic sequences 97.16 5.2e-22 50.53 1.7¢-07
Pop4 Eukaryotic and ancestral sequences 108.44 3.9e-30 49.40 1.7e-08
Pop4 Eukaryotic ancestral sequences only 70.53 l.1e-14 34.98 1.3e-04
Pop4 Eukaryotic and Archaeal sequences 70.56 1.5e-17 38.77 2e-05
Pop4 Eukaryotic, Archaeal and ancestral sequences 85.77 3.6e-19 49.78 9e-10
Pop4 Eukaryotic and Archaeal ancestral sequences only 50.63 4.7e-13 36.13 2e-06
Pop5 Eukaryotic sequences 111.88 5.2e-24 24.53 0.012
Pop5 Eukaryotic and ancestral sequences 151.60 S.le-37 - -
Pop5 Eukaryotic ancestral sequences only 145.07 8.3e-42 10.60 20

Pop5 Eukaryotic and Archaeal sequences
Pop5 Eukaryotic, Archaeal and ancestral sequences
Pop5 Eukaryotic and Archaeal ancestral sequences only

110.03 6.8e-28
142.84 4.1e-37
131.35 6.0e-35

Supplementary Table 4: HMM model results for Popl and Pop4 protein sequence alignments used in
searches of the S. pombe and Giardia genome databases. * — * indicates that the candidate sequence was

not found.
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Appendix C.1: ncRNA Candidate Sequences:

Ciona intestinalis
CionaVl.fasta
http://genome.jgi-psf.org/ciona/

ncRNA Scaffold  Region +/-  Method
UlsnRNA 388 48045-47973 - BLAST
73 3062-2966 -
U2snRNA 241 132075-132129 + BLAST
US5snRNA 112 58432-58331 - RNAmotif
71 40056-39955 -
1849 5070-5172 +
1028 15981-15885 -
108 18565-18656 +
U4snRNA 42 351938-351852 - BLAST
300 45480-45566 +
396 28948-28862 -
U6snRNA 245 112452-112352 - BLAST
51 274757-274857 +
Ul2snRNA 99 278659-278642 - BLAST
19 293614-293586 -
244 32757-32779 +
Ub6atac snRNA 563 22545-22589 + BLAST
SL-RNA 1088 126-169 + BLAST with
94 275357-275400 + sequence from
paper.

Entamoeba histolytica

Database downloaded from: ftp.sanger.ac.uk/pub/pathogens/E_histolytica/
The Sanger Centre: Ent. histolvtica BLAST server:
hup:/mww.sanger.ac.uk/cgi-bin/blast/submitblast/e_histolytica

ncRNA Contig Region +/- Method
U2snRNA Contig5621 1535-1491 - BLAST
Contig5402 6117-6161 +
US snRNA Ent1359g08.p1k 355-440 + RNAmotif
RNaseP Entl376/10.q1k 375-103 - RNAmotif
Giardia lamblia (AACB01000000)
http://www.ncbi.nlm.nih.gov
ncRNA Contig Region +/- Method
US snRNA  AACBO01000156.1 17562-17453 - RNAmotif
RNaseP AACBOI1000012.1 65152-64918 - RNAmotif




Dictyostelium discoideum
Dicty.reads
http://dictybase.org/

ncRNA Contig Region . +A~ | Method i
US snRNA JCipl5ddil. vl 211-340 + RNAmotif ;
Encephalitozoon cuniculi
http //'www .ncbi.nlm.nih.gov
[ ncRNA Contig Region +/~ Method |
{ RNaseP Chr Vil 28735-27521 - RNAmotif |
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Appendix C.2: Spliceosomal Protein Candidate Sequences
Note: In Giardia lamblia **contig” replaces AACBO1000x.17 (e.g. AACBO1000156.1 is stated as Contigl 56)

Group results are shown atthe end of'this appendix. Some results shown in Chapter 4 may superseed these tables.

Giardia lamblia

Entamoeba histolytica

Plasmodium falciparum

Ecz. cuniculi

3 Contig5608

4210-4407

Protein
(Human) (S.cere) | Rank C ontig Area Rank Contig Area Rank Contig Area Rank Contig  Area
Ul Proteins
Ul-70 SNP1 v Groupl - ? - - 2 Chr 13-1 2575468-2575950 7 - -
Ul-A MUDI 2 Contigl7 ~ C(15905-15342) 2 Contigd264 1711-1926 2 Chr9 C(1367139-136837) ] Chrlll 93747-94268
2 Contig2 C(28719-28273)
ui-C YHCI - - - 3 Contig5710 3807-3974 2 Chr 8 C(9200-709006) 1 ChrX C(33886-
34254)
Pip39 | Contig34 C(15910-15449) Y - - 2 Chr 4 C(5687-214671) - - -
FBPI1 Prpd0 - - - 3 Contig3698 1484-1762 2 Chr 13-1 676016-677950 2 ChrlX C(90361-
91515)
Snus6 - - - - - - - - - - - -
Snu6s - - - - - - - - - - - -
Nam§ 4 Contig63 C(46366-46956) 2 Contigd 121 C(2183-1659) 2 Chr 13-1 906995-907495 2 ChrVI 33038-33463
Snu71 - - - - - - 4 Chr 12 C(1216198-1215779) P - -
Usal - - - - - - - B - - - -
Ul1-35 - - - 3 Contigd340 C(1224-1003 ) 2 Chr 8 714779-715000 2 Chr X 146374-146625
3 Contig5730 ((4540-4274)
U2 Proteins
SAPI155 HSHI155 | 2! Contigl 1 C(18758-21781) 3 Contig3752 1483-1860 1 Chr3 C(378324-375808) 2 ChrX1 119099-121720
SAPI145 CUSI ] Contg2! C(25709-26638) ) Contig5992 11608-12093 - - - 1 ChrXI C(191499-
12170-12226 192500)
SAP130 RSEI - - - 3 Contig2941 80-367 | Chrl2 1452602-1455220 4 ChrXI 198727-199551
SAPI14 P21 ? - - 2 Contig5872 9559-10080 2 Chré C(154262-153732) 2! ChrIX 101392-103239
SAP62 Prpll | Contgld5s 31467-32135 | Contig5903 C(14555-14313) | Chr6 88S5554-886 183 1 Chrlll 59553-60110
SAP6I Prp9 - - - I Contigd750 1712-3088 2 Chr9 1008 158-1008529 2 ChrVI1I 138730-139842
SAP49 HSH49 | Contg6l 46676-47248 2 Contigd 121 ((2444-1962) 2 Chrl2 98BO64-98 173 2 ChrVIl 205566-206027
Contig 1888 20-319
Contig5903 (C(14555-14313)
U2 A’ LEAI 2 Groupl W - - 4 Chr9 C(1198038-1197610) - - -
u2 " MSLI1 v Groupl 2 Contigd264 1711-1926 3 Chrl3-1 282275-282556 2 Chrll 30655-31395
pl4 SNUI7 2 Groupl B - - P Chrl12 C(1011092-1010853 P Chrll C(62808-
63089)
1513 - - - - - - 2 Chrl3-1 2237549-2237815 ? - -
2 Chrl2 988O664-988972
Rds3 2 Contigd 26106-26372 3 Contig6003 5394-5615 2 Chrt0 C(736511-736395) 2-B ChrV1i 111898-112134




