
Strategies for Homology-Based Identi�ation ofEukaryoti Non-Coding RNA Genes
UNIVERSITÄT LEIPZIGFakultät für Mathematik und InformatikInstitut für InformatikDISSERTATION

zur Erlangung des akademishen Grades
DOCTOR RERUM NATURALIUM(Dr. rer. nat.)im FahgebietInformatikvorgelegt vonDipl.-Biol. Dipl.-Inf. Manuela Marzgeboren am 6. Mai 1981 in LeipzigLeipzig, den 6. Juli 2009





AbstratHomology searh is one of the basi tasks in omparative genomis: any investiga-tion of the evolution of a family of genes or other funtional elements is neessarilybased on the prior knowledge of a set of homologous sequenes that are to be om-pared. The rapidly inreasing olletion of ompletely sequened genomes servesas the primary soure of suh sequene data. In priniple, this is a straightforwardproblem of approximate string mathing. In pratise, however, it turns out to bea omplex problem for non-oding RNAs, as a onsequene of the peuliaritiesof the seletive fores that govern their evolution. Not only non-oding RNAsare short, severely limiting the information ontained in their sequenes, but theyalso evolve rapidly, with more onstraints on their struture than on the underly-ing sequene. Sequene onservation is also distributed very unevenly along themoleule, so that short highly onserved blok are separated by highly variabledomains. This thesis ollets a series of ase studies of a variety of small RNAfamilies with the overarhing aim of a better understanding of general patterns innRNA evolution.Already the omparably well-onserved group of splieosomal snRNAs shows asurprising variability even within the limited phylogeneti range of metazoa. Sev-eral highly diverged snRNAs show that expansion domains have to be expetedeven in the most highly onserved RNA families. The omprehensive analysis ofanimals snRNAs shows that most metazoan phyla, with the notable exeption ofthe nematodes, have two distint splieosomes and a full omplement of 9 splieo-somal snRNAs. In ontrast, splied leader (SL) RNAs appear in several eukaryotiphyla. A detailed omparison of their strutures exhibits more similarities amongthem then previously thought that favours the hypothesis that they derive froma ommon anestor and have been lost independently in many lades over theompeting theory of frequent independent innovations of SL trans-spliing. SmYRNAs are an enigmati lass of small pol-III transripts that appear to be involvedin trans-spliing in most nematodes. They are studied here for the �rst time froman evolutionary perspetive. The U7 snRNA is involved in the proessing of the3' ends of histone genes. It is transribed as the shortest known pol-II transript,with virtually no onserved sequene beyond its Sm and histone binding sites.Nevertheless, a nearly omplete inventory of U7 snRNA in deuterostomes is re-ported here.While the snRNAs are still relative well-behaved, there are several RNA familiesthat are even harder to deal with beause they do not only evolve rapidly at se-quene level but also exhibit dramati variations in size and struture. For the U3



snoRNA, for instane, only a few protein-binding motifs and relative small orestruture is ubiquitously onserved among eukaryotes. In fungi, the searh for U3homologs is further ompliated by the presene of introns, usually a very rarephenomenon among nRNA genes. Similar patterns of strutural variation areobserved for RNase MRP, where � in ertain lades � large parts of the struturean be missing while short stems an be enlarged to omplex domains omprisinga substantial fration of the entire moleule. The 7SK RNA and the telomeraseRNA are probably the most extreme examples. The 7SK RNA was until reentlyonsidered spei� to vertebrates beause attempts to �nd homologs in inverte-brates with sequene-based methods have remained unsuessful. Here, we provideevidene that the 7SK RNA, and its protein partners, are present throughout theentire animal kingdom. The situation is a bit di�erent for telomerase RNA: whileit is ommon onsensus that all organism with �normal� telomers also have telom-erase RNA, no homolog in any invertebrate has yet been on�rmed, although asa �rst step, promising andidates have been derived for the sea urhin.Homology-based searhes for nRNAs require the ombination of multiple searhtools, ranging from simple blast and semi-global sequene alignments todesriptor-based surveys for harateristi strutural motifs. Depending on thespei�s of eah RNA family di�erent strategies have been employed, followingthe same general priniple. First, andidate sets are extrated from genomi data,whih are then �ltered down to a set for whih detailed manual analysis beomesfeasible. The same methodology was also applied to annotate nRNAs in twogenomes: Trihoplax adhaerens, one of the most basal metazoans, and Shisto-soma mansoni, a parasiti platyhelminth of high medial importane. In bothases the nRNA inventory was expanded way beyond what little was known be-fore.In summary, the work presented has extended the knowledge base on non-odingRNA by hundreds of novel nRNA gene sequenes, whih in turn were employedto re�ne and improve the onsensus struture models of more than a dozen RNAfamilies. Taken together, the data provide novel and unexpeted insights into thestrutural variability of the nRNAs and emphasize the importane of large-salestrutural variations in nRNA evolution.
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Chapter 1
IntrodutionComparing all three domains of life (Bateria, Arhaea and Eukarya) by 16S rRNA[3, 4℄, tRNA [5, 6℄ and protein [7℄ analysis the assumption of one origin of life, thelast universal ommon anestor (LUCA) is ommonly believed among sientists.The literature virtually agrees on the existene of an �RNA-Protein World� stagepreeding the divergene of Bateria, Arhaea and Eukarya [8�11℄. Reasons are(1) the in�exible double strand DNA moleule an exist as information storageonly; (2) synthesis of proteins is possible without DNA, but not without RNA; (3)Desoxyribonuleotides are synthesized from ribonuleotides; (4) DNA-repliationstarts with the synthesis of an RNA primer; (5) RNA is foldable in three di-mensions ating as information storage, information transmitter (mRNA), withstrutural funtions (nRNAs, ribonuleotides; see se. 1.1); (6) RNAs may haveatalyti abilities (ribozymes, like RNase P, se. 4.2).Considering life without DNA, the importane of nRNAs as the only informationstorage is expound. Therefore this thesis about the evolution of nRNAs has alarge impat. In the senario of LUCA with a RNA genome only, the transitionto DNA genomes independently ourred twie (Bateria and Arhaea+Eukarya)[12℄ or even thrie [13℄, possibly mediated by viral entities [8℄. NRNAs are in-dependently of DNA of suh an importane to a ell for regulation, that they areinvolved in all kinds of proesses. Spei� regulation of possible �transription�-like[11℄ proesses ould have been simply lifted to the novel DNA genome, therebyusing the same regulatory sequenes and the same protein fators. In [8℄ it is hy-pothesized, that the transition of DNA genome was possible only from an anestralstate in whih the protein-prodution was regulated at least predominantly at thelevel of translation. Transription regulation must have been a later innovation.In this thesis we are interested in the evolution of nRNAs.
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Figure 1.1: Sketh of the post-ENCODE view of a mammalian transriptome (adapted from[17℄). Highly transribed regions onsist of a omplex mosai of overlapping transripts (arrows)in both reading-diretions. These transripts link together the loations of several protein odinggenes (oding exon indiated by blak retangles). Conversely, multiple transription produts,many of whih are non-oding, are proessed from the same lous as a protein oding mRNA.1.1 Evolution of nRNAsA deade ago, the genome was seen as a linear arrangement of separated individualgenes whih are predominantly protein-oding, with a small set of anient non-oding �house-keeping� RNAs suh as tRNA and rRNA dating all the way bakto an RNA-World. However, in ontrast to this simple view more reent studiesreveal a muh more omplex genomi piture. The ENCODE Pilot Projet [14℄,the mouse DNA projet FANTOM [15℄, and a series of other large sale tran-sriptome studies, e.g. [16℄, leave no doubt that the mammalian transriptome isharaterized by a omplex mosai of overlapping, bi-diretional transripts and aplethora of non-protein oding transripts arising from the same lous, Fig. 1.1.This newly disovered omplexity is not unique to eukaryots. Similar high-throughput studies in invertebrate animals [18, 19℄ and plants [20℄ demonstrate thegenerality of the mammalian genome organization among higher eukaryots. Eventhe yeasts Saharomyes erevisiae and Saharomyes pombe, whose genomeshave been onsidered to be well understood, are surprising us with a muh riherrepertoire of transripts than previously thought [21�24℄. Even in bateria, anunexpeted omplexity of regulatory RNAs was disovered in reent years [25℄.Given the importane and ubiquity of non-oding RNAs (nRNAs) and RNA-based mehanisms in all extant lifeforms, it is surprising that we still know rela-tively little about the evolutionary history of most RNA lasses, although a seriesof systemati studies have greatly improved the understanding sine the �rst at-tempt at a omprehensive review of this topi [26℄.
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1.2. HOMOLOGY BASED SEARCH OF NCRNAS 4On the other hand, most funtional nRNAs do not date bak to the LUCA butare the result of later innovations. Some ruial �housekeeping� funtions involvedomain-spei� nRNAs. Eukaryots, for instane have invented the spliing ma-hinery involving several small splieosomal RNAs (snRNAs), while bateria usetmRNA to free stalled ribosomes and the 6S RNA as a ommon transriptionalregulator.The innovation of nRNAs is an ongoing proess. In fat, most experimentalsurveys for nRNAs report lineage-spei� elements without detetable homologiesin other speies. An overview of evolutionarily older nRNA families is ompiledin Fig. 1.2 without laim to ompleteness. Many RNA lasses, however, suh as YRNAs and vault RNAs, and most baterial nRNA families have not been studiedin su�ient detail to date their origin with ertainty. Some of them thus mighthave originated earlier than shown.1.2 Homology Based Searh of nRNAsIn biology, homology refers to any similarity between harateristis that is dueto their shared anestry. Many sientists have argued for a long time about thede�nition of homology. �Any similarity between harateristis� does not only referto DNA. It is a onsensus onsisteny of organs, apparatus, orpus strutures,physiologial proesses or even behaviours.An established example for homology on a morphologial layer are front extremi-ties of humans and petoral �ns of dolphins. The similarity of homologous organsmay be lost during evolution through further developments. Therefore three ri-teria for verifying homology exists: (1) With the riterion of position organs ofdi�erent speies an be reognized as homologs, due to an idential positioning.The long, auminate anine of gorillas and the muh smaller anine of humansan be loalized between inisors and premolars. (2) Charateristis an be ho-mologous by the riterion of onsisteny. The swim bladder of �sh and the lungof humans are homologs, evolutionary intermediated stages are lungs of lung�sh,amphibians and reptiles. (3) The third riterion of spei� quality shows in aseof many mathes in onstitution homology has to be assumed. Plaoid sales ofsharks and teeth of humans are similarly built-on: a avity, dentine and enamel.At the level of DNA �homology� is also used for genes, whih in di�erent speieshave similar or idential funtions. Their sequene arose from a ommon anestor.The riterion of position an be determined by adjaent genes. If two genes



5 CHAPTER 1. INTRODUCTIONof di�erent organisms have highly similar DNA sequenes, it is likely that theyare homologous by the riterion of onsisteny. However, one has to be areful:Sequene similarity may also arise without ommon anestry. Short sequenesmay be similar by hane and other sequenes might be similar beause both wereseleted to bind to a partiular moleule. Suh sequenes are similar but nothomologous. The riterion of spei� quality plays a deisive role in terms of non-oding RNAs, sine their onstitution is not only based on nuleotides rather thantheir struture. An extreme form of this riterion will be presented and disussedin setion 3.3.We here distinguish between orthologs and paralogs, whih are two fundamentallydi�erent types of homologous genes that evolved, respetively, by vertial desentfrom a single anestral gene and by dupliation [33℄. Bioinformatiians use homol-ogy searh for the predition of so far unknown ourrene of genes in a ertainorganism based on vertial desent. For this purpose a known piee of DNA, RNAor proteins � in this thesis usually a non-oding RNA gene � of an organism is usedas query. One of the nowadays more than 5300 sequened genomes1, ESTs or othergenomi sequenes are used as database to searh a homologous sequene of thequery sequene. Genomes used in this thesis an be viewed in App. B.4. KnownnRNAs are available and obtained for this thesis from Rfam, NCBI, NonCode andvarious other soures as desribed in eah setion and in App. B.1.At �rst glane this searh seems to be straightforward. Although this is fun-damental several di�ulties annot be dismissed. Organisms and therewith theirgenomis develop during evolution. Hene, it might be di�ult to �nd homologousgenes, if query and soure organism are divergent. The missing link method, i.e.searhing with the query in organisms phylogentially loated "between" the queryand soure organism, is a fashionable and well-founded evolutionary solution.Homology searh of non-oding RNAs (nRNAs) is a very fundamental and om-plex hallenge. This feature is justi�ed in the funtion of nRNAs. In the ase ofprotein-oding genes (Fig. 1.3a) the transribed RNA is proessed and a ertainombination of three nuleotides are translated in a spei� amino aid. The re-sulting hain of amino aids ats within the ell, the funtion proteins are odedmainly in the sequene of nuleotides. NRNAs are likewise transribed and pro-essed, Fig. 1.3b. However, they are not translated into proteins. Instead theyhave a spei� struture and interat this way with other moleules (proteins,DNA or RNA). Consequently, homology searh of nRNAs is not only based onthe sequene of nuleotides rather than a spei� struture.126.04.2009, http://www.nbi.nlm.nih.gov/sites/entrez?db=genome
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Figure 1.3: (a) From genes to proteins in eukaryots. Transription, RNA proessing and translation. During Transription polymerases transribeDNA to mRNA. The pre-mRNA ontains introns and exons and is proteted against exonuleases by 5' ap and 3' polyadenylation. The proessingstep prepares RNA for leaving the ell nuleus. The splieosome removes introns. In the ytoplasm the mRNA is translated to proteins by ribosomesand tRNA adapter moleules. For regulation of the synthesis of proteins non-oding RNAs are needed and in this piture underlined. (b) Fromgenes to funtional RNAs in eukaryots. The step of transription produes pre-mRNA with exons, introns, 5' ap and 3' polyadenylation as for thetransription for proteins. During proessing pre-mRNA matures. Afterwards nRNA ats in di�erent parts of the ell as tRNA, rRNA, snRNA,snoRNA, miRNA, RNase P et., indiated by arrows.



7 CHAPTER 1. INTRODUCTIONAt present, we have an inomplete understanding of genes oding for proteinswithin the genome and even less of an understanding of genes not oding forproteins (non-oding genes). Experimental studies using a variety of di�erenttehniques, from tiling arrays [34�37℄ to DNA sequening [38�40℄, and unbiasedmapping of transription fator binding sites [41℄ agree that a substantial frationof the genome is transribed and that non-protein-oding RNAs (nRNAs) are thedominating omponent of the transriptome.An as-yet unsatisfatorily resolved question is whether novel transripts lakingprotein-oding apaity (non-oding transripts) have a biologial funtion as suh,or whether they rather represent �biologial noise� (i.e., seletively neutral tran-siption) [42℄. Analogous to the analysis of protein-oding genes, a ombination ofboth experimental and omputational tehniques seems neessary to address thisquestion.1.3 Overview of this thesisThe next hapter introdues all programs used in this thesis for the preditionof a various number of non-oding RNAs. It provides a general overview andlassi�ation of these programs.In hapter 3 an evolutionary overview of hemial reations of spliing is given.Spliing is a main proessing step for proteins and non-oding RNAs and an in-dispensable part of this thesis. We will see that the ability to remove parts of thetransripts or produing di�erent produts is �nally a regulation step existing indi�erent variations in eukaryots, bateria and arhaea.Non-oding RNAs involved in proessing are examined. For is-spliing (Setion3.2) with the major splieosome, anient snRNAs U1, U2, U4, U5 and U6 areneeded, whereas U11, U12, U4ata, U5 and U6ata at for the minor splieosome.trans-spliing (Setion 3.3) involves a splie leader (SL) as mini-exon. This spliereation exists in just a few organisms spread wide over the phylogeneti tree ofeukaryots. We �avour in this thesis for a possible origin of all these diverged SL-RNAs. Reently SL RNAs were observed together with another small lass of non-oding RNAs: We show the phylogeneti distribution of SmY RNAs in nematodes(Setion 3.4) and ask the question of a proposed interation of SL2 RNA and SmYRNA. In Setion 3.5 the histone-mRNA proessing unit of U7RNP, namely thenon-oding U7 snRNA, is examined extensively in an evolutionary ontext.MRNA-like-nRNAs (mlnRNAs) are non-oding RNA transripts, whih are pro-essed just as normal mRNAs, but arry only very small ORFs or no ORFs at all.



1.3. OVERVIEW OF THIS THESIS 8Transriptional ontrol, [14, 43�45℄, tissue spei� di�erential expression [46℄, al-ternative spliing and polyadenylation [47℄ of mlnRNAs does not seem to di�erfrom those of protein oding polymerase II produts. Some of them remain in thenuleus. In Setion 3.6 we examine mlnRNA in a large sale for insets.For the introdued nRNAs involved in proessing the disovery and thereforea fundamental overview of their evolution is possible to obtain. For some long,highly derived nRNA (Chapter 4) a homology searh within the 243 assembledeukaryoti genomes is not straightforward. In ase of atypial snoRNA U3, Setion4.1, whih is essential for proessing of 18S rRNA transripts into mature 18SrRNAs [48℄, at least within subgroups boxes C', B, C and D are present in aonserved way. Eah box has 6 to 10 nt and by hane a box ours 732.421 or 2.861times, respetively in the human genome (3 · 109 nt). To make the problem moreomplex, for some speies it is known that U3 ontains introns [49, 50℄. With theinformation of similar sequenes between these boxes, information of a onservedseondary struture, a known distane range between onserved sequene motifsand �nally spei� written programs for this purpose, however, in most ases it ispossible to identify the only U3 of an organism's genome, Setion 4.1.In the ase of RNase MRP or RNase P (Setion 4.2) the seondary struture anvary dramatially [51℄. Only one stem (P10/12) may onsist of 15nt (Yarrowialipolytia) or 280nt (P. anserina). Although there exist no preisely alulatingpseudoknot programs with information of the main funtional and interating partof the gene, it is possible to determine and �nd the only RNase MRP or RNaseP sequene in most eukaryoti organisms. The most divergent nRNAs onsistof very less (7SK RNA, Setion 4.3) or no (Telomerase, Setion 4.4) sequenesimilarity at all. The homologous sequenes share strutural features and theirfuntionality only. In these ases spei� programs are developed to identify invery little ases their homologous genes. It is my great pleasure to present youthe newly disovered 7SK RNA and Telomerase sequenes in this thesis.In the last hapter 5 we want to show di�erent omparative approahes to preditfuntional RNA seondary strutures and provide a detailed sreen and ompar-ison of genomes. The omputational approah is based on the observation thatstrutural onstraints imply spei� mutational patterns visible at the sequenelevel. Beside RNAz [52, 53℄, whih onsiders strutural onservation and stabilityof the putative strutures in terms of predited folding energies, we use a ombi-nation of introdued methods to examine all nowadays known nRNAs [54℄.Altogether I am proud to present even in the ase of highly divergent non-odingRNAs, suh as 7SK RNA, U3 snoRNA, RNase MRP, Telomerase, the evidene ofproven funtionality by wet-lab experiments of our ollaborators.
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Chapter 2
Tools Of The TradeThis hapter introdues all programs used in this thesis for the predition of avarious number of non-oding RNAs. A lassi�ation of programs and a generalwork�ow an be obtained in Fig. 2.1. Beside a desription of RNAz and a sub-sequently annotation pipeline for sreening full genomes, in the last part of thishapter (Se. 2.4) we provide information for other used programs, e.g. for TargetPredition Tools, Repeat Filter Tools, Tools for phylogeneti analysis or syntenyinformation.2.1 General Homology SearhPrograms omparing primary sequenes (Blast, GotohSan) are used for homologysearh of highly onserved non-oding RNA (tRNAs, rRNAs, snRNAs, SRP RNA)or between losely related organisms, Se. 2.1.1. This thesis omprises mainly lowonserved or divergent nRNAs homologs. Depending on the degree of derivedsequenes, homology searh might be performed by seondary struture basedprograms (Se. 2.1.2) or programs using a pattern searh methods and ovarianemodels (Se. 2.1.3).2.1.1 Sequene Based SearhBlastThe Blast-pakage [55℄ provides various programs for alulating high soringloal alignments between a query sequene and a target database. Query andtarget ould onsist of DNA or protein sequenes. In this thesis the following
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Figure 2.1: Searhing for nRNAs. Methods of homology searh for nRNAs an be devided inthe following lasses: (1) General Homology Searh, whih might be sequene based, struturebased or a mixture of existing programs; (2) Spei� nRNA Searh Programs were developedfor large ommon groups of nRNAs; (3) Veri�ation of Predited nRNAs is an indispensablestep for omputationally verifying obtained sequenes; (4) For further spei� tasks programsfor target predition, phylogeneti analysis, synteny information, promoter veri�ation and muhmore are available.



15 CHAPTER 2. TOOLS OF THE TRADEprograms are used: blastn and blastp for omparison of nuleotide and proteinsequenes, respetively; blastx for omparison of six-frame translation produtsof nuleotide query and database; tblastn for omparison a protein query with anuleotide database and PSI-blast for identifying distant relatives of proteins.Before using Blast, an index �le is reated by formatdb, whih avoids redun-dant opies of databases, therefore the e�ieny is enhaned by faster searhes insmaller databases. Afterwards, a searh of small regions is performed, that areexatly idential in both sequenes (seeds). The word size of blastn is by default11 nuleotides and limited to 7 nuleotides. Both sides of the seeds are extendedin order to obtain a good longer alignment.For the loal Smith-Waterman algorithm a matrix F indexed by i and j is on-struted. Eah index stands for a position in eah sequenes p and q. Fi,j is thesore of the best alignment between the initial segment p1..i and q1..j.
Fi,j = max



























0,

Fi−1,j−1 + σ(pi, qj),

Fi−1,j − d,

Fi,j−1 − d

(2.1)
Fi,j is alulated reursively, F0,0 = 0, d stands for gap osts and σ(pi, qj) formath/mismath osts. Subsequently a traebak from the maximal entry of F isperformed in order to obtain the best sequene.There are two main ways to estimate the signi�ane of the alignment sores: TheBayesian approah via model omparison and the lassial approah by extremevalue distribution. For details see Chapter 2 of [56℄.The program formatdb indexes databases. Results are ut by fastamd.In the following a typial appliation of Blast in ombination with other programsis desribed for snRNA searh:In a �rst automati step we used a loal installation of NCBI blast (v.2.2.10) withdefault parameters and E < 10−6 to �nd andidate sequenes in losely relatedgenomes. If suessful, the results of this searh were aligned to the query sequeneusing ClustalW (v.1.83), Se. 2.3.1. After a manual inspetion using ClustalX,the onsensus sequene of the alignment was again used as a blast query with thesame E-value uto�.



2.1. GENERAL HOMOLOGY SEARCH 16If this automati searh was not suessful, the best blast hit(s) were retrievedand aligned to a set of known snRNAs from related speies. Candidate sequeneswere retained only when a visual inspetion left no doubt that they were truehomologs. This manual analysis step inluded a hek whether the phylogenetiposition of the andidate sequene in a neighborjoining tree was plausible, takinginto aount that the sequenes are short and some parts of the alignments are oflow quality.In ases where no snRNA homologs were found as desribed above, we searhed thegenome again with a muh less stringent uto� of E < 0.1 (or even larger in a fewases) and extrated all short hits together with 200nt �anking sequene. We usedSean Eddy's rnabob, Se. 2.1.3 with a manually onstruted struture model toextrat a struture-based math within the seleted regions and attempted to alignthe andidate sequenes manually to a struture-annotated alignment of snRNAsin the Emas editor using the ralee mode mode [57℄, Se. 2.3.1.Finally, the resulting alignments of snRNAs were used to derive searh patternsfor RNAmotif [58℄ and Erpin [59℄, Se. 2.1.2. To this end, the onsensus strutureof the alignment was omputed using RNAalifold [60℄, Se. 2.3.1 and onvertedinto a form suitable as input for the two searh programs.Although some non-oding RNA homologs an not be identi�ed by Blast, thisway is the usually the �rst, fastest and mostly used approah for RNA detetion.GotohSanSine Blast fails to identify many of the nRNAs that are reasonably expeted tobe present in ertain genomes, e.g. homologs of U4ata, U3 snoRNA, and RNaseMRP RNA of Trihoplax adhaerens, a full dynami programming approah is used[61℄. Instead of using a loal (Smith-Waterman) implementation suh as ssearh[62℄ or its partition funtion version [63℄, GotohSan suggests that a �semi-global�alignment approah is more natural for the homology searh problems at hand,here the best math of the omplete query sequene to the genomi DNA is sought.Due to relatively long insertion and deletions, the use of an a�ne gap ost modelbeomes neessary. This problem is solved by the following straight-forward mod-i�ation of Gotoh's dynamis programming algorithm [64℄.Denote the query sequene by Q = q1, q2, . . . , qm and the genomi �subjet� se-quene by P = p1, p2, . . . , pn. Note that the problem is not symmetri sinedeletions of the ends of P do not inur osts, while deletions of the ends of Qare fully penalized. As usual, denote by Sij the optimal alignment of the pre�xes



17 CHAPTER 2. TOOLS OF THE TRADE
Q[1...i] and P [1...j], respetively. The values of Dij and Fij are the optimal soresof alignments of Q[1...i] and P [1...j] with the onstraint that the alignment is aninsertion or a deletion, respetively. The reursions read

Dij = max {Si−1,j + γo,Di−1,j + γe, }

Fij = max {Si,j−1 + γo, Fi,j−1 + γe, }

Sij = max {Dij , Fij , Si−1,j−1 + σ(pi, qj)}

(2.2)
γo for open-gap penalty, γe gap-extend penalty, σ(a, b) for math/mismath osts,with the initializations

S00 = 0,

D0j = −∞, S0j = F0,j = γo + (j − 1)γe,

Fi0 = −∞, Si0 = Di,0 = γo + (i − 1)γe.In this full version, the algorithm requires O(n × m) time and memory, where nis the length of the genome and m is the length of the query sequene. For eahendpoint, the alignment an be obtained by standard baktraing in O(m2) timeand spae.
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Figure 2.2: Histogram of sore distribution for U4ata, U17 and RNase MRP. Cirles denotetrue homologous.The urrent C implementation of GotohSan stores a histogram of all the soresfor eah query sequene over all database sequenes. Fig. 2.2 gives some exampleof sore histograms.2.1.2 Struture Based SearhSine sequene based searh methods fail to identify many of the nRNAs that aredivergent but struturally onserved, depending on their funtion, I used programsusing the information of the moleule folding.



2.1. GENERAL HOMOLOGY SEARCH 18Advantages and disadvantages of the following programs will be desribed in thissetion. RNAmotif, Erpin and HyPa were used for snRNA searh, Infernal forSmY and SL RNA searh. For longer diverse nRNAs these methods turnedout to be unsuitable. Known sequenes/strutures with small variations (point-mutations, varying loop-lengths) are easily deteted. However, large variations(stem length of more than double sizes, inluded introns, et.) were missed. Thisproblem is a general problem for seondary struture searh methods: It is totallyunlear at whih positions within the gene, larger variations ourred during evo-lution. Writing very variable motifs whih simply allow larger evolutionary eventseverywhere yields a massive amount of andidates of whih nearly all are falsepositives. This an be partly dynamially adopted in RNAmotif with the use ofsoring funtions, but again it is neessary to predit where variable regions are.And this is impossible.InfernalInfernal [65℄ is a software pakage that allows to make onsensus RNA seondarystruture pro�les, and use them to searh nulei aid sequene databases for ho-mologous RNAs, or to reate new struture-based multiple sequene alignments.To make a pro�le, one needs to have a multiple sequene alignment of an RNAsequene family, and the alignment must be annotated with a onsensus RNA se-ondary struture. The program mbuild takes an annotated multiple alignmentas input, and outputs a pro�le. Then one uses that pro�le to searh a sequenedatabase for homologs, using the program msearh. One an also use the pro-�le to align a set of unaligned sequenes to the pro�le, produing a struturalalignment, using the program malign. This allows to build hand-urated repre-sentative alignments of RNA sequene families, then use a pro�le to automatiallyalign any number of sequenes to that pro�le. This seed alignment/full alignmentstrategy ombines the strength of stable, arefully human-urated alignments withthe power of automated updating of omplete alignments as sequene databasesgrow. This strategy is used to maintain the Rfam database of RNA multiple align-ments and pro�les. Infernal models are pro�le stohasti ontext-free grammars(pro�le SCFGs), whih inlude sequene and RNA seondary struture onsensusinformation. A large number of CPUs are needed to use it for serious work.RNAmotifThe RNAmotif program [58℄ searhes a database for RNA sequenes that matha "motif" desribing seondary struture interations. A math means that the



19 CHAPTER 2. TOOLS OF THE TRADEgiven sequene is apable of adopting the given seondary struture, but is notintended to be preditive. Mathes an be ranked by applying soring rules thatmay provide �ner distintions than just mathing to a pro�le. RNAmotif programis an extension of earlier programs rnamot and rnabob [66�68℄, Se. 2.1.3. Thenearest-neighbour energies used in the soring setion are based on refs. [69, 70℄.ErpinThe program Erpin (Easy RNA Pro�le Identi�atioN) [59℄ is an RNAmotif searhprogram developed by Daniel Gautheret and André Lambert. Unlike most RNApattern mathing programs, Erpin does not require users to write omplex de-sriptors before starting a searh. Instead Erpin reads a sequene alignment andseondary struture, and automatially infers a statistial SSP (seondary stru-ture pro�le). A novel Dynami Programming algorithm then mathes this SSPonto any target database, �nding solutions and their assoiated sores. In thelatest version Erpin omputes E-values for mathes.HyPaThe program HyPa [71℄ allows the user to searh for hybrid patterns over an in-dex onstruted by the provided mkaffix.sh sript. HyPa requires a query �leontaining the pattern desriptions in the provided language HyPaL and an indexas input. The database, alled HyPaLib (for Hybrid Pattern Library) [72℄, on-tains annotated strutural elements harateristi for ertain lasses of struturaland/or funtional RNAs. These elements are desribed in HyPaL along with mo-tifs onsisting of sequene features and strutural elements together with sequenesimilarity and thermodynami onstraints. Beause of limitations in spae andtime this approah is pratially not appliable.2.1.3 Pattern and Struture Based Searh (by Hand)One of the main problem in bioinformatis is homology searh of nRNAs whihare neither onserved in their sequene nor in their struture. For eah of suhdivergent gene lasses spei� programs have to be invented. In this thesis somegeneral approahes will be shown for RNase MRP, RNase P, U3, 7SK and Telom-erase, Se. 4. In this ase handirafts is needed: A ombined searh of rnabob,Fragrep, RNAsubopt and RNAduplex is used for this purpose.



2.1. GENERAL HOMOLOGY SEARCH 20rnabobThe program rnabob [68℄ has been utilised at various oasions during this thesis.This program is an extremely fast pattern searhing program for RNA sequenes,seondary and tertiary strutures and even pseudoknots. However, this programlaks two essential features: (1) A non-marginal amount of results are not onsid-ered by rnabob and are therefore not part of the output; (2) rnabob is aident-sensitive in terms of strutural variations suh as point insertions/deletions. Bothproblems are disussed below with several methods to resolve these shortomings.Lost rnabob Results The program rnabob [68℄ is an implementation of DanielGautherets RNAmot [66, 67℄ with a di�erent underlying algorithm using a non-deterministi �nite state mahine with node rewriting rules.Conserved sequene pattern and strutural oherenies are spei�ed in a desriptor�le. A regular expression tree is built after starting rnabob, whih is used tosearh in the sequene database (fasta, gg, embl, genbank and other formats arepossible).During the searh on 7SK RNA we disovered for our purpose an unintentionalfeature of rnabob. In Fig. 2.3 a simple example sketh this problem.
T CACTGGACTTGAAACTTG CATA

s1 s2 s3

s2 0 NNNNN**********
s3 0 CATA

s1 0 ACTTG

AA TGACTTGCACTGGCATA CATA
>seq2

| ACTTG|AAACTTGCACTGG| |CATA
     2     23         seq1

| ACTTG |CATA|CACTGGCATATG|
     3     22         seq2

| ACTTG|CACTGG|CATA|
     3     17         seq2

| ACTTG CATA||CACTGG|
     9     23         seq1

Fasta Database

>seq1

Description File

Input Output

Figure 2.3: A simple example about the outome of rnabob. The desription �le spei�es apattern of ACTTG, a 5-15nt spaer and CATA. Running the desriptor on seq1, rnabob dumps tworesults. Running the desriptor on seq2 just one of two results is alulated.



21 CHAPTER 2. TOOLS OF THE TRADEA desription �le with a variable number of nuleotides between two spei�edpatterns (sequene based as in Fig. 2.3 or struture based) may lak a subset ofsolutions. In order to obtain all possible mathes a reimplementation of rnabobseems to be indispensable.hi Manja,It's probably possible to hak rnabob to do that, but the way it'soded, there's no option for doing that at the moment. It's fousedon finding *a* math rather than *all* mathes, and for any givenstart point i on the sequene, it finds the first math (if any) andignores other possible alignments of the pattern to subsequenesstarting at i.[...℄You might have a look at the ode yourself (might be faster thanwaiting on me!). Sine rnabob is just based on a haked regularexpression mather (the same parent ode as Perl's ode is based on,I believe), and regexp mathers usually allow you to output allmathes instead of the first one, this might be easy to hak.SeanAfter the orrespondene with Sean Eddy, the author of rnabob, several program-mers tried to rewrite the ode, whih turned out not to be an easy hak at all.Brute Fore Solution Obviously, replaing eah asterisk * by N, yielding ndesriptor �les instead of one �le with n asterisks, solves the problem for a simplepattern with one variable region, only.However, in a more di�ult example as for snoRNA U3 (Fig. 2.4A) the numberof desriptor �les may blow up. U3 RNA has six sequene onserved parts: Boxes
A′, A, C ′, B, C and D. The general struture is also onserved, however to keep itsimple here we onentrate on boxes C ′, B, C and D, whih are highly onservedamong fungi. Between C ′ and B 18-27nt, B and C 31-160nt, C and D 53-120ntmay exist. This would result in 6 + 129 + 67 asterisks and 6 · 129 · 67 = 51.858�les would be needed with this brute fore solution. The runtime would be muhtoo large and therefore a smarter approah is needed.A Smarter Approah To avoid within a variable length of nuleotides twoourrenes of a pattern p with the length n, the length of an asterisk sequeneshould be at most 2n−1. If the number of asterisks m is smaller then the length of



2.1. GENERAL HOMOLOGY SEARCH 22(A) s1 s2 s3 s4 s5 s6 s7 s8s1 0 GATGAs2 0 NNNNNNNNNNNNNNNNNN[6℄s3 1 AGAs4 0 GTGAs5 0 NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN[129℄s6 0 GATGATCTs7 0 NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN[67℄s8 0 TCTGA(B) for ((i=1;i<=17;i++)) do for ((j=1;j<=14;j++)); doout="s1 s2 s3 s4 s5 s6 s7 s8\n\ns1 0 GATGA\ns2 0 NNNNNNNNNNNNNNNNNN[6℄\ns3 1 AGA\ns4 0 GTGA\ns5 0 NNNNNNNNNNNNNNNNNNNNNNNNNNNNNN"for ((a=1;a<$i;a++)); do out=$out"NNNNNNNN"; done;out=$out"[15℄\ns6 0 GATGATCT\ns7 0 NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN"for ((a=1;a<$j;a++)); do out=$out"NNNNN"; done;out=$out"[9℄\ns8 0 TCTGA\n"eho -e $out > rnabob.$i.$j; done; doneFigure 2.4: Rewriting rnabob desriptor �les. (A) Original rnabob desriptor for fungi snoRNAU3. GATGA � C′-Box, variable 18-27nt, AGAGTGA � B-Box, whereas among the �rst threenuleotides one might be substituted, 31-160nt spaer, GATGATCT�C-Box, 53-120nt spaer,
TCTGA�D-Box. (B) Shell-sript produing a minimal number of desription �les (17·14 = 238)for yielding the full solution set.the following redued pattern1 pr (m < nr), then the original rnabob-desription�le an be used without modi�ations.If m > nr, then nr asterisks are replaed by Ns from one desription �le to thenext, so that ⌈m/nr⌉ desription �les are needed to yield all desired results. In theexample of snoRNA U3 (Fig. 2.4) s2 is not hanged, beause the following patternAGAGTGA with the length of 7 is larger than the number of asterisks (6). The linefor s5 ontains 129 asterisks, the following pattern has a length of 8, therefore 17�les are needed to desribe this line: the �rst one ontains just 9 asterisks, thefollowing �le ontains 5 N's and 9 asterisks and so on. The 67 asterisks of s7 are1Within a redued pattern pre�x and su�x are not equivalent. If the pattern p is CAGTCCCAG,the redued pattern pr is CAGTCC



23 CHAPTER 2. TOOLS OF THE TRADEdivided into 14 �les. Beause of the ombination of s5 and s7 17 · 14 = 238 �lesare needed to yield all possible results.An equivalent proedure has to be used for seondary struture desription partsfollowing a sequene of unknown length.Aident-sensitivity of rnabob RNase P RNA is highly divergent among allorganisms, however some parts P8 or P9 are highly onserved among deuteros-tomes in terms of the stem-length and loop-sequene. The highly variable stemP10 follows diretly downstream of P9. The �rst 6-7 nuleotides basepair with aregion upstream of P7. This feature was implemented in rnabob, a part of thiswas: h10 s17 h10'h10 0:0 NNNNNN*:*NNNNNNs17 0 NNNNN[150℄Throughout the work of this thesis it was generally straightforward to determinethe start and end of P10 in deuterostomes, with the exeption of Petromyzonmarinus in whih ase it was not possible at all. The reason is that within thelamprey genome a single nuleotide within the stem was inserted:allorhinhus CGG.AAGC.[℄.GCTTCCGpetromyzon GTGCAGCC.[℄.GGCTCAC#=GC SS_ons <<<.<<<<.[℄.>>>>>>>It would be possible to inlude this into the rnabob desription, but you haveto speify at whih position the evolutionary deletion/insertion happened. In thisthesis long patterns/stems were divided into smaller patterns/stems. The di�erentresults of the desriptors were joint, sorted and �ltered by distanes. Results with
n − 1 subpatterns were still examined. This method sounds a bit iruitous,however results were omplete and rnabob is still (ompared to other struturesearhing programs) extremely fast.FragrepAnother program utilized for divergent nRNA searh in genomes uses the prop-erty of short but well onserved patterns separated by poorly onserved regions[73℄. The Fragrep tool implements an e�ient algorithm for deteting the patternfragments that our in a given order. For eah pattern fragment the mismath



2.1. GENERAL HOMOLOGY SEARCH 24tolerane and bounds on the length of the intervening sequenes an be spei-�ed separately. Compared to RNAmotif, Fragrep provides a statistially well-motivated ranking sheme, whih relieves the user from de�ning an individualsoring sheme as in RNAmotif. On the other hand, Fragrep does not searh forexpliit seondary struture onstraints [73℄.As desribed in Fig. 2.5 Fragrep alulates a searhing pattern similar to theinput of rnabob. The k onserved sequene patterns C may be found in a genomesequene T with mi mismathes and k−1 unonserved sequenes X with lower andupper bounds of length. Fragrep provides p− and E-value-like ranking shemesthat are omputed from a dinuleotide-based Markov model.The time omplexity of Fragrep is bound to O(kL), whereas L := maxiLi and
Li denoting the number of ourrenes of Ci in T .

X CC C1 1 2 kX k−1

Construct Pattern

Search in a large genomeFigure 2.5: An e�ient searh tool for fragmented patterns in genomi sequenes. Fragrepalulates for a given alignment a onsensus pattern, whereas k onserved sequene fragments
C1, .., Ck are divided by X1, .., Xk−1 variable sequenes. This pattern is searhed in a largegenomi ontext.In this thesis Fragrep performed extensive searhes of 7SK, U3 and Telomerase.Additionally, for U7 snRNA analysis we expanded the tool aln2pattern, the om-ponent of the Fragrep distribution that generates a olletion of position weightmatries as searh patterns with as �Sequene-Logo� style output derived form theWebLogo Postsript ode [74℄.Compared to rnabob, whih is adequate for short onserved motifs in genomi on-texts, Fragrep additionally is appliable for longer onserved parts (as desribedin the problem setion of rnabob).Searhing for hairpins with rnabob and Fragrep I always suggest to pipe resultsto RNAfold, sine the sequene GTGTGTGTGTGTGTGTGTGT would be be mathed bythese programs with the query of a stem of length 6nt: GTGTGT:GTGTGT. However,RNAfold would rejet this hairpin, in terms of a positive energy value.



