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Abstract

A plethora of new functions of non-coding RNAs have beendiscoveredin past few
years.In fact, RNA is emergingasthe central player in cellular regulation, taking on
active roles in multiple regulatory layers from transcription, RNA maturation, and
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RNA modi�cation to translational regulation. Nevertheless, very little is known
about the evolution of this \Mo dern RNA World" and its components. In this
contribution we attempt to provide at least a cursory overview of the diversity of
non-coding RNAs and functional RNA motifs in non-translated regions of regular
messengerRNAs (mRNAs) with an emphasison evolutionary questions.This survey
is complemented by an in-depth analysisof examplesfrom di�eren t classesof RNAs
focusingmostly on their evolution in the vertebrate lineage.We present a survey of
Y RNA genesin vertebrates, studies of the molecular evolution of the U7 snRNA,
the snoRNAs E1/U17, E2, and E3, the Y RNA family, the let-7 microRNA family,
and the mRNA-lik e evf-1 gene.We furthermore discussthe statistical distribution
of microRNAs in metazoans,which suggestsan explosive increasein the microRNA
repertoire in vertebrates. The analysis of the transcription of non-coding RNAs
(ncRNAs) suggeststhat small RNAs in generalare genetically mobile in the sense
that their association with a hostgene (e.g. when transcribed from introns of a
mRNA) canchangeon evolutionary time scales.The let-7 family demonstrates,that
even the mode of transcription (as intron or asexon) can changeamongparalogous
ncRNA.

Key words: evolution, non-coding RNA, mRNA, rRNA, snRNA, snoRNA,
miRNA, Y-RNA, vault RNA, gRNA, RNA editing, UTR.

1 In tro duction

Although it is still commonplaceto speak of \genes and their encoded pro-
tein products", thousandsof human genesproducetranscripts that exert their
function without ever producing proteins. The diversity of sequences,sizes,
structures, and functions of the known non-coding RNAs (ncRNAs) strongly
suggeststhat we have seenonly a small fraction of the functional RNAs. Most
of the ncRNAs are small, they do not have translated ORFs, and they are not
polyadenylated. Unlike protein coding genes,ncRNA genesequencesdo not
exhibit a strong common statistical signal, hencea reliable generalpurpose
computational gene�nder for non-coding RNA geneshasbeenelusive [88].

The list of functional non-coding RNAs includeskey players in the biochem-
istry of the cell. Many of them have characteristic secondarystructures that
are highly conserved in evolution. A non-exhaustive list is compiledin Tab. 1.
In addition to these relatively well-described classesthere is a diverse and
rapidly growing list of ncRNAs with sometimesenigmatic function: The 17kb
Xist RNA of humans and the smaller roX RNAs of Drosophila play a key
role in dosagecompensationand X chromosomeinactivation [13,109].Several
large ncRNAs are expressedfrom imprinted regions,seealso [368]. Many of
theseare cis-antisenseRNAs that overlap coding geneson the other genomic
strand [96]. An RNA (meiRNA) regulatesthe onsetof meiosisin �ssion yeast
[306]. No precisefunction is known at present for the human H19 transcript,
or the hrs! transcript induced by heat shock in Drosophila, seee.g. [97]. A
recent survey of the slimemold Dictyostelium discoideumuncoveredtwo novel
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classesof ncRNAs [12]. An experimental screenrecovered hundreds of small
ncRNAs from the mouse[175]. Ambros and coworkers [7] reported more than
30tiny non-coding RNAs in a recent survey of Caenorhabditis elegansthat are
slightly shorter than microRNAs, are not processedfrom hairpin precursors,
and are poorly conserved betweenrelated species.

Sincethe discovery of microRNAs [219, 228, 237]and the development of RNAi
as a general technique for manipulating translation [93], there is mounting
evidencethat ncRNAs in fact dominate the regulatory networks of the cell
[21,157,273, 274, 391]: The E. coli genomeencodesmore than 50 small RNA
genesat least someof which (e.g. MicF, OxyS, DsrA, Spot42, RhyB) act by
base-pairingto activate or represstranslation [127,383]. A largefraction of the
mousetranscriptomeconsistsof non-coding RNAs, many of them anti-senseto
known protein-coding transcripts [389]. Similarly, about half of the transcripts
from Human chromosomes21 and 22 are non-coding [52, 194], see[290] for
a discussionof the possiblerolesof anti-senseRNAs. Leishmaniaand related
kinetoplastids have reducedtranscriptional regulation of geneexpressionto
a minimum, maybe to the point of having lost any speci�c polymeraseI I
transcription initiation [62].Instead,theseorganismsusean elaboratecleavage
and trans-splicing mechanism basedon the action of � 40nt \spliced leader"
RNA. Tetrahymenaappearsto usean RNA-basedmechanismfor directing its
genome-wideDNA rearrangements [286,444].

Another level of RNA function is presented by functional motifs within protein-
coding RNAs. We brie
y mention a few of the best-understood examplesof
structurally conserved RNA motifs in viral RNAs: An IRES (internal riboso-
mal entry site) regionis usedinsteadof a capto initialize translation by Picor-
naviridae, someFlaviviridae including Hepatitis C virus, and a small number
of mRNAs, seee.g. [352, 174, 326]. Viral RNAs contain a large number of
structured binding motifs that are essential for the viral life cycles,e.g. the
TAR and RRE motifs in HIV [75] or the CRE (cis-acting replication element)
hairpin in Picornaviridae [439].RNA-localization mechanismsinvolve speci�c
sequencesmotifs in the localizedRNA that causecertain proteins to mediate
the interaction with cytoskeletal elements [307].The localizedbicoid mRNA,
for instance,is responsiblefor laying down the body axesof the embryo [332].