Giardia lamblia Entamoeba histolytica Plasmodium falciparum Ecz. cuniculi
Protein
(Human) (Scere) | Ronk  Contig Area Rark Cantig Area Rank  Contie  Area Rank  Comtip  Area
US proteins
Us-220 Prp8 | Contig99  €(455-4270) 2 Contig5950  €(9907-9017) i Chrd 303628-300867 ! ChrfV C(95410-100635)
Us-200 Bir2 1 Contigl03  26994-31778 | ContigS603  ((3558-103) ] Chrd 1036643-1042396 I ChrVIl 105267-107072
I Contig68  36454-39915 2 ChrVl 124051-126030

Us-116 Snulid |2 Contigl23  C(30806-30123) | 2-many  Contig6026  (20229-18601) 1§ 1 Chr10 C(172723-176430) o - -

Contig5994  1973-3666
Us-102 Prpo6 - - - I Contigs535  4689-7274 2 Chell 404067-405614 i - -
U5-100 Pip28 B RNA - 2-8 Contigd$d6  C(4623-1528) 2 Ches C(764921-763539) 2 CheVIT  121289-122485

helicase Contigd210  1498-3372 2 Chrell 82570-83703

Us-52 Saud0 | - - 2 Contig5323  ((2526-2359) 2 Cheto 1277885-1278175 - - -
Us-40 2 Group2 - ? -many - - 1 Clhr8 C(338588-337680) R - -
Us-1§ DIBI 1 Contigd2  56330-56761 | Contig5824  ((12435-12115) § I Clhrl2 1299589-1299843 2 Chrlf 152286-152648
PSE'Ps4urb 3 Canliy? 1546 1-154829 1 Contid T 3098-3898 3 Clrll C107611-108357) 3 Chr VII 178208-178891
U4-U6 preteins
Ud/U6-90 Prp3 - - 2 ContigS8/8  €(6224-5058 ) 2 Chri3-) C(386354-385443) - -
U4/U6-60 Prps » Group? - 2-many  Contig5892  5171-5995 3 Cled 370027-370899 2. -

Contig5927  ((9941-9372) Chr3 C{105687-105121) many

Contig5804  ((5140-3875)

Contig5810  2967-3845
U4/U6-61 Prp3i i - - . - . 3 Clr§ 520788-520651 2 ChrlX  C(484895-184086)
Ud/U6-20 Cprl 2 Contigl Co799-10320y | 2 Centig5665  4934-5194 2 Chrll C(587815-587330) 2 ChrX C(243917-243510)

2 Contigh)  C(18080-17664) 2 Chr C(1044032-1043529)
2 Chrs§ 439293-439670
U4/U6- Snuld §2 Contig26  ((32741-32385) | 2 Contig5857  §77-729 2 Chrll 942904-943059 4 Chl C(107490-107326)
15.5kD
RY-I 3 Contig3238  577-729 3 Clug 520788-520651
Spp4! - - - - - - - - - -
Stu23 - - 4 Chrl2 C(1814141-1813587)
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Giardia lamblia Entamoeba histolytica Plasmodium falciparum Ecz. cuniculi
Protein
(Human) (Scere) | Rank  Contig Area Rank  Contig Area Rank  Contig  Area Rank  Contig  Area
U4/U6.US tri proteins
SART-] Snu66 - - - 3 Contig5246  C(2148-1894) . Chr3 C(988912-988220) - - -
Tri-65 SAD1 | 3 Contigl35  22619-21687 1 Contig5931  ((22493- 2 Chr13-  C(705289-704483 4 Chrlll  75437-76252
21138) 1

Tri- 27 - - - - - - 1 Chr8 C(520806-520651) - - -

Aar2 - - - - - - - - - - -
Sm/ L.Sm core proteins
SmB/B' SmBI | Contig& C(42998-43387) 2 Contigd820 1434-1679 = = = = = =
SmDI SMDI 1 Contig79 2464-2751 - - - 1 Chrll C(998476-998158) o Chrl C(69731-69438)
SmD2 SMD2 | 1 Contigd| 47464-47838 2 Contig§423  C(2390-2133) 1 Chr2 752962-753432 2 ChrX C(218677-218432)
SmD3 SMD3 | 2 Contigl80 15992-16477 P Contig3706  C(2054-1926) 1 Chi9 445779-446296 2 Chr 111 C(102396-102691)
SmE SME| 2 Contigl74  ((3433-3813) r - - 5 - - 1 Chr 11 114779-114964
SmF SMX3 | ? - - - - - 1 Chrll C(1050730-1051057) R ChrlV C(102881-102693)
SmG SMX2 | - - - - - - 1 Chrg 356025-356189 4 ChrV C(120472-120332)
LSm2 LSM2 | 1 Contigl03  C(18248-18571) D Contigd979  3589-3744 2 Chr5 838549-838716 2 ChrIX  215965-216246
LSm3 LSM3 | - - o 22 Contig5767  C(1005-745) - - - 2 ChrX C(218713-218414)
LSm4 LSM4 | 2 Contigl21  18571-18347 - - - 2 Chrl1 C(289665-289913) 0 Chrlll  44793-45017
LSm6 LSMe6 | 2 Contig80 C(27300-27536) - - - - - - - - -
LSm7 LSM7 | - - - B Contig5507  (€(2348-2554) 4 Chrl2 427705-427791 - - -
LSml - - - - - - - - - 4 ChrV C(173905-173720)
LSmS Contig128 19661-19876 B P Contig5768  C(2055-1936) - - - 5 o =
LSmy - - - - - - 1 Chrg HN616-90459 - - -
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Protein Giardia lamblia Entamoeba histolytica Plasmodium falciparum
(Human) (Scere) Rank Contig Area Rank Contig Area Rank Contig Area
Catalytic step Il and late acting proteins
Prplo 3 Contig4l C(11666-1090)2) 2 Contig2567 C(1450-458) 3 Chr 13-1 (C(2477155-2474339)
3 Contig4l C(13280-12747) 3 Chr 10 C(1227491-1225875)
3 Contig92 (C(34667-33465
Prp22 3 Contigdl C(11567-11055) 2 Contig2567 C(1450-428 2 Chr 13-1 C(2476387-2474348)
3 Contigd2 C(34667-33465) 2 Chr 10 C(1227485-1225773)
Prp43 3 Contigd] C(13313-12747) 2-first Contig2567 C(1450-440) 2 Chrl3-1 C(2476387-2474348)
2-end Contig3548 C(1771-497) Chr 10 C(1227485-1225773)
Stu7 - - 2 Contig5855 C(10097-9750) 2 Chr o C(485987-484809)
Prpl7 2 Group?2 - 3 Contigdd22 C(1550-933) 2 Chr12 802804-804390
3 Contig5435 1922-2539
3 Contig5662 6978-7427
'y 13 4 Conigl X 3325-3309 - - B 2 Chr9 C(919570-919469)
Other DExD/H Proteins
DDX16 Prp2 3 Contigdl C(11567-10893) 2 Contig2567 C(1450-428) - B -
Abstrakt 2 Contgi0¥ 15562-16776 2 Contig5950 C'(9922-8858) | Chrs C(1154132-1155628)
2 Contigl5 C(41031-39916)
pos DBP2 3 ContiglO8 15583-16776 2 Contig5950 C(9919-8969) 2 Chrs 360289-361530
3 Contigl5s C(79736-78129)
Prp19-Proteins
CDCSL CEF1 3 Contigss 36747-37019 2 Contig5915 (7(2972-2652) 2 Chri0 C(1348136-1340895)
(Cdces)
Prp5 3 Contigl08 115580-16713 2 Contig5950 C(9937-8951) 2 Chr5 360181-361587
3 Contgls C(41055-39880)
fSAP33 ISY! . - 2 Contigl 864 C(1002-436) - -
(Cwfl12)
hCrn CLF1 - - - 2 Contig5055 (C(3297-2029) 1 Chr4 C(215573-214275)
PLRGI Prp46 2 Contigl46 C(17411-164K8) 3 Contgs892 5156-3893 1 Chr3 C(105756-104662)
3 Contig5804 C(4480-4001)
3 Contig6019 C(11671-11000)
Prp19 Prp19 3 Contig76 C(22977-22411) 3 Contig5892 5321-5902 2 Chr3 369307-370902
3 Loy S6T 32K5-3845
EJC-asseciated Proteins
Yi4 - 4 Contigd121 C(2207-1962) 3 Chri3-] 2575681-2575899
Magoh 2 Contig6024 C(1742-1512) 1 Chr7 973948-974463
RNPS] 4 Contig3156 3652-3861 w? - -
CBP80O Stol - - - - - - -
CRBP20 Che2 ) 2 Chrl2 98EO61-98K8891
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Protein