25 CHAPTER 2. TOOLS OF THE TRADE2.2 Spei� nRNA Searh-ProgramsFor some nRNAs, suh as tRNA, SRP, miroRNAs, snoRNAs and RNase P,spei� already existing programs were used for this thesis and disussed in thefollowing setion. Exept the latter program, these programs are not the main sub-jet of this thesis and used just for the last part (Chapter 5), sine these programsand extensively homology of orresponding nRNAs has been done previously.tRNAsan-SEtRNAsan-SE identi�es 99-100% of transfer RNA (tRNA) genes in DNA sequeneswhile giving less than one false positive per 15 gigabases [75℄. This program isextremely fast with ∼30 000 bp/s.We used tRNAsan-SE with default parameters to annotate putative tRNA genesin genome projets, e.g. for Trihoplax adhaerens (Setion 5.1) and Shistosomamansoni (Setion 5.2). In the latter ase the genome of the free-living platy-helminth Shmidtea mediterranea [76℄ was searhed in order to obtain suitabledata for omparison.SRPsanA method for predition of genes that enode the RNA omponent of the signalreognition partile (SRP) is developed by [77℄. A heuristi searh for the stronglyonserved helix 8 motif of SRP RNA is ombined with ovariane models that arebased on previously known SRP RNA sequenes.For annotation of nRNAs in Trihoplax, platyhelminthes, nidaria and nematodsthis program was used with default parameters, Chapter 5.BhekWe developed a RNase P spei� gene �nding tool, alled Bhek (in preparation)[78℄, whih wraps rnabob pattern searh and Infernal ovariane validation. Ithas been developed and tested on both Rfam database and GenBank hromosomesequenes of bateria, arhaea and reently eukaryots2. This program is developedwith a deent speed and auray. rnabob desriptor models are built for shortonserved regions I and S-domain.2http://www.tbi.univie.a.at/∼dilmurat



2.2. SPECIFIC NCRNA SEARCH-PROGRAMS 26Hits are extended to both �anking sides. An Infernal ovariane model of thewhole RNase P gene �lters by default with an E-value < 10−5.RNAmiroRNAmiro is a support vetor mahine (SVM) based approah that in onjun-tion with a non-stringent �lter for onsensus seondary strutures, is apable ofe�iently reognizing miroRNA preursors in multiple sequene alignments [61℄.For Shistosoma and Trihoplax we followed the general protool as desribed in[61℄ to identify miRNA preursors, using all metazoan miRNAs listed in miRBase[79℄ [Release 11.03℄. The initial searh was onduted by Blast with E < 0.01with the mature mature* miRNAs as query sequenes. The resulting andidateswere then extended to the length of the preursor sequene of the searh queryand aligned to the preursors using ClustalW [80℄. Seondary strutures werepredited using RNAfold [81℄ for single sequenes and RNAalifold [60℄ for align-ments. Candidates that did not fold into miRNA-like hairpin strutures weredisarded. The remaining sequenes were then examined by eye to see if themature miRNA was well-positioned within the stem portion of eah putative pre-ursor sequene. For omparison, we used the �nal andidates to searh the S.japonium and S. mediterranea genomes to examine whether these sequenes areonserved in Shistosomes and/or Platyhelminthes.snoReportsnoReport [82℄ is a ombination of RNA seondary struture predition and ma-hine learning that is designed to reognize the two major lasses of snoRNAs,box C/D and box H/ACA snoRNAs, among nRNA andidate sequenes. ThesnoReport approah deliberately avoids any usage of target information and in-stead uses the a pre-�lter with SVM lassi�ers based on a small set of struturaldesriptors whih are su�ient for a reliable identi�ation of snoRNAs.We ompared all the known human and yeast snoRNAs that are annotated inthe snoRNAbase [83℄ to the S. mansoni and T. adhaerens genome using NCBI-blast[55℄ and Gotohsan [61℄. The searh for novel snoRNA andidates was per-formed only on sequenes that were not annotated as protein-oding or anothernRNA in the urrent S. mansoni assembly. The SnoReport program [82℄ wasused to identify putative box C/D and box H/ACA snoRNAs on both strands.Only the best preditions, i.e., those that showed highly onserved boxes and3http://mirorna.sanger.a.uk/sequenes/



27 CHAPTER 2. TOOLS OF THE TRADEanonial strutural motifs, were kept for further analysis. The remaining andi-dates were further analysed for possible target interations with ribosomal RNAsusing snosan [84℄ for box C/D and RNAsnoop [85℄ for box H/ACA snoRNA an-didates, for details see setion 2.3.4. In addition, the S. mansoni sequenes wereheked for onservation in S. japonium and S. mediterranea using NCBI Blast.To estimate the number of false preditions we ompared the andidate snoRNAswith ommon nRNA databases, in partiular Rfam [86℄ and nonode [87℄. Allsequenes mathing a non-snoRNA nRNA were disarded.2.3 Veri�ation of Predited nRNAsComputationally veri�ation of predited andidates is usually done by multi-ple alignments, promoter veri�ation, onserved �anking regions (synteny) andthrough target predition (valid mainly for snoRNAs). These methods will bedesribed in following.2.3.1 Multiple AlignmentsMultiple alignments are usually obtained by generi programs as ClustalW (fornuleotides) and possibly by subsequent use for RNAalifold (for veri�ation ofseondary struture). A program ombining strutural and sequene feature isLoarnate, whih is used mainly for long highly divergent nRNAs, suh as RNaseMRP/P, 7SK or telomerase. However, sometimes (espeially for the latter nRNAsused in a wide genomi ontext) all programs do not align known short highlyonserved boxes together. In suh ases an alignment per hand is indispensable. Inthis thesis this is done by Emas ralee mode-mode and intramoleular interationsare veri�ed by also by hand with RNAduplex and RNAsubopt.ClustalW/ClustalX and RNAfold/RNAalifoldClustalW [88℄ aepts a wide range of input format, however in this thesis nu-leotides and amino aids are used as input only. There are three main stepsto produe a multiple alignment (1) Creation of pairwise alignments; (2) Con-strution of a phylogeneti tree, alternatively the user an speify suh a tree; (3)Calulating a multiple alignment under the onstraint of the given phylogenetitree. This program is used mainly for preditions of all nRNAs. Afterwards thealignment is viewed by ClustalX [88℄. To prove in ase of onserved nRNAs a



2.3. VERIFICATION OF PREDICTED NCRNAS 28ommon seondary struture, the output of ClustalW is alulated and the se-ondary struture is veri�ed by RNAalifold. In ases of derived sequenes newpreditions may folded by RNAfold with the -C option, allowing the user to spe-ify a known struture and proof therefore the possibility of the moleule to foldinto a known struture.However for some divergent sequenes this method was not suitable, therefore aombined sequene/struture alignment is needed.DIALIGNWhile most multiple alignment methods are either purely global or purely loalmethods, DIALIGN is able to ope with a variety of di�erent situations [89℄. Theprogram an �nd loal similarities in a multiple sequene omparison even if thesesimilarities involve only two sequenes. These an be ombined to one single multi-ple alignment and non-related regions between these regions are ignored. However,if sequenes are globally related, DIALIGN will return a full global alignment.Sequenes for e.g. U7 RNA searh or SRP RNA were aligned using DIALIGN todetermine whether the harateristi up- and downstream elements were present.LoarnateWith Loarnate4 [90℄ a novel approah for multiple alignments of RNAs is pre-sented in the way that loality of RNA ours as similarity of subsequenes as wellas similarity of only substrutures. The approah extends loARNA by struturalloality for omputing all-against-all pairwise, strutural loal alignments. The�nal onstrution of the multiple alignments from the pairwise ones is delegatedto T-Coffee. The paper systematially investigates strutural loality in knownRNA families. Benhmarking multiple alignment tools on strutural loal familiesshows the need for algorithmi support of this loality [90℄.We used this method mainly for unknown strutural parts as for RNase MRP andRNase P, stem P10-12 (Setion 4.2); 5' part and stem loop IV of U3 snoRNA(Setion 4.1) and 7SK RNA from stem M3 to M7 (Setion 4.3).4http://www.bioinf.uni-freiburg.de/Software/LoARNA/



29 CHAPTER 2. TOOLS OF THE TRADEEmas ralee mode and the RNA Vienna PakageWithin this thesis, struture annotated sequene alignments were manually mod-i�ed in the Emas text editor using the ralee mode mode [57℄ to improve lo-al sequene-struture features based on seondary struture preditions for theindividual sequenes obtained from RNAfold, RNAsubopt, RNAduplex, RNAup orRNAofold. [81℄. The option -C allows to inlude known base pairing featuresfrom experiments or homologous genes. This way andidates for U3 snoRNA,RNase MRP, RNase P, 7SK and Telomerases were �ltered extensively by theseprograms.ComposAlignBeside visualised interpretation of alignments through ClustalX or ralee mode,a soni�ated method of alignment interpretation is desribed in Appendix A.2.3.2 Promoter AnalysisThere are many genomi parts beyond the �gene� (in terms of the part whihis transribed), whih are inevitable for transiption and its funtionality. Al-though there are many regulatory units, some of them loated many kilobasesupstream/downstream of the gene, in most ases in this thesis we just examined100nt upstream of transription initiation. Within this region we an �nd variouselements: GC-box (-90 nt, Pol II), CAAT-box (-70 nt, Pol II), proximal sequene ele-ments (PSE, -60 nt, Pol III), Otamer motif (-54 nt), onserved -35 region, TATAbox (-10 nt, Pol II and III) and κB (-10 nt, Pol II). These elements were searhedand identi�ed with rnabob or MEME.rnabobFor this method a ertain motif already has to be known. This an be modeled byrnabob (for a program desription see setion 2.1.3) and with a possible mutationrate searhed in the upstream region of our andidates. This program is hosenfor �ltering many hundreds of andidates, e.g. 7SK (Setion 4.3), Telomerase-template part (Setion 4.4), or RNase MRP, RNase P (Setion 4.2) or U3 snoRNA(Se. 4.1).



2.3. VERIFICATION OF PREDICTED NCRNAS 30MEMEMEME (Multiple EM for Motif Eliitation) is one of the most widely used tools forsearhing novel motifs in sets of biologial sequenes. Appliations inlude the dis-overy of new transription fator binding sites and protein domains. MEME worksby searhing for repeated, ungapped sequene patterns that our in the DNA (orprotein) sequenes provided by the user [91, 92℄. This program is mainly usedfor all non-oding RNAs. In ase of snRNAs we disovered with MEME (v.3.5.0)motifs upstream of the sequenes for analysis of regulators and other possible de-pendenies. They were manually ompared with previously published sequeneelements. We visually ompared the MEME patterns with the upstream elements inrelated speies from the following literature soures: [93℄ (general motifs), [94�97℄(human), [98, 99℄ (hiken), [100℄ (insets), [101℄ (Bombyx mori), [102℄ (Strongy-loentrotus purpuratus), [103℄ (Caenorhabditis elegans).2.3.3 Synteny InformationIn order to assess whether nRNA genes are mobile in the genome, we determinedtheir �anking protein-oding genes. We used the ensembl ompara annotation[104℄ to retrieve homologous proteins in other genomes and ompared whetherthese homologs also have adjaent nRNAs. This method was mainly used forsnRNAs. For onsisteny, this analysis was performed based on ensembl (release46) [105℄ using the data integration platform BioFuie [106℄. More preisely, foreah human snRNA G we examined the relation of the left homologous LH(G) andright homologous RH(G) of �anking protein oding genes L(G) and R(G) on bothsides of G. We only onsidered annotations in LH(G) and RH(G), respetively,if the sequene distane between GH and LH(G) and RH(G) was not more thantwie (�ve times for mammals) the distane between G and L(G) and R(G).2.3.4 Target-PreditionRNA-protein interation is a mysterious unsolved problem. For RNA-RNA inter-ation several program are developed, however most of them do not mirror in vivointerations. It is not known how minimum free energy is in�uened, espeially ifthese interation are short sequenes ontaining bulges. Programs like RNAduplex[107℄ or RIP [108℄ are developed for a loser estimation of RNA-RNA interation.For snoRNA target predition a reliable program has reently been written. Thetargets of the novel box H/ACA snoRNA andidate are omputed using the novel



31 CHAPTER 2. TOOLS OF THE TRADErun-time e�ient snoplex program [85℄. This tool implements a dynami pro-gramming algorithm to ompute the binding energy of the snoRNA sequene toits target together with the energy of the snoRNA struture itself. In order toassess putative binding sites, snoplex furthermore onsiders the initial energy ofthe snoRNA struture, the energy that is neessary to open the target site andthe duplex energy whih is also depended on the surrounding snoRNA struture.Given a snoRNA sequene, snoplex sans the target RNA sequene and returnsthe set of thermodynamially most stable interation strutures.2.4 Other Commonly Used Programs2.4.1 Multiple CandidatesMultiple opies within an organism might be founded by un�nished assem-blies. Contigs might ontain single genomi loations multiple times. Thereforeblastlust is used to �lter out idential sequenes. In ases of e.g. snRNAs,eah gene is supposed to be present in a larger opy number. Some of them mighteven be pseudogenes. A ombination of blastlust and MEME (for funtionalpromoter analysis, see above) is used to estimate the orret number of funtionalgenes.blastlust is a program within the standalone Blast pakage used to lustereither protein or nuleotide sequenes. The program begins with pairwise mathesand plaes a sequene in a luster if the sequene mathes at least one sequene al-ready in the luster. In the ase of nuleotide sequenes, the megablast algorithmis used5.2.4.2 RNAz and Annotation PipelineAn important sub-lass, whih inludes the housekeeping nRNAs, has evolution-arily onserved seondary strutures. These nRNAs an be identi�ed by methodssuh as RNAz [52℄ and Evofold [109℄ that searh for regions with an exess of mu-tations that maintain the seondary struture.We used multiz [110℄ or NDNAlign [111℄ to produe an alignment of the ref-erene genome and losely related genomes (e.g.Trihoplax as referene genome,Nematostella, and Hydra). Only the bloks that ontained the referene genomeand at least one of the two nidarian speies were used for further analysis.5http://www.nbi.nlm.nih.gov/Web/Newsltr/Spring04/blastlab.html



2.4. OTHER COMMONLY USED PROGRAMS 32These sets of input alignments were passed to the RNAz [52℄ pipeline and proessedin the same way: Alignments longer than 120nt are ut into 120 slies in 40nt steps.In a series of �ltering steps sequenes were removed from the individual alignmentsor alignment slies if they were (a) shorter than 50nt, or (b) ontained more than25% gap haraters or () had a base omposition outside the de�nition range ofRNAz. All preproessing steps were performed using the sript rnazWindows.pl ofthe urrent release of the RNAz pakage. Overlapping slies with a positive nRNAlassi�ation probability of p > 0.5 were ombined using rnazCluster.pl to asingle annotation element, whih we refer to as lous. In order to estimate thefalse disovery rate (FDR) of the sreen we repeated the entire proedure withshu�ed input alignments using rnazRandomizeAln.pl.RNAz [52℄ has been proved to yield results in wide variety of speies, from sreens ofthe human genome ompared against (mostly) mammalia [112, 113℄, teleost �shes[114℄, urohordates [115℄, nematodes [116℄, �ies [117℄, yeasts [118℄, and Plasmodium[119℄. In brief, RNAz is a mahine learning tool that determines for a slie of alignedgenomi DNA whether it enodes a strutured RNA depending on measures ofthermodynamis stability and evolutionary onservation [52℄.Here RNAz was used as for yielding introns of mlnRNAs in �ies (Setion 3.6),nRNA andidates in Trihoplax, Shistosoma and nematods (Chapter 5).2.4.3 Phylogeneti AnalysisPhylogeneti Analysis were used in di�erent parts of this thesis. The exemplaryuse of SplitsTree is shown here at snRNAs. snRNA are short sequenes andin addition there are several highly variable regions. We uses split deomposi-tion [120℄ and the neighbour net [121℄ algorithm (as implemented as part of theSplitsTree4 pakage [2℄) to onstrut phylogeneti networks rather than phylo-geneti trees. The advantage of these method is that they are very onservativeand that the reonstruted networks provide and easy-to-grasp representation ofthe onsiderable noise in the sequene data.2.4.4 Disarding RepeatsRepeatMasker [122℄ sreens DNA sequenes for interspersed repeats and low om-plexity DNA sequenes. The output of the program is a detailed annotation of therepeats that are present in the query sequene as well as a modi�ed version of thequery sequene in whih all the annotated repeats have been masked. Sequene



33 CHAPTER 2. TOOLS OF THE TRADEomparisons in RepeatMasker are performed by the program ross_math, ane�ient implementation of the Smith-Waterman-Gotoh algorithm.For D. melanogaster we downloaded the RepeatMasker annotation from theUCSC genome browser exluding simple repeats and low omplexity regions. Wedisarded introns overlaping a repeat with at least 10%.2.4.5 Example for Homology Searh of All Known nRNAsWe employed the following �ve steps for homology searh in S. mansoni :(a) Candidate sequenes for ribosomal RNAs, splieosomal RNAs, the spliedleader and the SRP RNA, we performed blast searhes with E < 10−3 usingthe known nRNA genes from the NCBI and Rfam databases. For the snRNA set,see [123℄. For 7SL RNA we used X04249, for 5S and 5.8S rRNAs we used theomplete set of Rfam entries, for the SSU and LSU rRNAs, we used Z11976 andNR_003287, respetively. The splied-leader SL RNAs were searhed using SL-RNA entries from Rfam and the sequenes reported in [124℄. For more divergedgenes suh as minor snRNAs, RNase MRP, 7SK, and RNase P, we used GotohSan[61℄, an implementation of a full dynami programming alignment with a�ne gaposts. In ases where no good andidates were found we also employed desriptor-based searh tools suh as rnabob6.(b) In a seond step, known and predited sequenes were aligned using ClustalW[80℄ and visualized with ClustalX [125℄. To identify funtional seondary stru-ture, RNAfold, RNAalifold, and RNAofold [126℄ were used. Combined primaryand seondary strutures were visualized using stokholm-format alignment �lesin the emas editor utilizing ralee mode [57℄. Alignments are provided in theSupplemental Material.() Putatively funtional sequenes were distinguished from likely pseudogenesby analysis of �anking genomi sequene. To this end, the �anking sequenes ofsnRNA and SL RNA opies were extrated and analyzed for onserved sequeneelements using meme [91℄. Only snRNAs with plausible promoter regions were re-ported.(d) Additional onsisteny heks were employed for individual RNA families,inluding phylogeneti analysis by neighbor-joining [127℄ to hek that andidatesequenes fall at phylogenetially reasonable positions relative to previously knownhomologs. For RNase MRP RNA andidates, RNAduplex7 was used to �nd thepseudoknot struture. In order to on�rm that the SL RNA andidate was indeed6http://selab.janelia.org/software.html7http://www.tbi.univie.a.at/RNA/RNAduplex.html



2.4. OTHER COMMONLY USED PROGRAMS 34trans-splied to mRNA transripts, we searhed the FAPESP Genoma Shisto-soma mansoni website http://bioinfo.iq.usp.br/shisto/ for ESTs inludingfragments of the predited SL RNA. We found 52 ESTs with blast E < 0.001spanning the predited region of the SL RNA (nt 8-38), indiating that this RNAdid indeed funtion as a splied leader.(e) Aepted andidate sequenes were used as blast queries against the S. man-soni genome to determine their opy number in the genome assembly.



Chapter 3
RNAs involved in mRNAproessing
Already during the transription of a gene within eukaryoti ells a proedureof preparing pre-mRNA for translation starts outside of the nuleus ontainingseveral steps. A modi�ed guanosine is linked through a 5,5-triphosphat bond tothe 5'-end of the pre-mRNA. This 5'-ap is involved in binding to the ribosomefor translation and furthermore protets mRNA against 5' exonuleases. Aftertransription termination the 3' end of the transript is usually immediately poly-adenylated. About 30-200 adenines failitate the export of mRNA from the nuleusand protet the transripts against degradation. Beside RNA-Editing, spliing isa more basi and indispensable step of proessing. Introns are removed by majoror minor splieosome from pre-mRNA and exons are joint together. The evolutionof the spliing mahinery and the orresponding non-oding RNAs involved inis-spliing are examined in detail in an evolutionary ontext in setion 3.1 and3.2, respetively.Another protein-dependent splieosome ats in some eukaryoti phyla in the formof trans-spliing. For this proessing step a leader sequene derived from a smallnon-oding RNA, ontaining a hypermodi�ed ap, is transferred to a 5' poly-istroni transript. These SL-RNAs present in single phyla wide-spread overof the phylogeneti tree of eukaryots. In setion 3.3 various possible seondarystrutures are alulated and a possible ommon origin of SL RNAs is presented.Reently, for nematodes new investigated non-oding SmY RNA was proposedto interat SL2 RNA. A omplete overview of existing SmY RNAs via homologysearh is performed in setion 3.4. Additionally, we disuss our �nding of SmY-SL2RNA-RNA interation.



3.1. EVOLUTION OF THE SPLICING MACHINERY 36Table 3.1: Spliing Mehanisms. Three major mehanisms, (A), (B), and (C) an be dis-tinguished [130℄. Group I [131℄ and group II [132℄ (whih inlude the group III introns) areself-spliing. However, Group II introns also share several harateristi traits, inluding thelariat intermediate, with splieosomal introns and might share a ommon origin. The spliingof eukaryoti tRNAs and all arhaeal introns uses spei� spliing endonuleases, reviewed in[133℄. The splieosomal mahinery does not distinguish between protein oding mRNAs andmRNA-like nRNAs.Domain (A) (B) (C)group I group II splieosomal endonuleaseBateria + + − −Arhaea − − − tRNA, rRNA, mRNAEukaryota + + �mRNA� tRNAThe interation of U7 RNP with the histone downstream element (HDE) replaesthe polyadenylating step and is therefore ruial for the orret proessing of his-tone 3' elements. An extensively homology searh of the only involved non-odingRNA U7 is performed in setion 3.5.Many eukaryoti transripts onsists of mRNA-like non-oding RNAs (mlnR-NAs). These apped and polyadenylated non-oding RNAs are additionally of-ten splied. In setion 3.6 we show a omprehensive genome-wide omparativegenomis approah searhing for short onserved introns in order of identifyingonserved transripts with a high spei�ity.3.1 Evolution of the Spliing MahineryIn eukaryots, introns of protein-oding mRNA and mRNA-like nRNAs are spliedout of the primary transript by the splieosome, a large RNP omplex whihonsists of up to 200 proteins and �ve small nRNAs [128℄. Mounting evidenesuggests that these snRNAs (Setion 3.2) exert ruial atalyti funtions in thespliing proess [129℄. Splieosomal spliing is one of four distint mehanisms,see Tab. 3.1 and Fig. 3.1 for details.The splieosomal mahinery itself may be present in three distint variants ineukaryoti ells, Fig 3.2. The dominant form is the major splieosome whihontains the snRNAs U1, U2, U4, U5 and U6 and removes in is introns delimitedby the anonial donor-aeptor pair GT-AT (as well as some AT-AC, GC-AGand some other underrepresented introns). A reent report on the expression of aU5 snRNA andidate in Giardia [134℄, a protozoan with few introns, suggests that
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Figure 3.1: (a) Phylogeneti tree showing the known distribution of the di�erent lasses of intronsthat are olour-oded aording to their spliing mehanism as shown in (b): arh � arhaeal(red), tRNA � nulear tRNA (red); gI � group I (green); gII � group II (blue), gIII � groupIII (blue); spI � nulear mRNA (blue) (also alled splieosome introns). Mitohondrial andhloroplast introns are given in brakets. (b) The three mehanisms of introns removal. GroupI introns (green) are removed by the two transesteri�ation reations that are illustrated. Thesubsequent irularization of some group I introns is not shown. Group II, group III and nulearmRNA introns (blue) are also exised by two onseutive transesteri�iations, that are outlined,to produe ligated exons and an intron lariat. Arhaeal and nulear tRNA introns (red) areexised by a spliing endoribonulease that generates 5'-OH and 2',3'-yli phosphates and thenthe exons are ligated. Figure taken from [130℄ and modi�ed. No distanes are given in the tree.
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Figure 3.2: Spliing types. Spliing an be divided in spliing with and without proteins. In thisthesis the non-oding RNAs interating with protein omponents of the splieosome is detaileddesribed (Setion 3.2,3.3). The event of removing part of the sequene (spliing) dates probablybak until LUCA. Only eukaryots splie with proteins.the splieosome and its snRNA date bak to the eukaryote anestor. In general,snRNAs are subjet to onerted evolution if they are present in multiple opies.Nevertheless, there is evidene for di�erential regulation of paralogous snRNAgenes in several lineages [94, 123, 135℄, Se. 3.2.About 1 in 10 000 protein oding genes is splied by the minor splieosome [136℄whih is omposed of the snRNAs U11, U12, U4ata, U5 and U6ata and ats inis on AT-AC (rarely GT-AG) [137℄ introns. The snRNAs U11, U12, U4ata, andU6ata take on the roles of U1, U2, U4, and U6. Whereas, both U6 and U6ataare polymerase-III transripts, all other splieosomal snRNAs are transribed bypolymerase-II. Interestingly, the minor splieosome an also at outside the nu-leus and has a funtion in the ontrol of ell proliferation [138℄. Funtional andstrutural di�erenes between the two types of splieosomes are reviewed in [139℄.The snRNAs themselves are not only part of the splieosomes but are also involvedin transriptional regulation [140℄.The minor splieosome is present in most eukaryoti lineages and traes bak toan origin early in eukaryoti evolution [141�143℄. Although it appears to havebeen lost in many lineages, most metazoa have a minor splieosome, with thenotable exeption of nematodes suh as Caenorhabditis elegans [136℄ and ertainnidaria [123, 144℄, Se. 3.2. Nowadays, it is disussed if the minor splieosome isompletely absent or highly divergent among these organisms. Within fungi, minorsplieosomes have been reported only for zygomyota and some hytridiomyota.



39 CHAPTER 3. RNAS INVOLVED IN MRNA PROCESSINGMinor splieosomes are also reported in oomyetes (Heterokonta) and streptophyta[144℄. Whereas, Euglenozoa and Alveolata do not seem to have minor splieosomes.The third type of spliing is splied-leader-trans-spliing. Here a �miniexon� de-rived from the non-oding splied-leader RNA (SL RNA) is attahed to the 5' endof eah protein-oding exon [145�147℄, Se. 3.3. The orresponding splieosomalomplex ontains the snRNAs U2, U4, U5, and U6, as well as an SL RNA [147℄.The evolutionary origin of SL-trans-spliing was reently unlear. It has beendesribed in tuniates, nematodes, platyhelminthes, nidarians, euglenida, kineto-plastids [147℄, rotifera [146℄ and dino�agellates [148℄. Due to the rapid evolutionand the small size of SL RNAs it is hard to determine whether examples fromdi�erent phyla are true homologs or not. Thus, two ompeting hypotheses werepreviously disussed in the literature: (i) anient trans-spliing and SL RNAs havebeen lost in multiple lineages and (ii) the mehanism has evolved independentlyas a variant of splieosomal is-spliing in multiple lineages. Reently, the seondhypothesis is more and more rejeted (see Se. 3.3).In nematodes polyistroni pre-mRNAs are trans-splied into two or even more[149℄ distint SL RNAs whih provide the 5' aeptor site for the �rst (SL1) and allsubsequent (SL2) mRNA sequenes. This leads to the formation of disrete mono-istroni mRNAs that start with either the SL1 or the SL2 sequenes [150℄. Insome organisms many (in ase of Trihinella spiralis at least 15) highly polymor-phi nonanonial splie leaders are known [149℄. The individual splied leadersvary in both size and primary sequene, showing a muh higher degree of diversitythat was previously thought.3.2 is-spliing with small nulear RNAsIn most eukaryote lineages, introns are splied out of protein-oding mRNAs by thesplieosome, a huge RNP omplex onsisting of about 200 proteins and �ve smallnon-oding RNAs [128℄. These snRNAs exert ruial atalyti funtions in theproess [129, 151, 152℄ in three distint spliing mahineries. The major splieo-some, ontaining the snRNAs U1, U2, U4, U5 and U6, is the dominant form inmetazoans, plants, and fungi, and removes introns with GT-AG (as well as rarelyAT-AC and GC-AG) boundaries. Another lass of �non-anonial� introns withAT-AC (and rarely GT-AG [137℄) boundaries is exised by the minor splieosome[136℄, whih ontains the snRNAs U11, U12, U4ata, U5, and U6ata. Just as themajor splieosome, the minor splieosome is present aross most eukaryoti lin-eages and traes bak to an origin very early in the eukaryote evolution [141�144℄.



3.2. CIS-SPLICING WITH SMALL NUCLEAR RNAS 40Reently it was found that the minor splieosome an also at outside the nuleusand ontrols ell proliferation [138℄. Funtional and strutural di�erenes of twosplieosomes are reviewed in [139℄. The third type of spliing the SL-trans-spli-ing, in whih a �miniexon� derived from the non-oding splied-leader RNA (SL)is attahed to eah protein-oding exon. The orresponding splieosomal omplexrequires the snRNAs U2, U4, U5, and U6, as well as an SL RNA [147℄. Due to thehigh sequene variation of the short SL RNAs, and the pathy phylogeneti distri-bution of SL-trans-spliing, the evolutionary origin(s) of this mehanism, whih isative at least in hordates, nematodes, nidarians, euglenozoa, and kinetoplastids,is still unlear.Previous studies on the evolutionary origin of the splieosomes have been per-formed predominantly based on homology of the most important splieosomalproteins. Thus relatively little detail is known on the evolution of the snRNAsequenes themselves beyond the homology of nine families of snRNAs aross alleukaryotes studies so far [141�143, 153�155℄. This may ome as a surprise sine ithas been known for more than a deade that at least all of the snRNAs of the ma-jor splieosome appear in multiple opies and that these paralogs are di�erentiallyregulated in at least some speies, see e.g. [99, 156�159℄. Very reently, however,some of these variants have been studied in more details, see e.g. [101, 135, 160�163℄ and the referenes therein. The only systemati study that we are aware ofis the reent omprehensive analysis of 11 inset genomes [100℄ whih reportedthat phylogeneti gene trees of inset snRNAs do not provide lear support fordisernible paralog groups of U1 and/or U5 snRNAs that would orrespond to thevariants with tissue-spei� expression patterns. Instead, the analysis supports aonerted mode of evolution and/or extreme purifying seletion, a senario previ-ously desribed for snRNA evolution [164�166℄.In this ontribution we extend the detailed analysis of the nine splieosomal snR-NAs to metazoan animals. In partiular in mammals, the analysis is ompliatedby a high opy number of snRNAs of the major splieosome and an assoiatedlarge number of pseudogenes [167℄. We fous here on four questions: (1) Is thereevidene for disernible paralog groups of snRNAs in some lades? A dominatingmode of onerted evolution does not neessarily prevent this, as demonstratedby the existene of two highly diverged opies of both LSU and SSU rRNA inChaetognatha [168, 169℄, whih is probably assoiated with a dupliation of theentire rDNA luster. (2) Are there lades with deviant snRNA strutures? Theprime example for a highly divergent snRNA is the U11 in a subset of the insets[154℄. (3) Are there interpretable trends in the opy number of snRNAs arossmetazoa? (4) How mobile are snRNA genes relative to the �bakground� of pro-tein oding genes? In other words, to what extent are some or all of the snRNA



41 CHAPTER 3. RNAS INVOLVED IN MRNA PROCESSINGgenes o�-springs of a lous that remains stably linked to its ontext over largetime-sales.Over all, the published experimental evidene on metazoan snRNAs is very un-evenly distributed. For example, a large and phylogenetially diverse set of U2snRNA sequenes is reported in [170℄, while most other snRNAs have been re-ported for a few model organisms only. A reent experimental sreen for snRNAsin Takifugu rubripes [171℄ resulted in opies of eight snRNAs families. U4atawas missing, but a plausible andidate an easily be found by blast. Only a fewsequenes of minor splieosomal snRNAs have been reported so far, mostly in afew model mammals [95℄ and in Drosophilids [100, 154℄.3.2.1 Homology SearhTab. 3.2 summarizes the results of the sequene homology searh detailed in theMethods setion, Se. 2.1.1. Only sequenes that passed all �ltering steps andstruture heks are reported as �homologs� in the following. We found that, withfew exeptions, blast-based homology searh strategies are in general su�ient to�nd homologs of all nine splieosomal snRNAs in most metazoan genomes. Theproedure is hard to automatize, however, sine in many ases the initial blasthits have poor E-values, while a multiple sequene alignment then leaves littledoubt that a true homolog has been found. This is in partiular true for searhesbridging large evolutionary distanes, in partiular when the searh extends be-yond bilateria.With very few exeptions we found multiple opies of all �ve major splieosomalRNAs that exhibited the typial snRNA-like promoter elements and were henemostly likely funtional opies of the genes. The snRNA opy numbers variedsubstantially between di�erent lades. The genus Caenorhabditis, for example,was set apart from other nematodes by a two to threefold inrease in the numberof major splieosomal snRNAs. In ontrast, the snRNAs of the minor splieosomewere in most ases single-opy genes.Many genomes, most notably mammalian genomes, ontained a sizeable numberof major snRNA pseudogenes. Table 3.2 therefore lists only andidates that haveplausible snRNA-like promoter struture, that �t the seondary strutures of snR-NAs in related speies, and that exhibit strong sequene similarity in the unpairedregions of the moleule. These are rather restritive riteria. In the eletroni sup-plement, we therefore provide a orresponding table that is based only on sequenehomology.



3.2. CIS-SPLICING WITH SMALL NUCLEAR RNAS 42
Table 3.2: Approximate opy number of snRNA genes.We list here only those sequenes that (1) are onsistent with the seondary strutures of relatedsnRNAs, (2) show substantial sequene onservation in the unpaired regions of these strutures,and (3) have reognizable promoter motifs. In some ases none of the andidates satis�es allthese riteria. Entries of the form S

0 and P
0 indiate that there is homolgous sequene whihhowever laks strutural similarity or reognizable promoter elements. The quality of the genomeassembly is marked by the following sysmbols: △ � Traes, � � Contigs, ♦ � Sa�olds, ♠ �Chromosoms.Coverage Speies U1 U2 U4 U5 U6 U11 U12 U4ata U6ata

♦ M. breviollis 0 0 0-1 0-2 1 0 0 0 0
△ Reniera sp 2 0-1 2 3 2 1 1 0 3
♦ Trihoplax adhaerens 1 1 1 1 2 1 1 1 1
♦ N. vetensis 2 2 4 5 3 3 3 1 2
△ 7.45-8.33X H. magnipapillata 4 2 5 7 4 1 1 0 2
△ 0.05X A. millepora 0 2 0 2 2 0 0 0 0
△ 0.047X A. palmata 1 0 0 0 1 0 0 0 0
♦ S. mansoni 3 3 1 2 9 1 1 1 1
� S. mediterannea 2 P 0 3 2 2 0 0 0 0
△ 13.03X L. gigantea 3 8 11 2 7 2 1 0 2
△ 0.05X B. glabrata S0 2 0 1 S0 0 0 0 0
△ 0.54X P. lobata 1 1 1 0 0 0 0 0 0
△ 0.012X E. solopes SP 0 1 0 0 0 0 0 0 0
△ 4.48X A. alifornia 4 2 4 10 8 1 1 0 1
♦ C. apitata 5 2 1 4 2 1 1 1 1
♦ H. robusta 6 8 4 7 4 0 1 1 1
△ 0.23X H. bateriophora 2 2 0 2 1 0 0 0 0
△ 11.33X B. malayi 3 3 1 1 2 1 0 0 0
△ 12.15X T. spiralis 1 5 2 3 1 1 0 0 0
△ 11.24X P. pai�us 2 2 4 4 7 1 0 0 0
� C. brenneri 19 19 10 19 25 0 0 0 0
� C. remanei 14 11 5 13 15 0 0 0 0
△ 10.18X C. japnoia 16 15 4 14 7 0 0 0 0
♠ C. elegans 10 17 4 9 15 0 0 0 0
♠ C. briggsae 9 10 4 10 22 0 0 0 0
△ 3.29X D. pulex 5 6 4 9 8 1 1 P S0 1
△ 11.81X P. humanus 3 4 1 2 1 1 1 0 1
� N. vitripennis 7 4 3 5 5 1 2 1 2
△ 2.58X I. sapularis 4 4 3 4 3 0 1 0 1
△ 1.6X A. pisum 2 3 0 2 3 1 1 0 1
♦ A. mellifera 5 3 2 3 3 1 1 1 1
♦ B. mori 5 6 3 5 4 1 1 1 2
△ 0.75X T. astaneum 5 5 2 6 3 1 1 0 1
♠ A. gambiae 7 7 2 5 2 2 1 1 1
♠ D. melanogaster 5 6 3 7 3 1 1 1 1
♠ D. ananassae 9 8 2 4 2 1 1 1 1
♠ D. ereta 8 9 3 7 4 1 1 1 1
♠ D. grimshawi 7 6 3 7 3 1 1 1 2
♠ D. mojavensis 6 8 3 6 3 1 1 1 1
♠ D. persimilis 7 7 3 7 3 1 1 1 1
♠ D. pseudoobsura 7 7 3 6 3 1 1 1 1
♠ D. sehellia 7 6 3 7 3 1 1 1 1
♠ D. simulans 8 6 3 8 3 1 1 0 1
♠ D. virilis 6 8 3 6 2 1 1 2 1
♠ D. willistoni 8 9 3 8 P 0 1 1 1 0
♠ D. yakuba 8 7 3 8 3 1 1 1 1



43 CHAPTER 3. RNAS INVOLVED IN MRNA PROCESSINGCoverage Speies U1 U2 U4 U5 U6 U11 U12 U4ata U6ata
♦ S. purpuratus 5 7 9 8 3 2 3 1 1
△ 3.77X S. kowalevski 7 4 4 5 4 1 2 0 3
♦ C. savignyi 3 2 3 7 2 1 1 1 1
♦ C. instestinalis 1 1 3 5 2 1 1 1 1
△ 7.8X O. dioia 1 6 2 7 4 0 0 0 0
♦ B. �oridae 8 3 5 9 4 1 1 0 1
△ 6.19X P. marinus 6 5 8 9 5 1 2 P S0 3
♠ D. rerio 5 4 4 7 3 1 1 1 1
♠ O. latipes 4 2 2 4 4 1 1 1 1
♠ G. auleatus 6 2 4 7 3 1 1 1 1
♦ F. rubripes 5 5 3 6 4 1 1 1 1
♠ T. nigroviridis 4 5 3 5 2 1 1 0 1
♦ X. tropialis 5 1 3 2 5 1 1 1 2
♠ G. gallus 1 1 1 2 4 1 1 1 1
△ 8.34X T. guttata 2 5 2 3 2 1 1 0 1
△ 8.24X A. arolinensis 14 6 2 6 5 1 2 1 1
♠ O. anatinus 5 2 2 4 6 1 1 1 1
♠ M. domestia 7 4 2 5 6 1 PS0 1 1
♠ M. musulus 7 5 1 6 7 1 2 1 2
♠ R. norvegius 4 10 1 4 5 4 1 1 1
♠ C. familiaris 6 5 2 4 5 1 1 1 1
♠ B. taurus 7 8 2 5 6 2 1 1 1
♠ P. tropialis 7 2 2 7 8 1 1 3 1
♠ H. sapiens 8 3 2 5 7 1 1 3 1It is surprisingly di�ult to ompare the present snRNA survey with previousreports on vertebrate snRNAs. The main reason for disrepanies in the ountof snRNAs is that distinguishing funtional snRNAs from pseudogenes is still anunsolved problem. In this ontribution, we use a very stringent riterion by in-sisting on a reognizable promoter struture. In some ases, however, it is knownthat snRNAs have internal promoters only [172℄. These ases onstitute false neg-atives in Tab. 3.2. On the other hand, muh of the published literature onsiderssequene similarity to the known funtional genes as the only riterion, thus mostlikely leading to the inlusion of a substantial fration of pseudogenes. For in-stane, ref. [173℄ ounts 16 U1, 6 U2 and 44 U6 snRNAs in the human genome(ompared to our 8, 3, and 7, resp.), while [94℄ report 5-9 U6 snRNA genes, on-sistent with our list. Similarly, only a fration of the major splieosomal snRNAsreported for the hiken genome in [174℄ pass our promoter analysis.For Drosophilids, on the other hand, our analysis is almost idential to the resultsof [100, Tab.1℄ and the data reported in [101℄. Furthermore, we ome lose theresults of a omparative genomis sreen for non-oding RNAs in C. elegans [116℄,whih reported 12 U1, 19 U2, 5 U4, 13 U5, and 23 U6, i.e., only a few moreandidates than our present purely homology-based approah. A omparativesreen of the two Ciona speies for evolutionary onserved strutured RNAs [115℄missed a small number of snRNA genes that we identi�ed as most likely funtionalones.In a few speies we failed to identify individual major splieosomal snRNAs (e.g.A. pisum U4, H. bateriophora U4, and S. mediterannea U2). Minor splieosomal



3.2. CIS-SPLICING WITH SMALL NUCLEAR RNAS 44snRNAs are more often missing. In those ases where only some of the major orminor snRNAs remain undeteted, the missing family member most likely esapedour detetion proedure for one of several reasons:(1) in the ase of unassembled inomplete genomes for whih only shotgun readswere searhed, the snRNA may be loated in the not yet sequened fration of thegenome or it might not be ompletely ontained within at least one single shotgunread.(2) The snRNA in question may be highly derived in sequene. (For instane, theU11 snRNA in Drosophilids [154℄ annot be found by be a simple blast searhstarting from non-inset sequenes. It an be found however, by the ombination ofvery un-spei� blast and subsequent struture searh as desribed in Se. 3.2.1.)(3) In some ases we list a �0� in Tab. 3.2 even though there is reognizablesequene homology in the genome. In these ases we were not able to identifythe snRNA-like promoter elements and/or the seondary struture did not �t theexpetations. These ases are marked in the table.(4) It is oneivable that some speies had lost a partiular snRNA and replaedit by orresponding snRNA from the other splieosome. The observation that U4may funtion in both the major and minor splieosomes [175℄ shows that suh areplaement mehanism might indeed be evolutionarily feasible.In our data set, we most frequently were unable to �nd a U4ata homolog. Weannot know, of ourse, whether we missed these ases due to poor sequeneonservation or due to loss of the gene. For instane, we did not reover a plausibleU4ata andidate for the hemihordate Saoglossus kowalevski despite the fatthat the U4ata sequene of the sea urhin Strongyloentrotus purpuratus waseasily retrieved.Surprisingly, we found neither a anonial U6 nor a anonial U6ata in Drosophilawillistoni. A highly derived U6 homolog has no reognizable snRNA-like promoterstruture and exhibits substantial deviations from the onsensus struture, see se-tion 3.2.5. Interestingly, it is aligned to the funtional U6 RNAs of the other 11Drosophilids in the genome-wide �12-Fly� Pean alignment1, whih respets syn-teni onservation. This strongly suggests that D. willistoni has indeed a highlyderived U6 snRNA. Aording to known annotation the sequene is not loated inan intron. The absene of external promoter elements has also been observed forone of the human U6 snRNAs [172℄, hene the predition is not at all implausible.Similarly, the U4ata andidate from Daphnia pulex deviates substantially fromother arthropod sequenes. It is possible that in some or all of these ases thesnRNA is present in the genome but is not ontained in the urrently available1http://www.sanger.a.uk/Users/td2/pean-CAF1



45 CHAPTER 3. RNAS INVOLVED IN MRNA PROCESSINGgenomi sequene data. This is most likely the ase for the missing minor splieo-somal snRNAs of Ixodes sapularis, Pediulus humanus, or Drosophila willistoni.In some ases, however, we failed to identify all four minor splieosomal snRNAs.Consistent with previous work [136℄ we found no onvining homologs of the mi-nor splieosomal snRNAs U11, U12, U4ata, or U6ata in any of the nematodegenomes, suggesting that the minor splieosome was lost early in the nematodelineage. Nevertheless, we �nd some blast hits for minor splieosomal snRNAs insome nematode genomes.Our analysis furthermore suggests the possible loss of the minor splieosome inOikopleura dioia, while a omplete omplement of minor splieosomal snRNAswas found in the genus Ciona. It is unlear, however, whether this is an artifatdue to limitations of available shotgun traes.Our survey provides evidene that most metazoan lades for whih genomi se-quenes are available have retained the minor splieosome. For many groups, suhas Annelida or Cnidaria, we are not aware of earlier referenes to the existene ofminor splieosome.3.2.2 Spei� Upstream ElementsThe lassial snRNA-spei� PSE and TATA elements that have been desribedin detail for several vertebrates [93, 94℄ are highly onserved. This appears to bean exeption rather than the rule, however: the snRNA upstream elements arehighly diverse aross metazoa. Our analysis agrees with the reent observationthat in Drosophilids there is a rapid turnover in the upstream sequenes. Eventhough the PSE is fairly well-onserved within Drosophilids, it already di�ers sub-stantially between the major inset groups [100℄. Similarly, within the nematodesonservation of upstream elements is limited to the genus level. In general, thePSE of U11, U12 and U4ata is muh less onserved than their ounterpart inmajor splieosomal snRNA genes. For the purpose of this study, the relativelywell-onserved elements were used to disriminate funtional snRNAs from likelypseudogenes. We onentrated on PSE and TATA elements for this purpose be-ause other snRNA-assoiated upstream elements, suh as SPH, OCT, CAAT-box,GC-box, -35-element and Inr are even less well onserved:A GC-box was identi�ed in Caenorhabditis at a non-anonial position (about-68nt). These elements are di�erent for eah single snNRA lass: U1 GGACGG(44/52 sites), U2 TGGCCG (38/60 sites) and for U5 CGGCCG (39/46 sites). How-ever, also among a single snRNA this element varies a lot: insets have a U1



3.2. CIS-SPLICING WITH SMALL NUCLEAR RNAS 46GC-box GCGCTG at about -75nt (15/39 sites). About half of the U6 sequenesof basal deuterostomes show the CAAT-box motif TGCCAAGAA at the known po-sition of -70nt. Interestingly, we found related motifs in the upstream region ofDrosophilids U11 (GACCAATAT, -33nt) and other insets U5 snRNA (TTCCAATCA,-28nt). The Otamer motif (OCT, ATTTGCAC) was found in 6 of 7 sequenes ofbasal deuterostomes at the known position of -54nt upstream of U6ata. However,in 12 of 14 Drosophilids sequenes, the losely related motif ATTTGCTT was foundat position -33nt. About 35nt upstream of U11 and U12 snRNAs of teleosts wefound the motif GTGACA and TGCACA, respetively. The Inr element of U1 snRNAwas found in eah speies. For teleost �shes and Drosophilids we found a om-plete set of this element for all snRNAs. However, the element show substantialsequene variations both between di�erent genes in the same speies and betweenhomologous genes in di�erent speies. We refer to the eletroni supplement forfurther details and lists of identi�ed sequene elements.3.2.3 Clusters of snRNA genesIn Mammalia, we observe linkeage of tandem opies of U2 snRNAs, see also [176,177℄, while there are no lusters of distint snRNAs. In Drosophila, there aresurprisingly onstant patterns of snRNA lusters: (a) U2-U5 lusters are observed4-6 times per genome, (b) there are one or two U1-U2 lusters, and () 3-9 tandemopies of snRNAs. Two speies deviated therefrom. In D. ananassae, we �nd noU2-U5 luster, but instead 7 U1-U2, one U4-U5 luster and 4 other tandem opies,while the D. willistoni laks the U4-U5 luster but ontains 10 U2-U5 pairs and 6tandem opies. Teleost �shes also have a ommon pattern: there are one or twoU1-U2 pairs and 2-6 tandem opies. In general, however, snRNA do not appearin lusters throughout metazoan genomes.In several speies, linkeage of snRNAs with 5S rRNA has been observed [164, 165,178�181℄. We found only one further example of this type: in Daphnia pulex 5Sand U5 snRNA are separated by only 308bp.3.2.4 Phylogeneti Analysis and ParalogsLike ribosomal RNAs, splieosomal RNAs are subjet to onerted evolution [182�184℄, i.e., one observes that paralogous sequenes in the same speies are more simi-lar than orthologous sequenes of di�erent speies. Multiple moleular mehanismsmay aount for this phenomenon: gene onversion, repeated unequal rossover,and gene ampli�ation (frequent dupliations and losses within family), see [165℄