RNA switches, i.e., RNAs that drastically change their structure, are im-
portant regulatory elements [386]. For instance, the terminator and anti-
terminator, two alternative RNA hairpins, regulategeneexpressionin E. coli
and B. subtilis by attenuation [15, 104, 337].RNA switchescan provide exact
temporal control as in the hok/sok systemof plasmid R1 which triggers pro-
grammedcell death [297, 287]. RNA switches also play a role in the spliced
leaderof trypanosomesand nematodes[234]. A theoretical study shows that
RNAs exhibiting very di�erent secondarystructureswith near-groundstateen-
ergy, i.e., potential riboswitches,arerelatively frequent and easilyaccessiblein
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Table 1. Major classesof functional RNAs

Class Size Function Phylogenetic Distribution DB

tRNA 70-80 translation ubiquitous [379]

rRNA 16S/18S 1.5k translation ubiquitous [416, 266]

28S+5.8S/23S 3k translation ubiquitous [443, 266]

5S 130 translation ubiquitous [390]

RNaseP P 220-440 tRNA maturation ubiquitous [40]

MRP 250-350 endonuclease,5.8SrRNA maturation eukarya

snoRNA H/A CA � 130 pseudouridinylation in rRNAs eukarya [355]

C/D 60-80 rib ose2'-O-methylation in rRNAs eukarya, archaea

telomerase 400-550 eukarya

snRNA U1,U2,U4,U5,U6 100-160 major spliceosome,mRNA maturation eukarya

U11,U12 130-140 minor spliceosome,mRNA maturation eukarya [131]

SL � 100 trans-splicing lower eukaryotes

U7 � 65 histone mRNA maturation eukarya

7SK � 300 transcriptional regulation vertebrata

7SL/SRP 300-400 signal recognition particle ubiquitous [124]

vault 80-100 part of vault particle vertebrata

Y 80-100 part of Ro particle metazoa

tmRNA 300-400 tags protein for proteolysis bacteria, chloroplasts, cyanoplasts [457]

miRNA � 22 post-transcriptional regulation multicellular organisms [131]

gRNA 40-80 RNA editing kinetoplastids [156]
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evolution [108].Arti�cial riboswitcheshave beenexploredfor biotechnological
applications[378,207, 364]and it hasbeendemonstratedthat such constructs
can be speci�cally triggered by meansof small \mo di�er" RNAs [277,142].

Given the importance of ncRNAs and RNA-basedmechanism in extant life-
forms, it is surprising that we know relatively little about the evolutionary his-
tory of most RNA classes.There are strong reasonsto concludethat the Last
CommonAncestor (LCA) wasprecededby simpler life forms that werebased
primarily on RNA. In this RNA World scenario[117,116], the translation of
RNA into proteins and, �nally , the usageof DNA [110] asinformation storage
deviceare later innovations. The wide rangeof catalytic activities that canbe
realizedby relatively small ribozymes[22, 177, 188, 191, 236, 411] as well as
the usageof RNA catalysisat crucial points of the information metabolism of
modern cells [186, 86, 289] provides support for the RNA World hypothesis.
Plausible ribozyme catalyzed pathways for a late-stageribo-organism[191],
the role and evolution of co-enzymes[180], and a rather detailed model of the
stepsleading from the RNA world to modern cellular architectures [333] have
beenthe subject of detailed investigations.

Probably the best-studiedgroup are the ribosomalRNAs (rRNAs) becauseof
their utilit y in molecularphylogenetics.In fact, much of our knowledgeabout
the deepestbranchesof the treeof life hasbeeninferred from 16S/18Ssequence
data [85,308, 415,327, 51]. Besidesthe 16S/18Sand the 28S/23Slargesubunit
rRNA, other classesof RNAs, however, have beenusedonly sporadically for
these purposes,although it has been shown that they are phylogenetically
informative [42, 66, 173]. TelomeraseRNA structures were usedto elucidate
the phylogeny of tetrahymenine ciliates [445]. Nevertheless,relatively little
information is available on the origins of variousRNA classes.Apart from the
ribosomalRNAs (seee.g. [43]) and tRNAs [91], an origin predating the last
commonancestoris clear only for the RNaseP/RNase MRP family.

The Rfamdatabase[131, 132], the noncode database[253], and the RNAdb
[312] collect the 
o od of information on such ncRNAs and functional RNA
motifs that before has been distributed over a large number of specialized
databases(referencedin Tab. 1) dedicated to individual ncRNA families. A
specializeddatabasefor plant-speci�c ncRNAs is the ArabidopsisSmall RNA
Project Database(ASRP) [140].

The purposeof this contribution is two-fold. Firstly, we tried to compile an
overview of the current (January 2005) knowledgeon all the di�erent levels
of RNA activit y in the cell, with an emphasisof what is (or is not) known
about the evolution of individual classesof RNAs. Secondly, we usethe frame-
work of the review-like material to put newresultson individual ncRNAs into
perspective. Together,a picture emergesthat on the one hand supports the
picture of RNA as an ancient player in the cell, likely deriving from an RNA
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world pre-dating the last commonancestorof all extant life [186],while on the
other hand many ncRNA familiesareprobably relatively younginnovations or
have expandeddramatically, as for instancemicroRNAs, in certain lineages.

2 Detection of ncRNAs

Genomedatabasesnowadays o�er a wealth of annotation about protein coding
genesand their putativ e functions. Annotation of ncRNA genes,however, is
almost non-existent. The main reasonfor this is the lack of establishedand
reliable methods to detect such ncRNA genescomputationally in genomic
sequences.Current approachesfor ncRNA detection can be clearly separated
into two classes:methods to detect new members of already known and well-
characterizedncRNA families, and attempts to predict RNA genesde novo
so that novel families of ncRNAs can alsobe found.