Giardia lamblia

Entamoeba histolytica

Plasmodium falciparum

(Human) (Scere) Rank Contig Area Rank Contig Area Rank Contig Area
SR proteins
SRp75 - - - - - - 3 Chr10 C(208649-208107)
SRp54 SFRS 11 - - - - - - - - -
SRp5S 3 Contig34 C(6372-6169) 3 Contigd 121 C(1874-1692) 3 Chrs C(725725-725246)
SRp40 - - £ L . - - - -
ASF SF2 4 Contig34 C(372-6169) 4 - - 2 Chr5 ((942472-742251)
9G8 4 Conug34 C(372-6169) - - - 2 Chr5s C(725728-725327)
SC3s - - 4 Contigd121 C(2195-1968) 3 Chrl2 681547-681768
SRp30c Contigd4 C(6372-6175) 3 Contigd 121 C(1874-1707) 3 Chrl10 ((942466-942269)
3 Chr10 C(208658-208131)
hTra2 - - - it - - 3 Chrl13-1 907274-907495
3 Chrl3-1 2575678-2575908

SRp20 - 5 - - - - 3 Chrl3-1 2575693-2575920
SRm300 - - - 3 Contig5445 36-1148 3 ChrS C(469825-469607)
SRm160 - - - ] Contig5885 C(14368-13970) 3 Chr3 ((469825-469607)
Proteins associated with other cellular events
UAPS6 SURB2 & ContiglO8 13688-14956 1 Contig5284 2521-3570 2 Chr C(405384-404284)
TAT-SF1 CUS2 - - - 3 Contig3293 C(1155-868) 2 - -
SKIP Prpd5 - - - 2 ContigS981 2498-3199 2 Chr2 (C(764764-763496)
THO2 Rir] - - - 3 Conug2172 ((422-21) 3 Chrl2 ((2032733-2031924)
HPR1 - - - - - - - - -
hPrp4 2 Conug6 C(81160-80069) 3 Contig5840 2989-398 1 2 - -
kinase 3 Contig5926 9788-10549

3 Contig5145 ((4203-3652)
TEX! 2 Group2 - 2 Contigd 187 530-1117 2 Chrl0 C(1111827-1111108)

2 ContigS811 C(6107-5352)
XAB2 SYFI - - - 3 Contig5055 C(3210-2404) 3 Chrl2 1499730-1498732
CAL50 3 Contig6 88410-88943 3 Contig5733 8808-2238 3 Chrl2 C(283935-283024)

Contig5104 1373-2238
CF 1-68 - - - - - - - - -
CF1-25 - - - 2 Contig5868 C(2190-1612) - 5 5
ASR2 - - - 3 Contig5919 C(3767-3339) - 5 5
Aly YRAI 2 Contigh C(113452- 4 Contig5(94 C(1748-1290) - - -
112928)

PABP PABI 2 Contigl0 101001-101711 3 Contigd 121 ('(2444-1698) 2 Chrl12 988709-989386

3 Contig5548 2866-3771

3 Contig5002

((5328-4297)
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Giardia lamblia