47 CHAPTER 3. RNAS INVOLVED IN MRNA PROCESSINGfor a review. In some ases, however, paralogs an esape from the onertedevolution mehanisms as exempli�ed by the two paralog groups of SSU rRNA inChaetogatha [169℄.Distinguishable snRNA paralogs that are often di�erentially expressed have pre-viously been reported for a diverse olletion of major splieosomal snRNAs in-luding U1 snRNAs in insets [101, 156, 160℄, Xenopus [185℄, and human [161℄, U2snRNAs in Dityostelium [162℄, sea urhin [157℄ and silk moth [101℄, U5 snRNAsin human [158℄, sea urhin [159℄, and Drosophilids [135℄, U6 snRNAs in silk moth[163℄ and human [94, 172℄.
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Figure 3.3: Phylogeneti network of Drosophilid U5 snRNAs. The eight U5 snRNA reportedby [135℄ are the same as our preditions, here indiated by white dots. me � D. melanogaster,er � D. ereta, si � D. simulans, se � D. sehellia, ya � D. yakuba, wi � D. willistoni, gr � D.grimshawi, mo � D. mojavensis, vi � D. virilis, pe � D. persimilis, ps � D. pseudoobsura, an �D. ananassae. The phylogeneti tree is adapted from [186℄.A phylogeneti analysis of the individual snRNA families nevertheless does notshow widely separated paralog groups that are stable throughout larger lades.
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49 CHAPTER 3. RNAS INVOLVED IN MRNA PROCESSINGTable 3.3: Paralog groups of major splieosomal snRNAs reognizable within major animallades. The symbol •denotes learly distinguishable paralog groups and refers to the supplemen-tal material for details, ? indiates ambiguous ases, = means that all paralogous genes haveidential sequenes.Clade U1 U2 U4 U5 U6Annelids � � � � =Nematods � � � � =Caenorhabditis � � � • =Insets � � � � =Drosophilids ? � •(Fig.3.4) •Chen:05 =Teleosts � •(Fig.3.5a) •(Fig.3.5b) •(Fig.3.5) �Tetrapoda � � � � �Mammalia � � � • �
U2 U4 U5
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Figure 3.5: Phylogeneti networks of teleost �sh snRNAs. Speies abbreviations: fru � Fugurubripes, tni � Tetraodon nigrovidis, ga � Gasterosteus auleatus, ola � Oryzias latipes, dre �Danio rerio, pma � Petromyzon marinus, b� � Branhiostoma �oridae.Neither the two rounds of genome dupliations at the root of the vertebrates northe teleost-spei� genome dupliation has lead to reognizable paralog groups ofsnRNAs. In partiular, minor snRNA genes are single-opy genes in teleosts.3.2.5 Seondary StruturesThe splieosomal snRNAs have evolutionarily well-onserved seondary strutures[153℄. These strutures reeived substantial interest in the past, as exempli�edby the following non-exhaustive list of referenes overing a diverse set of animalspeies: Homo sapiens U1 [187℄, U2 [188℄, U4 [189℄, U5 [158, 190℄, U6 [188℄, U11[95, 143, 191℄, U12 [95, 143, 191℄ and U4ata [192℄, Rattus norvegius U1 [189℄, U4[189℄, U5 [189℄, Gallus gallus U4 [189℄, U5 [190℄, Xenopus laevis U1 [193℄, U2 [194℄,



3.2. CIS-SPLICING WITH SMALL NUCLEAR RNAS 50Caenorhabditis elegans U1, U2, U5, U4/U6 [103℄, Drosophila melanogaster U1[187, 195℄, U2 [195℄, U4 [195℄, U5 [195℄, U4ata/U6ata, U6ata/U12 [196℄, Bombyxmori U1 [197℄, U2 [198℄, Asselus aquatius U1 [199℄, Asaris lumbrioides U1, U2,U5, U4/U6 [200℄. Large hanges in snRNA strutures over evolutionary time werereently reported for hemiasomyetous yeasts [201℄. The omprehensive surveyof snRNA sequenes throughout metazoa set the stage for a omparably detailedanalysis of metazoan snRNA strutures. In order to assess strutural variations,we ontruted struture annotated sequene alignments of all snRNA families.The omplete set of alignments and onsensus struture models is provided (inStokholm format) as part of the eletroni supplement.In general we �nd that snRNA sequenes vary more in paired regions than in theloops. The sequene variations almost exlusively omprises ompensatory muta-tions that leave the seondary strutures intat. As an example, Fig. 3.6 shows thestrutures of the U12 snRNA of Xenopus tropialis and Capitella apitata. Thesequenes have few paired nuleotides in ommon.Strutural variations are typially limited. In Fig. 3.7 we use the U1 snRNAs asa typial example for the evolutionary variation of snRNAs aross the metazoa.Overall the strutures are extremely well onserved with small variations in thelength of the individual stems. With several notable exeptions this is true for allmetazoan snRNAs [123℄.As reported previously [135℄, the seond stem of U5 snRNA shows some variations.More interestingly, the minor splieosomal snRNAs tend to be derived in insets.This has been reported previously in partiular for U11 in Drosophilids [100, 154℄.We found substantial strutural variations also for drosophilid U12 snRNAs: thereare massive insertions in and after Stem III, while Stem I and II show mispairings.Furthermore, Stem II of U6ata is ompletely deleted in all examined insets.Details are ompiled in the eletroni supplement.Most surprisingly, Ayrthosiphon pisum exhibits highly derived strutures for allfour minor splieosomal snRNAs, see Fig. 3.8.The U2 snRNA of Shmidtea mediterannea does �t well to the strutural alignmentof the other U2 snRNAs. In Shistosoma mansoni we found a anonial U12snRNA, while the sequenes of the andidates for minor splieosomal snRNAs donot �t well to the onsensus seondary struture models. Details an be found inthe eletroni supplement.
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Figure 3.8: Seondary strutures of U11 (left), U12 (enter), U6ata (right) in Ayrthosiphonpisum, Drosophila melanogaster and Homo sapiens. Drosophilids derived far from all other minorsplieosome strutures (e.g. human). Moreover, Ayrthosiphon pisum built an autonomousstruture group for all minor snRNAs.Splieosomal snRNA pseudogenes families are very unevenly distributed arossdistint phylogeneti groups and have learly arisen in independent burst multi-ple times aross animal evolution. Within deuterostomes, almost all sequenedgenomes, with the notable exeption of teleosts and hiken, ontain at least onelarge family of snRNA-derived pseudogenes.The genus Caenorhabditis shows no pseudogenes, whereas other nematods shownearly suh a high number of pseudogenes as primates. Annelids, molluss and



3.2. CIS-SPLICING WITH SMALL NUCLEAR RNAS 54plathelminths behave similarly. The Trihoplax adhaerens genome, on the otherhand, ontains a single opy of eah of the nine splieosomal snRNAs.3.2.8 DisussionWe have reported here on a omprehensive omputational survey of splieosomalsnRNA in all urrently available metazoan genomes. We thus provide a ompara-ble and nearly omplete olletion of animal snRNA sequenes. The dense taxonsampling allowed us to verify homology of andidate sequenes. Both the majorand the minor splieosome are present in almost all metazoan lades, nematodes(and possibly Oikopleura) being the only notable exeption. For many of themetazoan families we report here the �rst evidene on their splieosomal RNAs.Using restritive �ltering of the andidates by both seondary struture and anon-ial promoter struture leaves us with a high-quality data set that was then used toonstrut seondary struture models. This is useful in partiular for the snRNAsof the minor splieosome for whih very few sequenes are reported in databases;indeed, the Rfam 7.0 [86℄ lists only the U11 and U12 families with a meager set ofseed sequenes from few model organisms. The sequene and seondary struturedata ompiled in this study provide a substantially improved databases and setthe stage for systemati searhes of even more distant homologs.The analysis of the genomi distribution of snRNAs reveals that disernible par-alogs are not unommon within genera or families. However, no dramatiallydi�erent paralogs have been found. Splieosomal snRNAs are prone to spawninglarge pseudogene families, whih arose independently in many speies. They be-have like mobile geneti elements in that they barely appear in synteni positionsas measured by their �anking genes. While in some genomes snRNAs appearin tandem and/or assoiated with with 5S rRNA genes, these lusters are notonserved over longer evolutionary time-sales. Taken together, the data are on-sistent with a dominating dupliation-deletion mehanism of onerted evolutionfor the genomi evolution and proliferation of snRNA. This behavior of snRNAsis similar in partiular to tRNAs, albeit the opy number of snRNAs is typiallymuh smaller. Reent studies have demonstrated that snoRNAs behave like mobilegeneti elements that spread via retroposition [203, 204℄. Their mode of expressionfrom splied-out introns, however, restrits the funtional opies predominantly tointrons of the same host gene, with only oasional transloations to di�erent ar-riers, see e.g. [26℄. Splieosomal RNAs, in ontrast, appear to freely spread arossthe genome when they appear as multiopy genes.
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3.3. TRANS-SPLICING WITH SPLICE LEADER RNAS 563.3 trans-spliing with splie leader RNAsThe standard free energy parameters used in RNA folding algorithms are measuredat 37◦C and high salt onentrations [70℄. Sine enthalpy parameters are availableseparately [205℄, the parametrization of folding algorithms an be adjusted tophysiologially more meaningful temperature values, and option that is providedby the ommonly used seondary struture predition software suh as mfold[206℄ and the Vienna RNA Pakage [107℄. Systemati e�ets of temperature onthe outome of seondary struture preditions were already disussed in [207℄. Itmay ome as a surprise, therefore, that most omputations studies into onservedseondary strutures are performed with the default parameters. Here, we use thehighly divergent struture preditions for splied leader (SL) RNAs that an befound in the literature as a the subjet of a ase study.Many eukaryotes have two fundamental modes of splieosomal spliing. Cis-spliing is the exision of introns. In trans-spliing, on the other hand, a shortleader sequene is transferred to the 5' end of a (typially protein oding) mRNA,whih is usually proessed from a polyistroni transript. This leader ontainsthe 5' hyper-modi�ed ap struture neessary for translational initiation [208℄. Inall ases desribed so far, the leader sequene is derived from small non-odingRNAs, the SL RNAs [147, 209℄. These moleules share a ommon organization,Fig. 3.10, and funtionality. They provide a short exoni leader sequene with a5' hyper-modi�ed ap and they play an ative role in the splieosome-atalyzedproessing by virtue of binding to the Sm protein. Although SL RNAs are foundin wide range of eukaryoti phyla, they are onspiuously absent in many majorlades suggesting a omplex evolutionary history.
m*Gppp G AUG

Exon/ Leader Intron

m*Gppp GU Sm AG AUG

SL RNA pre−mRNA

Figure 3.10: Shemati drawing of a typial SL RNAThe �rst SL RNAs were disovered in kinetoplastids a quarter of a entury ago[210, 211℄. A few years later, related RNAs were found in Euglena grailis [212℄.The �rst metazoan examples were the nematode Caenorhabditis elegans [213℄ andin platyhelminth Shistosoma mansoni [124℄. Many more examples were soonfound in related speies (see Tab. C.1), but it took until the turn of the millennium



57 CHAPTER 3. RNAS INVOLVED IN MRNA PROCESSINGbefore SL RNAs were disovered in additional metazoan phyla (nidaria [214℄,tuniates [215, 216℄, rotifera [217℄), and in dino�agellates [148, 218℄. In somespeies, multiple divergent opies of the SL RNA have been reported [149, 212, 217,219℄, and some groups of speies harbour two or more learly distint types of SLRNAs [149, 214, 220℄. Of these SL1 and SL2 are distinguished also in the Rfam [86℄.On the other hand, several model organism do not seem to utilize trans-spliing:despite substantial e�orts, no evidene for trans-spliing ould be gathered forDrosophila melanogaster, Saharomyes erevisae, and Arabidopsis thaliana [147,209℄, and no evidene for trans-spliing has been reported in vertebrates despitethe availability of extensive transriptomis data.
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(b)Figure 3.11: Evolution of SL RNAs ([209, 214℄). (a) SL RNAs have a ommon eukaryotianestor. Solid blak line � Presene of SL RNAs sine last ommon anestor; Dashed red line �Possible loss of SL RNAs. (b) SL RNAs derived independently in seven lades, whih we believeto be improbable. Dashed blak line � Absene of SL RNAs; Solid red line � gain of SL RNAs.The unexpetedly sattered distribution of SL trans-spliing aross the phylogenyof Eukarya has prompted interest in the evolution of trans-spliing already twodeades ago. To-date the two major ompeting hypotheses (reviewed in [147, 209,214℄) still remain unresolved:1. SL RNAs have a ommon origin (Fig. 3.11a). Based on the fat, that all SLRNAs have the same funtion of resolving Pol II transripts to monoistronimRNAs.



3.3. TRANS-SPLICING WITH SPLICE LEADER RNAS 582. SL RNAs arose on multiple oasions (Fig. 3.11b).The �rst hypothesis is supported primarily by the funtional and mehanistisimilarities of SL-trans-spliing, while the failure to detet sequene homologybetween SL RNAs from di�erent phyla and the apparent disparity of SL RNAseondary struture are quoted in support of the seond hypothesis, see e.g. [221℄.Here, we re-evaluate the seondary struture models from the published literature.To this end, we not only onsider the minimum free energy struture but alsosuboptimal strutures with omparable energies. Furthermore, we inlude thetemperatures at whih the organisms in question thrive into our analysis.3.3.1 Re-evaluation of seondary struturesTab. C.1 (Supplemental Material) summarizes the published seondary strutures.Together with the unonstrained preditions at ambient temperatures, they fallinto 10 strutural lasses, whih are ompiled in the header of Tab. 3.4. Se-ondary strutures for eah SL were omputed both without onstraints and withonstraints orresponding to these 10 strutural lasses. The temperature param-eter was always adjusted to eah organism's optimal ambient temperature. Theoptimal strutures in the three strutural lasses with the lowest energies are listedin Table C.1, additional strutural alternatives an be found in Supplemental Ma-terial Website2.Many of the previously published strutures were obtained using mfold with stan-dard parameters (i.e., a temperature of T = 37◦C), whih is lethal for most ofthe organisms in question, in partiular almost all the uniellular ones [222℄. Inseveral ases, whih we will disuss in detail in the next paragraphs, our analysisdeviates drastially from the published data. Small orretions and di�erenes atthe sequene level are brie�y mentioned in the Methods setion.Dino�agellata. The K. brevis SL RNA was reported in [148℄ with a donor spliesite that is not onsistent with the EST data from the same work. Moreover,the reported struture is energetially unfavourable at all temperatures, with andwithout additional onstraints that fores the Sm binding site to be unpaired. Thestrutural analysis makes it likely, furthermore, that this SL RNA is 24 nt shorterthan the published sequene, onsistent with proposed A5 termination signal [148℄.Completely di�erent models of dino�agellate SL RNAs are proposed in [218℄. Forboth K. mirum and P. pisiida the Sm binding site is shown upstream of the2www.bioinf.uni-leipzig.de/Publiations/SUPPLEMENTS/09-009



59 CHAPTER 3. RNAS INVOLVED IN MRNA PROCESSINGsplie site instead of downstream. If orret, this would indiate major di�erenesin the organization of the trans-spliing mahinery. However, the Sm proteinsand U1 snRNA seem to be onserved in dino�agellates [223℄. The P. minimumsequene is reported without Sm binding site. A simple sequene alignment ofthis sequene with the SL RNA of K. brevis shows that the SL RNA is learlyonserved among these alveolates. Thus, either the published K. brevis is muh toolong, or the dino�agellate SL RNA sequenes from the work of [218℄ are trunated.Adding 4 nt on the 5' side and 79 nt on the 3' side to the published sequene fromthe genomi DNA available from GenBank (EF143079.1 ), we easily obtainedstruture models that onform to the ommon organization of SL RNAs of otherphyla. For P. pisiida (EF143082.1 ) and P. minimum (EF143084.1 ) �ankingregions were not available, onsequently we re-evaluate this sequenes only withpreviously published sequenes. Due to their short sequenes they are not listedin Tab. 3.4 and Tab. C.1. Detailed alignments an be found at the SupplementalMaterial Website.Euglenida. Stem IV of the published Entosiphon SL RNA [178℄ has a positivefolding energy under all parameter settings, strongly suggesting that this substru-ture is not formed. For E. sulatum we identi�ed a possible alternative Sm bindingsite, whih would suggest that this SL RNA would be 16 nt shorter, see Tab. C.1.The extended sequene then folds similarly to the known seondary strutures inother phyla.Sm Binding Motif. In most of the previous publiations, strutures were om-puted with the onstraint of an externally unpaired Sm-binding site. However,most of the sequenes an fold in a hairpin struture in whih (most of) the Sm-binding site is loated in an aessible loop, as reported e.g. for Euglena [212℄ andHydra [214℄. We do not know, whether SL RNAs our permanently in vivo withSm-proteins binding to their Sm-binding site. Therefore we report strutures withand without a onstraint on the Sm-binding site in Tab. C.1.3.3.2 Phylum spei� alignmentsThe SL RNAs are fairly well onserved as sequene level within eah of the 7 phyla.Alignments an be found at the Supplement Material Website. An exeption isthe T. bruei SL RNA, whih has a long insertion upstream of the Sm-bindingsite.
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c.elegans.1

c.elegans.2

0.1
p.pacificus.2

p.pacificus.1

h.contortus.1

h.contortus.2

t.spiralis.1

t.spiralis.2

Figure 3.12: Neighbor-net analysis on�rms that nematode SL1 and SL2 RNAs form distintparalog groups, with the possible exeption of Trihinella.
# STOCKHOLM 1.0

c.elegans.1           GGTTT..... AA. TTACCCAAGTTT.... GAG
p.pacificus1          GGTTT..... AA. TTACCCAAGTTT.... GAG
h.contortus1          GGTTT..... AA. TTACCCAAGTTT.... GAG
c.elegans2            GGTTT.. TA...... ACCCA. GTTACT. CAAG
h.contortus2          GGTTT.. TA...... ACCCA. GTATCT. CAAG
p.pacificus2          GGTTTAT........ ACCCA. GTATCT. CAAG
a.ricciae1            GGCTTATTACAACTTA. CCAAG........ AG
philodina             GGCTTATTACAACTTA. CCAAG........ AG
t.spiralis            GG.. TAT...... TTA. CCA. G.ATCTAAAAG
//Figure 3.13: A sequene feature shared between rotifera and nematoda SL RNAs.The two paralogous SL RNA in Hydra are probably reent dupliates, sharing ahighly onserved 17 nt long blok in the 3' region. Neither paralog has a reog-nizable homolog in Nematostella vetensis.Most nematodes have multiple SL RNAs. Within Rhabditina, there are learlydisernible paralog groups SL1 and SL2 [224℄. The SL RNAs of Trihinella (ladeDorylaimia) [149℄ do not �t well into this sheme, however (Fig. 3.12).A sequene-based alignment between two adjaent phyla shows no onserved re-gions, as expeted. However, aligning just exoni parts reveals some similaritiesbetween rotifers and nematods, Fig. 3.13.
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G(b)Figure 3.14: Consensus of (a) Donor splie site and (b) Sm binding site of SL RNA for all sevenlades.3.3.3 Ubiquitous Sequene FeaturesNot surprisingly, the donor splie-site, G|GU, and the U-rih Sm-binding site arewell onserved within eah phylum and an be deteted easily using Meme [225℄in the omplete data set, Fig. 3.14). No other sequene similarities have beenreported previously, and a sequene alignment does not pik up any additionalmotifs. We therefore examined all sequenes for ommon properties, suh as po-sitions of pyrimidines or strong paring bases (T and C). A fully omparison of theIUPAC-ode onsensus sequenes of the 7 phyla identi�es several weak sequenefeatures, Fig. 3.15. However, we ompared these results exemplarily for Shis-tosoma mansoni with 300 shu�ed sequenes via ushuffle dinuleotide shu�ing[226℄. They show hardly any similarities with funtional SL RNAs. Details anbe found at the Supplement Material Website.� Upstream of SL RNA stem I, there is an A/C-rih region ontaining an o-asional T. We denote this region by H∗ sine H= {A,C,T}. This G-poorsequene is onform to the proposed initiator sequenes UNCU in euglenoids[221℄, YA+1NU/AYYY generally observed in metazoans [227℄, YYHBYA+1ACU de-sribed for trypanosomes [228℄ and CA+1AUCUC in K. brevis [148℄.� The loop and 3' part of the �rst hairpin are depleted in C. This may beassoiated with onstraints assoiated with the splie-site and/or the bindinga�nity between SL RNA and mRNA.� The 5' part of the �rst hairpin (most of the exon) shows a lak of G, explainedby the pairing with the D= {A, G, T} region mentioned above. This H-blok isless well-onserved than the 3' D-blok due to the possibility of G-U pairing.A suession of A-U pairs followed by U-A pairs in the outer part of stem I(just �below� the splie site) was reported in [221℄ for euglenoids. In severalother lades suh a stringent pattern is not visible, however.
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Figure 3.15: Common sequene features of SL-RNAs: Initiator laking of G, a variable length ofStem I, whih 5' part onsists mainly of A,C,T followed by a loop, whih for SL RNA-α ontainsmainly T and for SL RNA-β A,G. The Donor Splie site is loated downstream of the loop inthe hairpin with the highly onserved GGU-motif. Stem I ontinous nearly without any C. Aftera highly variable region, the known Sm binding site with the ommon motif AATTTTTGG and apossible unpaired region a last part often strutured as a hairpin shows no A to be paired. [X℄*� A luster of X.� The loop of stem I shows a lear minority of Y= {C,T} and S= {C,G}. De-pending on the A/U-ratio, two subtypes an be distinguished (see below).� The donor-spliing site is highly onserved with the sequene G|GU. It isalways loated downstream of loop I.� The region between stem I and the Sm-binding site is highly variable notonly between but also within eah phylum.� The SM binding site onsists of a highly onserved D-region. The ommonpattern is AAUUUUUGG, with the sole exeption of Oikopleura dioia.� Stems downstream of the Sm binding site show a highly onserved C,G-rihB= {C,G,U} stem. The loop in ontrast is A-rih.Taken together, we �nd reognizable sequene onstraints overing almost theentire SL RNA gene.The loop region of stem I learly distinguishes two sub-types of SL RNAs. Inlass α, the loop onsists mostly of Us, while the loop in lass β is essentiallyfree of Us. In most metazoans with more than one SL RNA (e.g. C. elegans, H.ontortus, P. pai�us, T. spiralis, and S. mediterannea) both types are present.The two rotifers A. riiae and Philodina sp., as well as C. intestinalis have onlytype β, while otherwise type α appears to be prevalent. In the nidarian Hydrathe lassi�ation remains ambiguous.



63 CHAPTER 3. RNAS INVOLVED IN MRNA PROCESSING3.3.4 Seondary Struture AnalysisTab. 3.4 summarizes the folding behavior of SL RNAs when onstrained to onformto eah of the ten strutural lasses. The most prominent observations an besummarized as follows:1. Most euglenid SL RNA folds into 4 hairpins. However, other phyla suh asnidaria, rotifers, or tuniates (due to the shorter sequene) never fold intosuh a struture.2. The SL RNAs of all speies an fold into a single hairpin inluding both thedonor splie site and a Sm binding site. Exept for Oikopleura, however, thisstruture is never energetially preferred.3. Stem I upstream of the Sm-binding site is highly onserved. All SL RNAsexept that of Oikopleura an form this struture. In most ases, this stru-ture is also thermodynamially highly favoured, (see Tab. 3.4, 3rd and 4tholumn).4. For the Sm-binding site either a ompletely unbound external struture or amostly unbound loation within a hairpin loop were disussed. Both stru-tural models are plausible, the hairpin variant is always energetially favor-able.5. In most SL RNAs, stem I folds an attain two di�erent hairpins, see below(Fig. 3.16).Interestingly, the sequene underlying stem I an form two alternative strutures,Fig 3.16. Sine the sequenes are highly divergent between phyla, it is very unlikelyto observe the same pair of strutural alternatives throughout the entire data set.We therefore onlude that the onformational hange between the two alternativesis likely required for SL RNA funtion. The published Ciona intestinalis sequenehad to be extended by 16nt to obtain the same result as all other SL RNAs. Thisdoes not on�it with the work of [215℄.Seondary struture alignments show ommon features within eah phylum, aswell as for rotifers and nematods together. Weak signals for onserved strutureelements were obtained by aligning all protostomia together, Fig. 3.17. The or-responding alignments are ompiled at the Supplement Material Website.
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64 Table 3.4: Seondary strutures, their MFEmin for all onstraint folded MFEcons and their ratio of onstraint folding to minimum MFE(MFEcons/MFEmin).Organism T MFE

minE. grailis 29 -35.02 -35.02 1.00 -23.38 0.67 -20.51 0.59 -6.22 0.18 -22.52 0.64 -27.15 0.78 -21.54 0.62 -31.50 0.90 -29.27 0.84 -21.94 0.63P. urviauda 22 -41.51 -41.51 1.00 -34.19 0.82 -24.35 0.59 -11.65 0.28 -32.71 0.79 -32.86 0.79 -23.18 0.56 -34.98 0.84 -35.13 0.85 -25.45 0.61C. aus 22 -54.10 -54.10 1.00 -40.10 0.74 -27.01 0.50 -13.84 0.26 -46.80 0.87 -42.92 0.79 -33.50 0.62 -49.63 0.92 -40.73 0.75 -28.97 0.54R. ostata 23 -42.69 -42.69 1.00 -32.29 0.76 -17.57 0.41 -6.61 0.15 -27.23 0.64 -24.78 0.58 -14.38 0.34 -32.01 0.75 -30.09 0.70 -19.69 0.46M. pelluidum 23 -35.73 -35.73 1.00 -28.32 0.79 -15.28 0.43 -7.66 0.21 � 0 -22.26 0.62 -20.05 0.56 -23.67 0.66 -27.55 0.77 -17.75 0.50E. sulatumlong 25 -35.98 � 0 � 0 � 0 -7.13 0.20 -35.98 1.00 -33.35 0.93 -14.13 0.39 � 0 � 0 � 0*E. sulatumshort 25 -35.07 -16.47 0.47 -19.29 0.55 -11.84 0.34 -7.15 0.20 � 0 -35.07 1.00 -33.86 0.97 � 0 -33.66 0.96 -27.13 0.77T. ruzi 23 -44.05 -34.93 0.79 -38.23 0.87 -32.84 0.75 -24.96 0.57 -33.17 0.75 -38.58 0.88 -42.24 0.96 -34.75 0.79 -44.05 1.00 -43.74 0.99T. vivax 23 -53.64 -46.90 0.87 -53.64 1.00 -43.94 0.82 -22.16 0.41 � 0 � 0 -42.79 0.80 -48.25 0.90 -51.40 0.96 -48.61 0.91T. bruei 23 -75.05 -60.45 0.81 -75.05 1.00 -34.05 0.45 -15.95 0.21 -48.89 0.65 -45.54 0.61 -44.64 0.59 -55.73 0.74 -71.99 0.96 -43.42 0.58L. ollosoma 28 -27.43 � 0 -27.43 1.00 -21.07 0.77 -15.60 0.57 � 0 -23.54 0.86 -22.69 0.83 � 0 -21.85 0.80 -22.53 0.82C. fasiulata 20 -30.83 -25.40 0.82 -30.83 1.00 -29.69 0.96 -21.44 0.70 -21.20 0.69 -23.13 0.75 -30.10 0.98 � 0 -30.76 1.00 -29.62 0.96L. enriettii 36 -24.72 -12.68 0.51 -17.26 0.70 -11.00 0.44 -10.36 0.42 � 0 � 0 -24.72 1.00 � 0 � 0 � 0K. brevis 20 -45.34 -38.06 0.84 -45.34 1.00 -40.31 0.89 -22.47 0.50 � 0 � 0 -33.03 0.73 � 0 -21.04 0.46 -22.77 0.50*K. brevis3'SM 20 -50.23 -41.21 0.82 -39.88 0.79 -22.74 0.45 -19.30 0.38 -45.41 0.90 -50.23 1.00 -39.31 0.78 -28.14 0.56 -26.02 0.52 -16.17 0.32K. mirumlong 20 -54.66 � 0 -53.29 0.97 -53.56 0.98 -26.06 0.48 � 0 -23.93 0.44 -30.62 0.56 � 0 -47.97 0.88 -54.66 1.00Hydra-A 18 -18.06 � 0 -10.96 0.61 -9.26 0.51 -6.60 0.37 � 0 � 0 -18.06 1.00 � 0 -12.63 0.70 -14.35 0.79Hydra-B1 18 -18.80 � 0 � 0 -18.80 1.00 -7.63 0.41 � 0 � 0 -12.19 0.65 � 0 � 0 -18.03 0.96Hydra-B2 18 -18.03 � 0 -18.03 1.00 -11.79 0.65 -8.20 0.45 � 0 -15.86 0.88 -17.23 0.96 � 0 -14.70 0.82 -10.85 0.60Hydra-B3 18 -24.27 � 0 -11.62 0.48 -8.82 0.36 -8.20 0.34 � 0 -22.17 0.91 -20.88 0.86 � 0 -24.27 1.00 -14.93 0.62A. riiae 24 -46.48 � 0 � 0 -36.14 0.78 -6.76 0.15 � 0 � 0 � 0 � 0 � 0 -46.48 1.00Philodina sp. 20 -49.82 � 0 � 0 -42.28 0.85 -7.77 0.16 � 0 � 0 � 0 � 0 � 0 -49.82 1.00C. elegans 1 20 -44.73 -30.04 0.67 -43.54 0.97 -28.75 0.64 -12.27 0.27 -28.25 0.63 -33.80 0.76 -12.27 0.27 � 0 -44.73 1.00 -31.67 0.71C. elegans 2 20 -58.38 -43.52 0.75 -57.14 0.98 -47.88 0.82 -23.35 0.40 -33.79 0.58 -32.85 0.56 -34.06 0.58 -52.20 0.89 -58.38 1.00 -49.20 0.84T. spiralis 1 36 -30.15 -20.92 0.69 -27.80 0.92 -21.08 0.70 -8.34 0.28 � 0 -17.41 0.58 -19.06 0.63 � 0 -30.15 1.00 -20.71 0.69T. spiralis 2 36 -19.51 � 0 -19.51 1.00 -8.40 0.43 -7.91 0.41 � 0 -17.78 0.91 -11.74 0.60 � 0 -18.27 0.94 -11.81 0.61P. pai�us 1 20 -54.23 -19.16 0.35 -50.76 0.94 -36.91 0.68 -13.79 0.25 -38.17 0.70 -36.34 0.67 -37.31 0.69 -54.03 1.00 -54.23 1.00 -37.30 0.69P. pai�us 2 20 -51.68 -48.85 0.95 -48.98 0.95 -39.48 0.76 -19.94 0.39 -29.28 0.57 -32.14 0.62 -38.51 0.75 -42.26 0.82 -51.68 1.00 -37.19 0.72H. ontortus 2 25 -41.15 -33.91 0.82 -39.91 0.97 -35.12 0.85 -17.74 0.43 -17.52 0.43 -17.81 0.43 -41.15 1.00 -34.69 0.84 -39.26 0.95 -40.79 0.99S. mansoni 28 -31.43 � 0 -23.53 0.75 -26.65 0.85 -21.63 0.69 � 0 -26.41 0.84 -21.63 0.69 � 0 � 0 -31.43 1.00F. hepatia 16 -57.02 -32.80 0.58 -53.75 0.94 -47.25 0.83 -32.89 0.58 � 0 -41.96 0.74 -41.80 0.73 � 0 -57.02 1.00 -52.15 0.91S. mediterranea-1 22 -44.16 -32.07 0.73 -43.87 0.99 -37.88 0.86 -21.96 0.50 -15.99 0.36 -28.24 0.64 -26.57 0.60 -31.91 0.72 -44.16 1.00 -41.19 0.93E. multiloularis 35 -42.20 -33.35 0.79 -36.34 0.86 -26.78 0.63 -19.78 0.47 � 0 -42.20 1.00 -37.35 0.89 � 0 -37.37 0.89 -28.69 0.68C. intestinalis 21 -14.98 � 0 � 0 -5.60 0.37 -5.71 0.38 � 0 � 0 -14.98 1.00 � 0 � 0 � 0O. dioiaSM1 20 -14.24 � 0 � 0 � 0 -14.24 1.00 � 0 � 0 � 0 � 0 � 0 � 0O. dioiaSM2+9 20 -16.35 � 0 -0.82 0.05 -16.35 1.00 -14.24 0.87 � 0 � 0 � 0 � 0 � 0 � 00 0.6-0.7 0.8-0.9 0.9-1.0
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UFigure 3.16: Two alternative seondary strutures of stem I an be formed in all phyla. In aseof C. intestinalis 16 nuleotides were added to the 5' end of the published sequene.
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Euglenida

Kinetoplastida

Dinophyceae

Cnidaria
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*

Figure 3.17: Sequene and struture similarities obtained by standard alignment programsClustalW (• � full sequene, � � exon only) and the strutural alignment tool loarnate (N� full sequene). Filled symbols indiate similarities, empty symbols indiate that there are noobvious ommon features; * � alignable with nematods SL1 only.3.3.5 DisussionThe re-evaluation of the available SL RNA data aross Eukarya shows that theyshare more features than previously reognized. Besides faint sequene similari-ties, in partiular their seondary strutures �t a oherent piture when ambienttemperature and thermodynamially plausible seondary strutures are taken intoaount. Taken together, the evidene suggests not only a ommon funtion butalso a ommon mehanism. SL RNAs share:1. The relative positioning of the splie-donor site and Sm-binding site is thesame.2. There is a weak but reognizable shared sequene pattern, suggesting om-mon desent or ommon seletion pressures.3. Strutural similarities between SL RNA are muh greater than reognized inprevious work when natural ambient temperatures are taken into aount.4. Unexpetedly, all SL RNAs share the possibility of two alternative onfor-mations of stem I, suggesting that the strutural transition between the twostates is involved in SL RNA funtion.While logially possible, it seems quite unlikely that trans-spliing arose de novoseveral times to give rise to SL RNAs that always share the same sequene andstruture onstraints. After all, these similarities suggest that they interat in thesame way with the same partners. Of ourse, our analysis does not provide a de�ni-



67 CHAPTER 3. RNAS INVOLVED IN MRNA PROCESSINGtive proof for a ommon origin of trans-spliing, with frequent losses throughoutthe eukaryoti tree [215℄. It put additional burden, however, on the independentinnovation hypothesis, whih will need to explain why trans-spliing originatesmany times in suh a way that it appears to use the same moleular interationsin eah ase.The absene of SL trans-spliing is plausibly established only in a few organismssuh as mammals, fruit-�ies, yeast, or Arabidopsis. For these, the transriptomeis known su�iently well to rule out with near ertainty that there are any unre-lated mRNAs that share a ommon leader sequene of unlear origin. In general,however, the piture is less lear. In analogy to the basal eukaryotes Giardia lam-blia [229, 230℄ and Trihinella spiralis [231℄, and even baker's yeast [232℄, all ofwhih have funtional splieosomes but only a handful of splieosomal introns, SLtrans-spliing might just have esaped detetion in some lades.The lak of obvious sequene similarity among SL RNAs also does not make goodargument against homology. Mutation studies in kinetoplastids and nematodesshowed that muh of the sequene and struture an be disrupted without onse-quene to funtion in trans-spliing [209, 233℄. The observed rapid evolution atthe sequene level thus does not ome unexpeted. This property is shared withseveral other funtionally ruial nRNAs suh as telomerase RNA [234, 235℄ and7SK RNA [236, 237℄, whih so far also have been found only in a rather satteredolletion of lades.If one aepts a ommon origin of SL RNAs, their strutural evolution must havefollowed one of the three senaria outlined in Fig. 3.18: (1) Most anestral SLRNAs ontain 4 hairpins lose to the Sm binding site, Fig. 3.18a, with subse-quent simpli�ations in some lades. (2) Alternatively, the strutural omplexitymay have inreased, Fig. 3.18b. (3) A maximum parsimony analysis in whih weinterpret the hairpins as haraters, also points to a struturally fairly simple an-estor, Fig. 3.18. The inferred anestral states in these senaria should help withonstruting desriptors for homology searh of SL RNAs.On the methodologial level, our ase study shows that environmental fators, inthis ase ambient temperature, is a onfounding variable that an have a substan-tial impat on outome of omputational seondary preditions and thus on thesubsequent onstrution and interpretation of strutural onsensus models.
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Figure 3.18: Three alternative senaria for the evolution of SL RNA seondary struture. (a)Anestral state with 4 hairpins, (b) anestral state ontaining only features that are still ontainedin all present-day SL RNAs, () most parsimonious senario minimizing the number of hairpinggain/loss events.



69 CHAPTER 3. RNAS INVOLVED IN MRNA PROCESSING3.4 SmY RNAsThe SmY RNAs are a family of small nulear RNAs found in Nematoda speies.The �rst SmY RNA was disovered in puri�ed Asaris lumbrioides splieosomepreparations, as well as a seond RNA alled SmX that is not detetably homol-ogous to SmY [238℄. Twelve SmY homologs were identi�ed omputationally inCaenorhabditis elegans, and ten in Caenorhabditis briggsae [239℄. Several tran-sripts from these SmY genes were loned and sequened in a systemati surveyof small non-oding RNA transripts in C. elegans [240℄. SmY RNAs are about70-90 nuleotides long, with a onserved onsensus binding site for the Sm pro-tein, a shared omponent of splieosomal snRNPs [238, 239℄. In C. elegans, SmYRNAs opurify in a omplex with Sm, SL75p, and SL26p proteins, while thebetter-haraterized C. elegans SL1 trans-spliing snRNA opuri�es in a omplexwith Sm, SL75p and SL21p (a paralog of SL26p) [239℄. Loss of funtion of eitherSL21p or SL26p individually auses only a weak old-sensitive phenotype, whereasknokdown of both is lethal, as is a SL75p knokdown. Based on these results,the SmY RNAs are believed to have a funtion in trans-spliing.To date, SmY RNAs have been desribed in C. elegans, C. briggsae, and A. lumbri-oides. The range of speies possessing SmY RNAs has not been well haraterized.Here we report the results of a omprehensive omputational haraterization ofSmY RNA genes in available genome sequenes.3.4.1 Initial SmY sequenes.Thirteen identi�ed SmY sequenes are in publi DNA databases: Asaris lumbri-oides SmY RNA [238℄ and twelve SmY RNAs from Caenorhabditis elegans [239℄(Tab. 3.4.1). Full length 5' and 3' ends for all these sequenes are experimentallydetermined [19, 238�240℄, with three exeptions. SmY-12 was obtained as a partial3'-trunated sequene [19℄, and SmY-4 and SmY-7 are predited from sequenesimilarity [239℄.SmY-2 and SmY-3 have also been identi�ed with slightly di�erent transript sizesand alled C/D small nuleolar RNAs Ce135 (72nt) and Ce96 (98nt) by Zemann etal. [241℄, who ritiized Deng et al. [240℄ for lassifying these sequenes as �smallnulear RNA like�. Our analysis agrees with MaMorris et al. [239℄ in assigningthese as SmY small nulear RNA homologs, and we have used the transriptsequenes deposited by Deng et al. [240℄.In two ases, we modi�ed a sequene from the aessioned version. We added 8nt of genomi sequene to the 3' end of the trunated SmY-12 sequene to make



3.4. SMY RNAS 70Table 3.5: Previously published SmY RNA sequenes. (a) mislassi�ed as small nuleolar RNA;(b) aessions on�it on exat size/sequene, used sequene reported by Deng et al.3; () ex-perimentally determined 78 nt sequene from Deng et al.3 inludes 5' G not enoded by WS150genome; used CESC 77 nt version; (d) reported database sequene is on inorret strand; (e) a-ession reports partial 73 nt 3'-trunated sequene, we inferred an additional 3' 8 nt from genomisequene; CESC: The C. elegans Sequening Consortium. a mislassi�ed as small nuleolar RNA;
b aessions on�it on exat size/sequene, used sequene reported by [240℄; c experimentallydetermined 78nt sequene from [240℄ inludes 5' G not enoded by WS150 genome; used CESC77nt version; d reported database sequene is on inorret strand; e aession reports partial 73nt3'-trunated sequene, we inferred an additional 3' 8nt from genomi sequene. CESC: The C.elegans Sequening Consortium.Name Alternative Names Aession numbers length (nt) ReferenesAsaris lumbrioidesSmY U52372.1 72 [238℄Caenorhabditis elegansSmY-1 CeN32, C33A12.22 AY948626.1, NR_003443.1 77 [240℄SmY-2 CeN25-1, C33A12.21a , Ce135a AY948618.1, NR_003442.1a , DQ789540.1a 77b [240, 241℄SmY-3 CeN25-2, D1086.14a , Ce96a AY948619.1, NR_003469.1a , DQ789534.1a 82b [240, 241℄SmY-4 D1086.16 NR_003471.1 81 CESCSmY-5 CeN25-3, D1086.15 NR_003470.1, AY948620.1 77c CESCSmY-6 CeN25-5 AM286190.1 83 [19℄SmY-7 Y73B6BL.46 NR_003463.1 82d CESCSmY-8 CeN31, Y45F10B.19 AY948625.1, NR_003460.1 79 [240℄SmY-9 CeN25-7 AM286192.1 77 [19℄SmY-10 CeN112, Y45F10B.20 AY948610.1, NR_003461.1 90 [240℄SmY-11 CeN25-4, Y57G11C.55 AY948621.1, NR_003462.1 78 [240℄SmY-12 CeN25-6 AM286191.1 81e [19℄it onform to our full-length onsensus model. We reversed the orientation ofSmY-7, beause the aessioned version is in the inorret (antisense) orientation.3.4.2 Homology searhes and a representative seed alignment.Starting from the sequenes in Tab. 3.4.1, we onduted a number of di�er-ent iterative searhes, using a ombination of Blast [242℄ and Infernal 1.0[243℄ [http://infernal.janelia.org℄ to identify SmY RNA homologs in a va-riety of genome sequenes. Putative homologs were identi�ed in the following13 nematode genome sequene assemblies: Caenorhabditis elegans, Caenorhab-ditis briggsae,Caenorhabditis remanei, Caenorhabditis japonia,Caenorhabditisbrenneri,Pristionhus pai�us, Haemonhus ontortus, Meloidogyne inognita,Meloidogyne hapla, Heterodera glyines, Brugia malayi, Asaris suum andTrihinella spiralis68 sequenes were seleted to be representative of the family. Starting from auto-mated Infernal alignments, a multiple alignment was assembled and manuallyre�ned by struture and sequene onservation to form a urated seed alignmentsuitable for the Rfam database [244℄. A Stokholm format text �le of this align-



71 CHAPTER 3. RNAS INVOLVED IN MRNA PROCESSINGment is provided in the Supplementary Material (SmY_seed.stk).We used manual omparative sequene analysis to dedue a onsensus seondarystruture, and also independently predited a onsensus struture using the pro-gram Loarnate [90℄. The two struture preditions largely agree with eah other,and with a onsensus struture previously published by MaMorris et al. [239℄.The manual omparative analysis was favored where details di�ered. Fig. 3.19shows the predited onsensus seondary struture, together with a summary ofthe extensive base-pair ovariation evidene in the seed alignment that supportsit.
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Figure 3.19: Consensus SmYRNA struture, with tables annotating the number of ompensatorybase pair substitutions, base pair deletions (∆∆ olumn), and nonompensatory substitutions(�other� olumn) observed in the 68 sequenes of the representative seed alignment, in supportof the struture predition. The most highly onserved residues are shown as upper ase lettersin the struture. The sequene at the 5' end of SmY RNAs is highly variable; the onsensus isshown here as n19, but it varies in both length and sequene in individual SmY sequenes.We did a retrospetive analysis to establish the support for eah individual se-quene's probable homology to the rest of the family, whih on�rmed that eahsequene is supported by signi�ant (< 1 × 10−4) Blast or Infernal E-valueswhen searhed against phylogenetially independent subsets of the seed alignment(using the -Z option of both programs to alulate E-values for an e�etive searhspae size of 200 MB), with four exeptions. Four distantly related SmY sequenesare predited in Tylenhid nematode speies � two paralogs in Heterodera glyines,and one SmY eah in the related speies Meloidogyne hapla and M. inognita.The assignment of these sequenes as SmY homologs is supported by borderlineInfernal E-values (0.01-0.001) to more than one Infernal model built of otherindependent SmY sequene subsets, and by the fat that they share the expetedpattern of onservation, inluding base pair ovariations onsistent with stem 2.