2.1 Members of Known Families

Large, highly conserved ncRNAs, in particular ribosomal RNAs, can easily
be found using blast [4]. Similarly, blast can be used to �nd orthologous
ncRNAs in closelyrelated species,e.g.[395, 430]. In most cases,however, this
approach is limited by the relatively fast evolution of most ncRNAs. Since
RNA sequenceoften evolves much faster than structure, the sensitivity of
search tools can be greatly improved by using both sequenceand secondary
structure information.

The simplest classof search tools usesregular or context free grammars to
describe RNA motifs that are explicitly known to the user. There is no pos-
sibilit y to adapt the model to variations of the instance, and it is also very
di�cult for a user to de�ne production rules for complicated motifs with a
large number of exceptions.

With probabilistic models,such asstochastic context freegrammars(SCFG),
the user is able to assignprobability distributions to production rules; noise
in the dataset is handled easily becausethe model can adapt itself to varia-
tions. The main drawback of stochastic context freegrammarsis that most of
the available implementations demandlarge computational resources.Hybrid
languages,like HyPaL[129] or the languageusedin RNAMotif [264], connect
pattern languageswith user de�ned approximative rules, which rank the re-
sults accordingto their distanceto the motif. Their advantage lies in a faster
processingcomparedto SCFG. Nevertheless,the de�nition of approximative
rules also requiresexplicit knowledge,at least to someextent. Table 2 sum-
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Table 2
General PurposeAlgorithms for RNA Motif Detection.
Tools that detect a special classof RNA motifs are not listed here.

Program Comparativ e or
single organism

Description

Approac hes which search for instances of a motif

ERPIN[114] comparativ e Input is a sequence alignment with consensus structure.
For each helix and single strand a log-odds-score pro�le is
de�ned which describes the motif.

PATSearch[324] single Motif is de�ned by a language inspired by regular expres-
sions.

fragrep [293] single Detects patterns consisting of approximately matched
gapless blocks with constrained inter-blo ck distances

Palingol [29] single A constrain t programming language particularly adapted
for secondary structures. Allo ws both sequenceand struc-
ture patterns, including pseudo-knots.

RNAMotif [264] comparativ e Description of structural motif in terms of helices and se-
quence patterns. Putativ e hits are ranked according to
user de�ned rules.

infernal [89] comparativ e Toolkit for constructing covariance models and �nding
new members of a family . Input is a multiple align-
ment with structural annotation. With SCFGs a consen-
sus model of RNA structure shared by these sequencesis
de�ned.

Rsearch [202] single Input is a single RNA sequenceand its structural informa-
tion. Rsearch is a local alignment algorithm which consid-
ers structural and sequenceconstrain ts. A base pair and
single nucleotide substitution matrix for RNAs (RIBO-
SUM) de�nes alignment scores.

FastR [17] single Lik e Rsearch a pairwise alignment algorithm that ad-
dresses structural and sequence conservation. Running
time is highly decreased by prepro cessing the target se-
quences.Only those targets sharing similar structural fea-
tures with the query RNA are aligned.

Approac hes which search for motifs from scratch

SLASH[123] comparativ e Input are unaligned sequences.foldalign de�nes highest
scoring local alignments of these sequencesaccording to
sequenceand structure constrain ts. COVEcreates a SCFG
model from those local alignments and does database
searches.

RNAProfile [318] comparativ e Input is a set of unaligned sequences. Motif is de�ned
by the number of single hairpins it may contain. Greedy
heuristic to �nd sequencesin the input set which share a
common motif with de�ned number of hairpins.

GPRM [170] comparativ e Genetic programming approach to �nd structural RNA
motifs that discriminate a set of input sequencesfrom a
set of randomized sequences

HyPaand HyPaLib [129] single A search engine and pattern library for \h ybrid patterns",
consisting of sequence and structure elements. The lan-
guagealso includes thermo dynamic constrain ts. Curren tly ,
however, HyPaLib contains only some 60 patterns.

marizesthe most commonly usedapproaches.

PatSearch [324],RNAMotif [264], and Palingol [29]are toolswhich allow the
user to specify a given motif with a particular description languageand o�er
search approachesto identify instancesof the motif in a set of sequences.
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Palingol is a constraint programminglanguageto describe arbitrary ruleson
primary and secondarystructure. The userde�nes a seriesof booleanexpres-
sionswhich must be satis�ed by a successfulhit.

In PatSearch, a languagesimilar to regular expressionsis used to describe
motifs. For patterns composedof a string, a weight matrix can be de�ned
which enablesranking and searching for approximative hits.

RNAMotif combines a pattern languagewith an awk-like programming lan-
guagethat describesapproximative userde�ned scores.Sequenceswhich have
beenmatched successfullyare evaluated and ranked accordingto the scoring
section.

ERPIN[114] is an exampleof tools that do not needan explicit de�nition of
a descriptor to search for homologsof a motif. From a sequencealignment
annotated with helix regions it extracts frequenciesof nucleotides in single
strands and basepair frequenciesin helices.Those frequenciesare compared
to expected basefrequenciesin the target databaseby calculating log-odds
ratios. The sum of log-odds ratios over all positionsof a target sequencegives
the �nal score.