Entamocba histolytica

Plasmodium falciparum

Protein Rank Contig Area Rank Contig Area Rank Contig Area
{Human) (Scere)
Other Splicing Proteins
L2 Fas MU 2 Contigh 9717197614 2 Contig5776 (C(5560-4517) . - -
U2ZAFRS - - - 1 Contig3998 1739-2167 2 Chrll C(723353-722718)
s11 BBP 4 Contigl2 C(91873-91559) 2 Contig3904 1420-2271 2 Chré 1001806-1002711
MsiS
ISAP118 1 Contigl 81 12740-14320 3 Contig5506 4140-5525 2 Chro 143093-144709
2 Chr9 448810-449526
TiP39 Yird24w R . . B
SPF45 - - - * -
LUC7A Contigl 10 30469-30837 - - - N B .
MFAPI - - - 2 Contig5776 C(3382-3047) 1 Chrl3-1 973948-974463
IFN4 FALI 2 Contigl08 1381114926 2 Contigs28d 2503-3570 2 Chr4 1044928-1046079
2 Contigl5 C(41019-39850)
RHA 3 Contigdl C(13343-12777) 2 Contig5368 C(6890-6330) 2 Chrl3-1 ('(2476420-2474381)
3 Contig2567 C(1450-458)
3 Contigi4io 3129-4166
CCAP2 CWC1s - 2 Contig4623 C(1050-523) 2 Chr? C(860018-859752)
SPF31 it 4 Contig5734 ('(2684-2205) 2 Chrl3-t ('(290519-289977)
4 ContigS711 4034-4534
RED - - - - - - 2 Chrl3-1 C(280141-279965)
PUF60 3 Contig34 C(6375-6181) 3 Contigd121 C(2186-1690) * - -
DGST - - - - - - 3 Chrll ('(430444-429881)
{SAP1S 4 Contigl38  C(5966-5592) - - - 2 Chrs ((944568-944407)
fSAP29 4 Contigl C(10580-10329) 4 Contig3453 C(1388-993) 2 Chril C(1520933-151545)
OTT 3 Groupl 154611-154865 3 Contigd121 C(1928-1665) - N .
IMP3 - - - 2 Chr6 2068381-268776
(SAP94 - - - - - - 2 Chr6 C(488129-487695)
{SAPSY 3 Contigi4 C(6378-6131) 3 Contigh040 C110453-9929) 2 Chri3-1 906929-907501
GCFC - - - 3 Contig5128 C'(3547-2807) N .
{SAPS7 PES2 3 Contig76 ('(232068-22414) 3 Contig5715 3496-4248 2 Chrl3-1 (' (440990-439431)
3 ContigS804 ('(44065-4103)
{SAP164 N 3 Contigh018 C'(5209-4424) 2 Chrl3-1 2018781-2019893
SAP11 - . - 2 Contigl 864 C(1002-451) - - -
{SAPa i Contig63 46712-46951 - - . 2 Chrl4d C(96767-96168)
{SAPI13 1 Contigd9 C(58215-57265) 3 Contig5974 6446-7585 2 Chr? C(1200475-1199300)
3 Contigld]l  28647-29351 2 Chrl0 ((240202-238580)
SPF3¥ 3 Group2 3 Contig5804 C(4480-3998) 2 Chr¥ C(338561-337809)
3 Contigl 54 17516-18310 3 Contig5927 C(9968-9438)
SPF27 - - - - - - 2 Chr6 653020-653607
CrkRS CTKI 3 Contig58 C(31897-31046) 3 Contig5630 C'(2963-2076) 3 Chr4 C(795285-794230)

Contigl 39

19418-20284

Conipesith 3367-4044




891 L9I

Protein Giardia lamblia Entamoeba histolytica Plasmodium falciparum
(Human) (Scere) Rarik Contig Area Rank Contig Area Rank Contig Area
Other Splicing Proteins
{SAPI8 - - - . g 5 .
SAP10S . = . . i . .
{SAP12] - . - . . . .
tSAP79 - - - - - - - -
fSAP24 - - - - - - - -
SPF30 - - - - - - - -
SNP70 - - - - - - -
NAP - - - - - - - -
ZNF207 3 Contig72 ((20344-20123) - - - 3 Chrl0 381361-381645
fSAP71 - - - - - 3 Chri12 1936847-1937677
WTAP - - - - - - 3 Chrl12 1264059-1264421
fSAP1S2 - ) S 3 Contigs711 3782-4102 F - -
SHARP g Contig98 34205-34999 3 Contig5711 4337-5560 3 Chrl2 C(284160-283015)
CIRP 4 Contigl6 ((43284-43096) 4 Contigd121 C(2186-1965) i - -
FBP3 - - - - - - 3 Chré 267421-267783
fSAP3S 4 Group2 - 3 Contig5927 C(9845-9459) 3 Chr3 370486-370752
3 Contig5437 2350-3333

Group Results for Giardia lamblia Candidate Sequences.

Groupl: Giardia lamblia Contig 2

Protein
Ul 70
U2-A
U2 B
P14
OTT

Area within contig

154611-154775
154641-154847
154641-154847
154608-154829
154611-154865

Group 2: Giardia lamblia Contig 76

Protein
Us_40
Prp4
Prpl7
fSap35
Tex|
fSap57
Spf38

Area within contig

23142-22411
23268-22447
23070-22417
23367-22411
23013-22396
23268-22414
23142-22489




Appendix C.3: RNaseP Protein Candidate Sequences:

Giardia lamblia (AACB01000000)
http://www.ncbi.nlm.nih.gov

Protein Contig Region +/- Method
Popl AACBO01000017.1 65532-63193 - ASR

Pop4 AACBO01000007.1 78993-79586 + BLAST
Pop5 AACBO01000007.1 7351-7713 + HMMer
Rpp21 AACBO01000050.1 1091-1504 + BLAST

Entamoeba histolytica
Database downloaded from: ftp.sanger.ac.uk/pub/pathogens/E_histolytica/

Protein Contig  Region +/- Method

Popl (partial) 3539 210-698 + ASR

Pop4 5866 4036-3758 - ASR
3512 2022-1708 -

Encephalitozoon cuniculi
http://www .ncbi.nlm.nih.gov

Protein Chromosome _ Region +/- Method
Pop! Chr VIII 28735-27521 - BLAST
Rpp2l Chr X 233061-233273 + BLAST
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Appendix D: Perl Scripts developed for this thesis

Disclaimer: These Perl Scripts were written by myself during this project. They worked well on my

computer but [ make no claims that they will work on anyone elses.

D.1: BlastHits1.0.pl

BlastHitsl.0.pl
Perl Program to parse BLAST output for analysis

Author: Lesley Collins - Updated 15 January 2004
Includes identity and positive percentages
HHBHHHABEHAHBHAHEBHBHAHERRUBHURHUBHA BRI R R RS

#
#
#
E:
#
E:
E:
# Input: BLAST standard output file

E:

# Output: File formatted for input into Excel tables
E:
HHHBHAHUBHEHBHUHBHU B HU R H A HH B HE R U B U SR B B
print "BLAST2tab.pl\n============\n\n";

print "Input File: ";

$inputFilename = <STDIN>;
chomp $inputFilename;

open (INFILE, "$inputFilename") or die "Input file not opened";

print "Output file: ";
SoutputFilename = <STDIN>;
chomp $outputFilename;

open (OUTFILE, ">$outputFilename") or die "Output file not opened";

print OUTFILE "BlastHits2.pl Program Output\n";

print OUTFILE "============================\n\n";

print OUTFILE "Blast Output file:\t$inputFilename\n\n";
#column headings

print OUTFILE "Query\tGene\tSpecies\tLength\tContig\tScore\tE-value\tFrame\t";

print OUTFILE "Identity\t\tPositives\t\t";

print OUTFILE "Query Region\t\tSubject Region\n\n";
#Set some original values

$dbfound = 0;

$inContig = 0;

$inAlign = 0;

$inQuery = 0;

$newQuery = 0;

HHHBHAHHEHAHH HHRUHBHHE R H R H UG R R B SRR YRR R R R B
Read each line of the input file
Check for the name and date of database
This is normally at the end of the blast output file
so dbfound indicates that the blast file is at the end.
QueryName is the start of each query.
Set inQuery to 1.
HERBHHEBHHBHHRUBRHUBHERHRHURHRHABHR R B R AR R AR B R B

E 3 -

foreach my $line(<INFILE>)

{

if ($line =~ /Posted date:\s*(.*)/)

{
$dbfound = 0;
$postedDate = $1;
chomp $postedDate;

}

elsif ($line =~ /Query=\s(.*)\s/)