3.4. SMY RNAS 723.4.3 Phylogeneti diversity of SmY RNAs.In the system used by the Rfam RNA database, a onsensus Infernal statistialmodel is built from a stable, urated seed alignment, and this onsensus modelis used to automatially identify and annotate homologs in genome sequenes.The seed should be su�iently representative that this single model identi�es allknown homologs. We used an Infernal model of the 68-sequene seed alignmentto searh the 13 nematode genomes. This searh identi�es 155 loi with E-values
< 0.001, and these loi inlude all the sequenes we gathered in our initial iterativesearhes. An annotated table of all these loi is provided in the SupplementaryMaterial (SmY_all.tbl).Eah of these loi was examined in detail. All appear to be plausible SmY ho-mologs based on their overall pattern of onservation. Eight andidates appear tobe artifats of underassembled ontigs in draft genomes. We annotated 26 as puta-tive pseudogenes based on signi�ant loal deviations from the expeted onsensus(suh as disruption of one of the stems) and/or the lak of an upstream proximalsequene element (PSE), a onserved transriptional ontrol motif generally foundupstream of small nulear RNAs [103℄, inluding SmY RNAs [240℄. We annotatedthe remaining 121 loi as putative SmY RNA genes. Our gene/pseudogene la-beling is only a best guess; for non-oding RNAs, it is generally not possible tounambiguously distinguish pseudogenes from genes by omputational analysis.In C. briggsae, we assigned 11 SmY genes and 1 pseudogene. Nine of these elevengenes were previously identi�ed and named bSmY-1 through bSmY-9 [239℄; weretained these names, though our analysis revises the predited 5' and 3' ends ofthe genes. An additional lous named bSmY-10 by MaMorris et al. [239℄ doesnot appear to us to be an SmY RNA homolog. We deteted two additional C.briggsae SmY genes, whih we named bSmY-11 and bSmY-12 to be onsistentwith MaMorris et al. [239℄. In all other speies, we have not assigned gene names,but rather have identi�ed putative SmY loi by their assembly ontig name andsequene oordinates.Fig. 3.20 shows the phylogeneti distribution of SmY RNA genes and pseudogenes.The SmY family has undergone a large paralogous expansion in Caenorhabditisand Pristionhus speies, with opy numbers of 10-26, ompared to 1-4 opiesin other nematode genomes. Many of these paralogs within a speies are morerelated to eah other than to any homolog in another speies, suggesting inde-pendent paralogous expansions and/or evolutionary turnover (balaning gene lossand paralogous dupliation) in these lineages. An extreme ase of apparentlyreent expansion is Pristionhus, where most SmY RNAs have 100% idential
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Figure 3.20: Phylogeneti distribution of 147 identi�ed SmY RNA homologs (not shown are an-other 8 hits that were attributed to underassembled ontigs in draft genomes). The speies phy-logeny is represented as a ladogram (branh lengths are arbitrary), ombining the Caenorhabditisspeies phylogeny from Sudhaus and Kiontke [245℄ with the phylogeny of phylum Nematoda fromBlaxter et al. and Mitreva et al. [246, 247℄. To our knowledge there is no sequened genomeyet from a representative of lade II (Enoplia) in the Nematoda. At the root, the relation-ship of Nematoda to other metazoan phyla is shown as a multifuration, beause most of theserelationships remain in some doubt.paralogs. Only one SmY lous appears to be syntenially onserved among the�ve Caenorhabditis speies, with a single opy in C. japonia and two opies in theother four speies orresponding to C. elegans SmY-1 and SmY-2. Rapid turnoverof paralogs is a ommon feature of multiopy strutural RNA genes; similar fea-tures are seen for tRNA gene families, for example in Lander et al. [248℄.We also used this model to searh for SmY homologs in six non-nematode genomesrepresenting other phyla. We hose genome sequene assemblies of the trematodeShistosoma mansoni (TIGR, unversioned, 15 May 2007) [249℄ and the urohor-dates Ciona intestinalis (JGI, v2.0, Ot 2002) [250℄ and Oikopleura dioia (Geno-sope, v3.0, Sept 2006) beause these metazoans employ splied leader trans-spliing [147℄. The leeh Helobdella robusta (JGI, v1.0, July 2007), the snail Lot-tia gigantea (JGI, v1.0, August 2006), and the fruit �y Drosophila melanogaster(BDGP, v5.10, July 2008) were hosen as additional representative outgroups tothe phylum Nematoda. No Infernal hit with an E-value better than 0.01 wasidenti�ed.



3.4. SMY RNAS 743.4.4 DisussionSmY RNA appears to be assoiated with trans-spliing and splieosome proteins inCaenorhabditis elegans and Asaris, but unlike the trans-splied leader RNAs SL1and SL2, it apparently does not ontribute a splied leader sequene to mRNAs.What does SmY RNA do, then? MaMorris et al. hypothesized that the role ofSmY RNA may be in reyling splieosome proteins after SL RNAs are onsumedin the trans-spliing reation [239℄. They proposed a spei� model in C. elegansin whih the stem-loop 2 sequene of one SmY RNA, SmY-10, base-pairs to SL1RNAs (whih are enoded by a tandem array of about 110 near-idential genes),while stem-loop 2 of the other SmY RNAs base pairs to SL2 RNAs (whih areenoded by 18-20 dispersed genes with signi�ant sequene variation). MaMorris'model suggests that the diversi�ation of SmY RNA gene opies (aompanied bysequene variations in stem-loop 2, the more variable stem) may be driven by thediversi�ation of SL2 RNA genes. Although we have not onduted a detailedjoint omparative analysis of SL RNAs and SmY RNAs, the results of our SmYRNA survey are broadly in aordane with this model's expetations. SL2 RNAshave as yet only been identi�ed in Rhabditina speies, whereas SL1 RNAs havebeen found throughout the other speies of Chromadorea [251℄. We �nd the largestproliferation of paralogous SmY RNA genes in speies that have SL2 genes, andsmaller numbers of SmY RNAs in speies that only have SL1.We were not able to identify any SmY RNA homologs in the more distantly relatedDorylaimid speies Trihinella spiralis, whih has a nonanonial and polymorphifamily of SL1-like trans-splied RNAs [149℄, but this negative result is inonlusive.The SmY homologs we identi�ed in lade IV Tylenhid nematodes are at thedetetion limit of the Infernal software (and well beyond Blast's limits), so itmay be that Trihinella SmY homologs exist but are too diverged to be detetablewith our methods. The same aution applies to our inability to identify SmY RNAsoutside the nematode phylum.By eye, we do note one suggestive similarity outside nematodes. The SmY RNAstruture strongly resembles the proposed struture of a herpesvirus HSUR3 RNA,one of �ve U snRNAs expressed by herpesvirus saimiri [252℄. Like SmY RNA,HSUR3 is a small (75 nt) RNA proposed to have a onsensus Sm binding site�anked by two stem-loops of similar length and loop size as the SmY stem-loops,inluding a C:A mismath in stem 1. However, an Infernal model of SmY doesnot assign a signi�ant homology sore to HSUR3. We note this suggestive visualsimilarity beause the funtion of the herpesvirus U RNAs remains unknown, andperhaps there is a useful link to the role of the SmY RNAs.



75 CHAPTER 3. RNAS INVOLVED IN MRNA PROCESSING3.5 U7 RNAThe U7 snRNA is the smallest polymerase II transript known to-date, with alength ranging from only 57nt (sea urhin) to 70nt (fruit-�ies). Its expressionlevel of only a few hundred opies per ell in mammals is at least three ordersof magnitude smaller than the abundane of other snRNAs. It is part of theU7 snRNP, whih plays a ruial role in the 3'end proessing of histone mRNAs[253℄. Repliation-dependent histone genes are the only known eukaryoti protein-oding mRNAs that are not polyadenylated ending instead in a onserved stem-loop sequene, see Fig. 3.21 for details and [1℄ for a reent review.Beyond metazoan animals, non-polyadenylated histone genes have been desribedin the algae Chlamydomonas reinhardtii and Volvox arteri [254℄, and Di-tyostelium disoideum has a homolog of the histone RNA hairpin-binding proteinHBP/SLBP (DityBase DDB0169192). It appears that repliation-dependent hi-stone genes are the only mRNAs that are proessed in this way [255℄.The 5' region of the U7 snRNA is omplementary to the �Histone downstream ele-ment� (HDE), loated just downstream of the onserved hairpin. The interationof the U7 snRNP with the HDE is ruial for the orret proessing of the histone3' elements [253℄. The 3' part of the U7 is oupied by a modi�ed binding domainfor Sm-proteins onsisting of a harateristi sequene motif followed by a on-served stem-loop seondary struture motif, see e.g. [256℄. U7 snRNA binds �veof the seven Sm-proteins that are present in splieosomal snRNAs, while the D1and D2 subunits are replaed by the Sm-like proteins Lsm10 and Lsm11 [257�259℄.This di�erene is likely to be assoiated with the di�erenes in the Sm-binding se-quene. Reently, the U7 snRNP has not only reeived onsiderable attentionfrom a strutural biology point of view, see e.g. [260, 261℄, but it has also beeninvestigated as a means of modifying spliing dys-regulation. In partiular, U7snRNA-derived onstruts whih target a mutant dystrophin gene were exploredas a gene-therapy approah to Duhenne musular dystrophy [262, 263℄.Given the attention reeived by histone RNA 3'end proessing and the proteinomponents of the U7 snRNP, it may ome as a surprise that the U7 snRNAitself has reeived little attention in the last deades. In fat, the only two exper-imentally haraterized mammalian U7 RNAs are those of mouse [264�267℄ andhuman [253, 268℄, while most of the earliest work on U7 snRNPs onentrated onthe sea urhin Psammehinus miliaris [269�272℄ and two Xenopus speies [273�275℄. More reently, the U7 RNA sequenes have been reported for Drosophilamelanogaster [276℄ and fugu [171℄.
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Figure 3.21: The pathway of mammalian histone pre-mRNA biosynthesis, modi�ed from [1℄. Thehistone genes are loated near Cajal bodies (CBs), whih are likely to play a role in histone pre-mRNA proessing (A). Reruitment of ribonuleoprotein II (RNP II) and transription, (1,B).SLBP probably binds to the histone pre-mRNA during transription (2), and then reruits the U7snRNP (3). The U7 snRNP protein, ZFP100, interats with the SLBP/stem-loop omplex andhelps stabilizing the binding of U7 snRNA to the HDE (D). This omplex reruits an unknownleavage fater (CF, 4), resulting in the prodution of the mature histone mRNA, whih remainsbound to SLBP. Histone pre-mRNA proessing, like leavage and polyadenylation, is linked totransription termination (5). U7 snRNP is afterwards ompounded to its original funtionalunit (6).
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We are aware of only two studies that onsidered U7 snRNA from a bioinformatispoint of view. In [277℄, the U7 snRNA is used as an example for the appliation ofConstrut to ompute onsensus seondary strutures, and [26℄ brie�y reports ona Blast based homology searh whih unovered andidate sequenes for hikenand two teleost �shes.The U7 snRNP-dependent mode of histone end proessing is a metazoan inno-vation [1, 257℄. Nevertheless, the most reent release of the Rfam database [86℄[Version 8.0; Feb. 2007℄ lists sequenes from eukaryoti protozoa, plants, and evenbateria. This disrepany prompted us to ritially assess the available informa-tion on U7 snRNAs.3.5.1 Bona �de U7 snRNA SequenesThe results of the Blast-based searhes are summarized in Tab. 3.6. In mostspeies only a single gene with lear snRNA-like upstream elements was found.In addition Blast identi�ed several pseudogenes. Clusters of U7 snRNAs as pre-viously desribed for sea urhin and frog were otherwise only found in zebra�sh,Fig. 3.22.The short length and the substantial divergene of the U7 snRNA sequenes makeit impossible to distinguish funtional U7 snRNAs from pseudogenes based on theU7 sequene alone. To make this distintion, it is neessary to analyze the �anking
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A

78 Table 3.6: Trusted U7 snRNA sequenes. ψ gives the number of paralog loi, most likely U7 pseudogenes, de�ned by a Blast E-value lessthan 0.001 ompared to the funtional opy. CAF-1 refers to the genome freezes provided by the Drosophila Comparative Genomis Consortium.These sequenes were retrieved from http://rana.lbl.gov/drosophila/af1.html in Deember 2006. The Drosophila melanogaster sequeneis the one used by the UCSC browser (Release 4; Apr. 2004, UCSC version dm2). The sea urhin Genome BCM_Spur_v2.1 was obtained fromftp://ftp.hgs.bm.tm.edu/pub/data/Spurpuratus/fasta/Spur_v2.1/linearSaff.Speies Assembly Sequene from to ori DB ID ψMus musulus ensembl 43 Chr.6 124706844 124706905 - ENSMUSG00000065217 27Rattus norvegius ensembl 43 Chr.X 118163804 118163865 - ENSRNOG00000034996 31Rattus norvegius ensembl 43 Chr.4 160870934 160870995 - ENSRNOG00000035016 31Homo sapiens ensembl 43 Chr.12 6923240 6923302 + ENSG00000200368 91Maaa mulatta ensembl 43 Chr.11 7125496 7125557 + ENSMMUG00000027525 95Otolemur garnettii PreEnsembl 43 sa�old_102959 117572 117633 - � 0Orytolagus uniulus ensembl 43 GeneSa�old_1693 111485 111546 + � 3Proavia apensis NCBI TRACE 175719230 275 336 + � �Loxodonta afriana ensembl 43 sa�old_60301 4254 4314 - � 2Ehinops telfairi ensembl 43 GeneSa�old_2204 10742 10803 + ENSETEG00000020899 57Felis atus ensembl 43 GeneSa�old_69 192907 192968 + � 7Canis familiaris ensembl 43 Chr.27 41131749 41131810 - ENSCAFG00000021852 2Myotis luifugus PreEnsembl 43 sa�old_168837 32294 32356 - � 0Equus aballus PreEnsembl 43 sa�old_58 7463562 7463623 + � 0Bos taurus ensembl 43 Chr.5 10349126 10349187 - AAFC03061782 8Tursiops trunatus NCBI TRACE 194072802 598 659 + � �Dasypus novemintus ensembl 43 GeneSa�old_1944 24469 24530 + � 16Spermophilus tride. PreEnsembl 43 sa�old_139061 45428 45489 - � 0Erinaeus europaeus ensembl 43 GeneSa�old_2232 5133 5194 + � 30Monodelphis domestia ensembl 43 Un 131411333 131411393 + ENSMODG00000022029 1Gallus gallus ensembl 43 Chr.1 80484148 80484212 + ENSGALG00000017891 1Taeniopygia guttata NCBI TRACE TGAB-afg0906.b1 683 748 - � �Anolis arolinensis NCBI TRACE G889P8207RM16.T0 106 171 - � �Xenopus tropialis ensembl 43 sa�old_883 Cluster ∼ 20 opies from 272500 to endXenopus laevis GenBank X64404 Cluster (partial)Xenopus borealis GenBank Z54313 Cluster (partial)Danio rerio ensembl 43 Chr.16 Cluster: 4 opies at 13708000 ... 13723000Takifugu rubripes ensembl 43 sa�old_205 229679 229736 + � 0Tetraodon nigroviridis ensembl 43 Chr.8 9059483 9059541 + � (1)Gasterosteus auleatus ensembl 43 groupXX 11616333 11616392 - � 0Oryzias latipes ensembl 43 Chr.16 17393002 17393059 + � 0Strongyloentrotus p. BCM_Spur_v2.1 Cluster: 2 sequenes eah on sa�olds 83935 and 88560Psammehinus miliaris GenBank Cluster 5 genes, 1 sequened M13311.1Drosophila melanogaster UCSC 3L 3577355 3577425 + CR33504 0Drosophila ananassae CAF-1 CH902618.1 9849345 9849414 - 0Drosophila ereta CAF-1 CH954178.1 6292889 6292959 + 1Drosophila grimshawi CAF-1 CH916366.1 10347991 10348062 + 1Drosophila mojavensis CAF-1 CH933809.1 2924982 2925053 - 1Drosophila persimilis CAF-1 CH479328.1 89311 89383 - 0Drosophila pseudoobsura CAF-1 CH379070.2 5738714 5738786 + 1Drosophila simulans CAF-1 CM000363.1 3136652 3136582 - 1Drosophila virilis CAF-1 CH940647.1 4512836 4512907 - 1Drosophila willistoni CAF-1 CH964101.1 1418210 1418280 + 0Drosophila yakuba CAF-1 CM000159.2 4146836 4146905 + 0
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#                      |<Histone-binding-region>|.|<--Sm-->|...<<<<<.<<<.<<<<......>>>>..>>>.>>.>>>....
Homo                   .....CAGTG.TTACAGCTCTTTTAGAATTTGTCTAGTA.GGCTT.TCT.GGC.TTTTT..ACC..GGA.AA.GCCCCT.
Macaca                 .....CAGTG.TTACAGCTCTTTTAGAATTTGTCTAGCA.GGCTT.TCC.GGT..ATTT..GCT..GGA.AA.GCCCCT.
Otolemur               .....TAGTG.TTACAGCTCTTTTAGAATTTGTCTAGCA.GGTTT.TCC.GGT..CTCT..ACC..GGA.AA.ACCCCC.
Mus                    .....AAGTG.TTACAGCTCTTTTAGAATTTGTCTAGCA.GGTTT.TCT.GAC..TTCG..GTC..GGA.AA.ACCCCT.
Rattus                 .....AAGTG.TTACAGCTCTTTTAGAATTTGTCTAGTA.GGTTT.TCT.GAC..TTCG..GTC..GGA.AA.ACCCCT.
Spermophilus           .....AAGTG.TTGCAGCTCTTTTAGAATTTGTCTAGCA.GGCTT.TCT.GGC..AGTT..GCC..GGA.AA.GCCCCT.
Oryctolagus            .....CAGTG.TTACAGCTCTTTTCGAATTTGTCTAGCA.GGCTT.TCC.GGT..TTTC..ACC..GGA.AA.GCCCCC.
Bos                    .....CAGTG.TTACAGCTCTTTTAGAATTTGTCTAGCA.GGCTT.TCC.GGT..TTGC..ACC..GGA.AA.GCCCCT.
Tursiops               .....TAGTG.TTACAGCTCTTTTAGAATTTGTCTAGTA.GGTTT.TCT.GGT..TTTT..GCC..GGA.AA.ACCCCC.
Equus                  .....CAGTG.TTACAGCTCTTTTAGAATTTGTCTAGTA.GGTCT.TCC.GGT..TTTT..TCC..GGA.AG.GCCCCC.
Myotis                 .....CAGTGCTTACAGCTCTTTTTGAATTTGTCCAGCA.GGTCT.TCC.GGC..TCGT..CCC..GGA.AG.GCCCTC.
Felis                  .....TAGTG.TTACAGCTCTTTTAGAATTTGTCTAGCA.GGTTT.TCC.GGT..TTTT..ACC..GGA.AG.GCCCCC.
Canis                  .....TAGTG.TTACAGCTCTTTTAGAATTTGTCTAGCA.GGTTT.TCC.GGT..CCTC..ACC..GGA.AA.GCCCCC.
Erinaceus              .....CAGTG.TTACAGCTCTTTTAGAATTTGTCTAGCA.GGTCT.TCC.GGT..TCCT..ACC..GGA.AG.GCCCCC.
Echinops               .....TAGTG.TTACAGCTCTTTTAGAATTTGTCTAGCA.CGTTT.TCT.GGT..TTCT..ACC..AGA.AA.GCCCCC.
Procavia               .....TAGTG.TTACAGCTCTTTTAGAATTTGTCTAGTA.GGTTT.TCT.GGT..TTTA..TCC..GGA.AG.ACCCTT.
Loxodonta              .....TAGTG.TTACAGCTCTTTTAGAATTTGTCTAGTA.GGTCT.TCT.AG..TTTTT...CT..GGA.AG.ACCCTT.
Dasypus                .....CAGTG.TTACAGCTCTTTTAGAATTTGTCTAGTA.GGTCT.TCT.GGC..GCTT..GCC..GGA.AG.GCCCTC.
Monodelphis            .....CAGTG.TTACAGCTCTTTTAGAATTTGTCTAGTA.GGTTT.TCC.GGT..GTTT..GCC..GGG.AA.GCCCTC.
Taeniopygia            ....GCAGTGATCTCATCTCTTTTAGAATTTGTCCAGCA.AGTTT.CCC.GCG..CTC....GC..GGG.AA.GCCGCT.
Gallus                 ....TCAGTGATTTCAGCTCTTTTAGTATTTGTCCAGCA.GGTTT.CCC.GC...CCC....GC..GGG.AA.GCCCCA.
Anolis                 ....TCAGTGATTTCAGCTCTTTTAGTATTTGTCCAGCA.GGCTT.TCT.GC...AGTTA..GC..GGA.GA.GCCACC.
Xenopus_b              ....TAAGTG.TTACAGCTCTTTTACTATTTGTCTAGCA.GGTTC.TTA.C....TCT.....G..TAG.GA.GCCACA.
Xenopus_l              .....AAGTG.TTACAGCTCTTTTACTATTTGTCTAGCC.GGTTT.TTA.C....TCT.....G..TTG.GA.GCCACA.
Tetraodon              ....TCGGAAGATT.TGCTCTTTAGATATTTCTCTAGAA.GGCTT.CTC.....ATAAT.......GCG.AA.GCCCCCT
Takifugu               ....AGGAATGATT..GCTCTTTAGATATTTCTCTAGTA.GGCTT.TTC.....ATACA.......GAG.AA.GCCCCCT
Gasterosteus           ....AGGAATCTATATGCTCTTTAGATATTTTTCTAGTA.GGTTT.CTC.....GTAAA.......GAG.AA.GCCCTCA
Oryzias                ....AGGAAACTTT..GCTCTGAAGATATTTGTCTAGCA.GGTTT.CTC.....ATAAA.......GAG.AA.GCCCCTC
Danio_1                .....CGGAAAATT..GCTCTTTTAGTATTTGTCTAGCA.GGCTT.CCT.....TTAAA.......AGG.AA.GCCCACA
Danio_3                .....GGAAAATA...TCTCTTTTACTATTTGTCCAGTA.GGTTT.CCT.....TTAAA.......AGG.AA.GCCCATT
Danio_2                .....TGAAAATA...GCTCTTTTAGTATTTGTCCAGTA.GGTTT.CCT.....ATAAAA......AGG.AA.GCCCATT
#=GC SS_cons           .......................................<<<<<<.<<<.<<<<......>>>>..>>>.>>.>>>>...
Strongylocentrotus_14a .................ATCTTTCA.AGTTTCTCTAGAAGGGTCT.CGCGTCCG.AAGT.CGGT.GGCG.AGTGCCCAA.
Psammechinus_1         .................ATCTTTCA.AGTTTCTCTAGAAGGGTCT.CGCGTCCG.AAGT.CGGA.GGCG.AGTGCCCAAC
Psammechinus_4         .................ATCTTTCA.AGTTTATCTAGAAGGGTCT.CGCTTCCG.AAGT.CGGA.GGCG.AGTGCCCAAC
Psammechinus_3         .................ATCTTTCA.AGTTTCTCTAGAAGCGTCT.CGAATCCG.AAGT.CGGA.GGCG.AGTGCCCAAC
Psammechinus_2         .................ATCTTTCA.AGTTTCTCTAGAAGGGTCT.TGCATCCG.AAGT.CGGA.GGCG.AGTGCCCAAT
Strongylocentrotus_04b .................ATCTTTCA.AGTTTCTCTAGCAGGGTCT.CGTATCCG.AAGT.CGGA.CGCG.AGTGCCCCC.
Psammechinus_5         .................ATCTTTCA.AGTTTCTCTAGCAGGGCCT.CGCATCCG.AAGT.CGGA.CGCG.AGTGCCCCA.
Strongylocentrotus_14b .................ATCTTTCA.AGTTTCTCTAGCAGGGTCT.CGTATCCG.AAGT.CGGA.CGCG.AGTGCCCAA.
Strongylocentrotus_04a .................ATCTTTCA.AGTTTCTCTAGCAGGGTCT.CGCATCCG.AAGT.CGGA.CGCG.AGTGCCCAA.
#=GC SS_cons           ........................................<<<<<.<<<.<<<<......>>>>..>>>.>>.>>>....
Dr_melanogaster        ATTGAAAAT.TTTTATTCTCTTTGA.AATTTGTCTTGGT.GGGACCCTT..TGT.CTAG.GCA.TTGAGTGT.TCCCGTT
Dr_sechellia           ATTGAAAAT.TTTTATTCTCTTTGA.AATTTGTCTTGGT.GGGACCCTT..TGT.CTAG.GCA.TTGAGTGT.TCCCGTT
Dr_simulans            ATTGAAAAT.TTTTATTCTCTTTGA.AATTTGTCTTGGT.GGGACCCTT..TGT.CTAG.GCA.TTGAGTGT.TCCCGTT
Dr_yakuba              ATTGAAAA..TTTTATTCTCTTTGA.AATTTGTCTTGTT.GGGACCCTT..TGT.CTAG.GCA.TTGAGTGT.TCCCGTT
Dr_erecta              ATTGAAAAT.TTTTATTCTCTTTGA.AATTTGTCTTGGT.GGGACCCTT..TGT.CTAG.GCA.TTGAGAGT.TCCCGGT
Dr_ananassae           ATTGAAAA..TTTAAATCTCTTTGA.AATTTGTCTTGGT.GGGACCCTT..TGC.TTAG.GCA.TTGAGAGT.TCCCGAT
Dr_persimili           ATTGAAAAT.TTTTAATCTCTTTGA.AATTTATCTTGGT.GGGACCCTT.TTGT.CAAG.GCAATTGAGTGT.TCCCGAT
Dr_pseudoobscura       ATTGAAAAT.TTTTAATCTCTTTGA.AATTTATCTTGGT.GGGACCCTT.TTGT.CAAG.GCAATTGAGTGT.TCCCGAT
Dr_willistoni          ATTGAAAAT.TTTTAATCTCTTTGA.AATTTGTCCTGTT.GGGACCCTT..TGT.CTAG.GCA.TTGAGTGT.TCCCCAT
Dr_grimshawi           ATTGAAAATATTTTAATCTCTTTGT.AATTTATCCTGGT.GGGACCCTT..TGC.TTCG.GCT.TTGAGTGT.TCCAAAT
Dr_virilis             ATTGAAAATATTTTTATCTCTTTGA.AATTTGTCCTGGT.GGGACCCTT..TGC.TTAG.GCA.TTGAGTGT.TCCGAAT
Dr_mojavensis          ATTGAAAATATTTTTATCTCTTTGA.AATTTGTCCTGGT.GGGACCCTT..TGC.CTTG.GCA.CTGAGTGT.TCCGAAT
#                      |<Histone-binding-region>|.|<--Sm-->|...<<<<<.<<<.<<<<......>>>>..>>>.>>.>>>....

HairpinSmHistone binding region
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Figure 3.24: Manually urated alignment of funtional U7 snRNA sequene. The 3' stem, theSm-binding site, and the histone-binding domains are highlighted. The 5' most part of thehistone-binding region is not aligned between vertebrate and Drosophilid sequenes. Below wedisplay sequene logos for the partial alignment omprising only tetrapods, teleosts, sea urhins,or �ies, respetively, as well as the onsensus pattern arising from ombining all data.deviant Sm-binding site RUUUNUCYNG and the hairpin 3' struture. Furthermore,the histone-binding region ontains a universally onserved box UCUUU [280℄. Using
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3.5. U7 RNA 82The omparison of the U7 hairpins in the di�erent lades, Fig. 3.25, reveals sig-ni�ant di�erenes in the seondary strutures of invertebrates and vertebrates:vertebrates have smaller stem-loop strutures with smaller or no interior loopsor bulges. The stem in teleosts, furthermore, is systematially shorter than intetrapods. These strutural di�erenes between lades has to be taken into a-ount for homology searh. In fat, as a onsensus rule, we an only dedue thatthe stem-loop struture has a total of 8-15 base pairs, that it is nearly symmetri,and that it is enlosed by an uninterrupted stem of length at least 5 with two GCpairs at its base.Even ombined with with the onserved sequene motives in the 5' part of themoleule, this yields only a rather loose de�nition of a U7. Release 8.0 of theRfam database [86℄ lists several sequenes in its U7 RNA setion that are surpris-ing. Neither ontained in the literature nor ontained in the manually uratedU7 �seed-set�, these andidate sequenes have been found using a homology searhbased on Infernal [281℄ and the seed alignment. While the Danio rerio sequenesare idential with the sequenes we identi�ed in work starting from the muh loserhomolog in fugu, the andidates reported for Caenorhabditis elegans, and Girar-dia tigrina raise serious doubts. The Caenorhabditis elegans sequene, althoughostensibly well onserved in omparison with the deuterostome sequenes, has noreognizable homologs in any one of the other three sequened Caenorhabditisspeies, (C. briggsae, C. remanei, C. brenneri. The Girardia tigrina sequene isloated in the 3' UTR of the DthoxE-Hox gene (X95413 ). Both sequenes fur-thermore do not share even the ore UUUNUC of the onsensus Sm-binding motive.Several additional andidates were reported for higher plants and even bateria.Higher plants apparently do not have the repliation-dependent metazoan-style hi-stone 3' end proessing mahinery [1, 257℄, and bateria do not even have properhistones. It is very unlikely that these sequenes are real U7 snRNAs. No onlu-sive argument an be given at this point for the few isolated U7 snRNAs andidateslisted in the Rfam database. These examples show one again that at least for veryshort nRNAs, the results from homology searhes have to be taken with aution,in partiular when they are not orroborated by additional supporting evidene.The poor sequene onservation between major groups highlighted in Fig. 3.24suggest that purely sequene-based homology searhes have little hane of su-ess in inset or basal deuterostome genomes. Indeed, neither Blast nor Fragrepfound onvining andidates. We therefore resorted to struture-based approahesand expliitly inluded the PSE in the searh proedure. We used rnabob (Se-tion 2.1.3) with a non-restritive pattern to �nd plausible initial andidates, whihwere then manually ompared with the alignment in Fig. 3.24. The most plausi-
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#                      |<Histone-binding-region>|.|<--Sm-->|....<<<<<.<<<.<<<<......>>>>..>>>.>>.>>>....
Homo                   .....CAGTG.TTACAGCTCTTTTAGAATTTGTCTAGTA..GGCTT.TCT.GGC.TTTTT..ACC..GGA.AA.GCCCCT.
Mus                    .....AAGTG.TTACAGCTCTTTTAGAATTTGTCTAGCA..GGTTT.TCT.GAC..TTCG..GTC..GGA.AA.ACCCCT.
Xenopus_l              .....AAGTG.TTACAGCTCTTTTACTATTTGTCTAGCC..GGTTT.TTA.C....TCT.....G..TTG.GA.GCCACA.
Takifugu               ....AGGAATGATT..GCTCTTTAGATATTTCTCTAGTA..GGCTT.TTC.....ATACA.......GAG.AA.GCCCCCT
Petromyzon-c1          ..........ATTGAGGATCTTTGAC.TTTTGTCTTTGTGTGGTGCACC.......GAAA........GGAGC.ACC....
Branchiostoma-c1       .....ACTGG.TAAC.GCTCTTTCAC.CTTTATCCGCG...GGGTA.A........CCT..........T.TA.TCCGTA.
Branchiostoma-c2       .....GAGTG.TAAC.GTTCTTTCAC.CTTTATCCGCG...GGGTA.........ACCTA...........TA.TCCGTT.
Psammechinus_1         .................ATCTTTCA.AGTTTCTCTAGAA.GGGTCT.CGCGTCCG.AAGT.CGGA.GGCG.AGTGCCCAAC
Bombyx_mori-c1         TCCATCAAT.ATGTTCTATCTTTTA..ATTTATCGAAAA.CGGTCA.AG.A....ACTAGTC....G.CT.TG.GCC....
Bombyx_mori-c2         AAGATTTTG.GTGTGTAATCTTTAACTGTTTATCTTTTG.CGGTAGG...T.AGCGGCTTGGCT.......CT.GCC....
Dr_melanogaster        ATTGAAAAT.TTTTATTCTCTTTGA.AATTTGTCTTGGT..GGGACCCTT..TGT.CTAG.GCA.TTGAGTGT.TCCCGTT
#                      |<Histone-binding-region>|.|<--Sm-->|....<<<<<.<<<.<<<<......>>>>..>>>.>>.>>>....Figure 3.26: Best andidates from searhes with rnabob in the lamprey Petromyzon marinus,Branhiostoma �oridae, and Bombyx mori. In addition to the putative U7 RNA sequene shownhere, these andidate sequenes also have a putative PSE assoiated with them.ble andidates are shown in Fig. 3.26, albeit none of them is unambiguous. Noonvining andidates were found in the mosquito Anopheles gambiae and int thehoneybee Apis mellifera.3.5.3 DisussionSine U7 snRNA has its primary funtion in histone 3' maturation it is virtuallyertain that this lass of non-oding RNAs is restrited to metazoan animals �after all, the proess in whih they play a ruial role is unknown outside mul-tiellular animals. With its length of 70nt or less, U7 snRNA is the smallestknown pol-II transript. Eah of its three major domains, the histone bindingregion, the Sm-binding sequene, and the 3' stem-loop struture exhibit substan-tial variation in both sequene and strutural details, as an be seen from thedetailed sequene alignments (Fig. 3.24) and the strutural models of the terminalstem-loop struture (Fig. 3.25). As a onsequene, our omputational survey notonly ompiled a large number of previously undesribed U7 homologs from verte-brates and drosophilids, but also stresses the limits of urrent approahes to RNAhomology searh.While Blast already fails to unambiguously reognize teleost �sh homology frommammalian queries and vie versa, even more sophistiated (and omputationallyexpensive) methods have limited suess when applied to basal deuterostomes orinset genomes. On the other hand, not only the limited sensitivity of urrentapproahes poses a problem. Conversely, the most sensitive methods are fooledby false positives, as exempli�ed by the plant and baterial sequenes in Rfam.In summary, thus, this study alls both for more experimental data on U7 snRNAs� Whih, if any, of our U7 andidate sequene in lamprey, silk worm, are reallyU7 snRNAs in these speies? � and for improved bioinformatis approahes forhomology searh that an deal with suh small and rapidly evolving genes.



3.6. INTRONS IN INSECTS 843.6 Introns in InsetsA large portion of the transriptional output of eukaryoti genomes onsistsof �mRNA-like non-oding RNAs� (mlnRNAs) [14, 15℄. These transripts areapped, polyadenylated and often splied (sometimes alternatively splied) justlike protein-oding mRNAs, but lak disernible open reading frames. These ml-nRNAs are typially muh larger than the �house-keeping� RNAs suh as transfer(t)RNA, small nulear (sn)RNAs, small nuleolar (sno)RNAs and they do not seemto have well-onserved seondary strutures.Here, we present a new approah to identify intron-ontaining mlnRNAs fromgenomi sequene data alone. Our method exploits harateristi evolutionarysignatures of onserved introns. The rationale behind this approah is driven bythe observation that intron positions are generally well onserved both in protein-oding and non-oding RNA genes [9, 282�284℄.The assumption underlying our approah is that a funtional pair of donor (5') andaeptor (3') splie sites will be retained over long evolutionary time-sales onlyif (i) the lous is transribed into a funtional transript, and (ii) aurate intronremoval is neessary to produe a funtional transript. Thus, onserved intronsan be employed to determine the presene of a funtional transript diretly fromomparative genomis data. The advantage of this approah is that we do notneed to make any assumption of the transript itself.We applied this intron-based approah to 15 inset genomes and reliably pre-dited novel mlnRNAs. We show that these mlnRNAs are largely unstruturedand often not assoiated with signi�ant sequene onservation, implying thatthey annot be predited by existing methods. Our sreen also identi�ed unan-notated protein-oding genes and provides a re�nement of several gene struturesby identifying introns in inomplete oding or untranslated regions. Experimentalveri�ation sueeded for 18 of 29 tested preditions. Furthermore, we showedthat onserved introns imply onserved expression of the surrounding transriptin other speies.3.6.1 Computational identi�ation of splied RNAs in DrosophilagenomesOur approah onsists of three steps. Firstly, we predited introns in individualinset genomes. Seondly, we used genome-wide alignments to identify orthologousintrons, de�ned here as introns that are independently predited in at least two



85 CHAPTER 3. RNAS INVOLVED IN MRNA PROCESSINGgenomes and where both donor and aeptor sites are exatly aligned. Thirdly, weompiled a set of evolutionary signatures that are harateristi for introns withonserved splie sites and use mahine learning to distinguish between real andfalse intron preditions. These steps are illustrated in Fig. 3.27 and are detailedbelow.We hose Drosophila as a model system to test our approah for several rea-sons: (i) There is a su�ient number of sequened inset genomes, whih allowsomparative genomis methods to annotate features suh as protein-oding genes,strutured RNAs, and regulatory motifs with high auray [285�288℄. (ii) Themajority (54%) of introns in D. melanogaster is not longer than 81 nt, a natu-ral uto� between long and short introns [289, 290℄. (iii) The short introns inD. melanogaster ontain basially all the information needed to identify them inpre-mature transripts [289℄, in ontrast to most mammalian introns [291, 292℄.We observed that most positive samples exhibit a poor sequene onservation inthe middle of the intron, while numerous negatives show an atypial high onser-vation (Fig. 3.28). This pattern is expeted beause the middle part of an intronusually ontains unonstrained sequene [293℄. Moreover, positive samples showsome length variation between speies [294℄, while negatives rarely do.To ombine these features into a single deision (real intron vs. false predition),we trained a Support Vetor Mahine (SVM) using randomly seleted ∼95% of ourset for training (22,278 positives and 111,530 negatives). Details of the methodsare available at [295℄.3.6.2 Novel splied transriptsWe used the SVM to evaluate the 342,785 preditions without an overlap to an-notated protein-oding transripts on the same strand to unover novel intronsand therefore novel transripts. Using a stringent probability threshold of 0.95,we predit 369 introns. We searhed ESTs and non-oding FlyBase transriptsand found 131 (35.5%) introns where both splie sites are transript-on�rmed,with the rest (238 ases, 64.5%) being urrently unon�rmed. Of these 238 unon-�rmed introns, 44 (18%) are supported by ESTs in other Drosophila speies. Thisindiates that our approah is suessful in unovering splied transripts. Fig-ure 3.29 shows examples of on�rmed introns belonging to the 5' UTR of a gene,to an introni antisense transript, to a potentially tissue-spei� nRNA and to astrutured nRNA that represents a preursor for short interfering (si)RNAs [296℄.
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Figure 3.27: Overview of the omputational intron predition proedure. (A) Introns are pre-dited using intronsan on both strands of the D. melanogaster genome, yielding a total of
∼1.4 million preditions. Independent intronsan preditions in the other inset genomes weremade.(B) Only those D. melanogaster intron preditions are retained that have an orthologous pre-dition in at least one additional genome.(C) A Support Vetor Mahine (SVM) lassi�er based on �ve features is used to distinguishpositive (real introns) and negative training samples (false preditions). These features measureharateristi splie site substitutions, sequene onservation in the middle part of introns, andvariation of the intron length, donor and aeptor sore between speies. As indiated by thedistributions, these features are highly disriminative for positive and negative samples. Usingthis lassi�er we predit 369 onserved introns.
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Conservation scores (PhastCons)Figure 3.28: Evaluating harateristi intron evolution. (A) Two predited introns with ortholo-gous intronsan preditions in other speies are shown. The predition on top exhibits severalsubstitutions in the splie site regions that are harateristi for real introns (e.g. C to T substi-tutions at aeptor position -3). Furthermore, this predition has a low sequene onservationwithin the intron (average PhastCons sores for the region +8...+20 and -20...-8 is only 0.002).This predition gets a high probability for being a real intron (0.999). In ontrast, the predi-tion at the bottom has substitutions that are inonsistent with intron evolution (e.g. A to Gsubstitution at aeptor position -3) and it exhibits onservation throughout the intron (averagePhastCons sore 0.92). The SVM probability for being a real intron is onsequently low (0.001).Positive substitution sores are shown in shades of green, negatives in shades of red. Substitutionsores are only onsidered for the donor (positions +2...+6) and aeptor splie site (positions-7...-3). Note that the substitution sores are spei� for eah pair D. melanogaster with anotherspeies, thus the same substitution with respet to di�erent speies an get di�erent sores. (B)The distribution of the summed substitution sores (left) and the average onservation sores(right) show a substantial di�erene between our positive and negative samples. The position ofthe values of the introns from panel A are indiated. For a better visualization, the y-axis forpositive and negative samples has a di�erent sale.
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Figure 3.29: Examples of transript-on�rmed intron preditions. (A) A predited intron isloated in the 5' UTR of the protein-oding gene CG14614, whose urrent 5' UTR annotationonsists of only 2 nt. (B) Example of a predited intron that belongs to a transript overlappingan intron of dally in the antisense diretion. (C) Example of a predited intron that belongsto a potentially tissue-spei� non-oding RNA, as 13 of the 14 supporting ESTs originate froma salivary gland library (ESG01). (D) A predited intron that overlaps a non-oding FlyBasetransript (pnr009 ) that has no intron annotation. pnr009 was found to be a struturedpreursor for small interfering RNAs [296℄. (E) Example of a 'luster' of three introns within ∼400nt. All three introns are predited with probability > 0.999 and belong to a potentially odinggene (blastx hits in several Drosophila speies). Examples B-E illustrate that our approah �ndsintrons whih are loated in regions of low sequene onservation, indiated by low PhastConsonservation sores up- and downstream of the intron. Modi�ed UCSC genome browser [297℄sreenshots were used to make this �gure.