RNAProfile [318]requiresasinput the number of hairpins of a motif to extract
it from an unaligned set of sequenceswhere somecontain the samemotif.
All sequencesare folded and only those subsequencesforming minimum free
energystructures with the speci�ed number of hairpins are regardedduring
the search. In a greedysearch approach the selectedregionsof the �rst two
sequencesarepairwisealigned,accordingto primary and secondarystructure.
For each alignment, a pro�le, composedof observed frequenciesof unpaired
and paired nucleotidesat each position, is de�ned and the best scoringones
are kept. In the secondstep the best scoring pairwise pro�les are aligned to
the selectedregions of the next sequenceand again only the best updated
pro�les are kept, and soon. If all sequencesof the input set are processed,the
highest scoring pro�les de�ne the detectedmotif. A �tness value is assigned
to each �nal hit assessingits statistical signi�cance.

A number of large-scalesurveyshave beenperformedusingoneof the general
purposetools mentioned above. An non-exhaustive list includesa microRNA
survey usingERPIN[241],a search for U5 snRNA and RNaseP usingRNAmotif
[65], and a survey of RNaseP RNAs in bacterial genomes[244].

Fragrep [293] is a simplesequencebasedtool that allows to specify a query of
short sequenceelements that areseparatedby poorly conservedregionsof vari-
able length. Local alignment algorithms such asblast are thereforeill-suited
for the discovery of new homologsof such ncRNAs in genomicsequences.The
fragrep tool instead implements an e�cien t algorithm for detecting pattern
fragments that occur in a given order. For each pattern fragment a mismatch
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Table 3
Survey of Y RNAs in completely sequencedgenomesusing fragrep .

Genome Hs Mm Rn Gg Xl Tr Tn Dr

# matches 148 6 8 4 4 3 3 2

Hs: Homo sapiens, Mm: Mus musculus, Rn: Rattus norvegicus, Gg: Gal lus gallus, Xt: Xenopus tr opicalis ;
Tr: Takifugu rubrip es, Tn: Tetraodon nigr oviridis , Dr: Danio rerio .

toleranceand boundson the length of the intervening sequencescan be spec-
i�ed separately.

The application of fragrep is demonstrated in Tab. 3 using Y RNAs, an
abundant small ncRNA described in somemore detail below, as an example.
It is straightforward to extract a query from sequencesand structures of Y1,
Y3, Y4 and Y5 RNAs given in [304]; the conserved sequencefragments of Y
RNAs have alsobeenstudied by other authors [103,399].The largenumber of
human sequencesindicates that Y RNAs are associated with a repeat family
in the human genome.An analysisof the Y RNA candidatesequenceswill be
given in section3.5.

Specializedprograms have been developed to detect members of particular
ncRNA families. Examples of this approach include miRseeker for microR-
NAs [221], BRUCEfor tmRNAs [227], tRNAscanfor tRNAs [254], snoScanfor
box C/D snoRNAs[255], fisher for box H/A CA snoRNAs[90], as well as a
heuristic for SRP RNAs [339, 351]. An improved method for box C/D snoR-
NAs was recently presented by Accardo et. al. [1]: starting from yeast rRNA
methylation sites,they �rst identi�ed homologouspositionsin D. melanogaster
rRNAs and then usesnoScan[255] to search for putativ e snoRNAswith bind-
ing motifs complementary to the putativ e methylation sites. MicroRNAs in
plants can be found by extracting those hairpin structures that contain se-
quencemotifs complementary to a mRNA, which is then a putativ e target
[189, 34, 2].

2.2 Novel ncRNAs and RNA motifs

Detecting novel ncRNAswithout any prior knowledgeof sequenceor structure
is still a largely unsolved issue.In contrast to protein-coding genes,which show
strong statistical signalslike open readingframesor codon bias, ncRNAs lack
any comparablesignals in primary sequencethat could be used for reliable
detection.

Only in very specialcasescanncRNAs be identi�ed basedon a signi�cant bias
in basecomposition. AT-rich hyper-thermophilesweresuccessfullyscreenedfor
ncRNAs simply by searching for GC rich regions[203, 360]. MicroRNAs can
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be detectedbasedon their increasedthermodynamic stabilit y [35]. Carter et
al. usedmachine learning techniquesto extract commonsequencefeaturesof
known ncRNAs including GC content in E. coli [49].

Most ncRNAs do, however, depend on a well-de�ned structure for their func-
tion. This has led to various attempts to predict functional RNAs using pre-
dicted secondarystructures. It was �rst suggestedby Maizel and co-workers
that functional RNA elements should have a more stable secondarystructure
than expectedby chance[231, 57]. However, Rivasand Eddy had to conclude
in an in-depth study on the subject that thermodynamic stabilit y aloneis gen-
erally not statistically signi�cant enoughfor reliable ncRNA detection [342].
Someother characteristic measuresderived from secondarystructure predic-
tions have beenproposed[365, 233, 232] which, however, are also of limited
value in the context of genomewide ncRNA prediction. A combination of
geneexpressiondata and high level sequenceconservation was successfulin
discovering novel ncRNAs in the intergenicregionsof the E. coli genome[429].

The reasonfor the limited successof these approaches is that the presence
of secondarystructure in itself doesnot indicate any functional signi�cance,
becausealmost all RNA moleculesform secondarystructures. In fact, most
compelling evidencefor functional signi�cancecomesfrom comparativestudies
that demonstrateevolutionary conservation of structure.

Extensive computer simulations, seee.g. [367, 135, 136, 176], showed that a
small number of point mutations is very likely to causelarge changesin the
secondarystructures. It follows that structural featureswill be preserved in
RNA moleculeswith less than some80% of sequenceidentit y only if these
featuresare under stabilizing selection,i.e., when they are functional.