$queryName = $1;
chomp $queryName;
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if ($inQuery == 0){$newQuery = 1;}
$inQuery = 1;

Saccession = "";

$species = "";

$contigName = "No Hits Found";

if ($queryName =~ / (\w*)\s* (\w*)\s*(\w*\s\w*)/)

Saccession = $1;

chomp $accession;

$gene = $2;

$species = $3;
$queryName =$accession;
chomp $species;

elsif ($line =~ /Database:\s(.*)/)
{
if ($dbfound == 0)
{
$database = $1;
chomp $database;
$dbfound = 1;
}

}

HUHRSHAHHABHBHABHHHHRBHAHERHEHEBHRHU SRR R R B R B R R RN R
# New contig has been found,

# Print out any residual line of old contig

# Indicate that a new subject has been started

# Set inSubject to 1

# Can have multiple alignments under each contig

EEETET ST RS TR RS ET AR AT SRS AT SEE A AR TSRS 2L

elsif ($line =~ />(.*)/)

if ($inQuery == 1)
{
$Qend $Q2;
$Send = $S2;
$dbfound = 0;

if ($inContig == 1 & $dbfound ==1)
{
print OUTFILE "$queryName\t$gene\t$species\t$length\t";
print OUTFILE
"$contigName\t$score\t$expect\t$frame\t$identityScore\t$identityPercent\t$positivesScore\t
$positivesPercent\t";
print OUTFILE "$Qstart\t$Qend\t$Sstart\t$Send\n";
$inAlign = 0;
$gstart = 0;
$sstart = 0;
$inContig =
}
#reset values to avoid any floating values coming in with "no hits found".
$Q1 = ",
$Q2):= My
$S1 = ",
$82 = "";
$Qstart = "";
$gstart Lt
$Sstart
$sstart
$score = "";
$expect = "";
$inAlign = 0;
$Qend = "";
$Send = "";
$inqueue = 0;
S$frame = "v;
$identityScore = "";
$identityPercent = "";

0;

nn .
i

I

o,
i
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SpositivesScore = "";
SpositivesPercent = "'";
$contigName = $1;
$inContig = 1;}

HHASHERHAAA AR BB R R R R R R R R R R R e R R

# For each new Alignment under a contig
# Record.. score, expect, frame, Qstart, Qend, Sstart, Send
#
#
#
HHAHAHHAHHAHHAHHARHHHARHAHARHA B H A H AR H A HE S H A B H A HEHA S HE B H U B B H A R H A R H
elsif ($line =- /Score =\s(\d*.\d*)/)
{

#is already in an alignment - print out, reset values before proceeding
if ($inAlign == 1}

$Qend = $0Q2;
$Send = $S2;
print OUTFILE "S$queryName\t$gene\t$speciesit$Slength\t$contigName\t$score\t$expect \t";
print OUTFILE
"Sframe\t$identityScore\t$identityPercent\t$positivesScore\t$positivesPercentit";
print OUTFILE "$Qstart\t$Qend\t$Sstart\t$Sendin";
$Q1 = "'y
$Q2 = "y
$s1 = """y
$§82 = "v;
$Qstart ="";
$gstart = "";
$Sstart = "";
$Ssstart = "v;
$score = "";
$expect = "";
Sframe = "';
$identityScore = "*;
$identityPercent = "";
SpositivesScore = "";
SpositivesPercent = "";
Sscore = 31,
f ($line =- /Expect.* =-s(\d*.*)/)

e Y

Sexpect = $1;
$inAlign = 1;

elsif ($line =~ /Frame = (.\d)/)
{$frame = $7;}

elsif ($line =- /Identities\s=\s{\d*.\d*)\s.(\d*%)/)
{

$identityScore = $1;

$identityPercent = $2;

if ($line =- Pozitives\s= s({\d*.\d*)\s.(\d*%)/)
SpositivesScore = $1;
SpasitivesPercent = $2;

!

#start and stop of gquery and subject alignment

elsif ($line =~ /Query:\s+{\d+)\s+\D+\s+ (\d+)/)
.$inQuery = 1;

$Q1 = $1;

$02 = $2;

if ($gstart ==0)

{

$Qstart = $01;
$gstart = 1;



}
)

elsif ($line =~ /Sbjct:\s+ (\d+)\s+\D+\s+ (\d+)/)

{

$S1 = $1;

$S2 = $2;

if ($sstart == 0)

$Sstart = $S1;
$sstart = 1;

}

elsif ($line =~ /Number of letters/)
{

$Qend = $Q2;

$Send = $S2;

print OUTFILE "$queryName\t$gene\t$species\t$length\t$contigName\t$score\t$expect \t";
print OUTFILE
"$frame\t$identityScore\t$identityPercent\t$positivesScore\tSpositivesPercent\t";

print OUTFILE "$Qstart\t$Qend\t$Sstart\t$Send\n";

SQL = v,

$Q2 = ",

$81 = vy,

$S2 = "n,

$Qstart ="";

$gstart = "";

$Sstart = "";

$sstart = "¢;

$score = "";

$expect = "";

Sframe = "";

$identityScore = "";

$identityPercent = "";

$positivesScore = "";

$positivesPercent = "";

$contigName = "No Hits found";

elsif ($line =~ /(\d+)\sletters/)

{

$length = $1;

}
}
print OUTFILE "Database:\t$database\n";
print OUTFILE "Date Posted:\t$postedDate\n";

RS R A AR EEEEEEEE RS EEERREEEEERRREEEERRRRREEEREREREEESEREREREEEESEEEESEEESESESESEESE]
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D.2: FindContig.pl

# FindContig.pl

# Perl program to extract 1 fasta formatted contig from a database txt file

#test program - working 26-062-03
#Author: Lesley Collins
print "\n\nFindcontig.pl\n";
print Nk kkkk* Kk x*xkX\n\n";
print "Contig to be found: ";
$contignumber = <STDIN>;
chomp $contignumber;
print "Database file: =»;
$infile = <STDIN>;
open (DATABASE, $infile) or die "File not opened";
open (OUTFILE, ">$ENV{USERPROFILE}\\Desktop\\outfile$contignumber.
opened";
$seq_line = 0;
$contig_found = 0;
foreach my $line (<DATABASE>) <
if ($line =~ /">/m) {

if ($contig_found) i

outputprint ();

exit;

1l

if ($seq_line) {

$line =~ =. [\s0-9\/1//g;

$seq .= $line;

:

It

if ($line =~ /">(.*)$contignumber (:?\2|\B)/mi) {

$ident .=$line;
$seq_line = 1;
$contig found =1;}

if (eof)
if (1$contig_found) {
print "Contig not found in this file.\n*";
print "Press Enter to exit";
Sclose = <STDIN>;
i
outputprint ();}
exit;

sub outputprint {
$seq = "“USseq"
print (OUTFILE "$ident") ;
print (OUTFILE "$seg\n"};
#print "\n$ident";
#print $seq;

txt")

or die

"File not

print "‘n\nData has been printed to the file outfile$contignumber.txt on the

desktop\n\n";
print "Press enter for program to end.\n";
$close = <STDIN>;

1

!