89 CHAPTER 3. RNAS INVOLVED IN MRNA PROCESSING3.6.3 Novel splied non-oding RNAs29 of 129 introns (22.48%), whih are onsidered to be bona �de mlnRNAs,have predited orthologous introns in speies outside the Sophophora subgenus(D. virilis, D. mojavensis, D. grimshawi), whih indiates exon-intron strutureonservation over 63 My of evolution [298℄.In ontrast to the non-oding RNAs identi�ed in [299℄, our 129 introns are �ankedby regions of rather low sequene onservation (average PhastCons sores for the100 nt up- and downstream �anks: 0.25). Note that this is no indiation that thepreditions are not real. Indeed, the seven unon�rmed introns that we experi-mentally veri�ed (see below) show an even lower �ank onservation (average 0.21).A large fration of these 129 introns overlap oding genes in antisense diretion(41 of 129; 32%); however, this is not surprising given that almost half of the D.melanogaster genome is overed by exons and introns of oding genes and the fatthat many genes overlap eah other on opposite strands [300℄.3.6.4 Novel mlnRNAs are mostly unstruturedOur sreen identi�ed two introns loated in known mlnRNAs with extensive se-ondary strutures (pnr009, CR32205; Fig. 3.29D) that funtion as siRNA pre-ursors [296℄. To test if our preditions are assoiated with onserved seondarystrutures, we applied RNAz to the regions �anking the 129 introns. We obtained2 (1.6%) preditions of onserved seondary strutures. Sine RNAz has a ertainfalse-positive rate, we used two ontrol sets to test for enrihment or depletionof onserved strutures. 5,000 randomly seleted genome regions and their shuf-�ed versions show a highly similar perentage of RNAz hits. Together with theobservation that >98% of these mlnRNAs are not assoiated with onserved se-ondary strutures, this indiates that our method mostly predits unstruturedmlnRNAs, whih annot be identi�ed by RNAz and related methods.3.6.5 Experimental veri�ation of predited mlnRNAsOur ollaborators from Halle used RT-PCR with primers designed to �ank thepredited intron to validate expression of the orresponding transripts in �vedi�erent developmental stages of D. melanogaster : embryo, larva, pupa, male,and female. We ounted as a positive veri�ation only those introns where thetransript is splied and sequening on�rms the orretness of both splie sites.
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Figure 3.30: Experimentally veri�ed introns in mlnRNA transripts. The expression of thesplied transript was tested in embryo (E), larva (L), pupa (P), male and female stages. Ethid-ium bromide stained agarose gels show the RT-PCR results for D. melanogaster. Expression dataof the orthologous transripts in D. simulans (D.sim), D. ereta (D.ere) and D. pseudoobsura(D.pse) is shown below the D. melanogaster (D.mel) data. Genomi DNA (gen.) was used asa PCR ontrol and size was measured aording to a 100 bp Ladder (M). PCR produts wereveri�ed by sequening. +/++ = expressed; - = no band; n.o. = no orthologous intron; n.t. =not tested; We used + and ++ to indiate weaker and stronger expression in di�erent stages.Detailed methods for this experiment an be viewed in [295℄. Experiments are done by ourollaborators Sandro Lein, Claudia Nikel and Gunter Reuter from Halle, Germany.We tested 12 introns that likely belong to mlnRNAs and ould verify seven (58%)of them (Examples an be viewed in Fig. 3.30). We named these seven mlnRNAsaording to their genomi loation (ytogeni band). The expression level ofall transripts is low, onsistent with previous �ndings of low expression levelsof mlnRNAs [40℄. Only two of the seven mlnRNAs an be found in all �vetested onditions. The other �ve show variation in the expression pattern duringdevelopment, whih suggests that their expression is ontrolled. For example, onemlnRNA is found only in embryos and another mlnRNA shows only a weakexpression at the pupal stage MlnRNA69E2 shows two bands on the gel due tousage of an alternative aeptor splie site (Fig. 3.31) and the predited intron



91 CHAPTER 3. RNAS INVOLVED IN MRNA PROCESSINGorresponds to the longer transript.
:chr3L
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CTATAAACGATAACCGAAGTTTGTTGACGCTAGGTTTATCTAAGAAGTACGATTATCCTTTCCCTTATAAATGAGCTTTCCCGTGTAACGTAAGTTTGGATAAATACTAAGCGTAAATTTGTTCCTAATTCGATCTTTTCGGGGTGAGTGGTATATGGTAGCAGTAGATTCCCGACAAGTTATAAGGGTCGACAACTAGAGAATCCGCAGA

sequenced splice variant 1

sequenced splice variant 2

intron−distal
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intron−proximal

predicted intron

2+8563++389*993*5
CTATAAACGATAACCGAAGTTTGTTGACGCTAGGTTTATCTAAGAAGTACGATTATCCTTTCCCTTATAAATGAGCTTTCCCGTGTAACGTAAGTTTGGATAAATACTAAGCGTAAATTTGTTCCTAATTCGATCTTTTCGGGGTGAGTGGTATATGGTAGCAGTAGATTCCCGACAAGTTATAAGGGTCGACAACTAGAGAATCCGCAGA
CTATCAACGATAACGGAACTTTGTTGACGCTTGGTTTATCTAAGAAGTACGATTATCCTTTCCCTTATAAATGAGCTTTCCCGTGTAACGTAAGTTTGGATAAATGCTAAGCGTAAATTTGTTCCTAATTCGATCTTTTC−GGGTGAGTGGTATATGGTAGCAGTAGATTCCCGACAAGTTATAAAGGTCGACAACTAGAAAATCCGCAGA
CTATCAACGATAACGGAACTTTGTTGACGCTTGGTTTATCTAAGAAGTACGATTATCCTTTCCCTTATAAATGAGCTTTCCCGTGTAACGTAAGTTTGGATAAATGCTAAGCGTAAATTTGTTTCTAATTCGATCTTTTCGGGGTGAGTGGTATATGGTAGCAGTAGATTCCCGACAAGTTATAAAGGTCGACAACTAGAAAATCCGCAGA
CCATCAACGATAACGGACCTTTATCGACCCTTGGTTTATCTAAGAAGTACGATTATCCTTTCCCTTATAAATGAGCTTTCCCGTGTAACGTAAGTTTGGATTAATGCTAAGCACAAATTTGTTCCCAATTGGGTGTTTTC−GGATGAGTGGTATACGGTAACAGTAGTTCCCCGACAAGTTATAAAGGGCGTCAACTGGAGAATCCGCTGG
−AACCAACGATAACCGAATAATTCCGACGCCCGGTTTCTTCAAGACGTACGTATTCCCTTTACCTTGCAAGTGTGCTTTCCCGTTTAACGTGAGCTTGGATTCATACCAATCAAAAATTTTAATATCAAAAAACTTATTA−−−−−GAATGGTTTATGGTAGTAGCAGCCACCCGCTTGGTAATTGAGGACCACTTTCAAGAAA−−−GCAGA
ACGTCTACCATAACAGACCCCGGTCGCCGCTTGGTTTGTCCAAAACGCATGTTTACCCCTTTCCATAGAACTGGGCTTTCCCCTGTAACGTGAGCTTGGATAGATCCGAAG−−−GAATCTAGCTATAAGGTGGA−−−−TA−GGGTGAATGGTTTGTGGTAGTCATAATTAT−−GACAGGTGGCGGGAAACGTCCAGCAAAAAATCTCCCTA
CAACCGACCATAAGTGTCCTCTCCCCTTACCTGGTTTATTCAAAACGTATGTTTATCTACACCCATATAAGTGTGCTTACCCGTACAACGTAAGCTTGGACACCTGTCAACTGA−−−−TTGTATCTAACTCTATCTATCC−−−−TGAATGGTTTATAATAGTAACGGGTTTCCGAAAAGCAAAAGGAGAGAACGACCACGGGA−−CGCATA

AACGCTTTTTGAAGCATGGGTACAATGTTTTTGTTTA−−−−−−−TGTAAAGCTTTACCCCTACGTTTGAGAGTGTCCGTGTAACGTAAGTTTCGATAAATCGCGCGTAA−−−−−−TAATTTAAGTTGCTATGTTTGTGGTAAGTGGTGTATAGTCAGTAGAAACGTCCACCGAGCAATCAGTGTCTTCCTCGAAAGAAGAAGTCAA
CTAATGCGTGTGTATAACTCCCCCCATACGATTGAGAATACCCTTTTAATGTGAGTTTGGAAATATACTGTATAAATTTGCTATGTGACTTCGTCAGAGCAGGGTTATGTGGTTTATAGTAACAAAAAACGTGCGT−−−−−−−−−−GTGTCGTT−−−−−GAGAGTAACCCAAFigure 3.31: MlnRNA69E2 is alternatively splied. MlnRNA69E2 produes two transriptsdi�ering by the use of the aeptor site, visible as two bands in Fig. 3.30. While the proximalaeptor that orresponds to the predited intron is deeply onserved, the distal aeptor loated48 nt downstream is only onserved in the melanogaster subgroup. Conserved sequene partsthat are exluded in the shorter splie variant might suggest that both transript di�er in theirfuntion.Overall, we veri�ed 62% (18 of 29) of our tested preditions. As in all transrip-tomi studies, this perentage represents a lower bound as we miss transriptsexpressed in other onditions or at expression levels below our sensitivity.3.6.6 DisussionWe desribe here a method that predits intron-ontaining transripts by makinguse of evolutionary harateristis of onserved introns and the observation thatintrons rarely turnover or shift with respet to the exons. It is important tonote that we solely use intron information for preditions. This allows us toidentify (i) protein-oding transripts (inluding untranslated regions thereof) aswell as mlnRNAs, (ii) transripts without onserved seondary strutures and (iii)transripts without evolutionary onserved sequenes (see Fig. 3.29). The latterproperty is important as funtional nRNAs do not neessarily have signi�antlyonserved sequenes [301℄. For example, the XIST nRNA has a lear funtion inX-hromosome inativation in mammals [302℄, however a omparison of humanand mouse XIST reveals a low overall sequene identity [283℄.While our approah is unbiased with respet to these harateristis, it has limi-tations. Our method predits only a partial transript struture, whih in generalwill have to be ompleted by experimental approahes suh as full-length DNAsequening. However, gene predition algorithms that predit only the CDS andhigh throughput transriptomi tehniques su�er from the same problem. Here, wefoused on short introns in D. melanogaster, onsequently transripts ontaining



3.6. INTRONS IN INSECTS 92exlusively longer introns annot be predited. It remains unlear whether longerintrons and whether short introns in other speies are preditable in a similar way.Furthermore, we urrently lassify introns with a onserved intron body as false,beause the great majority of real introns shows no sequene onservation in themiddle. Thus, introns overlapping other funtional elements suh as putativepromoter elements, introns that are miRNA preursors [303, 304℄, or retainedintrons that enode a protein domain [305℄ are unlikely to be predited.Apart from the motivation to identify novel mlnRNAs, we aimed at preditingputatively funtional mlnRNAs as opposed to transriptional noise. Despite theobservation that our preditions are generally not assoiated with strong sequeneonservation, the detetion of a onserved intron indiates that the exon-intronstruture is under purifying seletion and that the failure to orretly exise theintron likely a�ets the funtion of the transript. Consistent with this, mlnRNAsequenes, their splie sites and promoters show redued substitution, insertionand deletion rates indiative of purifying seletion [284℄. Furthermore, we showedthat onserved introns imply that the respetive transripts are expressed in other�ies. While onserved exon-intron struture and onserved expression indiatefuntion, the spei� funtional aspets of these mlnRNAs have to be addressedin future studies.



Chapter 4Highly divergent struturednRNAs
Most of the nRNAs deteted in hapter 3 are preditable by sequene onserva-tion, alulated mainly by Blast and GotohSan. However, the seletion pressureof nRNAs lies in the struture instead of the primary sequene. Therefore we usedprograms, suh as Infernal, RNAmotif, rnabob, Fragrep and various programsfrom the Vienna RNA Pakage to predit highly divergent strutured nRNAs,suh as U3 snoRNA (Se. 4.1), RNase MRP and P (Se. 4.2), 7SK RNA (Se. 4.3)and telomerase RNA (Se. 4.4). All these RNA families vary by multiples of theirlengths. They show short or no sequene onservation and invent or delete largerstems, at �rst sight in a ompletely random way, but of ourse all aused by na-ture. Using up to 30 di�erent programs (Chap. 2) for the identi�ation of a singlepossible homologous sequene implies a time onsuming development of multiplealignments by hand for their veri�ation.



4.1. U3 RNA 944.1 U3 RNAThe U3 snoRNA is an exeptional member of the box C/D sublass. It is muhlonger than typial box C/D snoRNAs and does not diret hemial modi�ations.Instead, it ats as an RNA-haperone mediating strutural hanges of the pre-rRNA to establish the orret onformation endonulease leavage [306℄. Togetherwith two other snoRNAs, mammalian U8 and U13 [307℄, it shares some featureswith snRNAs. For instane, human U3 snoRNA, has a hypermethylated 2,2,7-trimethylguanosine (TMG) ap at their 5' end [308℄. U3 snoRNAs are proessedfrom primary transripts with a rather partiular promoter, whih may representthe fusion of two promoter systems: Homo1 D-box and TATA-box [309℄. In the�rst stage, a 3'-extended preursor with a mono-methylated ap, whih is thentrimmed at the 3' end. In several fungi speies, e.g. Saharamyes erevisae andHansenula wingei [49, 50℄ this preursor is splied. In the �nal step, the TMGap is formed [310, 311℄.Aross eukaryotes, the length of U3 varies by more than a fator of three from143nt in Trypanosoma to 442nt in Candida glabrata. Its sequene is highly vari-able appart from several short highly onserved boxes denoted by A', A, C', B, C,and D, where C and D de�ne the membership in box C/D lass of snoRNAs. Dueto their poor sequene onservation it is a non-trivial problem to establish the ho-mology of snoRNAs over large evolutionary distanes, e.g. between a mammalianand a yeast sequene.The U3 snoRNA is highly strutured and exhibits several onserved strutural do-mains [312�314℄. Due to its pivotal funtion in rRNAmaturation, the U3 snoRNAsis belived to be ubiquitously present in Eukaryotes. The latest release of Rfam,v.9.1, [244℄ reports 141 sequenes. We report here on a omprehensive searh forhomologous sequenes in the more than 230 eukaryoti genomes. Using this ex-tended data bases, whih overs most major lades, we onstrut re�ned seondarystruture models for most major lades and provide an overview of the variationof U3 struture.4.1.1 Homology searhWithin the 242 genomes investigated in this study and available EST-databases,we found a total of 238 U3 snoRNA homologs. In partiular, our searh was su-essful in 91 of 101 metazoan U3 snoRNAs. Negative results in several lophotro-hozoa and nidarian genomes are probably aused by the inompleteness of thesegenome projets.



95 CHAPTER 4. HIGHLY DIVERGENT NCRNASTable 4.1: Summary of the homology-based survey. We list the number of genomes with at leastone deteted U3 snoRNA. Rfam-version 9.1 is used as referene. Sine the Rfam alignments ontainU3 sequenes for whih omplete genomes are not publily available, we list the intersetion ofthe known sequenes with the olletion of genomes interrogated in this study (marked by a *).Abbreviations: Met� Metazoa; Pla � Plants; Fun � Fungi; Oth � Other EukaryotsMet. Pla. Fun. Oth. SumRfamseed* 9 8 2 1 20Rfamall* 61 16 29 4 110EST -DB � 12 3 2 17Novel U3 30 20 28 19 97Rfamall 66 18 53 4 141All U3 96 38 81 23 238Among fungi, we found the U3 in 52 of the 53 asomyota. In onstrast, amongthe other 16 fungal genomes, an unambiguous homolog was identi�ed only inPhakospora pahyrhiyi and Batrahohytrium dendrobatidis. For six additional ba-sidiomyota and the miroporidian Anthospora loustae only tentative andidateswere identi�ed. These andidates exhibit the onserved boxes but have highly vari-able distanes between the boxes, whih might indiate insertion domains and/oradditional introns.Aross viridiplantae we found 19 U3 snoRNAs out of 28 available (partly partially�nished) genomes. The only plant seed sequene, whih was not reovered fromthe inomplete genomi data is that of Tritium aestivum X63065 [315℄. 12 ad-ditional sequenes we retrieved from EST databases. No plausible U3 sequenewas identi�es in prasinophyeae and rhodophyta. In Heterokonta, we found a ho-molog in Hyaloperonospora parasitia in addition to the three known Phytophthorasequenes.Starting from the known Trypanosoma bruei sequene X57047 [316℄, we wereable to identify U3 snoRNA in all available genomes of kinetoplastida. Further-more, we found U3 snoRNAs in all three available genomes of iliates (Tetrahymenathermophila, Parameium tetraurelia, oxytriha trifallax ). Within Apiomplexa wefound all expeted U3 snoRNAs exept for the genus Parameium.Besides the previously known U3 snoRNA of Ditystelium disoideum V00190[317℄, no other unambiguous andidates were found in basal eukaryotes. Vague U3andidates for Plasmodium and Toxoplasma gondii are listed in the supplement.The sequenes are ompiled in the Supplemental Material and are submitted toRfam together with this ontribution.



4.1. U3 RNA 96Seondary Struture Alignments Separate alignments of the U3 snoRNAsequenes have been produed for Metazoans, Fungi, Plants and Other Eukaryots.These an be found in the Supplemental Material. Based on these data, seondarystruture models were onstruted and then ombined to the onsensus shown inFig. 4.1.With the inlusion of the newly-deteted sequenes we �nd that U3 snoRNA stru-ture are quite a bit more diverse than suggested by the Rfam seed alignment. Thisprompted us to propose a new numbering sheme for the helies, Fig. 4.1. Inpartiular, we observe several major deviations from the onsensus struture:(a) There are several major expansions. The platyhelminth Ehinoous multi-loularis has expanded the M8 from 15nt (e.g.nematoda) to 91nt. Candidaglabrata even invented a new stem between M10 and M9 with 49nt.(b) M7, whih is spei� to fungi, is shown as an unstrutured region in the inthe Rfam alignments. In saharomyotina and some pezimyotina (sordari-omyetes and leotimyetes) this stem varies from 6bp to 27bp without anyreognizable sequene onservation or onservation of the positions of loopsand bulges. Sine losely related speies do not show onserved splie-donorand splie-aeptor motifs, we argue that M7 is indeed a part of the U3snoRNA.() The Rfam alignment starts with stem M3, omitting the 5' end of the moleule,presumably in order to allow for a strutural alignment of vertebrate se-quenes with other U3 snoRNAs. Seondary struture predition on ver-tebrate U3 sequenes yields strong support for a large stem-loop strutureinluding Box A' and A. However this model does not �t most other eu-karyots (invertebrate animals, fungi, and plants), where lear support for atwo-hairpin motif is found. Here, Box A loated in the loop of stem M1.The struture of stem M2 is almost perfetly onserved in struture. On theother hand non-vertebrates (inluding fungi and plants) show lear signalsfor two short haiprins, whereas box A appears in the loop region of M1.M2 is mostly perfetly onserved in struture and for phylogentially loserelated organisms even in their sequene. In the ase of invertebrates, bind-ing energies are low, and the diversity of low energy strutures omputed byRNAsubopt points at a very �exible region.(d) Kinetoplastids show drastially reduted U3 snoRNAs, whih lak stem M2,as well as M6-M10.(e) The additional sequene data allow a rather lear distintion between thestems M5, M6, and M8.
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4.1. U3 RNA 984.1.2 Introns in U3 snoRNA genesIntrons in U3 snoRNA genes have been desribed in the literature for S. erevisae[49℄ and H. wingei [50℄. Over all, the introns in the U3 snoRNA genes are evo-lutionarily very �exible. For example, there are Kluyveromyes speies with andwithout introns [321℄. Therefore, we examined all fungi U3 snoRNAs for intronsand found a surprising absene/presene pattern, Fig. 4.2. For all Saharomyessp. we found an intron loated as desribed previously at 14th nuleotide of U3snoRNA, diretly upstream of box A. For other saharomyotina we found nointron. For sordariomyetes we found three genera with introns that are phylo-gentially interspersed lineages without introns: Trihoderma reesei, Neurosporasp., and Magnaparthe grisae. Introns are also present in all eurotiomyetidae ex-ept Asosphaera apis. In Uninoarpus reesii and Coidioides sp., the intron wasloated within the loop of M1 and thus within box A. In ontrast, Histoplasmaapsulatum and Paraoidioides brasiliensis have the intron at the typial po-sition, i.e., after the 14th nuleotide, just upstream of the A box. Stagonosporanodorum and Alternaria brassiiola might ontain an intron at the 8th nuleotide(upstream of box A'), sine there is a 5' and 3' splie site. Stem M1 an be formedwith and without the the possible intron. Our data are insu�ient to deidewhether the U3 snoRNA in these to speies is splied or not.4.1.3 Promoters of U3 snoRNAsMetazoan U3 snoRNAs have snRNA-like promoters with a very well-onservedproximal sequene element (PSE). In several ases, there is also a anonial TATA-box, although most metazoans exhibit only a weak or no TATA-box. Closely re-lated speies may show di�er in this respets: For instane, Anopheles gambiaeand Bombyx mori have no TATA-box, whih is present in Apis mellifera. BesideU3 snoRNA in higher plants showing a lear PSE element and TATA box, forChlamydomonas and Saharomyes erevisae neither of the two boxes were lo-ated. On the other hand for Shizosaharomyes pombe a reasonable PSE and alear TATA box were obtained. For details we refer to the Supplemental Material.4.1.4 Multipliity of U3 snoRNA genesMany genomes ontain multiple opies of the U3 snoRNA. Fig. 4.3 summarizesthe data, for whih speies with poor genome assemblies and unassembled shotguntraes not taken into aount. While the U3 snoRNA is frquently a single-opy
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101 CHAPTER 4. HIGHLY DIVERGENT NCRNAS4.2 RNase MRP and RNase P
Ribonuleases P (RNase P) and mitohondrial RNA proessing (RNase MRP) areribonuleoprotein omplexes that at as endoribonuleases in tRNA and rRNAproessing, respetively. Their RNA subunits are evolutionarily related and areinvolved in the atalyti ativity of the enzymes. While it has long been knownthat RNase P RNA is a ribozyme in bateria and several arhaea, it was demon-strated only reently that eukaryoti RNase P RNA also exhibits ribozyme ativity[322℄. The main funtion of RNase P is the generation of the mature 5' ends oftRNAs. See [323℄ for a reent review of RNase P. In ontrast, RNase MRP iseukaryote-spei�. It proesses nulear preursor rRNA (leaving the A3 site andleading to the maturation of the 5'end of 5.8S rRNA), generates RNA primersfor mitohondrial DNA repliation, and is involved in the degradation of ertainmRNAs.The phylogeneti distribution of P RNA learly indiates that it dates bak to theLast Universal Common Anestor [324℄. MRP RNA an be traed to the mostbasal eukaryotes [324℄ and apparently was part of the rRNA proessing asade ofthe eukaryoti anestor [325℄. The high similarity of P and MRP RNA seondarystrutures [326℄ and similarity of the protein ontents and interations of RNaseP and MRP [323, 327℄ suggest that P and MRP RNAs are paralogs.RNase P RNA is found almost ubiquitously. Interestingly, so far only MRP RNAhas been found in plants inluding green algae, and red algae [324℄. Whether theanestral P RNA has been lost in these lades or possibly replaed by MRP RNAis unlear. It is also possible that the P RNA sequenes are derived from eahother that they have esaped detetion so far. Despite the highly onserved orestrutures, P and MRP RNAs an exhibit dramati variations in size, whih mostlyarise from large insertions in several �expansion domains� [324, 328℄. In eukaryotes,additional P RNAs are often enoded in organelle genomes. Chloroplast P RNA isstruturally similar to baterial type A [329℄ and exhibits ribozyme ativity [20℄.Mitohondrial P RNAs, in partiular those of fungi, are highly derived and exhibitonly a small subset of the onserved strutural elements shown in Fig. 4.4, mostlyP1, P4, and P18 [330℄. Despite its ore funtion in tRNA proessing, RNase Pappears to be absent in the arhaeon Nanoarhaeum equitans. Instead, plaementof its tRNA gene promoters allows the synthesis of leaderless tRNAs [331℄.



4.2. RNASE MRP AND RNASE P 102

P19

P8

P9

P10.1
P11

P10
P15 P16

P17

P12

P5P7

P1
P2
P3a
P3b
P5

P3b P3a
P2

P1

P18

P15.1P8’

CR−II
P14
P13

CR−III

CR−I

CR−V

CR−IV

CR−III
CR−IV
CR−V

Element
Bact.

MABA P

P7
P8
P8’
P9
P10

P12
P13
P14
P15
P16
P17
P15.1
P18
P19
P4
P6

P11
P10.1

CR−I
CR−II

all P RNAs

Bacterial type A

Eukaryotic

expansion domains
missing in Archea type M

Bacterial type B
MRP

Arch. Euk.

Figure 4.4: Shemati drawing of the onsensus strutures of P and MRP RNAs. Adapted from[323, 325, 332, 333℄. The table indiates the distribution of strutural elements. Blak irlesindiate onserved elements, stems indiated in gray are present in known sequenes, open irlesrefer to elements that are sometimes present.4.2.1 Homology Based SearhWe were able to identify 85 RNase MRP's and 87 RNase P's within 98 availablesequened metazoan genomes. Beside elephsants RNase P we easily identi�edbased on sequene similarity both related genes in all examined deuterostomesand arthropods. Considering fully sequened genomes only, we lak both possiblyhighly derived sequenes in the trematode Shmidtea mediterranea, nidariansAropora and Porites.Inluding eight plant RNase MRP sequenes obtained by Blast against EST's ofNCBI, we identi�ed 35 plants sequenes, of whih only �ve were known reently.Although we know RNase MRP of Brassia rapa and B. oleraea these sequeneswere not deteted. The reason might be that �eld and wild mustard are nowadayshighly reared and even speies genomes di�er to an extremely high degree. We



103 CHAPTER 4. HIGHLY DIVERGENT NCRNASmiss higher RNase MRP of higher plants only: Pinus, Tritium, Hordeum, Lotusand Malus.Beside some single speies we were able to examine all sequenes of RNase MRPin available genomes of basal eukaryotes. Reently, the absense of RNase MRPin kinetoplastids and diplomonads was desribed in [51℄, although a Trypanosomabruei andidate is presented in [334℄. We show alignments inluding preditionsof these sequenes in the supplemental material1.Additionally, it was possible to reover most of fungal RNase MRP and RNase Psequenes. However, they are not presented in multiple alignments yet, beauseof their omplex struture. This work will be ontinued.4.2.2 Seondary StrutureThe overall seondary struture, absene/presene of single stems and omparisonsof stem lengths in RNase MRP and RNase P is shown in Tab. 4.2.The ore pseudoknot P2 and P4 is struturally highly onserved in RNase MRPand RNase P. This part varies little in length similar to P1 represented in anyorganism with a stem length of about 9 bp. Stem P3a is similarly useful for se-ondary struture searh with a onstant length of 4-7 nuleotides in a onstantdistane to P2 and P4. Beside the bird Taeniapygia gutatta and most viridiplantaeP3a is extended to P3b. This extension an range from 3 bp in Petromyzon mar-inus RNase MRP to Chlorophyta with 28 bp. For some eukaryoti RNase MRPsthe extension of P3a is not a single stem but a forked stem. However the distri-bution of this P3b.1/P3b.2 system seems to be random. We �nd MRP sequenesof this struture in all phyla: birds, nematoera insets, plants (C. merlae) andalveolata (T. thermophila and piroplasmida). Interestingly P7 is available in allRNase MRP and RNase P, exept Metazoan MRP. Previously, RNase MRP wasdesribed to ontain no P7. However, examining seondary strutures of [324℄arefully, P7 is available in all non-metazoan organisms, see Fig. 4.5-a. Consid-ering the observation of P10/12 in RNase P loated diretly upstream of P7 it ispossible to predit a more aurate seondary struture for P8, P9 and P10/12(Fig. 4.5b-d). The latter stem is predited with standard programs in numerousvariations with a low minimum free energy di�erene. Therefore, additional in-formation about a possible P7 is highly important to resolve the true seondarystruture.Stem P8' seems to be an invention in RNase P of dipteras only. P8 and P9 of1www.bioinf.uni-leipzig.de/Publiations/SUPPLEMENTS/09-023
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Table 4.2: Strutural overview of RNase MRP stems and their length. Indented organismsinherit properties of phyla they belong to, exept seperately spei�ed values. For RNase MRPnon-fungi eukaryots are listed, for RNase P metazoans are desribed.RNase MRPPhylum P1 P2 P3a P3b.1 P3b.2 P4 P7 P8' P8 P9 P10-12 P15 P19Deuterostomes 8-11 6 6-7 4-6 � 7-9 � � 4 5-8 20-32 � 5-6Birds 4 5 12-19T. gutatta 7 5 � � 4 15C. milli 15P. marinus 3 7C. intestinalis �O. dioia 5 9 7Insets 9-12 6-7 6-7 5 � 7-10 � � 4 4-5 14-24 � 4-7;19-22A. pisum 3P. humanus 12Nematoera 4-6Brahyera 16 13-21 27-33Nematods 7-9 4-7 7 5-6 � 7-8 � � 4-6 4-5 4 � �B. malayi 28T. spiralis 12 6 20A. suum 17 4M. inognita 17 12 10Lophotrohozoa 7-10 4-7 6-7 5-6 � 5-8 � � 4-5 4-5 19-24 � 5-8Basal Metazoa 8-11 6-8 6-7 8 � 7-8 � � 4-5 5 21-24 � 9N. vetensis 4 9 14T. adhaerens 10Viridiplantae 9-12 6-7 6-7 � � 6-8 4-5 � 5 4 20-29 � 4-8Rosids + Asterids 5 6S. moellendor�i 13Basal Plantae 12-17 6-7 6-7 6-19 � 7-8 3-5 � 4-5 4-5 22-25 � 11-13Chlorophyta 17-28 15-18 5C. merolae 16 � 32 28Alveolata 11-15 6-7 5-7 9-15 � 6-7 5-6 � 4-6 4 13-19 � 5-10T. thermophila 5 5 � �O. trifallax 37 12Saroystidae 28 9 13 16 23-25 13Cryptosporidium 19-20 20-22 30-42C. muris 5 11Piroplasmida 3-4 7-9 9-10T. parvaHaemosporida 3-4 8-9 12RNase PPhylum P1 P2 P3a P3b.1 P3b.2 P4 P7 P8' P8 P9 P10-12 P15 P19Deuterostomes 6-11 4-7 4-5 5-11 � 8-14 3-4 � 5 6-8 34-46 � 4-15C. milli 3Amphibia 59-64Insets 10-12 5-7 5 5 � 6-11 4 � 5 5-6 27-35 � 5-16Diptera 6-20Nematods 10-12 4-9 5 5-7 � 8-10 3-4 � 3-6 5-7 15-45 7 �Lophotrohozoa 6-9 5-7 4-6 5 � 8-10 4 � 3-5 5-7 24-41 � 3-7Basal Metazoa 6-10 6-8 4-6 5-8 � 5-10 3-4 � 3-7 5-6 31-39 � 4-8Cnidaria �
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Figure 4.5: Seondary struture of RNase MRP obtained by alignments with related speies on-taining P7. Coloured parts are remodelled. Left: Struture model of [324℄; Right: Realulatedseondary struture model ontaining P7.



4.2. RNASE MRP AND RNASE P 106RNase P has a onstant length, with the exeption of a omplete P9 deletionin nidarians. However, RNase MRP inreased the length of these stems up to�vefold. The most dramati variations in sequene and struture are part of P10-P12. This stemlength varies from 4 nt (nematods MRP) to 64 nt (amphibiansRNase P). In any organism P10/12 of RNase P is longer than its orrespondingRNase MRP, usually by fator 1.5. An additional stem between P7 and P2 (P15or P18) is available for RNase MRP in C. merolae and onserved for RNase P innematods. Finally, stem P19 might be absent for both RNAs or di�ering in lengthfrom 3 nt to 22 nt.4.2.3 ConlusionAlthough the predition of RNase MRP and RNase P and hene the alulation ofmultiple alignments is not �nished yet, fundemental statements may be proposed.RNase P is muh more onserved in struture, length of single stems and sequeneas RNase MRP. This might be related with its substrate. Transfer-RNAs arevery onserved in sequene and length aross all known organisms ompared toany other nRNA. On the ontrary, rRNAs show evolutionary variation spread allover the moleule.Generally, genes for RNase MRP and RNase P are appear one per genome. Forsome very less genomes two opies were observed. Mostly multiple opies arereognized in genomes available on ontig level. In a seond senario one opyis mapped to a spei� hromosome and the seond opy is loated within an�Unknown Chromosome� as for A. gambiae. Only for Gallus gallus we did �ndtwo opies loated diretly next to eah other within 500 nt, suggesting a tandemdupliation.Upstream regions (see Fig. 4.6) and poly-T termination signals of RNase MRP andRNase P are well de�ned and show one more a possible reruitment of PolymeraseIII.
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Figure 4.6: Promoter Region of RNase MRP, RNase P and reruitment signals upstream of otherpolymerase III transripts, suh as U6 snRNA and U6ata snRNA. (a) Caenorhabditis remaneiupstream sequene inluding PSE-A, PSE-B and TATA-box, (b) only RNase MRP is predited inArabidopsis thaliana, with PSE and TATA-box.4.3 7SK RNAThe 7SK snRNA is a highly abundant nonoding RNA in vertebrate ells. ThePol III transript with a length of about 330nt [335, 336℄ is highly onserved invertebrates [337℄. Due to its abundane it has been known sine the 1960s. Itsfuntion as a transriptional regulator, however, has only reently been disovered.7SK mediates the inhibition of the general transription elongation fator P-TEFbby the HEXIM1/2 proteins (also known as CLP1, MAQ1, and EDG1) and therebyrepresses transript elongation by Pol II [338�341℄. Furthermore, 7SK RNA sup-presses the deaminase ativity of APOBEC3C and sequesters this enzyme in thenuleolus [342℄. A highly spei� interation with LARP7 (La-related protein 7),on the other hand, regulates its stability [338�341, 343�345℄.The sequene of the 7SK snRNA is extremely well-onserved aross jawed ver-tebrates. In ontrast, the sequene of the lamprey Lampetra �uviatilis is highlydivergent [337℄, and invertebrate 7SK RNAs were reently found only using speial-ized sophistiated homology searh tehniques [236, 237℄. The latter study madeextensive use of the fat that the 7SK genes feature a anonial lass-3 pol-IIIpromoter struture [346℄. Despite onsiderable e�orts, phylogeneti distributionand evolutionary age of 7SK RNA remains unertain beause no homologs have



4.3. 7SK RNA 108been found so far e.g. in basal metazoan lineages and in important invertebratephyla suh as Platyhelminthes and Nematoda.Sine 7SK RNA interats spei�ally with HEXIM and LARP7, we survey herethe phylogeneti distribution of these proteins to determine in whih organismswe an also expet a 7SK gene. Sine the primary interation sites with HEXIMand LARP7 are among the few well-onserved features of the invertebrate 7SKsnRNAs [237℄, we re-evaluate and re�ne the seondary struture model [347℄. Thisin turn forms the basis for the detetion of additional invertebrate 7SK RNAs.4.3.1 Phylogeneti Distribution of HEXIMHomologs of HEXIM were found aross metazoan tree, using known HEXIM1protein sequenes and tblastn. In partiular, we identi�ed lear homologs in theporiferan Reniera sp., the plaozoan Trihoplax adhaerens, and the nidarians Ne-matostella vetensis and Hydra magnapapillata implying that HEXIM was presentin the metazoan anestor. On the other hand, no homologs were deteted in fungi,plants, and the hoano�agellate Monosiga breviollis, suggesting that HEXIM isan animal innovation, Fig. 4.7. Full alignments are available in the EletroniSupplemental Material.Eutheria are well known to arry two HEXIM paralogs [348℄. Marsupials (Mon-odelphis domestia) have learly reognizable orthologs of both HEXIM1 andHEXIM2. Our searh identi�ed a HEXIM2 in all mammals exept platypus(Ornithorhynhus anatinus). On the other hand, Afrotheria (Ehinops telfairi,Loxodonta afriana) and Xenarthra (Dasypus novemintus) do not have a opyof HEXIM1. We onlude that HEXIM was dupliated before the divergeneof Metatheria and Eutheria, with seondary loss of HEXIM1 in some eutherianlades. Sine the phylogeneti relationships of the major Eutherian groups areunder intense disussion [349℄, it remains unlear whether the loss in Afrotheriaand Xenarthra was independent, or whether these are sister groups whose anestoralready lost HEXIM1.HEXIM1 and HEXIM2 are always loated very lose to eah other (from∼10.000ntin Canis familiaris up to ∼26.000nt in Myotis luifugus) on the same hromosome(where sequene assembly allows suh observations). Therefore, we propose thatHEXIM2 likely derives from a dupliation of HEXIM1. HEXIM2, as well as pro-tostome HEXIM/CLP-1, ontains a number of introns (onserved at least frommie to humans, whereas the HEXIM1 gene does not have any, suggesting thatHEXIM1 derived from reverse transription of HEXIM2. Comparing mammalianHEXIM1/2 proteins to HEXIMs of birds, frogs, and �sh (Gnathostomes) a muh
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Figure 4.7: Distribution of HEXIM1/2, LARP7, MePCE/BCDIN3, and 7SK RNA. Findings ofomplete proteins and 7SK RNA respetively are indiated by a tik, inomplete �ndings by anenirled tik. Cases for whih we are not sure whether we have found a true homolog or not arelabeled with question marks. Missing data due to unsequened organisms is marked by a blak�lled diamond. The blak �lled triangle indiates the HEXIM dupliation event. The seondaryHEXIM1 loss for Afrotheria and Xenartha is marked with a ross within the taxonomi tree.The underlying tree is reated from the NCBI taxonomy.
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Figure 4.8: NeighborNet of all metazoan HEXIMs reated with SplitsTree [2℄. The major groupsof HEXIM1 and HEXIM2, as well as the lose relationship of the protostomia HEXIMs, are verywell supported. The split, illustrating the loser relationship of HEXIM of �shes (magenta),amphibians (light blue), and birds (orange) to HEXIM1 of mammals is learly identi�able. Ad-ditional well supported groups are those of nematodes (red), drosophilids (green), and nidarians(dark blue). Due to their very basal position all other sequenes an not be resolved any further.See supplement for ClustalW soure alignment.higher similarity of HEXIM to HEXIM1 is apparently observed. Both, sequenealignments and NeighborNet [2℄ analyses support this view, Fig. 4.8.4.3.2 Phylogeneti Distribution of LARP7A loal tblastn searh for LARP7 revealed its existene in all major metazoanphyla, inluding basal lineages suh as porifera, plaozoa, and nidaria. LARP7 ofprotostomes and deuterostomes are learly distinguishable and within eah groupvery exellently alignable. The La-domain (PFAM PF05383 ) is loated at theC-terminus and the RNA reognition motif, type 1 (RRM1, PFAM PF00076 ) isloated downstream of the La-domain. Unambiguous LARP7 homologs were foundin speies in whih we also found 7SK and/or HEXIM, Fig. 4.7, inluding Hydramagnapapillata and Aropora millepora. Although LARP7 has a omplex genestruture, we provide arefully onstruted alignments with sequene and genomiloations of all organisms in the supplemental material. LARP7 is distinguishableto other known LARP families by its La domain (ompared to LARP1,2,4,5,6)and has a learly reognizable RRM1, whih is unknown in Larp1,2,6 and poorlyonserved in LARP4,5. LARP7 has similarities to LARP3 (=Sjogren syndrome



111 CHAPTER 4. HIGHLY DIVERGENT NCRNASantigen B (SSB)), ontaining a similar La-domain, however has a slightly di�erentRRM3 instead of RRM1 (PFAM PF08777 ). In nematods we were able to identifysequenes with a LARP7 La domain and an RRM3, whih might has taken overthe duty of RRM1. Alternatively we deteted LARP3. The reason why we wereable to identify LARP7 unambiguously in some lophotrohozoans only, is mostlythe assembly status on ontig layer. LARP7 an be distributed over 10 000 nt(Anolis arolinensis), interrupted by various introns.4.3.3 Revised Seondary Struture Model of 7SK RNAA omplete alignment of all 79 known 7SK an be found in the SupplementalMaterial, unlear andidates are exluded. The expanded olletion of sequenesprovides su�ient information for the onstrution of a global multiple sequenealignment. In ontrast, previous studies [236, 237℄ were ontent with loal align-ments of the best-onserved regions, Fig. 4.9. Based on the new fully alignment,a muh more omprehensive onsensus struture model an be derived, Fig. 4.10.A omparison of the struture proposed for the human 7SK RNA based on hemi-al probing [347℄ shows that most of our struture model is onsistent the previousproposal. There are, however, several novel features that provide new insights ofthe funtion of 7SK RNA. Most parts of the stems M3, M5, M7, and M8 weredesribed previously and orrespond to the stems 1, 3, 5, and 6 of [347℄, Fig. 4.11.Our re-evaluation of the invertebrate data demonstrates that these stems are on-served and an be identi�ed in all organisms.1. Stem M1 is the best-onserved feature of 7SK RNAs. It is reognizable inall known homologs [236, 237℄. Corresponding to stem 1 of [347℄, it ontainsthe HEXIM binding site, an absolutely onserved helial region with thesequene GATC:GATC.2. The additional stem M4 is highly onserved at the strutural level in allorganisms, although there is not reognizable sequene similarity.3. Stem M8, orresponding to stem 6 of [347℄, is also very well onserved.Therefore this might harbours the LARP7 binding site.4. Drosophilids have an expansion domain between M4 and M5, whih forms astem-loop struture overing about 90nt. They also have an extended loopM4.5. M5, orresponding to stem 3 of [347℄, is not only onserved in its struturebut also in its sequene, see Fig. 4.12, whih ontains the motif CGNNGC
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Tetrapoda CCCTCCCGAAGCTGCGC----------GCTCGG-TCG
Teleostei CCCTCCCGAAGCYCRGC----------GCTCGG-TGG
Mustelus CCCTCCCGAAGCTCAGC----------GCTCGG-TCG
Lampetra CCCTCCCGATGCTCTGC----------GCTCGG-TGG
Myxine CCTCGCCGATGCCCCGC----------GCTCGGATCG
Branchiostoma CTCTCCCGACGCCTCGC----------GCTCGG-TCG
Ciona intest. ---TCCCGATGCTTGCG---------CGCTCGG-TTG
Ciona savignyi ----CCCGATGCCATGC----------GCTCGG-TCG
Saccoglossus CTCTCCCGATGCTTAGC----------GCTCGG-TCG
Lottia -TCTCCCGCTGCCTCGTC---------GCACGG-TAG
Helix ---TCCCGCTGCACCCCCGGGGA---CGCACGG-TCG
Aplysia AGCTCTCGATGCACTGGCGGGTC----GCACGG-TCG
Capitella AGGCGCCGATGCACCCGTCGAGGGCCCGCTCGG-CCG
Helobdella GCAACGGCATGCACTTCCACCTGTC--GCTGGC-CAG
STRUCTURE -----<<<<-<<--------------->>>>>>----

Mammalia TCCAAATGAGGCGCTGC-ATGTG-GCAGTCTGCCTTTCTTT
Gallus TCCAAGTGAGGCACTGC-ATGGG-GCAGTCTGCCATTGTTT
Anolis TCCAAGTCAGGCGCTGC-ACGGG-GCAGTCTGCCATTCTTT
Xenopus TCCAAGTGTGGCGCTGC-ATGTG-GCAGTGTGCCTTTCTTT
Oryzias TCCAACTGCGGCGCTGC-ACGTG-GCAGTCTGCCTTCCTTT
Gasterosteus TCCAAATGAGGCGCTGC-ACGTG-GCAGTCTGCCTTCCTTT
Fugu TCCAATTGCGGCGCTGC-ACGTG-GCAGTCTGCCTTACTTT
Tetraodon TCCAATTGCGGCGCTGC-ACGTG-GCAGTCTGCCTTCCTTT
Danio TCCAAATGAGGCACTGC-ATGTG-GCAGTCTGCCTTTCTTT
Gadus TCCAAATGAGGCGCTGC-ACGTG-GCAGTCTGCCGTAATTT
Mustelus TCCAAGTCAGGCACTGC-ACGTG-GCAGTCTGCCGTTCTTT
Lampetra TCCAGATC-GGCACTGC-ACGTG-GCAGTCTGCCTGT-TTT
Petromyzon TCCAGATC-GGCGCTGC-ACGTG-GCAGTTCGCCTGT-TTT
Myxine TCCAAC-ACGGCGCTGC-ACGTG-GCAGTTTGCCTT--GTT
Ciona_int TCCATA-TAGGCACTGC-ACGGG-GCAGTATGCCTTCATTT
Ciona_sav TCCATA-TAGGCACTGC-ACGGG-GCAGTATGCCTTCATTT
Branchiostoma_l TCCAAT-ACGGCGCTGCCACGCGGGCAGCCTGCCAT---TT
Branchiostoma_f TCCAAT-ACGGCGCTGCCACGCAGGCGGCCTGCCATT-TTT
Saccoglossus TCCATC-ATGGCGCTGCCTTG-GGGTAGCTTGCCTTCACTT
Lottia TCCAAT-ACGGCACTAC-AAGTG-GTAGTTTGCCTTCCTTT
Helix TCCATTGGAGGCATTAC-ACGTG-GTAATCTGCCTTTCTTT
Capitella TCCACA-CTGGCACCGC-ATGTG-GTGGTATGCCATTGTTT
STRUCTURE ---------<<<<<<<<<----->>>>>>-->>>-------
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4.3. 7SK RNA 116In order to assess andidates, we then attempted to inorporate them into thesequene/struture alignment desribed below. In addition, the promoter regionswere ompared with those of other known pol-III transripts of the same organism,in partiular U3, U6, U6ata, RNase MRP, and RNase P RNAs.Nematoda. Using the promoter-based approah, we obtained a hit in C. brig-gsae that warranted detailed analysis, Fig. 4.14. The sequene is well-onservedaross the genus Caenorhabditis. Although it is signi�antly shorter than other7SK RNAs, it bears the hallmarks of a true 7SK homolog: M1 is strutural highlyonserved. (2) It an form all three alternative helies M2a/M2b/M2 (3) M3ontains the highly onserved GATC sequene. (4) M5 is usually a GC-rih stem, (5)A stem-loop struture preedes the poly-T indiative of a pol-III terminator.Vague Invertebrate Candidates. Using the same methods as for nematodswe searh additionally for all invertebrates with a preditable promoter region andobtained four more 7SK andidates. However these sequenes lak at least one ofthe seven desribed features. The promoter Trihoplax adhaerens is very lear re-ognizable with RNase MRP, RNase P and snRNA U6 and U6ata. Only 65 regionsdistributed other the whole genome were found with at most 3 pointmutations.These andidates were observed in detail for 7SK. With this method we provide inthe supplemental material vague andidates for Reniera sp., Nematostella veten-sis, and Strongyloentrotus purpuratus. If the latter andidate is a real 7SK itdiverged drastially from other deuterostomes. M1 would have an unexpeted lowMFE, M3 hanged in sequene and struture and M4-M7 is not onserved to otherdeuterostomes. On the other hand the ultraonserved GATC:GATC basepairing ispresent and a typially polymerase III terminator (poly-T) diretly after a hairpinwith the proper length of 8nt was found.4.3.5 DisussionPhylogeneti Distribution of BCDIM3/MePCE. Methylphosphate Cap-ping Enzyme (MePCE) is known to be the apping enzyme of 7SK [351℄. It wasidenti�ed by homology based searh with BCDIN3 (bioid-interating protein 3)of Drosophila. Additionally BCDIN3 was identi�ed omputationally in plants Ara-bidopsis thaliana and fungi Shizosaharomyes pombe, but not in Saharomyeserevisae. Additionally, we were able to identify this protein in Laaria biolor(XP_001879607 ).
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Figure 4.14: The seondary struture of the C. briggsae 7SK RNA andidate shows typialhighly onserved elements: GATC (M3), the GC-rih stem M5 and M8. These elements therewithare likely to interat with HEXIM, LARP7 and substrate (DNA/RNA). The 5'-part bindingwith the upstream region of M8 (M1) is onserved among all known 7SK. The typially poly-TPol III terminator signal is present at the right position. Additionally the new proposed swithof M2a/M2b/M2 is present in all Caenorhabditis.Therefore the spei�ity of this protein to 7SK is only as proposed reently [351℄is arguable. 7SK is the only known substrate for human MePCE. The DrosophilaBCDIN3 substrate is unknown.Similar to LARP7, MePCE an be hardly identi�ed in lophotrohozoans due tothe fat that they are distributed over more than 10 000 nt interrupted by variousintrons.Nematoda 7SK RNA. Compared to vertebrates 7SK (330 nt) and insets(450 nt), nematods show with 150 nt a muh shorter 7SK, Fig. 4.14. The pro-moter region inludes a perfet PSE region and an atypial TATA-box. However,
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Figure 4.15: Aessibility of single nuleotides in human 7SK RNA, experimentally veri�ed byour ollaborators Denise Martinez and Anne-Catherine Dok. Aessible nuleotides are denotedby red irles. Green boxed nuleotides show no reation to 1M7, due to the fat of basepairingto another part of 7SK RNA or a possible interation to spei� proteins. Seondary struturealulated in this thesis.the seondary struture properties desribed above leave little doubt, that we�shed the orret 7SK. The C. elegans sequene will be veri�ed by NorthernerBlots of our ollaborator Olivier Bensaude.Human 7SK RNA. The human 7SK RNA 3D-struture will be determined atthe moment by our ollaborators Denise Martinez and Anne-Catherine Dok. Formost nuleotides they were able to assign their aessibility (Fig. 4.15).The basal part of stem M7 shows an expeted piture, inaessible nuleotides(green) are paired to eah other, and aessible nuleotides (red irled) are partof internal bulges. The apial part of M7 stem in Fig. 4.15 shows a high possibilityof ourring unpaired. Here a larger part, than the �ve nuleotides of the loop,seem to interat with some other moleule. Analogous, M3 seems to be preditedorretly. Interesting parts like M1, M6 and M8 are not experimentally veri�able



119 CHAPTER 4. HIGHLY DIVERGENT NCRNASat the moment, however this problem will be addressed by Denise and Anne-Catherine urrently. Stem M5 seems to be questionable. Although this part isonserved through all organisms, dehising red irled nuleotides, the argumentof this stem is, from the omputationally point of view, not holdable. Finally, theseondary struture and tertiary struture will need some future experimentallyassessment.