This fact is exploited by the alidot [161] algorithm for searching conserved
secondarystructure patterns in large RNAs. Secondarystructures are pre-
dicted independently for each sequence,typically usingMcCaskill's algorithm
[275], which yields a list of thermodynamically plausiblebasepairs with their
equilibrium probabilities. Next, a conventional multiple sequencealignment
is computed,e.g.using ClustalW. By copying the gapsfrom the multiple se-
quencealignment into the predictedstructures,a list of homologousbasepairs
is obtained. This list is then sorted by meansof hierarchical credibility cri-
teria that explicitly take into account both thermodynamic information and
sequencecovariation. A detailed description of the method can be found in
[161, 164]. A similar approach is takenby the ConStruct tool [259, 258],which
alsofeaturesa graphical tool for manipulating the sequencealignment in order
to achieve a better consensusstructure. Alidot doesnot pre-supposethe ex-
istenceof a global conserved structure. It is thereforeparticularly well suited
when the sequencesare expectedto contain only small structurally conserved
regions,as is the casefor examplein RNA viruses.
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For predicting globally conserved structuresa di�erent technique, \folding the
alignment", may be preferred.Here, the folding algorithm itself is modi�ed to
work on a sequencepro�le, or multiple sequencealignment, insteadof a single
sequence.The two best known implementations of this approach are pfold
[205, 204],and RNAalifold [162]. pfold is basedon an stochastic context free
grammar, and thus usesparametersderived from a training set. It alsomakes
explicit useof a predicted phylogenetictree. RNAalifold , on the other hand,
usesthe standard energy model for RNA secondarystructures, augmented
with a covariation term that rewards consistent and compensatorymutations.
Thus, for identical sequences,it gives the sameresult as the single sequence
prediction from RNAfold. With a few(or evenjust two) relatedsequencesthese
programsachieve prediction accuraciesmuch higher than prediction methods
for single sequences.The approach is limited by the accuracy of the input
alignment.

For sequenceswith lessthan 60%identit y, pure sequencealignments typically
di�er signi�cantly from structurally correctalignments. In thesecases,onecan
resort to using a variant of the Sanko� algorithm [357] which computesthe
alignment and consensusstructure simultaneously. Notable implementations
are foldalign [123, 125, 147], dynalign [271], pmcomp/ pmmulti [160], and
dart [167]. The Sanko� algorithm is computationally very expensive, scaling
as O(n6) in the unrestricted case.The above algorithms therefore use vari-
ous restrictions to improve speed(foldalign for exampleconsidersonly un-
branched stem-loop structures). Nevertheless,they are generallynot suitable
for genomewide scans.A di�erent approach to structural alignments is pro-
vided by making useof the tree representations of RNA secondarystructures.
Both RNAforrester [158] and MARNA[374] producemultiple alignments from
pairwise structure-basedalignments. For a recent comparisonof techniques
for consensusstructure prediction see[112].

Accurate predictions of consensusstructures can provide a steppingstoneto-
wards reliable detection of functional RNAs. However, an successfulncRNA
�nder must also provide a measureof signi�cance, such as an p-value or
E-value. A well-known program to classify pairwise sequencealignments as
ncRNA, protein coding, or anything else,is qrna [343]. This progamm com-
paresthe scoreof three distinct modelsof sequenceevolution to decidewhich
onedescribesbestthe givenalignment: a pair stochasticcontext freegrammars
(SCFG) is usedto model the evolution of secondarystructure, a pair hidden
Markov model (HMM) describesthe evolution of protein coding sequence,and
a di�erent pair HMM implements the null model of a non-coding sequence.
Qrna was successfullyused to predict ncRNAs candidatesin E. coli and S.
cerevisiae [344, 276],someof which could be veri�ed experimentally. Qrna is,
however, currently limited to pairwisealignments, andsomewhatslow for large
genomicscans.Other recent programsfor detectingconserved RNA secondary
structures include ddbRNA[80] and MSARi[67]. A phylogeneticshadowing ap-
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proach speci�cally gearedtowards the detection of microRNA precursorsis
described in [27].

Currently, the sensitivity and/or speci�cit y of all theseprogramsis insu�cien t
for screensof large eukaryotic genomes.Part of the problem is often oversim-
pli�cation of the folding model (poor thermodynamics),aswell asconsidering
only compensatory mutations as signal for structural conservation. Typical
data sets, however, do not always show enoughsequencevariation ensuring
this to be a signi�cant indicator.

Recently, it has beendemonstratedthat the comparative approach can give
signi�cant results even for alignments with only few sequenceand high simi-
larit y [426]. This approach usesRNAalifold [162] to computeconsensusstruc-
tures, making bestuseof covarianceinformation and thermodynamicstabilit y.
Signi�cance is then measuredby a z-scorecomparing the consensusfolding
energyof the native alignment (ascomputedby RNAalifold ) with the folding
energiesof randomized alignments, obtained by a shu�ing procedure. Al-
though the results are promising in terms of accuracy, the practicabilit y of
this approach is limited by the high computational costscausedby the time
consumingshu�ing procedure.In a more recent contribution, this problem is
solved resulting in a time e�cien t algorithm showing similar accuracy. The
program RNAz[427] usestwo independent criteria for classi�cation: a z-score
measuringthermodynamic stabilit y of individual sequences,and a structure
conservation index obtained by comparing folding energiesof the individual
sequenceswith the predictedconsensusfolding. The two criteria arecombined
by a support vector machine that detectsconservedand stableRNA secondary
structures with high sensitivity and speci�cit y. Thus, RNAzseemsto be the
�rst program suitable for screeninglarge eukaryotic genomes[427,82].

GPRM[170]considersmotif prediction a supervisedlearning problem. Coregu-
lated mRNA sequencesare usedaspositive examples,while the samenumber
of randomly generatedsequencesform a set of negative examples.A genetic
programmingapproach is usedto learn the motifs in the predicted structures
that can discriminate the positive set from the random sequences.Optimal
discriminators are thereforegood candidatesfor functionally important struc-
tural motifs [171].