IR R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R E R R RS
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D.3: RNAmotif Count.pl

Perl program to analyse RNAmotif output files.

Program will output the name and number of output hits for each line
within a certain number of nucleotides of the start position for that
hit.

* I H I

#open file to be examined.

print "Please enter file to be examined: ";

$inputFilename = <STDIN>;

chomp $inputFilename;

open (INPUTFILE, $inputFilename) or die "Input file not opened";

#open output file.

print "Please enter name for output file:";

SoutputFilename = <STDIN>;

chomp $outputFilename;

open (OUTFILE, ">$outputFilename") or die "Output file not opened";

$position = 0;
$limit = 100;

$count = 0;

$name = "Initial Settings ";

print OUTFILE <"RNAmotif Output File Analysis\n">;
print OUTFILE <"=============================\n\n">;

print OUTFILE "Input file: $inputFilename\n";

print OUTFILE "Sequence Position limit: $limit\n\n";

print OUTFILE sprintf "%-36s\t%-10s\t%-5s\n", "Name", "Position", "Count";

print OUTFILE "======================z=========================================\n\n"

foreach my $line (<INPUTFILE>) {
if ($line =~ />(.*)/) {
chomp $line;
if ($line =~ /$name/)

else {
print STDOUT sprintf "%-40s\t%-5d\t%-5d\n", $name, $position, $count;
print OUTFILE sprintf"%-40s\t%-5d\t%-5d\n", $name, $position, Scount;
$name = $1;
Scount = 0;
$position = 0;
}
Scount ++;
}
else {
if ($line =~ /\s[\dl\s+(\d+)\s+/) {
SpositionNew = $1;
$positionMin = $position-$limit;
$positionMax = $position+$limit;
if ($position != 0) {
if ($positionNew > $positionMax || $position <S$positionMin) {
print STDOUT sprintf "%-40s\t%-5d\t%-5d\n", $name, $position, $count;
print OUTFILE sprintf"%-40s\t%-5d\t%-5d\n", $name, $position, Scount;
$position = $positionNew;
Scount = 1;

}

else {$position = $positionNew;}

}
}

print STDOUT sprintf "%-40s\t%-5d\t%-5d\n", S$name, $position, $count;

print OUTFILE sprintf"%-40s\t%-5d\t%-5d\n", $name, $Sposition, $count;

B SRS S SR SRS E R SRS SR SR SRR RS SR SR SRS SE R R RS RS S SRR RS RREEERRREREREEREES]
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D.4: RNAmotif_Filter.pl

# Perl program to filter RNAmotif output files.

# Program takes an RNAmotif output file (either before or after getbest)
# then extracts all the lines containing scores above a user-defined

# limit.

#open file to be examined.

print "Please enter file to be examined: ";

SinputFilename = <STDIN>;

chomp $inputFilename;

open (INPUTFILE, S$inputFilename) or die "Input file not opened";

#open output file.

print "Please enter name for output file:";

SoutputFilename = <STDIN>;

chomp $outputFilename;

open (OUTFILE, ">SoutputFilename")} or die "Output file not opened";

print "Please enter maximum score value, {Default = 1.0): ";
$scoreMin = <STDIN> || 1.00;

chomp $scoreMin;

print "Minimum score - S$scoreMinin';

print OUTFILE <"RNAmotif Filter Program\n's;

print OUTFILE <"s==============s====s=========\n\n">;

print OUTFILE "Input file: SinputFilename‘n*®;

print OUTFILE "Minimum score = S$scoreMin.\n";

print OUTFILE "=========================z================\n\n";
Scount = 0;

foreach my $line(<INPUTFILE>) {

if ($line =~ /(>|#1/) |
Scount ++;
1
elsif ($line =~ /(" [AS*|{\\I+)\s{I\D|,T+) (\d+.\d+)/) {
Sname = $1;
Smotif = $2;
Sscore = $3;
print » Name = $name Motif = $motif Score = $score\n"”;
Scount++ ;

if ($score >= $scoreMin ) ¢
prxnt OUTFILE "S$line";

i

elsif ($line = eof)
print "Count = $count.in";
print "eof reached - program finished\n";
print "Please press enter to exit.\n";
Sexit = <STDIN>;
exit;

khkhkkhkhkkhkhkkhkhkhkdkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkdkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkdkhkhkhkhkhkhkhrkhkhxkhkkkkxkk*x
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D.5: SplitDatabase.pl

#SplitDatabase.pl

# A program to take a fasta formatted database of contigs or chromosomes, and split
# it into smaller databases enabling speedier runs on parllel systems

# Author: Lesley Collins

# Date: 6-03-03

# Some bug fixes by WTJW 27/3/2003.

print "SplitDatabase.pl\n";
print llt**t**tt***tt***\n\nll;

SmaxFiles = 40;

SoutfileNumber = 1;

$contigNumber = 0;

# User-defined input

print "Please enter fasta database to split:\n";
$infile = <STDIN>;

chomp $infile;

print "Please enter number of fasta files in each new file:\n";
$contigsEachFile = <STDIN>;

chomp $contigsEachFile;

print "Please enter name for output files:\n";
SoutputName = <STDIN>;

chomp $outputName;

print "SoutputName$outfileNumber\n";

open (DATABASE, $infile) or die "Input File not opened";
print "Infile = $infile\n";

open (OUTFILE, ">$outputName$outfileNumber.txt") or die "Output File not opened";
print "$outputNameS$outfileNumber.txt opened\n";

foreach my $line (<DATABASE>) {
if ($line =~ /*>/m) {

ScontigNumber ++;

#print "contigNumber =$contigNumber\n";

if ($contigNumber > $contigsEachFile) ({
close (OUTFILE) ;
print "$outputName$outfileNumber.txt closed\n";
SoutfileNumber ++;
if ($outfileNumber > $maxFiles) {
print "Too many files would be produced! Stopping now.\n";
last;

open (OUTFILE, ">$outputName$outfileNumber.txt") or die "File not opened";
print "SoutputName$outfileNumber.txt opened.\n";
$contigNumber = 1;
}
}
$seq = $line;
print (OUTFILE "$seq");
}
close (OUTFILE) ;
print "EOF reached - $outputNameS$outfileNumber.txt closed\n";
print "Program finished - press enter to exit\n";
$exit = <STDIN>;
exit;
print "Program finished\n";
print "Press enter to exit \n";
Sexit = <STDIN>;
exit;

IR EEESE SRR SR EEREREEEEEEEEEEEERERERERSREERERERR SRR EREEEEREEEEEEESEEESSSES:
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D.6: GenPeptFile.pl

GenPeptFile.pl

Perl program to parse a number of protein sequence files and extract

the information required by the SpliceSite database.