4.4. TELOMERASE RNA 1204.4 Telomerase RNAIn ontrast to the irular genomes of prokaryotes, eukaryotes have linear hromo-somes. Speial mehanisms are neessary to repliate the hromosome ends, thetelomers. In almost all speies investigated to date, a telomerase enzyme main-tains telomere length by adding G-rih telomeri repeats to the ends of eukaryotihromosomes. Telomerase thus dates bak to the origin of eukaryotes. Notableexeptions are diptera inluding Anopheles and Drosophila, whih use retrotrans-posons or unequal reombination instead of a telomerase enzyme.The ore telomerase enzyme onsists of two omponents: an essential splieoso-mal maturated RNA omponent [352℄, whih serves as template for the repeatsequene, and the atalyti protein omponent telomerase reverse transriptase(TERT). The RNA omponent varies dramatially in sequene omposition andsize. Although dozens of telomerase RNAs (usually alled TR in vertebrates andTLC-1 in yeasts) have been loned and sequened, the known examples were re-ently restrited to four narrow phylogeneti groups: vertebrates, yeasts, iliates,and plasmodia. The protein omponent TERT on the other hand is known in amuh wider range of eukaryotes: Invertebrates (nematodes, insets, basal deuteros-tomes), Fungi (pezimyotina), Plants, Algae, Kinetoplastids and Basal Eukaryots[353℄.Yeast telomerase RNAs appear to be even less well onserved: In [354℄, onlyseven short sequene motifs are reported within more than 1.2kb transripts ofKluyveromyes speies, and of these only a few are partially onserved in Sa-haromyes. In fat, Saharomyes and Kluyveromyes TLC-1 genes annot bealigned with eah other by standard alignment programs. The same is true forthe reently disovered TLC gene of Shizosaharomyes pombe [355, 356℄. YeastsnRNA and snoRNA methyltransferase Tgs1 is responsible for TLC1 methylation.The absene of Tgs1 auses hanges in telomere length and struture, improvedtelomeri silening and stabilized telomeri reombination. [357℄.The small iliate TR genes inlude a pseudoknot domain that ontains an unusualtriple-helial segment with an AUU base triplet. This domain is also shared by thevertebrate and yeast telomerase RNAs [358℄. Whether suh a struture is alsopresent in the omputationally predited TR genes of plasmodia [359℄ is not yetknown.Although there is a ommon ore struture of all these telomerase RNAs [360℄,and despite their length of several hundred to almost 2000nt, these RNAs remain aworst ase senario for homology searh on sequene and strutural level. Indeed,



121 CHAPTER 4. HIGHLY DIVERGENT NCRNASa survey of vertebrate telomerase RNAs [234℄ shows dramati sequene variationwith only a few, short, well-onserved sequene patterns separated by regionsof highly variable length. The reent disovery of the TR genes of teleost �shes[235℄ highlights the variability of this moleule, whih has aquired several lineage-spei� domains, suh as the snoRNA domain in vertebrates and the Ku80 bindingdomain in budding yeast, see Figure 4.16.
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Figure 4.16: Telomerase RNA strutures of yeast and human share the topology of the pseu-doknot region and a funtionally important juntion region (S2/S3 and P6b/P6.1 respetively).The template and its boundary element (TB) are highlighted. The yeast struture is a onsensusof Saharomyes [361, 362℄ and Kluyveromyes strutures [363℄. The Ku80 binding domainis spei� for Saharomyes. Vertebrate telomerases have a snoRNA domain [364℄ at their 3'end. This domain arries a Cajal-body loalization signal (CAB) [365℄, whih is present in allvertebrates exept teleosts [235℄. Blak regions may vary dramatially in length.4.4.1 Homology Based SearhAmong vertebrates we were able to identify 16 additional sequenes with Blast:Pongo pygmaeus, Maaa mulatta, Miroebus murinus, Spermophilus trideem-lineatus, Ohotona prineps, Myotis luifuggus, Sorex araneus, Ehinops telfari,Canis familiaris, Erinaeus europaeus, Proavia apensis, Viugna viugna, Ptero-pus vampyrus and partial sequenes for Pan tropialis, Otelemur garnetti andLoxodonta afriana.For Monodelphis domestia the telomerase RNA looks very similar to other mam-malian sequenes, however it has a huge insert between P1 and P4, whih formsa stable hairpin.Alignments in Stokholm format are available at the supplement material2.2www.bioinf.uni-leipzig.de/Publiations/SUPPLEMENTS/09-022



4.4. TELOMERASE RNA 122Table 4.3: Expeted number of the template CCCUAA with a length of 8 on both strands inexamined organisms.Organism Genome Size (bp) Expeted Frequey Obtained FrequenyS. purpuratus 809 952 877 148 307 170 820C. instestinalis 141 233 565 25 861 22 330C. savignyi 255 955 828 46 867 82 776N. rassa 1 860 657 949 340 697 342 708N. disreta 556 883 022 101 968 183 461N. tetrasperma 487 800 222 89 319 133 3394.4.2 Pipeline for Predition of Divergent Telomerase CandidatesFor detetion of non-vertebrate telomerases we developed a pipeline onsisting ofthree steps: (1) Generating Candidate Set (2) Filtering Candidate Set (3) SoringCandidate Set.
Candidate Set GenerationComparing all known telomerases (iliates, fungi and vertebrates) no onservedsequene motif is detetable. The struture of all these telomerase RNA sequenesis highly variable (Fig. 4.16). The only ommon strutural feature is a pseudoknotof di�erent length loated 5-prime of the template in variable distane. Howeveras yet no reliable pseudoknot-�nding program exists.How to �nd a gene without knowing anything about its length, sequene or stru-ture?The telomeri repeat region of spei� organisms is known [353℄, the repeat variesfrom 5nt (insets) to 25nt (Candida). For the organisms examined here (Neu-rospora sp., Strongyloentrotus entrotus and Ciona sp.) the telomere sequene is5'-TTAGGG-3'. The reverse omplement is believed to be part of telomerase RNA.However the rotation is unknown, therefore within a genome of 809MB size, thetemplate with a length of at least 8 nt is expeted to our on both strands 2million times by hane, however for Strongyloentrotus purpuratus just 170 000hits were obtained (Tab. 4.3).



123 CHAPTER 4. HIGHLY DIVERGENT NCRNASFilter Candidate SetEah sequene of the andidate set inluded the template region and 500nt down-stream. This set was �ltered by the following riteria:(a) Candidates with three or more telomere sequenes (templates) after eahother were removed. From known telomerases we learnt that the templatesequene ours at most 1.5 times. Candidates with more than three tem-plates are believed to be repeats.(b) Candidates with more than 10 unknown neighbouring nuleotides (N) wereremoved.() Sequenes shorter than 100nt were removed. Due to tehnial reasons: thefollowing �lter steps and soring steps ould not be omputed, as desribedbelow.(d) Idential or highly similar sequenes were identi�ed by blastlust and re-moved. Most genomes are assembled on sa�old or ontig level, onsequentlymultiple opies should be removed.(e) Potential protein sequenes were removed. This step was performed withblastx against all known proteins from NCBI.Sore Candidate SetThe remaining andidates were sored based on the presene of a telomerase-likepseudoknot. We spei�ally designed and developed a program, TR-PK-finderto detet suh pseudoknots. In ase of S. purpuratus deep sequening reads wereavailable from Julian Chen. Distanes between template and reads were addition-ally sored as well as the lustersize of the reads. If possibly, a H/ACA stem loop,as known for vertebrates within 1000nt downstream of the template was sored aswell.For a deeper understanding of the pseudoknot soring funtion we introdue hereTR-PK-finder before presenting parameters and results.TR-PK-finder: We developed a spei� telomerase pseudoknot �nding program(TR-PK-finder) mainly based on di�erent rnabob-searh steps and RNAfold-folding steps.The pseudoknot known from fungi and vertebrates is generally strutured as inFig. 4.17. All known telomerases have a ommon main struture (blue parts).
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Figure 4.17: Pseudoknot of Telomerase RNAs. Above: Classial/biologial representation ofPseudoknot of Telomerase RNA. Bottom: Linear/omputational desription, used with the givenonstraints for RNAfold -C.Most of the known telomerases have some very short sequene similarities (redparts): the onserved sequene s2 ontains enrihed thymines. Exept a few asesi.e. G. gallus with 5/7T and Ceratophrys with 4/4T a run of 6/7 thymines an beobserved. In any ase, the �rst four tymines are next to eah other and introduethe �rst loop. For all but the basal eukaryotes (iliates, protists) the sequeneCTTT an be observed, with at most one point mutation (Tab. 4.4).Table 4.4: Telomerase Pseudoknot rnabob-pattern inluded in TR-PK-finder.id rnabob pattern number of mutationss1 N[20℄ �s2 VTTTTNNNNNNN 0s3 N[1-24℄ �s4 CTTT 1s5 N[18-117℄ �s6 NNNAAAAA 2s7 *G 0s8 N[20℄ �



125 CHAPTER 4. HIGHLY DIVERGENT NCRNASThe interating adenine-run onsists of 5�11 adenines with at most two pointmutations. Known TR sequenes suggest that the guanine at the end of theadenine-run an not be substituted in this model. This nuleotide has to followdiretly or with a 1nt bulge after the A-run.Eah sequene of the andidate set was alloated to a sore-vetor M as follows:
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0, if < 4/7 T in s2
1, if 4/7 T in s2
2, if 5/7 T in s2
3, if ≥ 6/7 T in s2 a =



























0, if ≤ 4/9 A in s6
1, if 5/9 A in s6
2, if 6/9 A in s6
3, if ≥ 7/9 A in s6

c =

{

0, if no point mutation in s4
1, if one point mutation in s4

mferel =
mfeA + mfeB

mfeCwhere mfeA is an RNAfold -C for the �rst loop of the pseudoknot, mfeB for theseond loop and mfeC for the whole moleule as desribed in Fig. 4.17 with A, Band C, respetively.
hom is the number of losely related organisms ontaining a hit by blast.
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1, if 200 < d < 300

2, if 100 < d < 200

3, if 50 < d < 100

4, if 0 < d < 50

0, elsewhere d is the minimal distane between template and reads.
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1, if 500 < c < 1000

2, if 300 < c < 500

3, if 50 < c < 300

0, elsewhere c is the maximal luster size.
haca =



























1, if 500 < h < 1000

3, if 200 < h < 500

2, if 50 < h < 200

0, elsewhere h is the distane from template to H-box (ANANNA) followed by an ACA-boxwithin the next 200nt with the highest haca value.4.4.3 ResultsNeurosporaStarting with 342 708 initial andidates, 90% of the Neurospora rassa andidateswere removed in the �ltering steps. The remaining 17 516 were sorted by theirsores M (Eq. 4.1). The best 500 andidates were sent to Julian Chen, whoexamines whether the true telomerase RNA is among the andidates.StrongyloentrotusFor Strongyloentrotus purpuratus we obtained 23 870 sequenes after the �ltersteps (13.9%). Additionally, we were able to adjust most of the parameters in



127 CHAPTER 4. HIGHLY DIVERGENT NCRNASEq. 4.1, sine illumina deep sequening reads of TERT-a�nity enrihed RNAsamples were supported by Julian Chen. After soring and sorting the subset ofandidates, the best 100 sequenes were send to the Julian Chen's wet lab.CionaFor Ciona intestinalis we �ltered and alulated 105106 andidates. Just 62 se-quenes are obtained by Blast (-e 1e-10) in Ciona savignyi in ombination withavailable H/ACA-boxes. For this small number of hits we �ltered for 200 to 400ntdistane between template and H-box and 60 to 80nt between H-box and ACA-box.Currently, the remaining 62 andidates are analyzed in wet labs.
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Chapter 5NRNA Sreens in spei�Organisms
A detailed annotation of non-protein oding RNAs is typially missing in initialreleases of newly sequened genomes. Here we report on a omprehensive nRNAannotation of the genomes of Trihoplax adhaerens and Shistosoma mansoni,the presumably most basal metazoan whose genome has been published to date.Sine Blast identi�ed only a small fration of the best-onserved nRNAs � inpartiular rRNAs, tRNAs, and some snRNAs � we used a semi-global dynamiprogramming tool, GotohSan, to inrease the sensitivity of the homology searh.It suessfully identi�ed the full omplement of major and minor splieosomal snR-NAs, the genes for RNase P and MRP RNAs, the SRP RNA, as well as severalsmall nuleolar RNAs. We did not �nd any miroRNA andidates in Trihoplaxand vague miroRNAs andidates in Shistosoma homologous to known eumeta-zoan sequenes.



5.1. TRICHOPLAX ADHAERENS 1305.1 Trihoplax adhaerensThe phylum Plaozoa onsists of only one reognised speies � the marine dwellerTrihoplax adhaerens. Extensive geneti variation between individual plaozoanlineages, however, suggests the existene of di�erent speies [366℄. The phyloge-neti position of the phylum Plaozoa has been the subjet of ontention datingfrom the 19th entury. Originally, Plaozoa were regarded to represent the baseof Metazoa, later they were seen as derived (seondarily redued) with spongesbeing onsidered to be the most basal metazoans (see e.g. [141, 367℄ for overviewand disussion). Most reently, a basal position among all diploblasti animalshas been suggested [368℄.Trihoplax laks tissues, organs and any type of symmetry. It is omposed of onlya few hundred to a few thousand ells. This organism has a simple upper and lowerepithelium, whih surround a network of �ber ells, and as suh has an irregular,three-layered, sandwih-type organisation. Only �ve di�erent ell-types have sofar been desribed; upper and lower epithelial ells, glands ells, �bre ells, andreently disovered type of small ells that are arranged a relatively evenly spaedpattern within the marginal zone, where upper and lower epithelia meet [369℄. Itis therefore among the simplest multiellular organism. With 106Mb, the nuleargenome of Trihoplax adhaerens, whih has reently been ompletely sequened[370℄, is among the smallest animal genomes.So far, the non-oding RNA omplement of Plaozoa has not been studied. Thegenome-wide annotation of non-oding RNAs has turned out to be a more omplexand demanding problem than one might think. While a few exeptional lasses ofRNA genes, �rst and foremost rRNAs and tRNAs are readily found and annotatedby Blast and the widely used tRNA detetor tRNAsan-SE [75℄, most other nR-NAs are relatively poorly onserved and hard to �nd within omplete genomes.This is in partiular true whenever the sensitivity of omparative approahes arelimited by large evolutionary distanes to the losest well-annotated genomes. Theplaozoan Trihoplax adhaerens is a prime example for this situation.In this ontribution we primarily report on a areful annotation of those TrihoplaxnRNA genes that have well-desribed homologs in other animals. In addition,we desribe omputational surveys for novel nRNA andidates. For a subset ofthe annotated nRNAs we verify expression to demonstrate that the preditedhomologs are funtional genes.
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18S RNA

5.8S RNA

28S RNA

ITS-1

ITS-2

Figure 5.1: Trihoplax pre-rRNA luster reonstruted from previously published sequenesL10828, Z22783, AY652578 (SSU), AY303975, AY652583 (LSU), U65478 (internalspaers and 5.8S) and Triad1 genomi sequene. Blast hits of the pre-rRNA to the Triad1genome assembly are shown below as in the JGI genome browser.5.1.1 ResultstRNAsThe Trihoplax genome ontains 49 anonial tRNA genes, a single selenoysteine-tRNA gene and one tRNA pseudogene reognizable by tRNAsan-SE.Interestingly, the Trihoplax genome is essentially devoid of tRNA-like sequenes.Ribosomal RNAsIn eukaryots, rRNAs (exept 5S) are proessed from a polyistroni �rRNA operon�whih onsists of SSU (18S), 5.8S, and LSU (28S) RNAs, two �internal spaers�ITS-1 and ITS-2, and two �external spaers�, reviewed in [371℄. Trihoplax is noexeption, see Fig. 5.1. The rRNA sequenes have already reeived onsiderableattention in a phylogeneti ontext, see [366, 372�374℄. The pre-rRNA sequeneappears in several opies throughout the genome. Somewhat disappointingly, theTriad1 assembly ontains none of them in omplete and uninterrupted form. Theonsensus sequene of the pre-rRNA an be easily onstruted starting from thepreviously published sequenes and the �ve fairly omplete genomi loi (on saf-folds 22, 40 (two), 50, and 734) together with a partial opy on sa�old 34. Onlythe exat ends of the external transribed spaers remain unertain. Fig. 5.1summarizes the Blast mathes of the pre-rRNA to the Trihoplax genome.The 5S rRNA sequene of Trihoplax has long been known [375℄. The urrentgenome assembly ontains nine 5S RNA genes, one of whih is a degraded pseu-dogene. Interestingly, there are three anti-parallel pairs (two head-to-head, andone tail-to-tail whih ontains the pseudogene).



5.1. TRICHOPLAX ADHAERENS 132Splieosomal snRNAsPreviously, nothing was known about plaozoan snRNAs. With the exeption ofthe U4ata, the snRNAs were easily found by Blast. The U4ata was found byGotohSan only. The expression of the U4ata was also veri�ed experimentally,see [61℄ for details of methods. With the exeption of two U6 genes, eah snRNAis enoded by a single gene in the Trihoplax genome.Their seondary strutures, Fig. 5.2, losely onform to the metazoan onsensus[123℄, with slightly shorter stems II of U11 snRNA and IV of U12 snRNA. TheU12 ontains an 5nt insert indiated in red in Fig. 5.2.Table 5.1: Proximal sequene element (PSE) and loation of snRNAs in Trihoplax adhaerens.The sequene-logo was generated using aln2pattern [350℄.snRNA Loation SequeneU1 -58 .........G...GG.U2 -55 A......G.G...A..U4 -57 .........A......U5 -57 A........G...GC.U6.1 -62 ..T.....AG......U6.2 -62 ..T.....AG......U4ata -59 .........AG...C.U6ata -63 ........AA......U11 -59 A.......CA...C.GU12 -60 .......G.G.T.C..Sequene logo
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In ontrast to many other invertebrates, Trihoplax snRNAs feature a learly re-ognizable proximal sequene element (PSE) see [93, 123℄, whih is easily detetedby MEME [91, 225℄, see Tab. 5.1. In line with other speies, the PSE element isshared between the pol-II and pol-III transribed snRNAs. On average the PSEelements di�er by 3 nuleotides from the onsensus.
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Figure 5.2: RNA seondary strutures of major splieosomal (U1, U2, U4, U5, U6) and minorsplieosomal (U11, U12, U4ata, U5, U6ata) snRNAs. For U4/U6 and U4ata/U6ata theinteration strutures omputed by means of RNAofold are shown. The 5nt insert (relative toother metazoa) is highlighted in the U12.
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SRP RNA     Bitscore 136.00 [1,295]

(((<<<<<<<______>>>>>>>,,,,<<<<...__.>>>>)))−−−−−((((((((−(((((((((((((−.((((((((((.......((((((((((((((−((−−−−
GCCGgGcgcaGuagCGugcgCcUGUAACCCa...aG.uGGGGGCaaaAaagugGuggAuugcuuggguaagu.caccgggccc.......ggccgugcgacguccuagauu
GC:GGG:G::G  GCG::C:CCUGUAA:C:A   A  U:G::GC     A+: : :GA+:: :    U:::+ ::::G : C:       :G :++:C:A:GUC :+    
GCUGGGUGUGGCGGCGCGCACCUGUAAUCGAgcuACuUCGAAGC−−−UGAGGUAGUGAACUGC−−−−UUGAGgUCGGGGUUCUuacugguAGUUAUCCUAUGUCGAU−−−−

(((((((((((−(((((((((((((((<<<<<<<<<<<<<<<<<<<____>>>>>>>>>>>>>>>>>>>,,.,,,,<<<<<<<−−−−<<<<−−−−<<<______>>>−−−−
ccggcccGuCCuuuCcAggucgggaGcgggccgggGgggccCaggcGaAGgccuGggcccCcccggccccu.AAAGgggggggaAccgcGccAGGCcgGaaUCAcgGAGCA

:G::CG:CC+::C:A:G:C: +:G: :::: :GG::: ::AG::G+AG::CU:: :::CC: :::: C  AA G:GG:::GAA C:::CCAGG::GGAA  AC::AGCA
−−CGAGCGUCCACACUAAGCCUUGUGU−CAAUAUGGGCAGUUAGAGGGAGCUCUAAAUGUCCAGGUUG−CGuAAUGAGGAAUGAAUCGGCCCAGGGUGGAA−−ACACAGCA

>>>>−−>>>>>>>))))))))))−)))))))−−−)))))))))))))))))))))))))−−−−−)))))))))))))))))))))))−))))))))    
gCgcaaaccccccgCucccgaccgUgGaaGGAUaaCgggccgguggacgucgcacggccaaucagggcccggugcuuacccaagcaaAccaCcacu 305
G:::AAA:::CC::C:+ :G:C:GU:G::GGAUA:CG::C:   :GA :U:G:+ : C: AU +:G : C:::::::A ++A: ::+AC: : :+U    
GGCAAAAGUUCCCGCAUCAGGCAGUAGUGGGAUAGCGCUCG−−−UGA−AUAGGG−AGCUUAU−UAGUAGCCCGAUCAAGAUAGUAGAACAUUGCUU 295

RNase P RNA Bitscore 109.94 [16,343]

{{{{..{{{,,,,,,,,,,<<<<<−−−−−−−−−<<<<<<____>>>>>>−−−−−−−−....................>>>>>,,,,[[[−[[[[[,,,.,((((,,,,,,.
ggag..ggAAGcuCacuguagagGuuACAaAcgGAGugcuuaugcaCUCaaauaaaa....................CcucuGGGAAGGUCUGAGAaA.cggCCaauauu.
:::G  :GAAGCUC CUGUA+:GG+UACA+ C  AGU CU++UG ACU A+++A +A                    CC:+UGGGAAGGUCUGAGA    GG:C  U U  
UAGGuuAGAAGCUCGCUGUAGGGGCUACAUUC−GAGUGCUCUUGUACUGAUCAAUCAugauacagaugcacaauucgCCCUUGGGAAGGUCUGAGACCaAGGUCGCUUUAc

.<<<<<_____>>>>><<<<<<____>>>>>><<<<<<<−−−−−−−−−−−−<<<_________________________________________________________

.ugCCCuuGaAGGGcaucccgcGgAAgcgggacgguGccAcCAGAAAUucaccccucuuugauuuuauauugggaagaaagaagagauggacugaggggguaauucauguc
::::C +GA G:::::C:C:  +A  :G:G:::G G:CACCAGAAAUU+ C: +    +G+UU UAU +    AAGA A  A+A  +G++ U+  +  +UA U+ A G C

gUCUUCCAGACGAAGGCCGCUGUAACAGGCGGGUGGGUCACCAGAAAUUGGCUUGAUGGAGUUUAUAUCGGUCCAAGACACUACAAGGGAUUUAUCUCUUUAGUGGAGGCC       

___...........>>>−−−−−−−.−>>>>>>>)))),,,,,,,,,,,,,,,,,,,,,,,,,,<<<<<<.____.>>>>>>,,,,,,,]]]]]]]],,..}}}−−}}}}
uau...........gggaUGGaAA.uggCaccgGGccuuuaucuUuaaAGUGCAAUagaaGagcuggug.uuaa.caccagAACCCAAUUCAGACUAC..Uccgacucc
++             :G+UG AAA +G:C C::G:CC+++  + U+  AGU+CAAU   +GAG:  +:: UUA+ ::+  :AAC CAAUUCAGACUAC  UC:GAC:::
AUGaacuugcaucaUAGUUGAAAAaAGACUCACGACCAGCUGAAUG−−AGUUCAAUUAGCGAGGUGGCAcUUAUgUGUUCUAACUCAAUUCAGACUACucUCUGACCUA

U3 snoRNA Bitscore 123.10 [6,218]

:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::((((−−−−−−−−−−−−−−((((((((((((,,,,
AaGACcaUACUUUGAAcAGGAUCauUUCUAUAGgaUauuaCuauuaaauUuuaucuaaAAguAGacAagaaccuAAACCcgGAuGAuGAgauauggCcuugucgcCcGAGC
AAGAC+ UACUUU    AGGAUCAUUUCUAUAG+A A   C+ +U ++U UU UC  AAAG AGACAA   C U AACC: GA GA GA  +AU+:C:UU: ::CC:GAGC
AAGACUGUACUUU−−CUAGGAUCAUUUCUAUAGUACACGUCCCGUCUUUCUUCUC−CAAAGAAGACAACCGCAUCAACCAUGAGGAGGAUUAAUAACGUUCUUUCCUGAGC

,,,,,,,,<<<<−−<<<<<<<<<_____>>>>>−>>>>−−>>>>,,,,,,,,,,,,<<<<<.−<<<<__...__>>>>−.>>>>>))))))))))))−−−−−−−))))
GUGAaguagccgccgggcgcugCuUuuuGcagcugcccuucggcaUaGAUGAuCGUuCccg.cccccUu...uugggga.cggGagGgcgacaagGcugUCUGAcgGG
G GAAG  G C + :::: :U:C  U UG:A:  ::::U  G CAU+GAUGA CGUUC:CG + ::CU+     G:: + CG:GA:GG:: :AA:G:++UCUGA :GG
GGGAAGCGGGCGA−UAUUGUUCCAGUCUGGAAU−GAUAU−UGUCAUUGAUGACCGUUCUCGuUGUACUAuugCAGUAUUuCGGGAGGGAAGGAACGUAUUCUGAGUGGFigure 5.3: Strutural alignments of the Trihoplax RNase P RNA, SRP RNA, and U3 snoRNAsequenes with the orresponding Rfam alignments as omputed by Infernal.RNase P, RNase MRP, SRP RNAThe Trihoplax RNase P RNA was easily identi�ed by Blast using the Rfamsequenes as query. The RNase P sequene is easily veri�ed using Infernal andthe orresponding Rfam model.With standard parameters, Blast does not �nd an MRP RNA homolog. A dedi-ated, muh less stringent, Blast searh returns two nearly idential andidates.GotohSan, on the other hand, easily detets the same two loi. The Infernal-based automati test for homology to an MRP RNA ovariane model providedthrough the Rfam website remained unsuessful. A manually reated alignmentontaining both metazoan and fungal RNase MRP sequenes shows, however, that



135 CHAPTER 5. NCRNA SCREENSthe Trihoplax MRP andidates share the ruial features with both of them, leav-ing little doubt that we have indeed identi�ed the true MRP sequene. Fig. 5.4shows the homology-based seondary struture model.The signal reognition partile (SRP) binds to the signal peptide emerging fromthe exit site of the ribosome and targets the signal peptide-bearing proteins tothe prokaryoti plasma membrane or the eukaryoti endoplasmi retiulum mem-brane [376℄. Its RNA omponent, alled 7SL or SRP RNA, is well onserved andhene easy to identify by Blast omparison starting from the SRP RNA sequenesompiled in the SRPDB [377℄. The Trihoplax SRP RNA is shown in Figure 5.3.Small Nuleolar RNAsThe two lasses of snoRNAs, box H/ACA snoRNAs and box C/D snoRNAs, aremutually unrelated in both their funtion (direting two di�erent hemial modi-�ations of single residues in their target RNA) and their struture, reviewed e.g.in [378℄.The U3 snoRNA andidate sequene was easily veri�ed by Infernal-alignment tothe orresponding Rfam model, Fig. 5.3. Its expression was veri�ed experimentally.Other snoRNAs were veri�ed by Jana Hertel [61℄ with GotohSan and snoReport[82℄. Candidates were aligned by hand to Rfam-alignments.Table 5.2: Small nuleolar RNAs in Trihoplax. Target sites homologous to the ones in humanrRNAs are indiated by an asterisk.Name Class target onservation NoteU3 C/D 18S 5-22* eukaryots veri�ed18S 1129-1140*U18 C/D 28S A740 * eukaryotsU36 C/D 18S A615 * eukaryotsU76 C/D 28S A1549 * vertebratesU106 C/D 28S A2227? vertebratesU17 H/ACA † eukaryotsU71 ? H/ACA ? vertebrates unertains.3857:-103-213(-) H/ACA 28S U1370 U1884 novel
†The U17 snoRNA probably targets the 5'externally transribed spaes (5'ETS), the exat target is stillunknown, however [306, 379℄.
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Figure 5.4: Seondary struture of Trihoplax adhaerens RNase MRP RNA inferred from themultiple alignment of metazoan RNase MRP RNAs provided in the Eletroni Supplement.



137 CHAPTER 5. NCRNA SCREENSThis stringent �ltering step left 3 H/ACA and 4 C/D snoRNA (plus U3 snoRNA),Table 5.2. The multiple sequene alignments, are provided in the Eletroni Sup-plement.The putative host genes of the Trihoplax snoRNAs are not onserved in human.It is known, however, that snoRNAs an hange their genomi loation on evo-lutionary time-sales. For instane, several host gene swithes are observed forU17 already within vertebrates [26℄, see also [203℄. Furthermore, several humansnoRNA host genes are non-oding (e.g., the GAS5 transript for U76 and theunnamed host gene of U71) or are poorly desribed ORFs (suh as C20orf199for snoRNA U106), making it virtually impossible to determine whether they arehomologous between human and Trihoplax.No MiroRNAsHomology based searhes for miroRNAs remained unsuessful employing bothBlast and GotohSan using the omplete set of pre-miroRNA hairpins listed inmiRBase (release 12.0) as query. Both short Blast hits and weak GotohSan sig-nals were analysed. Removing all sequenes for whih sequene onservation wasvery poor on the putative mature miroRNA sequene and/or the putative pre-ursor did not fold into the harateristi hairpin struture left a single andidatepossibly homologous to mir-789. The best-onserved region is loated opposite tothe annotated mature sequene from Caenorhabditis speies. Hene this andidatealso remains inonlusive.Ab initio nRNA PreditionThe use of omparative genomis in Trihoplax is limited by the omparably largedistane to other sequened genomes, beause most of the genome thus annotbe unambiguously aligned with better understood genomes. We therefore inves-tigated two di�erent genome-wide alignments. In the �rst sreen, we used threespeies MultiZ-alignments [110℄ of Trihoplax adhaerens, and the nidaria Hydramagnipapillata and Nematostella vetensis. We used all alignment bloks ontain-ing Trihoplax and at least one of the two nidarians.A seond sreen was performed using NDNAlign alignments [111℄ onstrutedfrom Trihoplax adhaerens, Porites lobata, and shotgun traes from Amphimedonqueenslandia, Aropora millepora, Aropora palmata, and Hydra magnipapillata.This sreen was limited to alignment bloks ontaining Trihoplax and at leasttwo other speies. As expeted, the large evolutionary distanes in both sreen



5.1. TRICHOPLAX ADHAERENS 138Table 5.3: Summary of annotated nRNAs using RNAz sreens of Trihoplax adhaerens genome.Multiz NDNalign knownAligned DNA (nt) 4837148 135140 �alignments 35039 744 �RNAz p > 0.5 1416 101 �FDR random 56% 797 43% 43 �RNAz p > 0.9 751 79 �FDR 27% 386 15% 15 �tRNAs 39 35 50+15S rRNA 6 8 9rRNA operon 33+3 43 *snRNAs 6 4 10MRP,P,7SL 1 0 3protein oding 1022 11 96963repeat elements 66 1 �total annotated 1211 101unannotated with EST 12 0without annotation 205 0The asterisk (*) indiates that the rDNA operons appear as series of multiple RNAz hits. Known refers toall nRNAs that have been reported previously and those that have been identi�ed by homology searhin this study. FDR � False Disovery Rate.limit the sensitivity of the omparative approah and prelude the detetion ofPlaozoan-spei� nRNAs.Both of the di�erently reated alignment sets are sreened with RNAz, the orre-sponding results are ompiled in Tab. 5.3. The restritive NDNalign alignmentsrevealed no novel nRNAs.5.1.2 DisussionWe have reported here on a omprehensive omputational study of non-protein-oding RNA genes in the genome of the plaozoan Trihoplax adhaerens. We ob-served that only a limited set of the best-onserved nRNAs, in partiular tRNAs,rRNAs, and a few additional �housekeeping� RNAs are readily found by meansof Blast. We used therefore a more sensitive tool, GotohSan, whih implementsa full semi-global dynami programming algorithm. Using this method, we were



139 CHAPTER 5. NCRNA SCREENSable to detet homologs of several fast-evolving nRNAs, inluding a few box C/Dand box H/ACA snoRNAs, the RNase MRP RNA, and the full omplement ofsplieosomal snRNAs.In addition to the homology-based annotation, we onduted surveys evolutionaryonserved RNA seondary strutures using RNAz and RNAmiro. Reasoned by thelarge evolutionary distane between Trihoplax and other sequened genomes, thesensitivity of these sreens was rather low, however. Nevertheless a handful ofnovel nRNA andidates was found.Due to the small size and slow growth of Trihoplax adhaerens, it is hard � ifnot impossible � to obtain su�ient amounts of RNAs to verify the expression ofnRNA andidates diretly by Northern blots. Instead, we used here a PCR-basedapproah introdued by [380℄, whih requires muh smaller quantities of RNA. Wedid not attempt to validate the entire set of preditions but rather seleted a smallsubset, onsisting of a few of the homologs deteted by GotohSanand a small ol-letion of novel preditions. Due to the small amount of RNA, the sensitivityis still limited. Nevertheless, we unambiguously identi�ed a few previously un-desribed Trihoplax nRNAs, namely: U4ata, as a representative of the minorsplieosome; the U3 snoRNA and a putative novel nRNA on sa�old 3857.Our omputational annotation of the Trihoplax genome reveals muh of the ex-peted omplement of the nRNA repertoire. Most nRNAs are single-opy genesor appear in very small opy numbers. This ontrasts the situation in many ofthe higher metazoa, for whih more detailed nRNA annotations are available(e.g. C. elegans [381℄, Drosophila [117, 287℄, and the Rfam-based annotation inmammalian genomes). In partiular, the small opy number of tRNAs and otherpol-III transripts is surprising, sine these genes appear in dozens or hundreds ofopies in many bilaterian genomes.The lak of miroRNAs is surprising at a �rst glane. While a few orthologousmiroRNAs � in partiular the mir-100 family � are shared between Cnidariaand Bilateria [382, 383℄, we found no trae of these genes in Trihoplax. Neitherdid we �nd a homolog of one of the 8 sponge miroRNAs [384℄. Our analysis isthus onsistent with the reent report based on short RNA sequening [384℄ thatTrihoplax does not have miroRNAs. The ontinuing expansion of the repertoireof miroRNA and their targets has been assoiated with both major body-plan in-novations as well as the emergene of phenotypi variation in losely related speies[382, 383, 385�387℄. The miroRNA preursors of Cnidaria and Bilateria are im-perfetly paired hairpin strutures about 80 nt in length. In ontrast, the preur-sors of the reently disovered miRNAs of the sponge Amphimedon queenslandia[384℄ are not orthologous to any of the Cnidarian/Bilaterian miroRNA families



5.1. TRICHOPLAX ADHAERENS 140and resemble the struturally more diverse and more omplex RNAs desribed inslime-molds [388℄, algae [389, 390℄ and plants [391�393℄. Under the hypothesis ofmonophyleti diploplasts, whih has reently gained substantial support [368, 394℄,Plaozoa have seondarily lost their ability to produe miroRNAs, while spongeshave seondarily relaxed the onstraints on preursor strutures. The ompleteloss of miroRNAs in Plaozoa is onsistent with the morphologial simpliity ofTrihoplax.De novo preditions of evolutionarily onserved RNAs suggest that the Trihoplaxgenome may have preserved some nRNAs harateristi to basal metazoans, suhas the handful of hairpin strutures that are onserved between Trihoplax andNematostella. We do not know at this point, however, whether these purely om-putational signals are expressed in vivo, and what their funtion might be.Our survey also misses several nRNA lasses that we should expet to be presentin Trihoplax, in partiular telomerase RNA, U7 snRNA (whih are involved inhistone 3'-end proessing [1℄, the Ro-assoiated Y-RNAs, the RNA omponentsof the vault omplex (the Trihoplax genome ontains the Major Vault Protein),and possibly also a 7SK RNA. In ontrast to miroRNAs, however, reent studieshave highlighted how di�ult it is to identify these partiular lasses of RNAfrom genomi DNA: Telomerase RNA evolves so rapidly that � despite its size ofover 300nt � it has not been identi�ed so far in any invertebrate speies [235℄. Asimilarly fast evolution is observed for the 7SK RNA [236, 237℄. Due to their smallsize and weak sequene onstraints, U7 snRNA [395, 396℄, Y RNAs [397, 398℄, andvault RNAs [399℄ are also largely unknown beyond deuterostomes (in some asesDrosophilids or C.elegans, where homologs were disovered independently). Ourfailure to �nd these genes thus most likely points at the limitations of the urrentlyavailable homology searh methodology rather than at the absene of these RNAlasses in the Trihoplax genome.



141 CHAPTER 5. NCRNA SCREENS5.2 Shistosoma mansoniMost non-vertebrate genome projets have put little emphasis on a omprehensiveannotation of nRNAs. Indeed, most non-oding RNAs, with the notable exep-tion of tRNAs and rRNAs, are di�ult or impossible to detet with Blast. Henetheir annotation is not part of generi genome annotation pipelines. Dediatedomputational searhes for partiular nRNAs, for example, RNase P and MRP[324, 325℄ (Setion 4.2), 7SK RNAs [236, 237℄ (Setion 4.3), or telomerase RNA[235, 400℄ (Setion 4.4), are veritable researh projets in their own right. Despitebest e�orts, large territory remains unharted aross the animal phylogeny.Shistosomes belong in an early-diverging group within the Digenea, but are learlythemselves highly derived [401�403℄. The �atworms are a long-branh group,suggesting rapid mutation rates (see [404℄).Shistosome genomes are omparatively large, estimated at about 300megabase pairs for the haploid genome of Shistosoma mansoni [405℄. The othermajor shistosome speies parasitizing humans probably have a genome of simi-lar size, based on the similarity in appearane of their karyotypes [406℄. Theselarge sizes may be harateristi of platyhelminth genomes in general: the genomeof Shmidtea mediterranea, the only other sequened platyhelminth genome, iseven larger, with the urrent genome sequening projet reporting a size of ∼ 480megabase pairs [76℄1.The protein-oding portion of the Shistosoma genomes have reeived muh at-tention in reent years. Published work inludes transriptome databases for bothS. japonium [407℄ and S. mansoni [408℄, haraterization of promoters [409, 410℄,and physial mapping and annotation of protein-oding genes from both theS. mansoni and S. japonium genome projets [249℄. Reently, a systemati an-notation of protein-oding genes in S. japonium was reported [411℄. In ontrastto other, better-understood, parasites suh as Plasmodium [119℄, however, notmuh is known about the non-oding RNA omplement of shistosomes. Only thesplied leader RNA (SL RNA, Setion 3.3) of S. mansoni [124℄, the hammerheadribozymes enoded by the SINE-like retrotransposons Sm-α and Sj-α [412, 413℄,and seondary struture elements in the LTR retrotransposon Boudia [414℄ havereeived loser attention. Ribosomal RNA sequenes have been available mostlyfor phylogeneti purposes [415℄, and tRNAs have been studied to a limited degree[416℄.1http://genome.wustl.edu/genome.gi?GENOME=Shmidtea\%20mediterranea



5.2. SCHISTOSOMA MANSONI 142Table 5.4: Non-oding RNA preditions from the sequened genome of S. mansoni.RNA lass Funtional Category Copy No. Related referenes7SK Transription regulation (1) This studyHammerheadribozymes Self-leaving > 24, 000 [412℄miRNA translation ontrol 4 [385℄, this studypotassiumhannel motif RNA editing 3 [417℄RNase MRP Mitohondrial tRNA pro-essing (1) This studyRNase P tRNA proessing 1 This studyrRNA-operon Polypeptide synthesis 80 - 105 [418℄, this study5S rRNA Polypeptide synthesis 21 This studySL RNA Trans-spliing 6-48 [124℄, this studySnoRNA U3 Nuleolar rRNA proessing 1 This studySRP Protein transportation 12 This studytRNA Polypeptide synthesis 663 This studyU1 Spliing 3-34 [123℄, this studyU2 Spliing 3-15 [123℄, this studyU4 Spliing 1-19 [123℄, this studyU5 Spliing 2-9 [123℄, this studyU6 Spliing 9-55 [123℄, this studyU11 Spliing 1 This studyU12 Spliing 1-2 [123℄, this studyU4ata Spliing 1 This studyU6ata Spliing 1 This study
In this setion we give a omprehensive overview of the evolutionary onserved non-oding RNAs in the S. mansoni genome. We disuss representatives of 23 typesof nRNAs that were deteted based on both sequene and seondary struturehomology.5.2.1 Results & DisussionStruture and homology-based searhes of the S. mansoni genome revealed nR-NAs from 23 di�erent RNA ategories. Table 5.4 lists these funtional nRNA
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Figure 5.5: Comparison of the tRNAomplement of Shistosoma mansoni andShmidtea mediterranea.A: Comparison of anti-odon distributionsfor the same aminoaid. Numbers beloweah pie-hart are the total number of tR-NAs genes oding the orresponding aminoaid.B: Number of tRNAs deoding a partiularaminoaid. blue: Shistosoma mansoni, yel-low: Shmidtea mediterranea. Sut: possiblesuppressor tRNAs (CTA, TTA); St: Seleno-ysteine tRNAs (TCA); Unt: undeterminedtRNAs; Pst: predited pseudogenesategory, the number of predited genes in eah ategory, and referenes assoiatedwith eah RNA type. Supplementary fasta �les ontaining the nRNA genes, bed�les with the genome annotation, and stokholm-format alignment �les an beaessed at http://www.bioinf.uni-leipzig.de/Publiations/SUPPLEMENTS/08-014.Transfer RNAsCandidate tRNAs were predited with tRNAsan-SE in the genomes of both S.mansoni and S. mediterranea (a free-living platyhelminth, used for omparison).After removal of transposable element sequenes (see below), tRNAsan-SE pre-dited a total of 663 tRNAs for S. mansoni and 728 for S. mediterranea. Theseinluded tRNAs enoding the standard 20 amino aids of the traditional genetiode, selenoysteine enoding tRNAs (tRNAse) [419℄ and possible suppressortRNAs [420℄ in both genomes. The tRNAse from shistosomes has been har-aterized, and is similar in size and struture to tRNAse from other eukaryots[421℄.The tRNA omplements of the two platyhelminth genomes are ompared in detailin Figure 5.5.Homology-based analysis yielded similar, though somewhat less sensitive, resultsto those of tRNAsan-SE. A Blast searh with Rfam's tRNA onsensus yielded617 predited tRNAs ompared to the 663 preditions made by tRNAsan-SE.