It should be pointed out, however, that not all ncRNAs can be tracked down
by searching for conserved secondarystructures.To mention only a few exam-
ples, the U4 and U6 spliceosomalRNAs are known to form extensive inter -
molecular interactions rather than forming stable intr a-molecular secondary
structures and are thereforemissedby this approach. Also, most of the C/D-
classsnoRNAslack an easily detectablesecondarystructure. Thus, while re-
liable structural RNA gene�nding programshave comeinto reach, a general
RNA gene�nder remainselusive.
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3 Sequence Evolution of ncRNA Families

3.1 Non-coding RNAs and PhylogeneticInference

While, aswe have seenin the previoussection,sequenceinformation aloneis
in general insu�cien t to detect non-coding RNAs, it can be used very well
to elucidate the evolutionary relationships of these genes,at least within a
given family of ncRNAs or RNA motifs. Since most known ncRNAs have
evolutionarily conserved structures, however, they are only approximately de-
scribed by models assumingindependent evolution of sequencepositions. A
more accuratetreatment explicitly takesinto account that sequencepositions
that form conserved basepairs are highly correlated. Corresponding models
of sequenceevolution are described e.g. in [362, 205, 358, 311]. The phase
package [190, 173] implements such a model and is speci�cally designedto
infer phylogeniesfrom RNAs that have a conserved secondarystructure.

Thesesecondarystructures, however, have rarely beenusedin molecularphy-
logeneticsso far. An exception is the investigation into the history of RNase
P and RNaseMRP RNAs by David Penny and co-workers [66]. This study
usesRNA editing distances[371] implemented in Vienna RNApackage [163]
to show that \RNA secondarystructure is useful for evaluating evolution-
ary relatedness,even with sequencesthat cannot be alignedwith con�dence".
More recently, cladistic analysesbasedon RNA secondarystructure [42, 43]
have demonstratedthis point convincingly, in particular at the level of deep
phylogenies.

In the following we compilean overview of our current knowledgeof the evo-
lution of the best known classesof non-coding RNAs. Our focus therefore
are genephylogeniesand the history of duplications and lossesthat led to
the present ncRNA inventory. This review of the literature is complemented
by a number of original results, for which we provide supplemental data in
electronicform 1 . We have mostly usedneighbor-joining [354] rather than the
sophisticatedmaximum likelihood techniquesmentioned above, sincewe are
interested here in the large-scalepatterns rather than subtle details of the
ncRNA genephylogenies.

3.2 tRNAs

Multiple copiesof functional tRNA genes,the existenceof numerouspseudo-
genesand tRNA-derived repeatsaregeneralcharacteristicsof tRNA evolution

1 http://www.bioinf.uni-le ipzi g.d e/Public ati ons/ SUPPLEMENTS/05- 001/
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[111]. Comparative sequenceanalysisof transfer RNA by meansof statistical
geometryprovidesstrong evidencethat transfer RNA sequencesdivergedlong
before the divergenceof archaeaand eubacteria [91]. In Fig. 1 we illustrate
this using tRNAs coding for six of the twenty amino acids: tRNAs with the
sameanticodon form coherent subtrees.Models for the origin of tRNA from
even simpler components are discussede.g. in [92, 345, 81].

The evolution of mitochondrial tRNA was studied in detail by Paul Higgs
and collaborators [173, 154, 183]. In particular, they present evidencethat
the two animal tRNA-Leu variants (one with anticodon UAG, the other with
anticodon UAA) evolve by a peculiar mechanismof geneduplication, followed
by mutation of the anticodon and subsequent gene loss. At least �v e such
replacement events have beendescribed in metazoanevolution [183].

3.3 RibosomalRNAs

Evidencefrom both in vitro studies[199, 302] and the analysisof the atomic
structure [338] reveals that the ribosomeis in fact a ribozymein which only
rRNA is involved in the positioning of the A- site and P-site substrates,and
only RNA is in a position to chemically facilitate peptide-bond formation
[382]. Due to its ubiquity, size,and generallyslow rate of evolution, the small-
subunit ribosomalRNA has becomethe most sequencedof all genesand an
invaluable tool for molecularphylogenetics[85, 308, 415, 327].More recently,
large subunit rRNA are increasinglyusedfor this purposeas well, e.g. [268].
The evolution of the secondarystructuresof ribosomalRNAs with an emphasis
on functional sites is discussedin detail in [43].

Most organismshave multiple copiesof their rRNA genes.In Escherichiacoli,
for instance, there are seven operonsencoding rRNAs 16S,23S,and 5S [31].
Typical Eukaryotes contain tandemly repeated arrays of rRNAs geneseach
of which contains three of the four ribosomal RNA components separated
by two \in ternally transcribed spacers"(18S/ITS1/5.8S/ITS2/28S) [155]. In
most speciesthe fourth rRNA gene,5SrRNA, is alsocontained in this array,
while it sometimesis dispersedthroughout the genome(as in Schizosaccha-
romyces pombe, [441]), organizedin its own tandem arrays (as in soybeans
[128]), or both (as in humans [252]). For each of these genes,however, the
rDNA sequencesthat are represented in fully processedrRNA are essentially
identical in most organisms,i.e., rRNA genesare subject to concerted evolu-
tion [155,361,121].This is the tendencyof the di�erent genesin a genefamily
or genecluster to evolve \in concert". As a consequence,one observes that
paralogoussequencein the samespeciesare more similar than orthologous
sequencesof di�erent species.Multiple molecular mechanisms may account
for this phenomenon:geneconversion (a non-reciprocal processin which two
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Fig. 2. Neighbor-joining phylogeny [354] of chaetognatha from partial 28SRNA se-
quences.The tree is recalculated from data published by M.J. Telford and P.W.H.
Holland [397] using a clustalw alignment and the phylip package. The 28S se-
quencesfall into two paralog groups that have separatedat a common ancestorof
the recent chaetognaths. For the speciesEukrohnia fowleri , Sagitta macrocephala
and Sagitta serratodentata both paralogshave beenidenti�ed [397]. Bootstrap val-
ues in percent (1000 replicates) are marked at major branches.

sequencesinteract in such a way that oneis converted by the other), repeated
unequal crossover, and geneampli�cation (frequent duplications and losses
within family), see[246] for a review.