Author: Lesley Collins - 09-July-2003

HHAHBHAREHHAER B RS HER S B B R R B R R B R H R R R e R R

Input file (Genpept file)

into the SpliceSite database protein table.
The following fields are tabulated:
Accession Number;
Protein Type;
Note:

GI number;
Sequence.

Species;
Comments ;
The primary key

#

#

#

#

#

#

#

#

# Output file will be a tab delimited text file set up for direct input
#

#

# Protein definition;
#

#

#

#

Protein length;

in the SpliceSite protein table is the Accession Number.

HHAAHHAR A HHA A HH A B R B R B H R B H R H R R R R

#open file to be examined.

print "Please enter file to be examined: ";
$inputFilename = <STDIN>;

chomp $inputFilename;

open (INPUTFILE, $inputFilename) or die
#open output file.

print "Please enter name for output file:";
SoutputFilename = <STDIN>;

chomp $outputFilename;

open (OUTFILE, ">$outputFilename") or die "Output file
print "Optional fields\n";

print " {Note: The same field entry will appear for all
print "Please enter protein name: ";

$name = <STDIN>;

chomp $name;

print "\nPlease enter protein type: ";

Stype = <STDIN>;

chomp S$type;

print "\nPlease enter comments: ";

$comment = <STDIN>;
chomp $comment ;
Smultiline = 0;
$count = 0;
$inseq = 0;
foreach my $line(<INPUTFILE>)
{
if ($line =~ /\/3/\n/
{
$Sinseq = §;
$seq =~ s/ [nd
print OUTFILE

sl el/ /g

"Input file not opened";

not opened";

proteins in the input file.)\n";

"$accession\t$name\t$Sspeciesit$gilt$definition\t$length\t$type\tScomment\t$seqin”;

#print

"\n$accession‘\t$nameit$species\t$gilt$definition\t$length\t$type\tScomment\t$seg\n";

= $count+1;
v
i

$count
$seq =
$Sdefinition = "";
Saccession = "";
$gi = vy
$species = "";

if ($inseq == 1)
{$seqg .= $line; }
elsif (Smultiline == 1)
{
if ($line =~ /ACCESSION/)
{
chomp $definition;
$Smultiline = 0;
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}

else

{

chomp $definition;
$line =~ s/"\s*(.*?)\s*//g;

$definition .= $line;
}
}
elsif ($line =~ /LOCUS/)
{
$line =~ s/LOCUSI[\s+]//g:

$line =~ /(\w+)\b /;
Saccession = $1;

$line =~ /(\d+)\s+[aal/;
$length = $1;

elsif ($line =~ /GI:(\d*)/)
{$gi = s1; }

elsif ($line =~ /ORGANISM/)

{

$line =~ s/ORGANISM([\s+]//g;
$species = $line;

$species =~ s/"\s*//g;

chomp $species;

}

elsif ($line =~/DEFINITION[\s+] (.*)/)

Smultiline = 1;
$definition = $1;
$definition =~ s/"\s*(.*?)\s*//g;

}

elsif ($line =~/ORIGIN/)
{$inseq = 1;}
}
print "\nNumber of genbank records processed: S$count.\n";
print "Program Completed\n";
print "Output stored in file: $outputFilename.\n";
close (OUTFILE) ;
print "Hit enter to exit program\n";
Sexit = <STDIN>;
exit;

IR R SRS EEEEEEEEEEEEEE R SRR R SRR RERERSER SRR R RS SRR EEEEREEEEEESEEEESEESES]
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Appendix E Data management in the post-genomic era

“To erris human. To really foul things up requires a computer.” — Anon

“Databases have recently become more specialized and better curated, but redundancies and
database asynchrony is on the rise because of the distributed and collaborative type of research.
Therefore, database-to-database comparisons are requirved 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 transformed,
calculations are run, and intermediate results are stored.” - Briefing in Computational Biology:
A white paper from Sun Global, Education and Research, Science and Engineering 200)2.

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 2003). Although there are now a number of software packages available for
managing large scale sequencing projects (such as ACeDB: http://www.acedb.erd and
Ensembl: Hubbard et al. 2002), there is at present little available for the management of
small genomic analysis projects. LIMS (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 (10 — 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 includes SwissProt 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/)
information. As well as public databases, laboratories may also have access to local
research-specific information. Graphical interfaces 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 in a coherent form. Figure E.l shows linkages
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.

Sequence Databases Protein Motif and Domain
e.g. SWISSPROT Databases e.g. Prosite, COG

Preliminary
Information

Protein of
interest

Homologous
sequences from
other species

Representative
sequence

Genome (s)
of Interest

Genomz'g Databases / Literature Databases .- Protein Structure Transcription information
eg NCBI e.g PubMed . Databases e.g. PDB Database e.g. Unigene

Data /%nalfsis

Alignments

e HMMer
Profiles and Results

Se%]uence
Infotmation

ASR
Input trees and Results

e

Genome 3| BLAST Results
Sequences

Laboratory Analysis
e.g. PCR and Sequencing

Figure E.1: “Oh, what a tangled web we weave...” (with apologies to Sir Walter 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 and 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 (c.g. RNase MRP RNA is called 7-2 RNA in Adiabidopsis
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 information 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 information from the
many different gene-infermation databases available. Gene ontology uses ‘reasoning’ and
includes the use of natural language processing and logic programming (Bodenreider 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 splicing
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 Gene Ontology Consortium ™ (GO)
(http://www.geneontology.org/) is 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
rcliable than at present.

A useful preliminary search tool is the “BLink™ application available for protein
scquences lodged in the NCBI protein databases (references and website). BLink 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 cach hit. Homologous protcins can be
found quickly, linked annotation examined for level of evidence (experimental, blast
similarity or hypothetical) and relevant files 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 spliceosome. In this situation computerised data management becomes
almost essential.

Simple 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 cach 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 genc can have subfolders for alignments and results.
However, these folders can become very large if there are a number of proteins involved and
data can casily become misplaced and lost. A different approach is to use a custom designed
database to import, sort, store and cxport the different types of data associated with small
genc scarching projects.

Perhaps the most useful aspect about storing genomic information in a databasc is
that “‘data mining” (the efficient extraction of relevant data from a dataset) can be supported.
Being able to recover information 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 number used as the primary key) and results that map to
more than one query are also highlighted. Databases are also easily archived and enable casy
backup of important genomic information.

Data integration and recovery is one of the core aspects of computational biology
(Roos 2001), and there are now a number of databasc systems under development such as

MyGrid (Stevens et al. 2003) and LIMBO (Philippi 2004) (Neither of these systems is rcadily
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available as yet). GIMS (Cornell et al. 2003) 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 internet. 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 genomic database system, an alternative was to
develop a personal data management system to keep data ‘explosion’ under control. During
this project, two databases were designed to contain information about the proteins and
ncRNA that was being studied at the time. The first, P~-MRPbase was a database containing
information about RNaseP and MRP; two ribonucleoprotein complexes that contain ncRNA
and share numerous protein components. The second was SpliceSite, a database holding
information about proteins involved in the ecukaryotic spliccosome (a ‘“‘massive”
ribonucleoprotein complex containing ncRNAs and a large number of proteins).