5.2. SCHISTOSOMA MANSONI 144Ribosomal RNAsAs usual in eukaryots, the 18S, 5.8S, and 28S genes are produed by RNA poly-merase I from a tandemly repeated polyistroni transript, the ribosomal RNAoperon. The S. mansoni genome ontains about 90-100 opies [418, 422℄ whih arenearly idential at sequene level, beause they are subjet to onerted evolution[166℄. The repetitive struture of the rRNA operons auses substantial problemsfor genome assembly software [423℄. In order to obtain a onservative estimateof the opy number, we retained only partial operon sequenes that ontained atleast two of the three adjaent rRNA genes. We found 48 loi ontaining parts of18S, 5.8S, and 28S genes, 32 loi overing 18S and 5.8S rRNA, and 57 loi ov-ering 5.8S and 28S rRNAs (Figures 5.6-A, 5.7-A). Adding the opy numbers, wehave not fewer than 80 opies (based on linked 18S rRNAs) and no more than 137opies (based on linked 5.8S rRNA). The latter is probably an overestimate due tothe possibility that the 5.8S rRNA may be ontained in two sa�olds. The opynumber of rRNA operons is thus onsistent with the estimate of 90-100 from hy-bridization analysis [418℄. For omparisons we examined the S. japonium genomefor rRNAs and yielded 90 rRNA lusters loated on 88 sa�olds. 18S and 5.8SrRNA was obtained in 36 sa�olds, whereas 32 sa�olds ontained 5.8S and 28S,in 22 ases omplete operons were deteted (Figures 5.6-B, 5.7-B).The 5S rRNA is a polymerase III transript that has not been studied in S.mansoni so far. We �nd 21 opies of the 118nt long 5S rRNA. Four of these opiesare loated within a 3 000nt luster on Sa�old010519, Figure 5.8.Splieosomal RNAs and Splied Leader RNASplieosomes, the moleular mahines responsible for most spliing reations ineukaryoti ells, are ribonuleoprotein omplexes similar to ribosomes [424℄ asdesribed in Setion 3.2. By homology searh we found 34 U1, 15 U2, 19 U4, 9U5, and 55 U6 sequenes in the genome assembly. Interpreting all sequenes thatare idential in short �anking regions as the same, we would retain only 3 U1, 3 U2,1 U4, 2 U5, and 9 U6 genes [123℄. The true opy number in the S. mansoni genomeis most likely somewhere between these upper and lower bounds. Comparison withS. japonium a�rm these preditions, Table 5.5. Seondary strutures for theseare similar to those of typial snRNAs, Fig. 5.9.Non-oding RNAs of the minor splieosome are typially muh less onserved,therefore, these RNAs were detetable only by means of GotohSan [61℄ but notwith the muh less sensitive Blast searhes. Although U4ata and U6ata are
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Figure 5.7: Diagram of rRNA subunits in (A) S. mansoni and (B) S. japonium. Copy numbersof pol-I transribed rRNA subunits found assoiated with larger parts of the rRNA operon.Subunits of the ribosomal operon are represented as olored irles (18S: blue, 5.8S: orange, 28S:green). Copy numbers of the whole operon, 5' end, and 3' end are shown in brakets aboveor below the representations of the rRNA genes for these regions. Total opy number of eahsubunit type are shown in diamonds olored to math their respetive subunits (18S: blue, 5.8S:orange, 28S: green).
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xla. GCCUACGGCCACACCACCCUGAAAGUGCCUGAUCUCGUCUGAUCUCAGAAGCGAUACAGGGUCGGGCCUGGUUAGUACCUGGAUGGGAGACC.GCCUGGGAAUACCAGGUGUCGUAGGC
sma. GTCTACGGCCATACCACCCTGAACGCGCCCGATCTCGTCTGATCTCGGAAGCTAAGCAGGGTCAGGCCTGGTTAGTACTTGGATGGGAGACCCGCCTGGGAATACCGGGTGCTGTAGGC
sja. GTCGGCGACCATACCACGTTGAAAACACCGGTTCTCGTCCGATCACCGAAGTTAAGCAACGTTGGGCCCGGTTAGTACTTGCATGGGTGACC.GGCTGGGAATACCGGGTGTTGCCGGC
#=GC <<<<<<<<<....<<.<<<<<...<<..<<<<<<......>>..>>>>..>>....>>>>>..>><<<.<<....<.<<.....<<....>>......>>.>..>>.>>>>>>>>>>>>
//Figure 5.8: Seondary struture of 5s rRNA of Shistosoma mansoni (sma) and Shistosomajaponium (sja) are highly onserved. The sequene may vary.
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5.2. SCHISTOSOMA MANSONI 148quite diverged ompared to known homologs, they an be reognized based on bothseondary struture and onserved sequene motifs. Furthermore, the U4ata andU6ata sequenes an interat to form the funtionally neessary duplex strutureshown in Fig. 5.9.An analysis of promoter sequenes showed that the putative snRNA promotermotifs in S. mansoni are highly derived. Only one of the two U12 genes exhibitsa learly visible snRNA-like promoter organization.The Splied Leader (SL) RNA (Setion 3.3) is one of the very few previously har-aterized nRNAs from S. mansoni [124℄. The 90nt SL RNA, whih was found ina 595nt tandemly repeated fragment (aession number M34074 ). Using Blast,we identi�ed 54 SL RNA genes. These andidates, along with 100nt �ankingsequene, were aligned using ClustalX, revealing 6 sequenes with aberrant �ank-ing regions, whih we suspet to be pseudogeni. The remaining sequenes are 43idential opies and 5 distint sequene variants. A seondary struture analysisorroborates the model of [124℄, aording to whih the S. mansoni SL RNA hasonly two loops, with an unpaired Sm binding site (Figure 5.10). This oinideswith the SL RNA struture of Rotifera [146℄, but is in ontrast to the SL RNAs inmost other groups of eukaryots, whih exhibit single or triple stem-loop strutures[425℄, see setion 3.3. A Blast-searh against S. mansoni EST data on�rms thatthe 5' part of the SL is indeed trans-splied to mRNAs.SRP RNA and Ribonulease P RNASignal reognition partile (SRP) RNA, also known as 7SL RNA, is part of thesignal reognition partile, a ribonuleoprotein that direts pakaged proteins totheir appropriate loations in the endoplasmi retiulum. Although one of theprotein subunits of this ribonuleoprotein was loned in 1995 [426℄, little is knownabout the other subunits or the RNA omponent in S. mansoni. We found eightprobable andidates for the SRP RNA, with one almost anonial sequene (Figure5.11). For S. japonium we found four (Figure 5.11b-left) and two more (Figure5.11b-right) andidates with point mutations whih may in�uene their funtion.By omparing the sequenes of these two organisms the latter SRP RNA seemsto be a pseudogene.The RNA omponent of Ribonulease P (RNase P) is the atalytially ative partof this enzyme that is required for the proessing of tRNA preursors [427, 428℄,as desribed in setion 4.2. We found one lassi RNase P RNA in the S. mansonigenome using both GotohSan and rnabob with the eukaryoti (�nulear�) Rfamonsensus sequene for RNase P as searh sequene.
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Figure 5.11: SRP RNA. (a) Seondary struture for the predited S. mansoni signal reognitionpartile. Red nuleotides represent base pairs with onserved nuleotides aross di�erent speiesin the alignment. Yellow nuleotides represent positions with a high level of point mutations indi�erent speies, but with onserved seondary struture (ompensatory mutations). Alignmentsare also available as supplementary �les. (b) Seondary struture of 4 opies SRP (left) and 1opy SRP (right) obtained in S. japonium.MiroRNAsSo far, no miroRNA has been veri�ed experimentally in S. mansoni. The pres-ene of four protein-oding genes enoding ruial omponents of the miroRNAproessing mahinery (Dier, Argonaut, Drosha, and Pasha/DGCR8) [429, 430℄,and the presene of Argonaut-like genes in both S. japonium [431℄ and S. man-soni (deteted by tblastn in EST data), strongly suggests that shistosomes havea funtional miroRNA system. Indeed, most reently �ve miRNAs were found bydiret loning for S. japonium that are also onserved in S. mansoni [432℄: let-7,mir-71, bantam, mir-125, and a single shistosome-spei� miroRNA. The preur-sor sequenes, however, are quite diverged from the onsensus of the homologousgenes in Bilateria.
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                                                               ****************** *        

Structure                .((.(((.(((((.(((((..(((((((((...............................)))))))))))))).))))).))).))...
sma-mir-124 UUGUAUGCCAUUUUCCGCGAUUGCCUUGAUGAGUUAUAA--AUAUUAUUCAUAACAAAAAUAUUAAGGCACGCGGUGAAUGUCAUCCACGG
sja-mir-124 AUGUAUGCCAUUUUCCGCGAUUGCCUUGAUUUGUUAAAAGAAAAUGAUUCACAACAAAA-UAUUAAGGCACGCGGUGAAUGUCAUCCACGG
hsa-miR-124 ---------------------------------------------------------------UAAGGCACGCGGUGAAUGCC--------mir-124
                                                  |-conserved antisense--|            *        **  * *        
dme-Struc             ..(((((.(.......).))..))).((...(((((((((((((..(((((((((((.....)))))))))))...)))..)))).)).)))).)).
dme-mir-287 GGACGCCGGGGAUGUAUGGG--UGUGUA--GGGUCUGAAAUUUUGCACACAUUUACAAUAAUUGUAAAUGUGUUGAAAAUCGUUUGCACGACUGUGA
dme-miR-287 --------------------------------------------------------------------UGUGUUGAAAAUCGUUUGCAC--------
sma-mir-287 ---GUAUACUCGUAUGGGUGAAUGUGUACA---UGUUAAAUUUUGCACACAUUUACAAAAAAAAGGUGCCGAAUAUUCCAUUUUCACCCUACAUGUU
sma-Struc ...........(((.(((((((.(((...(...((((.......((((.(.(((......))).)))))..)))))..))).)))))))))).....mir-287
sme-miR-749     **  ****** **********                                                                    
Structure ...((((((((((((((((((((..(((.(.((((((.......)))))).))))....))))))...)))))).........))))))))..
sja-mir-749 AAUCGCCAGGAUGAACCUCGGUGGUCCGGGGUGCAGGCUUCAAACCUGCAGCCGACUGGCGUCGGAGUGGUUCGAUUCCGCCUUCCUGGCGUG
sma-mir-749 AAUUGCCGGGAUGAACCUCGGUGGUCCGGGGUGCAGGCUUCAAACCUGUAGCCGACUAGCAUCGGAGCGGUUCGAUUCCGCCUUCCUGGCGUA
sme-mir-749-1 AAUCGCUGGGAUGAGCCUCGGUGGUCCGGGGUGCAGGCUUCAAACCUGUAGUCGGUUGACACCGAAGUGGUUCGAUUCCACCUUUCCAGCGAU
sme-mir-749-2 AAUUGCUGGGAUGAGCCUCGGUGGUCCGGGGUGCAGGCUUCAAACCUGUAGUCGGUUGACACCGAAGUGGUUCGAUUCCACCUUUCCAGCGAU
sme-miR-749 ----GCUGGGAUGAGCCUCGGUGGU--------------------------------------------------------------------mir-749
mmu1195      ........................UGAGUUCGAGGCCAGCCUGCUCA....................................................
mmu1195      UAGAGGCA..GGCAGA..UCUCUGUGAGUUCGAGGCCAGCCUGCUCAACAGAAUGAGUUCUAGGGCAGCCAGGAACACACAGAGAAACCCUGUCUCAAG
sma1195      ..GGGGCA..GGCGGA..UCUCUGUGAGUUAGAGGCCAGCUUGGUCUACAGAGCGAGUUCCAGGACAGCCAAGGCUACACAGUGAAACUCCGUCUCGAA
#=GR sma     ..(((((...((.(....((.(((((((((...(((...(((((.((........))..)))))...)))..)))).))))).))..).)))))))...
sja116691    ...AGGCAGAGGCAGGUGGAUUUCUGAGUUCGAGGCCAGCCUGGUCUACAAAGUGAGUUCCAGGAUAGCCAGGGCUAUACAGAGAAACCCUGUUUCAAA
#=GR sja     ........((((((((.(..(((((((((((..(((...(((((.((........))..)))))...))).)))))...))))))..)))))))))...
sja109805    ...AGGCAGAGGCAGGCGUAUUUCUGAGUUCGAGGCCAGCCUGGUUUACAAAGUGAGUUCCAGGACAGCCAGGGCUAUACAGAGAAACCCUGUCUCAAA
sja106288    .....GCAGAGGCAGGCAGAUUUCUGAGUUCGAGGCCAGCCUGGUCUACAGAGUGAGUGCCAGGACAGCCAGGACUGCACAGAGAAACCCUGUCUUGAA
sja115512    .....GCAGAGGCAGGCAGAUUUCUGAGUUCGAGGCCAGCCUGGUCUACAGAGUGAGUUCCAGGACAGCCAAGGCUACACAGAGAAACCCUGUCUCAAA
sja117229    ...AGGCAGAGGCAGGAGGAUUUUUGAGUUCAAGGCCAGCCUGGUCUACAAAGUGAGUUCCAGGACAGCCAGGGUUAUACAGAGAAACCCUAUCUCGAA
sja116689    ...AGGCAGAGGCAGGCGGAUUUCUGAGUUCGAGGCCAGCCUGGUCUACAAAGUGAGUUCCAGGAUAUCCAGGGAUACACAGAGAAACCCUGGCUUGAA
sja115152    ...AGGCAGAGGCAGGCGAAUUUCUGAGUUCAAGGCCAGCCUGGUCUACAAAGUGAGUUCCAGGACAGCCAGGGCUACACAGAGAAACCCUGUCUCAAA
#=GC SS_cons ....................(((((((((((..(((...(((((...............)))))...))).))))).))))))................
// mir-1195Figure 5.12: Multiple sequene alignments of the pre-miRNAs that were omputationally foundin S. mansoni. For mir-124 and mir-749 the sequenes share a ommon onsensus struture.The unertain mir-287 andidate, that lusters together with mir-124 in the inset genomes,also shows a single stem-loop struture whih, however is di�erent from that of insets. Here thesequene is only onserved at the antisense region of the annotated mature miRNA. mir-1195 isknown for mouse only. Therefore this is a doubtable andidate, whih is on the other hand alsofound in multiple opies in S. japonium.



5.2. SCHISTOSOMA MANSONI 152Using bioinformatis methods (See hapter 2) we were able to �nd only four miR-NAs, see Figure 5.12.The small number of reognizable miroRNAs in shistosomes is in strong ontrastto the extensive miroRNA omplement in S. mediterranea, indiating massive lossof miroRNAs relative to the planarian anestor. This may be a onsequene ofthe parasiti lifestyle of the shistosomes.Small Nuleolar RNAsSmall nuleolar RNAs play essential roles in the proessing and modi�ation ofrRNAs in the nuleolus [433, 434℄, as shown before (se. 4.1,5.1). Both majorlasses, the box H/ACA and the box C/D snoRNAs are relatively poorly onservedat the sequene level and hene are di�ult to detet in genomi sequenes. Thishas also been observed in a reent nRNA annotation projet of the Trihoplaxadhaerens genome [61℄, see setion (5.1). The best-onserved snoRNA is the atyp-ial U3 snoRNA (see also setion 4.1), whih is essential for proessing of the 18SrRNA transript into mature 18S rRNA [48℄. In the urrent assembly of the S.mansoni genome we �nd six U3 loi, but they are also idential in the �ankingsequenes, suggesting that in fat there is only a single U3 gene. No unambiguoushomologue was deteted for any of the other known snoRNAs.A de novo searh for snoRNAs (see methods for details) resulted in 2610 promisingandidates (1654 box C/D and 956 box H/ACA), listed in the Eletroni Supple-ment. All these preditions exhibit highly onserved sequene boxes as well as thetypial seondary features of box C/D and box H/ACA snoRNAs, respetively.Other RNA MotifsTwo examples of relatively well-known shistosome non-oding RNAs are the ham-merhead ribozyme motifs within the Sm-α and Sj-α SINE-like elements [412, 413℄.A Blast searh of the hammerhead ribozyme motif from the Rfam database re-sulted in 24,447 andidates. While high, this number is not surprising onsideringthe generally high opy number of SINE elements; previously, the opy number forSm-α elements in the S. mansoni genome was estimated to exeed 10,000 [412℄.The potassium hannel RNA editing signal is another strutured RNA elementthat was desribed previously [417℄. We found three opies of the gene for thissignal in the S. mansoni genome assembly. U7 RNA was not examined in S. man-soni, however in S. japonium a reasonable andidate was observed. Figure 5.13shows a possible interation with the histone downstream element.
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5.2. SCHISTOSOMA MANSONI 154telomerase proteins (Smp_066300 and Smp_066290) and has the same telomerirepeat sequenes as many other metazoan animals [435℄. Telomerase RNAs arenotoriously di�ult to �nd (see setion 4.4), as they are highly divergent amongdi�erent speies, varying in both size and sequene omposition [436℄.5.2.2 ConlusionsWe have desribed here a detailed annotation of �housekeeping� nRNAs in thegenome of the parasiti planarian Shistosoma mansoni. Limited to the bestonserved strutured RNAs, our work nevertheless unovered important genomifeatures suh as the existene of a shistosome-spei� SINE family derived fromtRNA-Gln-TTG [437℄. Our data furthermore establish the presene of a minorsplieosome in shistosomes and on�rms splied-leader trans-spliing.Platyhelminths are known to be a fast-evolving phylum [438℄. It is not surprisingtherefore that in partiular the small nRNAs are hard or impossible to detetby simple homology searh tools suh as Blast. Even speialized tools have beensuessfull in identifying only the better onserved genes suh as tRNA, miroR-NAs, RNase P RNA, SRP RNA. Notoriously poorly onserved families, suh assnoRNAs, mostly esaped detetion.The desription of several novel and in many ase quite derived nRNAs on-tributes signi�antly to the understanding of the evolution of these RNA families.The shistosome nRNA sequenes, furthermore, are an important input to sub-sequent homology searh projets, sine they allow the onstrution of improveddesriptors for sequene/struture-based searh algorithms. Last but not least, thenRNA annotation trak is an important ontribution to the genome-wide anno-tation dataset. It not only ompletes the protein-based annotation but also helpsto identify annotation errors, e.g. ases where putative proteins are annotated thatoverlap rRNA operons or other nRNAs.



Chapter 6
Conlusion
We have disussed here various strategies for homology-based identi�ation ofnRNAs in eukaryots. Within the last deade the number of known nRNAsinreased enormously and the biologial impat and enquiry is giganti. In theurrent version of Rfam (version 9.1) 1372 families are desribed, of whih mostare snoRNAs and miRNAs. Unfortunately no magial allround-nRNA homologybased searh tool exists so far. Some genes, suh as snRNAs, are relatively on-served in sequene and struture. However, the majority of nRNAs, partiularlylonger strutured nRNAs, suh as 7SK or telomerase RNA, vary in sequene andstruture so extensively that we have to disuss the distane between the theoreti-al approah of homology searh by onserved sequene and struture elements andthe pratial use of existing programs. At present, the suess of omputationalnRNA identi�ation is onstrained to the onservation degree of the funtionalgene and an adequate number of links between the query and target genome. Buteven in wet labs the proof of homology between e.g. TLC-1 of S. erevisiae andS. pombe an be performed just by their funtions. It is at present impossible toalign these sequenes, neither on sequene nor on struture level. To prove thehomology in a bioinformatiian's way by ommon desent, more telomerase RNAsphylogenetially loated between these two fungi (�misssing links�) are needed.Using existing programs with default parameters retaining their diret out-put would be negligent. Instead, for eah nRNAs it is important to usethe appropriate program with adjusted parameters. Suboptimal andidatesshould be investigated arefully in detail. Speialities, suh as introns, expan-sion/invention/deletion of domains, multiple opies, et., must be examined sepa-rately.



156Although eah nRNA showed its own peuliarities we were able to predit andannotate these nRNAs with a variety of programs in a wide eukaryoti range.Consequently, we were able to reonstrut evolutionary inidenes for eah of thesegroups.We investigated in detail the evolutionary history of is-spliing, through thenine splieosomal snRNA families (U1, U2, U4, U5, U6, U11, U12, U4ata, andU6ata) aross the ompletely or partially sequened genomes of metazoan ani-mals. Representatives of the �ve major splieosomal snRNAs were found in allgenomes. None of the minor spliesomal snRNAs were deteted in nematodes andin the shotgun traes of Oikopleura dioia, while in all other animal genomes atmost one of them was missing. Although snRNAs are present in multiple opiesin most genomes, distinguishable paralog groups are not stable over long evolu-tionary times, although they appear independently in several lades. In general,animal snRNA seondary strutures are highly onserved, albeit in partiular U11and U12 in insets exhibit dramati variations. While in some genomes snRNAsappear in tandem and/or assoiated with 5S rRNA genes, these lusters are notonserved over longer evolutionary time-sales. An analysis of genomi ontextof snRNAs revealed that they behave like mobile elements, exhibiting very littlesynteni onservation. Taken together, the data are onsistent with a dominatingdupliation-deletion mehanism of onerted evolution for the genomi evolutionand proliferation of snRNAs.The strutures attained by RNA moleules did not only depend on their sequenebut also on environmental parameters suh as their struture. So far, this ef-fet has been largely negleted in bioinformatis studies. We showed that stru-tural omparisons an be failitated and more oherent strutural models an beobtained when di�erenes in environmental parameters are taken into aount.We re-evaluated the seondary strutures of the splied leader RNAs from theseven eukaryoti phyla in whih SL RNA trans-spliing has been desribed. Byadjusting struture predition to natural growth temperatures and onsideringenergetially similar seondary strutures we observe striking similarities amongEuglenida, Kinetoplastida, Dinophyeae, Cnidaria, Rotifera, Nematoda, Platy-helminthes, and Tuniata that ould not be explained easily by the independentinnovation of SL RNAs in eah of these phyla.We were not able to detet any dependenies between minor splieosomal snRNAsand SL RNAs as indiated by [209℄, see Tab. 6.1.



157 CHAPTER 6. CONCLUSIONTable 6.1: Presene and absene of splied leader RNAs and minor splieosomal snRNAs [123,144, 209, 425℄. Taxon SL RNA Minor SplieosomeEuglenozoa + �Plants � +Dinophyeae + ?Asomyota � �Cnidaria + +Rotifera + ?Nematoda + �/?Insets � +Platyhelminthes + +Tuniates + +Vertebrates � +
SmY RNAs opurify in a small snRNP omplex related to SL1 and SL2 involvedin trans-spliing. We desribed a omprehensive omputational analysis of SmYRNA homologs found in urrently available genome sequenes. We identi�ed ho-mologs in all sequened nematode genomes within the lass Chromadorea. How-ever, we were unable to identify homologs in a more distantly related nematodespeies, Trihinella spiralis (lass Dorylaimia) and non-nematoda phyla. MaMor-ris et al. hypothesized that the role of SmY RNA might be in reyling splieo-some proteins after SL RNAs are onsumed in the trans-spliing reation [239℄.MaMorris' model suggests that the diversi�ation of SmY RNA gene opies (a-ompanied by sequene variations in stem-loop 2, the more variable stem) may bedriven by the diversi�ation of SL2 RNA genes. Although we have not onduteda detailed joint omparative analysis of SL RNAs and SmY RNAs, the results ofour SmY RNA survey are broadly in aordane with this model's expetations.We desribed a omputational searh for funtional U7 snRNA genes throughoutvertebrates whih inluded the upstream sequene elements harateristi for snR-NAs transribed by pol-II. Based on the results of this searh, we disussed thehigh variability of U7 snRNAs in both sequene and struture and we reportedon an attempt to �nd U7 snRNA sequenes in basal deuterostomes and non-Drosophilid inset genomes based on a ombination of sequene, struture, andpromoter features. Due to the extremely short sequene and the high variability inboth sequene and struture, no unambigous andidates were found. This part ofthe thesis alls for both, more experimental data on U7 snRNA as well as impoved



158bioinformatis approahes for homology searh that an deal with suh small andrapidly evolving genes.Beside phylogeneti searhes of nRNAs performing the step of proessing, wedemonstrated that a genome-wide omparative genomi approah searhing forshort onserved introns is apable of identifying onserved transripts with a highspei�ity. Predited mlnRNAs were even on�rmed in wet labs. As onservedintrons indiate both purifying seletion on the exon-intron struture and on-served expression of the transript in related speies, the novel mlnRNAs aregood andidates for funtional transripts.We saw a omprehensive omputational survey resulting in U3 sequenes for morethan 90 additional eukaryotes. This extended data basis is used to improve theseondary struture models and to investigate in detail the strutural variationof U3 snoRNAs, whih are muh more extensive than previously thought. Manyfungal U3 genes in addition ontain introns. U3 promoters are snRNA-like butshow substantial variations even between related speies.Only two years ago 7SK RNA was onsidered as a highly onserved vertebrateinnovation. We disovered poorly onserved homologs in several insets andlophotrohozoans. This implies a muh earlier evolutionary origin. The meh-anism of 7SK funtion requires interation with the proteins HEXIM and LARP7.Here, we presented a omprehensive omputational analysis of these two proteinsin metazoa, and we extended the olletion of 7SK RNAs by several additionalandidates. Furthermore, we derive an improved seondary struture model of7SK RNA, whih shows that the struture is quite well-onserved aross animalphyla despite the extreme divergene at sequene level.We predited several nRNAs, whih are known to be highly divergent from theirhomologous, however these andidates are prooved in wet labs by our ollaborators.For 7SK RNA Caenorhabidits andidates are veri�ed by Olivier Bensaude, whihuntil reently were believed not to exist in nematods. We predited RNase MRPin Giardia lamblia, whih will be veri�ed by Astrid Shön. This sequene plays akey role for the origin and evolution of RNase MRPs. Finally, we were even able topredit telomerase RNA andidates in Strongyloentrotus purpuratus, Neurosporafungi and Branhiostoma, whih Julian Chen is urrently examining in detail.We used a variety of tehniques and time to gain experiene with nRNAs. Finally,we were able to sreen omplete genomes for all reported nRNAs, with all theirspeialities. We reported on a omprehensive nRNA annotation of the genomeTrihoplax adhaerens and Shistosoma mansoni. Sine Blast had identi�ed onlya small fration of the best-onserved nRNAs (in partiular rRNAs, tRNAs and



159 CHAPTER 6. CONCLUSIONsome snRNAs) we used GotohSan to inrease the sensitivity of the homologysearh. We suessfully identi�ed the full omplement of major and minor splieo-somal snRNAs, the genes for RNase P and MRP RNAs, the SRP RNA, as wellas several small nuleolar RNAs. We on�rmed �ve miRNAs in S. mansoni andnone in Trihoplax. We provided andidates for 7SK, however ould not annotateexpeted nRNAs, suh as telomerase RNA, vault RNA or Y RNA. Interestinglyin the most basal metazoan genome (T. adhaerens) most nRNAs, inluding thepol-III transripts, appeared as single-opy genes or with very small opy number.Moreover, for all examined nRNAs, omplete multiple alignments in Stokholmformat reated by ombining various programs (at least ClustalW, Loarnate,RNAfold, RNAsubopt, RNAduplex) are available on our supplemental material pagesand inluded in Rfam.Promoter ElementsSine most of the non-oding RNAs are transribed by Polymerase III a reliableindiation for a andidate being an in vivo funtional gene is the promoter sequeneupstream of transription start site and a poly-U transription termination signaldiretly downstream of the transribed DNA part. Polymerase II is reruited byless restrit promoter upstream elements, sine they ommonly lak the TATA box.There are two main ways for promoter reognition. On the one hand we an ob-serve gene spei� promoter elements. These might be internal regulators, suh asA-box or B-box of tRNAs, or upstream regulators suh as the ommonly knownTATA-box [439℄. To foreast speies spei� promoters is another approah to qual-ify andidates. For instane we saw that the proximal sequene element of verte-brates is ompletely di�erent as for insets, nematods or any other lade. However,losely related organisms share similarities between their PSE. We mostly exam-ined 100 nt upstream of transription start site and up to 20 nt downstream ofa gene. An extensive study with a wider range inluding internal promoters ordownstream loated enhaners would give more insight of regulation, spei�ityand ould give more possibilities of evidene to omputational predition of agene's funtionality.If there exists a bioinformatiian lab pet for homology searh, it would be Tri-hoplax adhaerens. This very basal metazoan animal has a fairly small genome,hardly any pseudogenes, long strutured non-oding RNAs without any large ex-tensions or deletions in seqeune or struture and last but not least a homogenousproximal sequene element and TATA-box. Searhing with 16 nt PSE and a down-



160stream loated TATA-box as query in Trihoplax with one pointmutation, only 28hits remain as polymerase III transripts. This will be a way to observe unknownfuntional non-oding RNAs in future work.Some of the nRNAs, namely tRNA, 5S RNA, SRP RNA, ALU-repeat familyderived from SRP RNA and viral RNA (VA RNA) ontain internal promoters.Interestingly, these nRNAs are the oldest, whih are believed to exist sine LUCA.RNase P, whih is also ommon in all known organisms and all other nRNAs,believed to originated later, has external promoters. Therefore RNase P mighthave been originated later than other anestral nRNAs of LUCA.The evolution of promoters has to be examined in detail in the future. However,one hypothesis might be, that in the RNA world nRNAs needed to keep theirpromoters within the gene, beause they lak a large ontext of its gene. Only afterestablishing the DNA as a storage for RNAs it was possible to emerge externalenhaners to a strongly dependent model, suh as external promoters. BesidetRNAs and other nRNAs, whih kept their internal promoters all over the timedue to the fat that they have additionally a strutural funtion, nRNAs withexternal promoters ould be, aording to this hypothesis, muh more variable intheir evolutionary development.Evolution of Seondary StruturesWe have seen a wide variety of nRNAs: Some, suh as the very old tRNAs arehighly onserved in their struture. Apart from intron arrying tRNAs, addingonly a few nuleotides to tRNAs is usually interpreted as a non-funtional tran-sript. Comparing this to more reent innovations, suh as RNase MRP, we observeextensions from 7 nt to more than 300 nt in only one stem or even whole insertionsand deletions of stems. In the ase of Telomerase RNA we do not even know aommon struture. Is there a orrelation between the �rst appearane of a nRNAand its variability? To �nd a measure would be another future assignment. Tobase this measure on sequene patterns and mutation rates would not desribe thenature of nRNAs. On the other hand highly onserved regions, mostly interatingwith DNA, RNA or proteins, have to be onsidered mandatory.To measure the variability of a seondary struture might dependent on the lengthand its standard deviation. There is a tendeny of longer moleules to be morevariable, however, for the very short variable SL RNAs or the long onserved SRPsthis is against the rule. Desribing a nRNAs variability with formulae dependingon sequene and struture, one has to onsider protein interations. Some highlyvariable nRNAs might not interat with proteins as muh as onserved ones.



161 CHAPTER 6. CONCLUSIONHowever in general one observes that diretly interating parts (protein bindingsites, RNA-RNA interation parts or RNA-DNA interation sites) usually appearas short but highly onserved motifs. Indiret funtional parts are represented inall families of nRNAs as variable struture elements. Hairpins an have di�erentnuleotides, di�erent lengths.Another fat is that the very onserved major snRNAs are believed to exist earlierthan the minor splieosomal RNA omponents, the latter show muh more varia-tions in their struture. Similar for RNase RNAs: RNase P an be dated bak toLUCA and is muh more onserved in struture and sequene than RNase MRP,whih is believed to originate from RNase P. On the other hand this might be anartefat, due to the fat that more variable sequenes are muh harder to datebak as far as highly onserved sequenes.Conluding RemarksExisting omputational programs miss the possibility of searhing for sequenemotifs or hairpins with insertions of an extra internal nuleotide or small internalbulges, respetively, at unknown positions. Another problem of existing programsis the trade between all query hits, the run time and the size of the output.rnabob is very fast, however returns one andidate, only. Other programs, suh asRNAmotif or Erpin, return multiple andidates, but have the problem of handlingthe output. Another general problem of existing programs is the lak of testinghairpins for their possible existene. Many predited hairpins theoretially bindto eah other, onsidering the sequene of nuleotides, however, from the MFEpoint of view, they would not form hairpins.Predition Tools searhing with information of 3D struture exist only for veryspei� problems and moleules. On the one hand, bioinformatiians work hardon pseudoknot predition tools, on the other hand, new programs onsidering thestereohemial arrangement of longer hairpins by e.g. position weight matriesonsidering di- or trinuleotides of unpaired regions might be elementary for thefuntion of espeially nRNAs.With this thesis we were able to answer many basi evolutionary questions aboutnRNAs. However, the world of nRNA exhibits numberless questions.
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Appendix A
Alternativ Alignment Listener
A.1 ComposAlignEvolution and Seletion shape the phenotype and genotype of an organism in aunique way. Homologous sequenes are derived from a ommon anestor by asequene of seletive hanges and diverge over time. Multiple seletive onstraintson a genomi sequene onstrain evolution and result in interesting strutures,e.g. modularization. Evolutionarily shaped strutures beome disernible whensequenes derived from a ommon anestor are aligned. The result as well as themethod is alled �alignment�. The data struture is a matrix, whih is not onlyhighly informative and story-telling for a biologial expert but also patterned ina sometimes aestheti way. Some patterns are visible when one of the numerousvisualization tools is applied [86, 88, 440, 441℄.Nevertheless, the modular and strutured nature of muh musi has struk manyas providing opportunities to understand genomi data by translating it to sound[442�444℄. However, only a few trials have been made to use musi to onvey thepatters to the interested party [445�448℄. All of them fous on single DNA orprotein sequenes. Early attempts transposed DNA sequenes diretly to musi[444℄. The assignment of two notes to eah of the four haraters (4 nuleotides)allowed for some �exibility to arrange notes to musial themes. Soni�ation ofprotein sequenes o�ered a larger set of initial haraters (20 amino aids) butwas even more onstrained and su�ered from the reation of a monotonous stringof notes without musial depth. Consideration of further properties [449�452℄ ofharaters or groups of haraters and mathematial derivation based upon thisadditional information resulted in more exiting musi but blurred the underlyinginformation. A tool alled gene2musi [447℄ an be used for automated onversion



A.1. COMPOSALIGN 164of protein-oding sequenes to musi. It maps the 20 amino aids on 13 hords,grouping hemially similar haraters together while the hord duration is depen-dent on the frequeny of the underlying odon. One system, PROMUSE [445℄ dealswith soni�ation of amino aid features as well as strutural information and thesimilarity between related proteins along the sequenes. This similarity betweenproteins and genomi sequenes results from ommon anestry and light variationand is of entral importane to studies in evolution and genomis.Presentation of highly omplex, multidimensional data requires far more hannelsto transport information then an be handled in the visual hannel alone. Visual-ization and animation are fairly well developed, however, researh on the transportof information via soni�ation is only reently gaining some interest [453℄. Sur-prisingly, the omplexity of the information transported by the audio hannel isusually low, even though musial ompositions for entertainment or artisti pur-poses show highly omplex strutures. In a multi-media setting, Lodha et al. [448℄show that soni�ation an be e�ient in disambiguating data in ases where vi-sual presentation alone would be unlear. However, a diret omparison of thee�ieny in auditory or visual information uptake is hard to perform. We anexpet, however, that the pereption of data via soni�ation and visualization isoneptually very di�erent. Whether this an be bene�ial for data presentationis an area we wish to ontinue to exam.In this ontribution we desribe ComposAlign, the �rst prototype for alignmentsoni�ation that translates genomewide aligned data into a musial omposition.Suh an aousti representation requires a unique mapping of alignment informa-tion onto musial features. While some mapping is easy to frame, we strive for aintuitive mapping that is easy to pereive and also lives up to the demand to beartisti, pleasant and interesting.MethodsMappingThe main fous of our approah is to sonify the presene and absene of haratersin the alignment suh that their assignment to the orresponding sequene/speiesis lear. For simpliity, we assume that sequenes are from di�erent speies, whihallows us to refer to �di�erent sequenes� as �di�erent speies�. However, thesoures of the sequenes is irrelevant for our theoretial framework. Therefore wehave hosen the following mapping, formalized as follows:A musial motif or pattern is an arrangement of notes played in one measure.



165 APPENDIX A. ALTERNATIV ALIGNMENT LISTENERGiven a set S of speies, a set I of instruments and a set P of (di�erent) patterns,we assign to eah speies a partiular instrument whih plays a partiular pattern.Therefore, we de�ne an injetive funtion f : S → A with A = {(x, y) with
x ∈ I and y ∈ P} whih is the artesian produt of the sets I and P. Moreoverwe assign to every speies S ∈ S a value f(S). Thus it holds |S| ≤ |A|, sine f isinjetive. Many mappings S → A full-�ll the requirement that eah speies S ∈ Sis determined and distinguishable from another speies by its values f(S). Theremaining degrees of freedom an be used to inlude additional information suhas the phylogeneti relationship of the speies. Therefore, we assign instruments tospeies suh that the relationships among the instruments re�et the relationshipamong speies. However, this assignment is done by hand sine the relatednessfor instruments is a matter of pereption. The usage of two independent features
(x, y) | x ∈ I and y ∈ P to enode the speies allows us to handle alignments withup to 144 speies and to represent two-dimensional phylogeneti information asreturned by splitstree [2℄.Given a sequene s we onsider n units u1, . . . , un whih are, in partiular, sub-sequenes of s suh that ⋃n

i=1
ui ⊆ s. Biologially, these units are referred to asharaters in general, �genes� in this ontribution. Moreover the units u1, . . . , unare ordered, suh that ui ours before uj whenever i ≤ j.Eah unit ui an be absent, i.e. �0�, or present, �+� or �−� if direted.We are now able to de�ne the following matrix A, also alled alignment.

Ai,j =















+ , if ui appears in speies Sj in + orientation
− , if ui appears in speies Sj in − orientation
0 , elseThis means that all entries Ai, j 6= 0 for a �xed i are homologous. As explained wehave assigned to every speies a partiular instrument playing a partiular pattern.In general, an instrument and the orresponding pattern f(Sj) assigned to speies

Sj plays during time interval i whenever unit ui appears in speies Sj, i.e Ai,j 6= 0.Whether f(Sj) sounds or not is only dependent on Ai,j and independent of Ak,lwith k 6= i, l 6= j. However, three parameters an be set to enhane partiularinformation.Orientation parameter. This parameter indiates whether a pattern is playedforwards or bakwards, depending on the orientation of the ourring unit. To bemore preise let f(Sj) = (I, P ) and let unit ui our in speies Sj. Then pattern P
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Figure A.1: Transposition probabilities between Markov states: maj6 � Major tonis sixth, m#7� Minor tonis seventh, m7 � Minor diminished seventh, maj7 � Major tonis seventh, 7 � Majordominant, m6 � Minor tonis sixth, o7 � Minor dominant seventh.is played forwards or bakwards, whenever Ai,j = “+′′ or Ai,j = “−′′, respetively.As a default Ai,j 6= 0 is set to Ai,j = “+′′.Compression parameter. We distinguish two ways of playing the patterns. Ingeneral patterns are played suh that every note is played separately in order oftheir appearane in the pattern. If we swith on this parameter and unit ui ispresent in all speies then for all speies S ∈ S the hosen instruments are playingthe �rst notes of eah of the respetive patterns f(S) as one hord.Probabilisti parameter. This parameter allows the possibility to alter theharmony for all patterns. A transposition of a pattern moves all notes up or downin pith by a onstant number of semitones. We transpose every pattern wheneverunit ui is present in all speies. The transposition is hosen by a probability,depending on the pith of the urrent pattern (Figure A.1). Thus a transpositionmaps a pattern Pj to pattern P ′
j , whih de�nes the new Pj . This proess is well-known as �rst-order Markov hain.Invertability of the MappingClearly, it is desirable to introdue a mapping that is not only able to translate in-formation to musi but that also provides a unique way to retrieve the informationfrom the aousti representation.



167 APPENDIX A. ALTERNATIV ALIGNMENT LISTENERIf we swith o� all parameters it is easy to see that we an determine the speies
Si by their values f(Si) sine f : S → A′ ⊆ A with A′ = {f(S) | S ∈ S} is abijetive funtion.Orientation parameter � Indued Constraints. If we want to distinguish�gure out what we hear for a partiular sequene S ∈ S it must be possible todistinguish whether f(S) is played forwards or bakwards. Thus no symmetripatterns are allowed. Moreover, it is not allowed to have patterns P,P ′ ∈ P suhthat playing P bakwards sounds just like P ′ in forward diretion and vie versa.Compression parameter � Indued Constraints. If some unit ours in allspeies S ∈ S then for all S the orresponding f(S) the �rst note of eah patternis used to play a single hord. Thus, the �rst note of eah pattern must onsistof notes that are in the underlying harmony of the pattern and may not be non-hord tones. As a onsequene, speies information enoded in P is lost duringompression. However, we argue that the qualitative information �presene in allspeies given� is su�ient in most ases.Probabilisti parameter � Indued Constraints. This parameter requiresmore restritions on instrument and pattern usage if we want to distinguish dif-ferent speies S by listening to their respetive values f(S). We will denote f1(S)and f2(S), resp., as the instrument and the pattern of S, resp.We an distinguish two ases. First for all speies S 6= S′ holds that the instrumentare unequal (f1(S) 6= f1(S

′)). Then we an ignore pattern, sine eah speies isdetermined by its instrument.If some speies S and S′ have the same instruments we have to distinguish themby their partiular pattern. Thus it is not allowed that any transposition of f2(S)leads to f2(S
′) or a transposition of f2(S

′). In addition, if we have swithed on theorientation parameter we must ensure that no transposition leads to a symmetripattern. The latter ase will never our sine no pattern is symmetri and byde�nition of the term transposition.ImplementationOur program ComposAlign onsists of a bak end for the omposition of themusi using Common Musi [454℄ whih runs in Gauhe Sheme [455℄. CommonMusi is a valuable toolbox for algorithmi omposition and also for outputting
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Figure A.2: Data �ow diagram of ComposAlign. An alignment (input data), a biologialquestion, and parameter settings and mapping are given to ComposAlign via the front-endwww2.bioinf.uni-leipzig.de/gi-bin/ComposAlign. Using a list of prepared motives andmapping rules a piee of musi is omposed.Midi data. It allows for a high level desription of the ompositional elements andonvenient de�nition of the transformation proess due to the expressive power ofSheme. Additionally, there is a web front-end written in Haskell [456℄ ating asa CGI program1, whih allows easy usage without the need to install additionalsoftware. The data �ow is depited in Figure A.2.The user an upload an input �le. After the initial analysis of the �le and auto-mati seletion of settings the user has the opportunity to hange various param-eters. Among these are the seletion of the referene sequene and the assignmentof musial instrument and motives to the individual sequenes. The default set-tings are the ones disussed in this paper, however, depending on the biologialquestion, a di�erent assignment might be optimal.The alignment data are transformed to musi based on the settings. For thispurpose, an appropriate Sheme �le is generated whih is in turn proessed byCommon Musi to reate a Midi �le. The Sheme ontains the olletion ofmotives, the rules for the omposition, and the mapping of the speies to any ofthe twelve motives and available instruments. The user an listen to or downloadthe generated piee of musi.Input. Unfortunately, there is no standardized format for genomewide alignmentdata � other then nuleotide and protein sequene alignments � that is generalenough to handle omplex haraters suh as genes with several attributes. Forour purpose we hoose the number of attributes  = 3. We therefore deided to use1http://www2.bioinf.uni-leipzig.de/gi-bin/ComposAlign/



169 APPENDIX A. ALTERNATIV ALIGNMENT LISTENER# D.melanogaster, D.yakuba, D.simulans319128, 448301, +, 697064, 742202, +, 376108, 476237, +448301, 468292, +, 742202, 770246, +, 501605, 521285, +468292, 470143, +, NA, NA, NA, 521285, 522753, +2651106, 2690081, +, 7722449, 7772786, -, 2682081, 2724631, +2690081, 2724012, +, 7687085, 7722449, -, 2724631, 2760070, +2724012, 2868216, +, 7493667, 7687085, -, 2760070, 2909374, +2868216, 2878317, +, 721765, 722722, +, 2909374, 2922484, +Table A.1: Input example for ComposAlign with three speies.our own input format, a ustom omma separated ASCII �le type. It an ontainlines of omments at the beginning of the �le starting with a �#� symbol. The �rstomment line is interpreted as a list of sequene IDs tagging the m sets of olumns.All other lines are data lines and are supposed to ontain exatly c · m olumnsseparated with omma, where m is the number of sequenes/speies or hannelsin general. Eah blok of c olumns ontains the genomi start and end positionsand an indiator for the diretion, �+� for forward or �-� for reverse. If the geneis not present in a sequene, NA is used as the value for all c �elds. In the presentimplementation, the start positions of the referene sequene are used to sort therows. Soni�ation of diretional information an be turned on or o�. In priniple,it is therefore easy to use any tabular data with absene/presene information forsoni�ation with ComposAlign. An example input �le and the orrespondingoutput �les an be found in the supplemental material at http://www2.bioinf.uni-leipzig.de/gi-bin/ComposAlign/.Appliation to Gene Annotation AlignmentsWe have hosen for our partiular speies the partiular instruments, onnetedwith partiular patterns, see �gure A.3 and table A.4. For our partiular hosenassignment f all restritions for patterns using parameters are ful�lled. Thus, wean uniquely determine in whih speies S a unit ours just listening to f(S).We used the gene annotations and gene orrespondenes from the 12 sequenedDrosophilid genomes as input (see supplementary �le all.R3.dir.map) [457℄. Theinput is a matrix (c ·m)×n with n rows for n genes and c olumns for eah of the
m speies. The genes are treated as independent haraters and are either present(denoted by their oordinates) or absent (denoted by a gap harater, here �NA�).The order of the genes is of biologial relevane, sine the order re�ets the genomiorder in a referene speies (here Drosophila melanogaster). A single gene an havemany properties, e.g. similarity to other genes in the same speies, distane to



A.1. COMPOSALIGN 170its neighboring genes, length et, of whih c will be spei�ed in the input �le.Here, we used the position and the relative orientation of the genes. This meansthat the genes of the referene sequene are assigned a �+� (forward) orientationwhile the idential and inverted orientation in aligned sequenes are assigned a�+� (forward) or �-� (reverse) orientation, respetively.We attempted to sonify data of this kind in a �exible way. Figure A.3 shows aninitial seletion of musial motives developed to be assigned to eah organism'sgene. These motives were designed so that they ould be plaed in various registers.They were also reated with varied ontours and rhythms to aid in them beingindividually pereivable in a musial texture.Next, we deided to assign a motive and an instrument to eah speies. Wewanted to have the instrumentation re�et something of the relative loseness ofeah speies. This loseness is part of a biologist's expert knowledge and re�etedin the tree in Figure A.4.Of the 12 Drosophila speies, �ve are very losely related � D. melanogaster,D. simulans, D. sehellia, D. yakuba and D. ereta. One of them, D. melanogaster,is the model organism and referene speies, whih we plaed in a ontinuousmotive in the piano as this provided the basis for the rest of the musi. Wethus looked to plae the other four in strings and woodwinds so as to providesome similarity but also enough timbral and register di�erene so they ould bedistinguished (Figure A.4).In our �rst trials we translated the alignment �le for these speies to musi bysimply mapping eah gene to a measure of musi. If the gene existed in theorresponded speies, either in forward or reverse diretion, the motive in theinstrument would play, if not the instrument would rest. To inlude one morepiee of pertinent data we also onsidered the diretion of the gene. In this asewe deided to simply reverse the motive if the gene was reversed. Being that thereare 345 genes in an input �le and eah measure represented 2 seonds of musibased on the tempo we seleted, this reated a soni�ation about 11.5 minuteslong. Also, sine the musi did not hange harmony, eah motive was simplyplayed repeatedly. See supplementary material for example �les.Employing Compression and StohastiityWe addressed the issue of overly repeating patterns in two ways. To shortenthe length of the soni�ation and fous on the areas of interest, we deided to�ompress� the results by simply playing a tutti hord in a quarter or eight-noterhythm whenever a gene was present in all speies.
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Figure A.3: Panel A shows the 12 motifs in forward orientation. Panel B shows the assignment ofinstruments to the transposed motifs from panel A. The transpositions are based on appropriateinstrument ranges. E.g., motive 1 is transposed up two otaves to sound in a more typial �uterange. When motive 2 is set to larinet it is transposed up an otave in order for it to bepereptible when other instruments are sounds.
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Figure A.4: Mapping of �y speies to instruments. The tree on the left-hand side represents thetopology of the phylogeneti tree [457℄. Branh lengths are arbitrary.The seond hange we made was to allow for the possibility of altering the harmonyfor eah measure. Using a simple �rst-order Markov hain based on some tonalharmoni progressions a new harmony was stohastially hosen before playingeither a measure or a hord of a gene present in all speies. The motive would berealized in the new harmony, thus providing some pleasant musial variation.ResultsFor a determination of the results we wanted to ompare the omplexity of thebiologial data with the pereived omplexity of their musial representation. Wedid this through development of a simple user testing senario in whih we ouldask a listener (usually not a musiian) if they have been able to gain somethingfrom the soni�ation that would otherwise be di�ult to observe from raw inputdata. Here we show how soni�ation an present the data, suh that answers tobiologial questions beome intuitive.The following analysis of ComposAlignis based on impressions of 50 non-musiian test persons.Number of Organisms/Instruments Depending on the eduation in the artsof the test persons, up to 12 instruments were distinguished. For most people it waspossible to determine up to 6 organisms/instruments. If ComposAlign shouldbe used for 12 speies/instruments the majority of people need to be trained tomore learly di�erentiate the instruments used or we might be able to utilize other



173 APPENDIX A. ALTERNATIV ALIGNMENT LISTENERtypes of instrumental sounds and even reate synthesized sounds whih would bemore easily identi�ed by untrained users.In the ase of 2 or 3 sequenes users found it easy to hear whih genes werepresent in whih sequene. With just 2 or 3 di�erent instruments and motives, theomposition is already musially pleasing. Nevertheless, the untrained listener'sability to resolve the presene/absene pattern dereased rapidly with the numberof di�erent instruments and/or motives playing in one measure. In ases wherethe input ontains more then 6 sequenes only evolutionary hanges, in terms ofpresene/absene of genes that involve groups of sequenes, were found easy tohear.During the test, persons had to onentrate on a spei� instrument and tried toobserve the presene/absene of this instrument at a spei� time point, most ofthem easily found the orret solution independently of the number of instrumentsplayed onurrently.Markov hains. The introdution of hanges in harmony based on the loalontext improved the artisti value of the output and the listeners attention span.Apart from this aestheti e�et, it also helped emphasized the hanges in thepresene/absene pattern from one gene to the next. All partiipants had theimpression of a muh more interesting piee of musi, if the Markov hain wasinluded.Conserved genes � ompressed hords. To emphasize onservation, meaningthat a harater is present in all sequenes, we play a tutti hord in a quarter oreight-note rhythm. While this sets the presene of m and m− 1 sequenes learlyapart from eah other, it also auses a time ompression and allows the user tofous on the data where the absene/presene patters are more informative froma biologial perspetive. In the ontext of larger patterns this makes it easier toestimate the amount of haraters present in all sequenes or sequene groups.All persons tested the program were enthusiasti after inluding Markov hainand ompressed hords in the variability of the program. The outome was de-sribed muh more �happier�, �interesting, irregular�, �less rowed�, �rhythmiallyinteresting� and �dramati�.Both the feedbak on the ompressed hords and the Markov hain harmoniprogressions provides an intriguing result in that ertain hoies that were madelargely for aestheti reasons also appear to make the soni�ation more legible tousers.