There are, however, exceptionsto the rule: two classesof ancient paralogsof
the 28SrRNA have beenreported in the chaetognaths[397], seealso Fig. 2.
Similarly, paralog18SrRNA areknown e.g.in the 
at worm family Dugesiidae
[48, 47] and in apicomplexans[348], intraspeci�c 5.8S RNA variations have
beenreported in the coralAcropora [269]. In Xenopus,a somaticandan oocyte
class5SRNA genesaredi�erentially expressedin development dueto changes
in transcription factor and histone interactions with the two types of gene
[440]. Distinct typesof rRNA operonswere also found in the Bacillus cereus
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Table 4
SpliceosomalRNA components.

Mechanism snRNAs

pol-I I pol-I I I

major spliceosome U1 U2 U4 U5 U6

minor spliceosome U11 U12 U4atac U5 U6atac

transsplicing U2 U4 U5 U6

group [45]. Divergent paralogs could, if undetected, misguide phylogenetic
studies.

3.4 SpliceosomalRNAs

Most genesin higher eukaryotescontain introns that must be excisedfrom the
primary transcript to yield a mature mRNA. Intron removal and ligation of the
exonsoccurs in a massive ribonucleoparticle(RNP), the spliceosome, seee.g.
[301] and the referencestherein. Recently, there has beenmounting evidence
that main catalytic function in the spliceosomeare indeed performed by its
RNA components, i.e., that the spliceosome,like the ribosome,is essentially a
ribozyme[413,414, 407]. The spliceosomalRNA U1 hasan additional function
in the regulation of transcriptional initiation [216].

There are three distinct splicing mechanismsthat areall dependent on a small
set of RNA components of the spliceosome,Tab. 4: The major-spliceosome
is the predominant mechanism e.g. in vertebrates,plants, and yeasts,which
splicedintrons with the \canonical" GT -A G boundaries.The minor-spliceosome
processesintrons with non-canonicalboundaries [316], predominantly AT -
A C. Trans-splicing,�nally joins a small non-coding exonderived from the SL
RNA to each coding exon of the pre-mRNA and is usedto producemultiple
mature mRNAs from a singlepoly-cistronic pre-mRNA [330, 404].

The evolutionary history of the spliceosomeand its protein and RNA compo-
nents is discussedin detail in [64]. In splicedleadertrans splicing, a common
5'-terminal exon is added post-transcriptionally to mRNAs which is derived
from the SL RNA. The evolutionary origin(s) of this mechanismarestill poorly
understood becausethere is no clear pattern in the phylogeneticdistribution
of speciesthat have this mechanism and the SL RNAs of distant speciesare
too di�erent to decidewhether they are indeedhomologous[300].

Both the pol-II transcribed spliceosomalRNAs U1, U2, U4, and U5 and
the pol-II I transcribed U6 snRNA appear in multiple copies in many ver-
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Table 5
Repetitiv e elements associated with U7 snRNA.
U7 RNA-lik e sequencesare abundant in mammalian genomes,as determined by
a blast search of the U7 sequenceagainst the genomic sequencewith a cuto� of
E = 10� 10.

Species Human Mouse Rat Dog Cow

# hits 21/91� 8 4 3 2
� 21 hits when the U7 RNA sequencefrom [359] is used,91 when using the consensus
of all Rfamentries.

tebrates and are known to be subject to concertedevolution in somespecies
[84, 247, 295, 431]. Divergent paralogsare also known in somespecies:For
example,Xenopushas distinct embryonic and somatic classesof U1 snRNAs
[70]. The evolution of U12 in vertebrates is consideredin [396]. A compre-
hensive investigation of snRNA evolution in the light of the available genomic
sequencedata, however, is still missing.

3.5 Other snRNA-like Molecules

U7 RNA. Replication-dependent histonepre-mRNAs,in contrast to all other
mRNAs, are not polyadenylated. Instead, they are processedat their 3'end
by endonucleolytic cleavagebetweentwo conserved sequenceelements located
within about 100nt of the stop codon: a highly conserved stem loop structure
and a purine-rich histonedownstreamelement (HDE). The latter is recognized
by the U7 small nuclear ribonucleoprotein which consistsof the U7 snRNA,
a common Sm protein, and two unique Sm-like protein, Lsm10 and Lsm11
[366].

The U7-snRNP-dependent histone RNA 3'end processingmechanism is a
metazoan innovation [14]. Sequencesof the U7 snRNA, which is only 60-
70nt long, have beenpublished for somemammals(e.g. [377, 451]), Xenopus
[442], Fugu [295], an echinoderm [120], and more recently also for Drosophila
melanogaster [83]. Usinga simpleblast search, we found additional homologs
in the chick genome,in two additional teleostsand in Drosophilapseudoob-
scura. Like most other snRNAs, there are U7-derived repetitiv e sequencesin
somelineages,notably in human, while other speciesexhibit only a few scat-
tered paralogsor pseudogenes[329], or even have only a single copy (e.g. in
the fugu [295]), seeTab. 5.