The key to the effective use of any database is in its design. Detining 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 single 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 using 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 is 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 using 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 internet, 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.
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E.1: P-MRPbase

This database was created mainly to organise data files 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 files using hyperlinks. A hyperlink needed only to
be ‘clicked’ to open the appropriate file. 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 alignments and BLAST querics. 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. 1997);‘Lite’ version available from http://www biotools.com) and
WinPep (Hennig 1999); available from http:/www.ipw.agrlethz.ch/~lhennig/winpep.html).
Properties such as length, isoclectric point (pl), relative ratios of singlets/pairs of residues and
codon usage can give surprisingly strong clucs about function of a sequence (King et al.
2004) and were extremely useful for comparison between known and candidate protcin
sequences.

RNaseP and RNaseMRP RNA information was also included in this database in
scparate tables from each other and their proteins. All protein data was entered into one table
(accessed with the **Proteins Table™ button) but entrics referenced to any of the proteins could
be accessed using the buttons for the individual proteins.

Screenshots from this database are shown in Figure E.2 showing (A) the entry screcn
(for easy access to the different RNase P/MRP proteins and RNA data), (B) an example of a
protein form; and (C) BLAST results form showing data from one query. P-MRPbase
presently contains 150 protein cntrics in the protein table, 116 entries in the RNascP RNA
table and 13 entries in the RNaseMRP RNA table. There are 45 alignment entrics and 146
cntries in the BLAST results table. 138 organisms are represented, 65 documents, 28 text
files and 33 web pages are also linked to this database. Not all of the bacterial RNascP RNA
information has been included in the P-MRPbase as this information is available from the
RNascP database (Brown 1999) which also includes RNA sccondary structural information.

The RNaseP database however, contains only limited RNascP protein information.
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Figure E.2: Screenshots from P-MRPbase, a database for managing RNascP and RNaseMRP
RNA and protein data. A: The entry screen with links to tables containing RNase P/MRP RNA
information and scparate buttons to link to information about cach of the associated proteins.
B: An example of one of the protein forms, 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 forms containing BLAST and alignment data. C: An cxample of a BLAST data form
showing onc BLAST result linked to the Pop4 protein. In this case the Giardia Pop4 candidate
protein is the query against the NCBI nucleotide databases with the indicated results. Sections
are included for comments and display of the returned scores and E-values. Optionally full
alignments can be included in the “Other High Scores™ window.
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E.2: SpliceSite

The SpliceSite database created to manage spliceosomal protein information
was designed differently from P-MRPbase. This database was designed beforc 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 files 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 Perl script
“genpeptfile.pl” (Appendix D) it was found that XML format (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 literature data)
to be reformatted into a tabular format that was casily imported into SpliceSite. Screenshots
of the SpliceSite database arc shown in Figure 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 close similarity to other proteins in the database. Proteins were also
allocated to a ‘group’ applicable either to the proteins association with a snRNA (e.g. Ul-
specific protein) or to any commmon motifs (c.g. SR proteins). Not all the proteins known to be
associated with the spliccosome were downloaded due to the shear numbers of proteins
concemed (presently between 150 and 300 (Jurica and Moore 2003), but at last count 1594
individual sequences representing 153 proteins were stored in SpliceSite.

BLAST information from scarches of local (“on site” databascs as opposed to
“global™ international) databases (e.g. in this project Giardia lamblia 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 cach protein belonged. Another table recorded information
about the genome database, including date posted, open or restricted and any comiments that
could be directly related to the BLAST searches. There is also a table to record file storage
(using hyperlinks) with the linked files stored in associated folders. A table pertaining to
protcin motifs and domains has been set up to enable cross referencing to Prosite entries

(Sigrist 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 carefully 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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Figure 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 information. The protein inforiation and genome database information forms are
also shown.

B: The protein information table in spreadshect format showing information from a number ot
spliceosomal proteins, Lsm3-6. Each protein is groups according to its ‘Name™ 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 (c.g.
Word) documents.
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Neither P-MRPbase nor SpliceSite arc complete in that they hold all the information
about all the proteins involved in their separate complexes. There is still 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 SpliceSite databases, such as
automatic data entry and automatic calculations of physiochemical properties. Features such
as being able to scarch external databases (such as thosc at NCBI) for new information or
integrated BLAST functions, are often built into large sequencing project databases and it
might be possible 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 uscful if the database was modified
for multiple user or internet usage.

Not all information needs to be incorporated into a database. Some information can
be stored in a spreadshcet 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.
lamblia genome. Information was extracted from thc BLAST results using the Perl Script
BlastHits!.0.pl (AppendixD). These spreadshects were then imported into SpliceSite so that

results could be directly related to the query protein information.

E.3: Future Directions

Even with expert design assistance, it is hard to determine, 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 idcal project would be the design of a database ““template™ with features designed for the
“average” gence hunter with perhaps separate features available for the storage of ncRNA data
and protein sequence data. Added features could also include tables for the storage of
laboratory experimental data (including gel documentation images, methods and PCR
information), bibliographic searches and literature-gained information. This sort of database
would best be designed with the aid of a practical laboratory willing to give this type of
information storage system a trial.

Relational databases were used in this project for the main reason that this was the

type of database with which | was most familiar. 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
ofapplication but may require using difterent software for database construction.

Another useful application of this work would be to promote teaching of genomic-
based small database design to those who would benefit from this skill; that is the researchers
themselves. Commercial companies are available that can destgn specific databases; however
this expensive option is often not available for academic researches. Courses are available for
Microsoft Access and are impart the basics of database design. However available
documentation (and course example data) is economy and small-business based, rather than
science based and instructors arc often unfamiliar with scientific, especially biological,
terminology. The requirements of data representation and queries often present challenges
which are often different than what is typically needed by business data processing (Jagadish
and Olken 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 Perl programming is a great advantage in the manipulation of data
from one format to another, the major drawback to present data management systems. A
number of Perl scripts (Perl programs are commonly called scripts) were written for this
project transforming files such as GenPept and BLAST results files into formats 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 Perl that it is a “write-only” language i.e.
it is difticult to understand another Perl programmers scripts. Bioperl (open source software
that is still under active development) is a collection of Perl modules that aid the development
of Perl scripts for bioin formatics applications. These modules can be used in Perl scripts and
offer fast solutions to programming problems associated with the manipulation of genomic
information. Bioperl 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 as
possible patent disqualification and yet there seems to be no “accepted” system of genomic
data management with each laboratory/institution left to sort something in-house. Any
genomic-based database system should be flexible enough for any institution to make

changes to suit their research yet hold a framework that will allow effective data interaction.

191



However, trying to please everyone who requires genomic data management will create more
chaos than is already present. Small, simple database design may be presently absent from
the bioinformatics ‘training’ repertoire but provides a powerful data management tool that

cannot now be ignored.

Figure 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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