A.1. COMPOSALIGN 174Orientation of a gene. The asymmetry of the individual motives, some ofwhih are learly asending, is an essential attribute to sonify a harater's dire-tion information. To do so, we use the forward and reversed motives for the �+�and �-� orientation, respetively. The harater of the motives allows the user stillto identify the mirrored motives as belonging to the same motive.The results sound pleasant, however most test persons found it di�ult to followwhih motives were reversed when several instruments played at the same time. Itis unlear if the ear needs some training only or if it might be neessary to exploreother strategies whih may help in ommuniating this information.Mapping Using di�erent settings we expeted to �nd ombinations that mightsound unpleasant. Given an unommon ombination of instruments (e.g. drums,marimba and trumpet) most people found the outome to be surprisingly rihin harater and interesting. When various outputs for the same data �le wereheard, they all seemed to emphasized the underlying struture in the data. Thisshows that the motives �t together niely in any ombination, always returning abalaned piee of musi whih re�ets the struture of the data.The test persons were also asked to listen to two piees of musi and determinewhat biologial information was di�erent (di�erent input �les and same mappingfuntion) or if the mapping funtion hanged (same input �le and di�erentmapping funtion). Most people orretly answered these questions.Overall impressions ComposAlign draws its power from the motive designand mapping rules that are modular and �exible. Also biologial sequene align-ments are partiularly suited for soni�ation sine individual elements of informa-tion beome blurred in a omposition when researher's beome more interestedin the overall piture (e.g. alignments with many sequenes or frequent hangesin the absene/presene pattern from one row to the next).Taking into aount the many mapping permutations, a large number of pieesof musi an be obtained from a single data �le. At the same time, it is possibleto answer di�erent biologial questions while maintaining a pleasant aesthetiexperiene.Some overall omments of the test persons: �surprisingly harmoni on large parts�,�a lot of things are good to hear, I get some feeling for the alignments�, �to hearbiologial features beomes hard with more than 10 instruments�, �surprisingly fun,



175 APPENDIX A. ALTERNATIV ALIGNMENT LISTENERmusial motifs are memorable�, �exellent abstration to the biologial information,nie opportunity to listen to nature.�Conlusion and Future WorkOur tool ComposAlign is the only existing tool for alignment soni�ation.Existing soni�ation methods for single biologial sequenes map eah individualnuleotide on single notes or hords. It was obvious that this approah would notwork well for alignments where multiple sequenes are present and multiple notesor hords would sound at the same time. In partiular, sine the absene/presentsand the assignment of the present haraters to their origin is of entral impor-tane. We therefore deided to map one harater to a measure. This had mainlytwo e�ets. First, it added the neessary degrees of freedoms to enode more infor-mation and still allowed us to take ompositional aspets into aount and makeit sound pleasant. Seond, it strethed the information onto a larger time interval,allowed organized presentation of the information with a measure and thereforeinsured that the information was easy to pereive.The presented framework and results urge us to ask two major questions: (1)Will it be possible to sonify nuleotide alignments (with annotation) based onthe framework presented in this ontribution? The mapping of a harater toa measure seems promising. However, the de�nition of �harater� and whethersingle nuleotides or higher order features, e.g. onserved regions, strutural orfuntional elements, shall be treated as haraters has a signi�ant impat on themapping and the biologial interpretation of the results. It might turn out thatmusi is a suitable medium to onvey information on di�erent levels of resolutionat the same time. This leads us immediately to the seond question: (2) Can soni-�ation outperform the urrently dominating visualization? If not, is soni�ationable to transport a ertain kind of information better than visualization? Theomnipresene of visualization might suggest a better performane in all respets.However, to perform a fair test, a ompetitive soni�ation tool �rst needs to bedeveloped.Based on the experiene gained during our projet, we intend to onstrut amapping for nuleotide alignments that allows us to add di�erent kinds of addi-tional/ontextual information (e.g. lengths of haraters, distane between har-aters, higher order annotation, phastons sore). An interative interfae shallallow the user to edit the parameters on runtime and display the sores and align-ment in �ying windows. This shall allow the interested user to play (with) his/heralignment.
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Appendix BGenomes and Aesionnumbers
B.1 Soures of Used RNA SequenesDatabase Version Download LoationGeneral DatabasesNCBI � http://www.nbi.nlm.nih.gov/UCSC � http://genome.us.edu/Flybase � http://�ybase.org/EBI � http://www.ebi.a.uk/General NRNA DatabasesRfam Version 8.1 http://www.sanger.a.uk/Rfam Version 9.1 http://rfam.janelia.org/NonCode v2.0 http://www.nonode.org/Spei� DatabasesTelemerase � http://telomerase.asu.edu/SnoBase Version 3 http://www-snorna.biotoul.fr/MirBase Release 13.0 http://mirorna.sanger.a.uk/P-Database Release 12 http://www.mbio.nsu.edu/RNaseP/home.htmlMRP/P Colletion � http://bio.lundberg.gu.se/p_mrp/



B.2. SOURCES OF SL NCRNAS 178B.2 Soures of SL NRNAsSL RNAQuery SequenesCiona intestinalis [215℄Oikopleura dioia [216℄Caenorhabditis elegans [213℄Asaris [458℄Wuheria banrofti [459℄Haemonhus ontortus [460℄Pristionhus pai�us [461℄Trihinella spiralis [149℄Shistosoma mansoni [124℄Fasiola hepatia [462℄Ehinoous multiloularis [463℄Shmidtea mediterranea [464℄Philodina sp. [217℄Adineta riiae [217℄Hydra sp. [214℄Euglena grailis [212℄Entosiphon sulatum [178℄Cylidiopsis aus [221℄Phaus urviauda [221℄Rhabdomonas astata [221℄Menoidium pelluidum [221℄Trypanosoma ruzi [210, 211℄T. vivax [210, 211℄T. bruei [210, 211℄Leptomonas ollosoma [210, 211℄Leishmania enriettii [465℄Crithidia fasiulata [466℄Bodo audatus [467℄Karenia brevis [148℄Karlodinium mirum [218℄P�esteria pisiida [218℄Proroentrum minimum [218℄



179 APPENDIX B. GENOMES AND ACCESIONNUMBERSSequenes obtained by homology based searhAsaris AB022045.1Loa U31638.1Mansonella AJ279033.1Aanthoheilonema U31646.1Onhoera M37737.1Foleyella AJ250988.1Setaria AF282181.1Toxoara U65503.1Enterobius AY234784.1Nippostrongylus EB185208.1Meloidogyne CN443291.1Haemonhus CA994732.1Teladorsagia CB043522.1Ehinostoma U85825.1Bdelloidea AY823993.1Herpetomonas AY547489.1Phytomonas AF243335.1Wallaeina AY547488.1B.3 7SK sequenesHomo sapiens X05490, X04236, [335, 347, 468, 469℄Mus musulus M63671 [470℄,Rattus norvegius K02909 [471℄,Takifugu rubripes AJ890104, [171, 338℄,Tetraodon nigroviridis AJ890103, [338℄,Danio rerio AJ890102, [338℄,Gallus gallus AJ890104, [338℄B.4 FTP Sites of Genome Assemblies
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180 Speies Code Download Soure Download DateHomo sapiens hsa ftp://ftp.nbi.nih.gov/genomes/H_sapiens/Assembled_hromosomes 14.09.2006Pan troglodytes ptr http://hgdownload.se.us.edu/goldenPath/panTro2/bigZips/hromFa.tar.gz 12.08.2008Pongo pygmaeus ppy ensembl 03.07.2008Maaa mulata ma ensembl 08.09.2008Otolemur garnettii oga ensembl 03.07.2008Miroebus murinus mmr ensembl 03.07.2008Mus musulus mmu NCBI 05.05.2008Rattus norvegius rno http://www.hgs.bm.tm.edu 10.11.2005Spermophilus trideemlineatus str ensembl 04.07.2008Cavia porellus po ensembl 03.07.2008Ohotona prineps opr ensembl 04.07.2008Orytolagus uniulus ou ensembl 24.09.2008Tupaia belangeri tbe ensembl 03.07.2008Felis atus fa ensembl 03.07.2008Canis familiaris fa ftp://ftp.ensembl.org/pub/urrent_fasta/anis_familiaris/dna/ 18.07.2007Bos taurus bta ftp://ftp.ensembl.org/pub/urrent_fasta/bos_taurus/dna/ 29.09.2008Sus srofa ss ftp://ftp.sanger.a.uk/pub/S_srofa/assemblies/PreEnsembl_Ssrofa8/ 17.03.2009Equus aballus ea ensembl 03.07.2008Myotis luifugus mlu ensembl 03.07.2008Erinaeus europaeus eeu ensembl 03.07.2008Sorex araneus sar ensembl 03.07.2008Loxodonta afriana laf http://www.broad.mit.edu/ftp/pub/assemblies/mammals/elephant/loxAfr1/ 27.06.2005Ehinops telfairi ete http://www.broad.mit.edu/ftp/pub/assemblies/mammals/tenre/ehTel1/ 13.03.2006Dasypus novemintus dno http://www.broad.mit.edu/ftp/pub/assemblies/mammals/armadillo/dasNov1/ 02.12.2008Choloepus ho�manni ho http://genome.wustl.edu/pub/organism/Other_Vertebrates/Choloepus_ho�manni/assembly/Choloepus_ho�manni-1.0/output/ 03.06.2008Monodelphis domestia mdo ftp://ftp.ensembl.org/pub/urrent_monodelphis_domestia/data/fasta/dna/ 18.07.2007Ornithorhynhus anatinus oan ensembl 09.04.2007Anolis arolinensis ar http://www.broad.mit.edu/ftp/pub/assemblies/reptiles/lizard/AnoCar1.0/ 28.11.2008Taeniopygia guttata tgu NCBI 05.07.2008Gallus gallus gga http://genome.wustl.edu/pub/organism/Other_Vertebrates/Gallus_gallus/assembly/Gallus_gallus-2.1/output/hromosomes/ 31.10.2007Xenopus tropialis xtr USCS 31.10.2007Tetraodon nigroviridis tni ensembl 05.06.2008Takifugu rubripes tru http://genome.jgi-psf.org/Takru4/Takru4.download.ftp.html 05.11.2006Oryzias latipes ola ensembl 05.08.2008Gasterostreus auleatus ga UCSC 31.10.2007Danio rerio dre ensembl 03.11.2007Callorhinhus mili mi http://esharkgenome.imb.a-star.edu.sg/resoures.html 27.02.2007Petromyzon marinus pma ftp://genome.wustl.edu/pub/organism/Other_Vertebrates/Petromyzon_marinus/assembly/Petromyzon_marinus-3.0/output/ 10.05.2007Branhiostoma �oridae b� ftp://ftp.jgi-psf.org/pub/JGI_data/Branhiostoma_�oridae/v1.0/Branhiostoma_�oridae_v2.0.assembly.fasta.gz 10.12.2008Ciona intestinalis in ftp://ftp.jgi-psf.org/pub/JGI_data/Ciona/v2.0/ 06.05.2008Ciona savignyi sa http://www.broad.mit.edu/gi-bin/annotation/iona/download_liense.gi 18.07.2007Oikopleura dioia odi http://www.genosope.ns.fr/externe/Download/Projets/Projet_HG/data/assembly/unmasked/ 03.09.2008Strongyloentrotus purpuratus spu ftp://ftp.hgs.bm.tm.edu/pub/data/Spurpuratus/fasta/Spur_v2.1/linearSa�olds 31.01.2007Saoglossus kowalevskii sko ftp://ftp.ensembl.org/pub/traes/saoglossus_kowalevskii/fasta 22.10.2007
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Drosophila melanogaster dme http://hgdownload.se.us.edu/goldenPath/dm3/bigZips/hromFa.tar.gz 14.05.2008Drosophila simulans dsi http://hgdownload.se.us.edu/goldenPath/droSim1/bigZips/hromFa.tar.gz 14.05.2008Drosophila sehellia dse http://hgdownload.se.us.edu/goldenPath/droSe1/bigZips/sa�oldFa.gz 14.05.2008Drosophila ereta der http://hgdownload.se.us.edu/goldenPath/droEre2/bigZips/droEre2.fa.gz 14.05.2008Drosophila yakuba dya http://hgdownload.se.us.edu/goldenPath/droYak2/bigZips/hromFa.tar.gz 14.05.2008Drosophila ananassae dan http://hgdownload.se.us.edu/goldenPath/droAna3/bigZips/droAna3.fa.gz 10.05.2008Drosophila pseudoobsura dps http://hgdownload.se.us.edu/goldenPath/dp4/bigZips/dp4.fa.gz 14.05.2008Drosophila persimilis dpe http://hgdownload.se.us.edu/goldenPath/droPer1/bigZips/sa�oldFa.gz 14.05.2008Drosophila willistoni dwi http://hgdownload.se.us.edu/goldenPath/droWil1/bigZips/droWil1.fa.gz 10.05.2008Drosophila virilis dvi http://hgdownload.se.us.edu/goldenPath/droVir3/bigZips/droVir3.fa.gz 14.05.2008Drosophila mojavensis dmo http://hgdownload.se.us.edu/goldenPath/droMoj3/bigZips/droMoj3.fa.gz 14.05.2008Drosophila grimshawi dgr http://hgdownload.se.us.edu/goldenPath/droGri2/bigZips/droGri2.fa.gz 14.05.2008Phlebotomus paptasi ppp ftp://ftp.nbi.nih.gov/pub/TraeDB/phlebotomus_papatasi/fasta.phlebotomus_papatasi.001.gz 17.03.2008Anopheles gambiae aga ftp://ftp.ensembl.org/pub/urrent_fasta/anopheles_gambiae/dna/ 31.05.2008Aedes aegypti aae ftp://ftp.ensembl.org/pub/urrent_fasta/aedes_aegypti/dna/ 02.04.2008Culex pipiens pi ftp://ftp.vetorbase.org/publi_data/organism_data/pipiens/Geneset/pipiens.TRANSCRIPTS-CpipJ1.1.fa.gz 21.03.2008Bombyx mori bmo http://silkworm.swu.edu.n/silkdb/do/download.html 15.05.2008Tribolium astaneum ta http://hgdownload.se.us.edu/goldenPath/triCas2/bigZips/ 07.05.2008Apis mellifera ame ftp://ftp.hgs.bm.tm.edu/pub/data/Amellifera/fasta/Amel20060310-freeze/ 31.03.2008Nasonia girault ngi ftp://ftp.nbi.nih.gov/pub/TraeDB/nasonia_giraulti/ 17.03.2008Nasonia vitripennis nvi ftp://ftp.hgs.bm.tm.edu/pub/data/Nvitripennis/fasta/Nvit_1.0/linearized_sequene/ 31.03.2008Pediulus humanus phu ftp://ftp.vetorbase.org/publi_data/organism_data/phumanus/Genome/ 01.04.2008Ayrthosiphon pisum api ftp://ftp.ensembl.org/pub/traes/ayrthosiphon_pisum/fasta/* 21.02.2007Daphnia pulex dpu ftp://ftp.ensembl.org/pub/traes/daphnia_pulex/fasta 10.11.2007Ixodes sapularis is ftp://ftp.ensembl.org/pub/traes/ixodes_sapularis/fasta/* 21.02.2007Caenorhabditis remanei re http://genome.wustl.edu/pub/organism/Invertebrates/Caenorhabditis_remanei/assembly/Caenorhabditis_remanei-15.0.1/output/ 10.11.2007Caenorhabditis briggsae br http://genome.wustl.edu/pub/organism/Invertebrates/Caenorhabditis_briggsae/assembly/Caenorhabditis_briggsae-1.0/output/hromosomes/ 10.11.2007Caenorhabditis brenneri be http://genome.wustl.edu/pub/organism/Invertebrates/Caenorhabditis_PB2801/assembly/Caenorhabditis_PB2801-6.0.1/output/ 03.06.2008Caenorhabditis elegans el ftp://ftp.wormbase.org/pub/wormbase/genomes/elegans/sequenes/dna/ 23.05.2008Caenorhabditis japonia ja http://genome.wustl.edu/pub/organism/Invertebrates/Caenorhabditis_japonia/assembly/Caenorhabditis_japonia-3.0.2/output/*gz 03.06.2008Haemonhus ontortus ho ftp://ftp.nbi.nih.gov/pub/TraeDB/haemonhus_ontortus 16.05.2008Anylostoma anium an ftp://ftp.nbi.nih.gov/pub/TraeDB/anylostoma_aninum 16.05.2008Pristionhus pai�us ppa http://genome.wustl.edu/pub/organism/Invertebrates/Pristionhus_pai�us/assembly/Pristionhus_pai�us-5.0.1/output/ 03.06.2008Strongyloides ratti sra ftp://ftp.nbi.nih.gov/pub/TraeDB/strongyloides_ratti 16.05.2008Meloidogyne inognita min ftp://ftp.nbi.nih.gov/pub/TraeDB/meloidogyne_inognita 16.05.2008Asaris suum asu http://www.nematode.net/FTP/wgs_ftp/*WGS 16.05.2008Brugia malayi bma ftp://ftp.nbi.nih.gov/genomes/Brugia_malayi/FASTA/ 01.04.2008Trihinella spiralis tsp ftp://ftp.ensembl.org/pub/traes/trihinella_spiralis/fasta 10.11.2007Shistosoma mansoni sma ftp://ftp.sanger.a.uk/pub/pathogens/Shistosoma/mansoni/genome/Assembly-v3.1/ 29.06.2007Shistosoma haematobium sha ftp://ftp.sanger.a.uk/pub/pathogens/Shistosoma/haematobium/Shaem.tar.gz 07.11.2008Shistosoma japonium sja ftp://down:lsbi�lifeenter.sgst.n:2121/subjetData/shistosoma/sj_mRNA.zip 03.09.2008Shmidtea mediterranea sme http://genome.wustl.edu/pub/organism/Invertebrates/Shmidtea_mediterannea/assembly/Shmidtea_mediterranea-3.1/output/ 27.05.2008Ehinoous multiloularis emu ftp://ftp.sanger.a.uk/pub/pathogens/Ehinoous/ 07.11.2008
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182 Helobdella robusta hro http://genome.jgi-psf.org/Helro1/Helro1.download.ftp.html 26.10.2008Capitella sp a ftp://ftp.jgi-psf.org/pub/JGI_data/Capitella/v1.0 11.11.2007Lottia gigantea lgi ftp://ftp.ensembl.org/pub/traes/lottia_gigantea/fasta 16.11.2007Aplysia alifornia aa ftp://ftp.ensembl.org/pub/traes/aplysia_alifornia/fasta/*wgs.fasta.gz 28.08.2008Biomphalaria glabrata bgl ftp://ftp.ensembl.org/pub/traes/biomphalaria_glabrata/fasta/* 16.11.2007Euprymna solopes es ftp://ftp.ensembl.org/pub/traes/euprymna_solopes/fasta/ 02.11.2007Spisula solidissima sso ftp://ftp.ensembl.org/pub/traes/spisula_solidissima/fasta/* 21.02.2007Cerebratulus lateus la ftp://ftp.ensembl.org/pub/traes/erebratulus_lateus/fasta/* 21.02.2007Aropora palmata apa ftp://ftp.ensembl.org/pub/traes/aropora_palmata/fasta 11.06.2007Aropora millepora ami ftp://ftp.ensembl.org/pub/traes/aropora_millepora/fasta 11.06.2007Porites lobata plo ftp://ftp.ensembl.org/pub/traes/porites_lobata/fasta/ 16.11.2007Nematostella vetensis nve http://genome.jgi-psf.org/Nemve1/Nemve1.home.html 15.05.2007Hydra magnipapillata hma ftp://ftp.nbi.nih.gov/pub/TraeDB/hydra_magnipapillata/ 11.06.2007Reniera spez rsp ftp://ftp.ensembl.org/pub/traes/reniera_sp_jgi_2005/fasta/* 26.11.2007Trihoplax adhaerens tad http://genome.jgi-psf.org/Triad1/Triad1.download.ftp.html 09.12.2007Alternaria brassiiola fabr http://genome.wustl.edu/pub/organism/Fungi/Alternaria_brassiiola/assembly/Alternaria_brassiiola-1.0/output 04.07.2008Stagonospora nodorum fsno http://www.broad.mit.edu/annotation/genome/stagonospora_nodorum.2/MultiDownloads.html 04.07.2008Myosphaerella graminiola fmgr http://genome.jgi-psf.org/Mygr1/Mygr1.download.ftp.html 04.07.2008Asosphaera apis faap ftp://ftp.hgs.bm.tm.edu/pub/data/Aapis/Aapis-01Jun2006-ontigs 04.07.2008Coidioides immitis fim http://www.broad.mit.edu/annotation/genome/oidioides_group/MultiHome.html 04.07.2008Coidioides posadasii fpo http://www.broad.mit.edu/annotation/genome/oidioides_group/MultiHome.html 04.07.2008Histoplasma apsulatum fha http://www.broad.mit.edu/annotation/genome/histoplasma_apsulatum/MultiDownloads.html 04.07.2008Paraoidioides brasiliensis fpbr http://www.broad.mit.edu/annotation/genome/paraoidioides_brasiliensis/MultiDownloads.html 04.07.2008Uninoarpus reesii fure http://www.broad.mit.edu/annotation/genome/uninoarpus_reesii.3/MultiDownloads.html 04.07.2008Neosartorya �sheri fn� http://www.broad.mit.edu/annotation/genome/aspergillus_group/MultiDownloads.html 04.07.2008Aspergillus lavatus fal http://www.broad.mit.edu/annotation/genome/aspergillus_group/MultiDownloads.html 04.07.2008Aspergillus �avus fa� http://www.broad.mit.edu/annotation/genome/aspergillus_group/MultiDownloads.html 04.07.2008Aspergillus fumigatus fafu http://www.broad.mit.edu/annotation/genome/aspergillus_group/MultiDownloads.html 04.07.2008Aspergillus nidulans fani http://www.broad.mit.edu/annotation/genome/aspergillus_group/MultiDownloads.html 04.07.2008Aspergillus niger fang http://www.broad.mit.edu/annotation/genome/aspergillus_group/MultiDownloads.html 04.07.2008Aspergillus oryzae faor http://www.broad.mit.edu/annotation/genome/aspergillus_group/MultiDownloads.html 04.07.2008Aspergillus terreus fate http://www.broad.mit.edu/annotation/genome/aspergillus_group/MultiDownloads.html 04.07.2008Botrytis inerea fbi http://www.broad.mit.edu/annotation/genome/botrytis_inerea.2/MultiDownloads.html 04.07.2008Slerotinia slerotiorum fss http://www.broad.mit.edu/annotation/genome/slerotinia_slerotiorum.2/MultiDownloads.html 04.07.2008Chaetomium globosum fgo http://www.broad.mit.edu/annotation/genome/haetomium_globosum.2/MultiDownloads.html 04.07.2008Neurospora rassa fnr http://www.broad.mit.edu/annotation/genome/neurospora/assets/neurospora_rassa_7.fasta.gz 20.06.2008Neurospora disreta fndi nbi 20.06.2008Neurospora tetrasperma fnte nbi 20.06.2008Podospora anserina fpan http://podospora.igmors.u-psud.fr/download.html 04.07.2008Magnaporthe grisea fmgi http://www.broad.mit.edu/annotation/genome/magnaporthe_grisea/Downloads.html 04.07.2008Fusarium oxysporum �ox http://www.broad.mit.edu/annotation/genome/fusarium_group/MultiDownloads.html 04.07.2008Fusarium graminearum �gr http://www.broad.mit.edu/annotation/genome/fusarium_group/MultiDownloads.html 04.07.2008Fusarium vertiillioides �ve http://www.broad.mit.edu/annotation/genome/fusarium_group/MultiDownloads.html 04.07.2008Trihoderma reesei ftre http://genome.jgi-psf.org/Trire2/Trire2.download.ftp.html 04.07.2008Gibberella zeae fgze ftp://ftp.nbi.nih.gov/genomes/Fungi/Gibberella_zeae 04.07.2008Netria haematooa fhae http://genome.jgi-psf.org/Neha2/Neha2.download.ftp.html 04.07.2008Candida albians fal http://www.broad.mit.edu/annotation/genome/andida_albians/MultiDownloads.html 04.07.2008Candida dubliniensis fdu ftp://ftp.sanger.a.uk/pub/pathogens/Candida/dubliniensis 04.07.2008Candida parapsilosis fpa http://www.broad.mit.edu/annotation/genome/andida_albians/MultiDownloads.html 04.07.2008
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Candida guilliermondii fgu http://www.broad.mit.edu/annotation/genome/andida_albians/MultiDownloads.html 04.07.2008Candida lusitaniae flu http://www.broad.mit.edu/annotation/genome/andida_albians/MultiDownloads.html 04.07.2008Candida glabrata fgl http://bi.labri.fr/Genolevures/download/CAGL_hromosomes.php 04.07.2008Yarrowia lipolytia fyli http://bi.labri.fr/Genolevures/download/sequene/ 04.07.2008Debaryomyes hansenii fdha http://www.broad.mit.edu/annotation/genome/andida_albians/MultiDownloads.html 04.07.2008Lodderomyes elongisporus �el http://www.broad.mit.edu/annotation/genome/andida_albians/MultiDownloads.html 04.07.2008Saharomyes erevisiae fse ftp://ftp.nbi.nih.gov/genomes/Saharomyes_erevisiae/ 17.03.2009Saharomyes bayanus fsba ftp://ftp.nbi.nih.gov/pub/TraeDB/saharomyes_bayanus/fasta.saharomyes_bayanus.001.gz 07.07.2008Saharomyes kluyveri fskl ftp://ftp.nbi.nih.gov/pub/TraeDB/saharomyes_kluyveri/fasta.saharomyes_kluyveri.001.gz 07.07.2008Saharomyes mikatae fsmi ftp://ftp.nbi.nih.gov/pub/TraeDB/saharomyes_mikatae/fasta.saharomyes_mikatae.001.gz 07.07.2008Saharomyes paradoxus fspa ftp://ftp.nbi.nih.gov/pub/TraeDB/saharomyes_paradoxus/fasta* 07.07.2008Saharomyes degradans fsde ftp://ftp.nbi.nih.gov/pub/TraeDB/saharophagus_degradans_2-40/fasta.saharophagus_degradans_2-40.001.gz 07.07.2008Kluyveromyes latis fkla http://bi.labri.fr/Genolevures/download/sequene/ 04.07.2008Pihia stipitis fpst ftp://ftp.nbi.nih.gov/genomes/Fungi/Pihia_stipitis/ 04.07.2008Pihia guilliermondii fpgu ftp://ftp.nbi.nih.gov/pub/TraeDB/pihia_guilliermondii/fasta.pihia_guilliermondii.001.gz 07.07.2008Eremotheium gossypii fego ftp://ftp.nbi.nih.gov/genomes/Fungi/Eremotheium_gossypii 04.07.2008Shizosaharomyes japonius fsja http://www.broad.mit.edu/annotation/genome/shizosaharomyes_group/MultiDownloads.html 04.07.2008Shizosaharomyes otosporus fso http://www.broad.mit.edu/annotation/genome/shizosaharomyes_group/MultiDownloads.html 04.07.2008Shizosaharomyes pombe fspo http://www.broad.mit.edu/annotation/genome/shizosaharomyes_group/MultiDownloads.html 04.07.2008Phaeerohaete hrysosporium fph http://genome.jgi-psf.org/Phhr1/Phhr1.download.ftp.html 04.07.2008Postia plaenta fppl ftp://ftp.jgi-psf.org/pub/JGI_data/Postia_plaenta/v1.0/Postia_plaenta.fasta.gz 07.07.2008Laaria biolor �bi ftp://ftp.jgi-psf.org/pub/JGI_data/Laaria_biolor/laaria.fasta.gz 06.07.2008Coprinus inereus fi http://www.broad.mit.edu/annotation/genome/oidioides_group/MultiHome.html 04.07.2008Cryptoous neoformans fne http://www.broad.mit.edu/annotation/genome/ryptoous_neoformans.2/MultiDownloads.html 04.07.2008Sporobolomyes roseus fsro http://genome.jgi-psf.org/Sporo1/Sporo1.download.ftp.html 04.07.2008Phakopsora pahyrhizi fppa ftp://ftp.nbi.nih.gov/pub/TraeDB/phakopsora_pahyrhizi 07.07.2008Puinia graminis tritii fpgr http://www.broad.mit.edu/annotation/genome/puinia_graminis.3/MultiDownloads.html 04.07.2008Ustilago maydis fuma http://www.broad.mit.edu/annotation/genome/ustilago_maydis.2/MultiDownloads.html 04.07.2008Allomyes marogynus fama NCBI 07.07.2008Batrahohytrium dendrobatidis fbde http://www.broad.mit.edu/annotation/genome/batrahohytrium_dendrobatidis.3/download/?sp=EASuperontigs-Fasta&sp=SBD_JEL423&sp=S.zip 07.07.2008Spizellomyes puntatus fspu ftp://ftp.nbi.nih.gov/pub/TraeDB/spizellomyes_puntatus/fasta.spizellomyes_puntatus.001.gz 07.07.2008Antonospora loustae falo http://gmod.mbl.edu/perl/site/antonospora01?page=download 04.07.2008Enephalitozoon uniuli feu ftp://ftp.nbi.nih.gov/genomes/Fungi/Enephalitozoon_uniuli 04.07.2008Rhizopus oryzae fror http://www.broad.mit.edu/annotation/genome/pyrenophora_tritii_repentis.3/MultiDownloads.html 04.07.2008Phyomyes blakesleeanus fpbl ftp://ftp.jgi-psf.org/pub/JGI_data/Phyomyes_blakesleeanus/assembly/v1.0/Phybl1_sa�olds.fasta.gz 07.07.2008Aanthamoeba astellanii as ftp://ftp.nbi.nih.gov/pub/TraeDB/aanthamoeba_astellanii 11.05.2007Entamoeba histolytia ehi ftp://ftp.tigr.org/pub/data/Eukaryoti_Projets/e_histolytia/whole_genome_sequening/HISTOLYTICA.SINGLE-TONS.seq 06.07.2008Dityostelium disoideum ddi http://ditybase.org/db/gi-bin/dityBase/download/download.pl?area=blast_databases&ID=dity_hromosomal.gz 04.07.2008Physarum polyephalum ppo ftp://ftp.nbi.nih.gov/pub/TraeDB/physarum_polyephalum/fasta* 07.07.2008Giardia lamblia gla http://www.giardiadb.org/ommon/downloads/release1.1/GlambliaGenomi_GiardiaDB-1.1.fasta 06.07.2008Trihomonas vaginalis tva ftp://ftp.tigr.org/pub/data/Eukaryoti_Projets/t_vaginalis/whole_genome_sequening/T.vaginalis_Sa�olds_-20050331.fasta.gz 02.10.2007Emiliania huxleyi ehu ftp://ftp.jgi-psf.org/pub/JGI_data/Emiliania_huxleyi/assembly/v1.0/Emihu1_sa�olds.fasta.gz 07.07.2008Naegleria gruberi ngr ftp://ftp.jgi-psf.org/pub/JGI_data/Naegleria_gruberi/assembly/v1.0/Naegr1_sa�olds.fasta.gz 07.07.2008Leishmania braziliensis lbr http://www.sanger.a.uk/Projets/L_braziliensis/ 23.04.2007Leishmania infantum lin ftp://ftp.sanger.a.uk/pub/pathogens/L_infantum/DATASETS/LinJwholegenome_20080508.v3.0a.fasta 04.07.2008Leishmania major lma ftp://ftp.sanger.a.uk/pub/databases/L.major_sequenes/DATASETS/LmjFwholegenome_20070731_V5.2.fasta 05.07.2008
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184 Trypanosoma bruei tbr ftp://ftp.tigr.org/pub/data/Eukaryoti_Projets/t_bruei/annotation_dbs/ 16.06.2007Trypanosoma ongolense to ftp://ftp.sanger.a.uk/pub/databases/T.ongolense_sequenes/May2007_phusion_assembly/Tongo_phusion_-sa�s.fas.gz 06.07.2008Trypanosoma ruzi tr http://truzidb.org/truzidb/ 14.05.2007Trypanosoma vivax tvi http://www.sanger.a.uk/Projets/T_vivax/ 18.07.2007Parameium tetraurelia pte www.genosope.ns.fr/externe/Franais/Projets/Projet_FN/data/assembly/unmasked/Ptetraurelia_V2.1.fasta 15.05.2007Tetrahymena thermophila tth ftp://ftp.tigr.org/pub/data/Eukaryoti_Projets/t_thermophila/Assemblies_and_Sequenes/Assembly_ttg_2.1_De-2007.fasta 04.07.2008Oxytriha trifallax otr ftp://ftp.nbi.nih.gov/pub/TraeDB/oxytriha_trifallax 07.07.2008Plasmodium faliparum pfa ftp://ftp.nbi.nih.gov/pub/TraeDB/plasmodium_faliparum/ 06.07.2008Plasmodium knowlesi pkn ftp://ftp.nbi.nih.gov/pub/TraeDB/plasmodium_knowlesi 07.07.2008Plasmodium vivax pvi ftp://ftp.nbi.nih.gov/pub/TraeDB/plasmodium_vivax_sai-1 07.07.2008Plasmodium reihenowi pre ftp://ftp.nbi.nih.gov/pub/TraeDB/plasmodium_reihenowi 07.07.2008Plasmodium berghei pbe ftp://ftp.sanger.a.uk/pub/pathogens/P_berghei/version2/BERG.ontigs_111007.fasta 07.07.2008Plasmodium gallinaeum pga ftp://ftp.sanger.a.uk/pub/pathogens/Plasmodium/gallinaeum/P_gallinaeum.phusion_superontigs.180705 07.07.2008Theileria parva tpa ftp://ftp.tigr.org/pub/data/Eukaryoti_Projets/t_parva/annotation_dbs/*1on 07.08.2008Theileria annulata tan ftp://ftp.sanger.a.uk/pub/pathogens/T_annulata/TANN.ontigs.fasta.092304 07.07.2008Babesia bigemina bbi ftp://ftp.nbi.nih.gov/pub/TraeDB/babesia_bigemina/fasta* 07.07.2008Cryptosporidium hominis hm ftp://ftp.nbi.nih.gov/pub/TraeDB/ryptosporidium_hominis/fasta* 07.07.2008Cryptosporidium muris mu ftp://ftp.nbi.nih.gov/pub/TraeDB/ryptosporidium_muris/fasta* 08.07.2008Cryptosporidium parvum pa ftp://ftp.nbi.nih.gov/pub/TraeDB/ryptosporidium_parvum/fasta* 08.07.2008Eimeria tenella etn ftp://ftp.sanger.a.uk/pub/pathogens/Eimeria/tenella/genome/assemblies/assembly_2007_05_08.gz 08.07.2008Neospora aninum na ftp://ftp.sanger.a.uk/pub/pathogens/Neospora/aninum/NEOS.ontigs.version1/NEOS.ontigs.version1.0.fasta 07.07.2008Toxoplasma gondii gt1 tgo ftp://ftp.nbi.nih.gov/pub/TraeDB/ 07.07.2008Monosiga breviollis mbr http://genome.jgi-psf.org/Monbr1/Monbr1.download.ftp.html 04.07.2008Phaeodatylum triornutum hptr http://genome.jgi-psf.org/Phatr2/Phatr2.download.ftp.html 04.07.2008thalassiosira pseudonana htps http://genome.jgi-psf.org/Thaps3/Thaps3.home.html 25.06.2007phytophthora ramorum hpra v1.1 (August 2004) 02.08.2007phytophthora sojae hpso jgi 04.12.2005phytophthora infestans hpin http://www.broad.mit.edu/annotation/genome/phytophthora_infestans/assets/phytophthora_infestans_1.fasta.gz 07.07.2008Hyaloperonospora parasitia hhpa ftp://ftp.nbi.nih.gov/pub/TraeDB/hyaloperonospora_parasitia/fasta* 07.07.2008Etoarpus siliulosus hesi ftp://ftp.nbi.nih.gov/pub/TraeDB/etoarpus_siliulosus 07.07.2008Malus x domestia pmdo genomis.msu.edu/fruitdb/analyses/apple_v4_lustered.fsa 23.05.2007BAC Lotus japonius plja http://www.plantgdb.org/download/Download/xGDB/LjGDB/LjBAC160.bz2 07.07.2008Glyine max pgma ftp://ftp.nbi.nih.gov/pub/TraeDB/glyine_max/fasta* 07.07.2008Phaseolus vulgaris ppvu ftp://ftp.nbi.nih.gov/pub/TraeDB/phaseolus_vulgaris/fasta.phaseolus_vulgaris.001.gz 28.10.2008Mediago trunatula pmtr ftp://ftpmips.gsf.de/plants/mediago/MT_2_0/Mt2.0_pseudomoleule.tar.gz 07.07.2008Populus trihoarpa pptr genome.jgi-psf.org/Poptr1_1/Poptr1_1.download.ftp.html 23.05.2007Riinus ommunis pro ftp://ftp.nbi.nih.gov/pub/TraeDB/riinus_ommunis 07.07.2008Arabidopsis thaliana path http://www.plantgdb.org/XGDB/download.php?GDB=At 06.07.2008Brassia oleraea pbol ftp://ftp.nbi.nih.gov/pub/TraeDB/brassia_oleraea/fasta.brassia_oleraea.001.gz 07.07.2008BAC Brassia rapa pbra http://www.plantgdb.org/download/Download/xGDB/BrGDB/BrGDBba154.bz2 06.07.2008BAC Gossypium hirsutum pghi http://www.plantgdb.org/download/Download/xGDB/GhGDB/GHGDB.sql.bz2 07.07.2008Solanum lyopersium psly ftp://ftp.nbi.nih.gov/pub/TraeDB/solanum_lyopersium/fasta.solanum_lyopersium.001.gz 07.07.2008Solanum tuberosum pstu ftp://ftp.nbi.nih.gov/pub/TraeDB/solanum_tuberosum/fasta.solanum_tuberosum.001.gz 28.10.2008Niotiana benthamiana pnbe ftp://ftp.nbi.nih.gov/pub/TraeDB/niotiana_benthamiana/fasta.niotiana_benthamiana.001.gz 28.10.2008Vitis vinifera pvvi http://www.genosope.ns.fr/externe/Download/Projets/Projet_ML/data/assembly/goldenpath/unmasked/ 14.11.2008Oryza sativa posa http://rapdownload.lab.nig.a.jp/ 05.07.2008Hordeum vulgare (BAC) phvu http://www.plantgdb.org/download/Download/xGDB/HvGDB/HvGDBba157.bz2 07.07.2008
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Tritium aestivum (BAC) ptae http://www.plantgdb.org/download/Download/xGDB/TaGDB/TaGDBba154.bz2 07.07.2008Sorghum biolor psbi http://www.plantgdb.org/download/Download/xGDB/SbGDB/SBgenome.bz2 07.07.2008Zea mays pzma ftp://ftp.nbi.nih.gov/pub/TraeDB/zea_mays/fasta* 07.07.2008Pinus taeda ppta ftp://ftp.nbi.nih.gov/pub/TraeDB/pinus_taeda 07.07.2008Selaginella moellendor�i psmo ftp://ftp.jgi-psf.org/pub/JGI_data/Selaginella_moellendor�i/v1.0/Selmo1_assembly_sa�olds.fasta.gz 07.07.2008Physomitrella patens pppa genome.jgi-psf.org/Phypa1_1/Phypa1_1.download.ftp.html 23.05.2007Chlamydomonas reinhardtii are http://genome.jgi-psf.org/Chlre3/Chlre3.download.ftp.html 23.05.2007Volvox arteri ava http://genome.jgi-psf.org/Vola1/ 02.07.2007Miromonas pusilla ampu http://genome.jgi-psf.org/MipuC2/MipuC2.download.ftp.html 04.07.2008Ostreoous luimarinus aolu genome.jgi-psf.org/Ost9901_3/Ost9901_3.download.ftp.html 25.06.2007Ostreoous tauri aota ftp://ftp.jgi-psf.org/pub/JGI_data/Ostreoous_tauri/Otauri.fasta.gz 07.07.2008Cyanidioshyzon merolae ame http://merolae.biol.s.u-tokyo.a.jp/download/omplete_hromosomes.txt 04.07.2008Aureoous anophage�erens aaan http://genome.jgi-psf.org/Auran1/Auran1.download.ftp.html 04.07.2008
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Appendix CSeondary Strutures ofSL-RNAs
Table C.1: Sequenes, seondary strutures, and folding energies ∆G(kal/mol) of knownSL RNAs. Donor splie site (arrow) and Sm-binding site (box) are marked. Left ol-umn: Strutures proposed in the literature. Right olumn: Alternative strutural mod-els proposed in this work. Abbreviations: UWGCG � University of Wusonsin GenetisComputer Group; * � Realulated; T � natural ambient temperatur of organism; Blue nu-leotides (Euglena, Rotifera) indiate mutations within known SL RNA alignments; Blue Box(Hydra) � alternative SM-binding sites; Green Arrow (K. brevis) indiates erroneous spliesite from the literature; Sequenes, onstraints and drawings are available at www.bioinf.uni-leipzig.de/Publiations/SUPPLEMENTS/09-009Published SL RNA T Alternative possible strutures at organisms temperatureE. grailis, 1991 [212℄,folded by hand Additional Constraint:loarna-output
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ACRNAfold (29C): -26.52 -35.02 -32.30 -28.04E. grailis, 1999 [178℄,folded by hand? Additional Constraint:loarna-output
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