The sequencesevolve quickly, severely limiting the power of comparative ap-
proaches. Becauseof the short sequencelength of only 60-70nt, one cannot

18



 
 
U
G
A
A
A

A
U

U
U

UUAUUCUCU
U

U
C

A
A

A
U
U
U
C
U

C
U

A G G A G
G
G
A

 
C
C
C
G
 

 
U
C
C
G

A
A A

G
C
C
A
A
U

G
C
A
A G
U

G
C
C
C A A C

 

G 

AU

 
 

A
A

G
U

G
 

UUACAGC UC
U

U
U

U
A

G
A
A
U
U
U
G

U
C

U
A G C A G

G
U
U
U
U
C
C
G
G

 
 
U C U

 
 

C
C
G
G
A
A
A
G C
C C C   

 
 

 
 
 

CG

GU

GC
GC
CG
CG

0.00 0.05 0.10

PtU7

70
50

97

90 CfU7

DrU7

TrU7

TnU7

RnU7

MmU7

HsU7

BtU7

GgU7

XbU7

XtU7

(a) (b) (c)

Fig. 3. Consensussecondarystructures obtained from manual alignments of (a) 4 in-
vertebrate and (b) 12 vertebrate U7 sequencescalculated by RNAalifold [162]. The
highly conserved Sm binding sequenceis highlighted. Panel (c) shows a neighorjoin-
ing tree obtained from the vertebrate alignment using the phylip package.Resolu-
tion within the mammals is poor, otherwise the U7 RNA tree re
ects the accepted
speciesphylogeny. Speciesabbreviations are: Bt Bos taurus, Cf Canis familiaris , Dr
Danio rerio, Hs Homo sapiens, Mm Mus musculus, Pt Pan troglodytes, Rn Rattus
norvegicus, Tn Tetraodon nigroviridis , Tr Takifugu rubripes, Xb Xenopus borealis,
Xt Xenopus tropicalis

expect a strong phylogenetic signal. Figure 3c shows, however, that the se-
quenceevolution is at least consistent with establishedphylogeny.

The U7 snRNA forms a relatively well-conserved hairpin structure just down-
stream of the Sm binding sequence,seeFig. 3a,b. The U7 sequenceswere
indeed used as an example to demonstrate the ConStruct approach to de-
termining evolutionarily conserved secondarystructures in [258].The analysis
in Fig. 3 using RNAalifold [162] shows that there are signi�cant di�erences
in the secondarystructures of invertebratesand vertebrates:vertebrate have
smaller stem-loop structure with smaller or no interior loopsor bulges.

SRP RNA. The SignalRecognitionParticle (SRP) is responsiblefor target-
ing nascent proteins to the ER membrane. In the process,protein synthesis is
arrestedwhen the SRP binds to the N-terminal signal of the nascent protein
chain [196]. The SRP, components of which have beenidenti�ed in all three
domainsof life [349], contains a non-coding RNA, which in higher metazoan
is also known as 7SL RNA. While the secondarystructure of archaeal SRP
RNAs closelyresemblesthoseof higher eukaryotes,Fig. 4, protozoanand fun-
gal sequencesmay deviate considerably, and only the S-domainis present in
most bacterial sequences[455, 349, 351]. Chloroplast SRP RNA is described
in [350]. A detailed comparative discussionof the structural featuresof SRP
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Fig. 4. Highly conserved secondarystructure of SRP RNA from Homo sapiensand
Methanococus jannaschii [455]. Bottom: superposition of both structures: basepairs
contained in both speciesare drawn in black, basepairs only present in the Homo
sapiens structure are drawn in red, and those only present in the Methanococus
jannaschii are drawn in green.

RNAs from the di�erent kingdomscan be found in [456].

Two small RNAs designatedsRNA-85 (in Leptomonascollosoma [24]) and
sRNA-76(in Trypanosomabrucei [23]) co-isolatewith the 7SL RNAs of these
Trypanosomatids,and there are indications that they function in placeof cer-
tain protein components of the signal recognition particle. Their evolutionary
relationship with the 7SL RNAs, however, is unclear [456].

P and MRP RNA. The RNase P and RNase MRP RNAs are the cat-
alytically active components of their respective RNPs, which both act as en-
donucleases.RNaseP is essential for the maturation of tRNAs in Bacteria,
Eukarya, and Archaea,see[331] for a summary of its phylogenetic distribu-
tion and structural evolution. MRP RNA, in contrast, has been found only
in Eukarya where it cleaves the primers necessaryfor the initiation of mi-
tochondrial DNA replication [292], but also has nuclear functions. RNaseP
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and MRP appear to be ancient paralogs,albeit it remains unclear whether
MRP RNA is a eukaryote innovation or an older invention [66]. In several as-
comycete fungi the RNaseMRP geneis located in the mitochondrial genome
and vary considerablyin sizeand sequence,seee.g. [392]. RNaseP RNA is
also encoded in the chloroplast genomeof in somealgae [76]. The absence
of structural homology between bacterial and archaeal/eukaryotic RNaseP
proteins suggeststhat RNaseP oncewas a pure ribozymethat pursuedcom-
pletely di�erent strategiesin the recruitment of protein subunits in the two
di�erent lineages[146]. A detailed investigation of bacterial RNaseP RNAs
[141] demonstratesan abrupt, dramatic restructuring in the commonances-
tor of the Bacillus-Lactobacillus-Streptococcus and the Mycoplasmagroupsof
the low G+C Gram-positive bacteria. The latter sharesthe common ances-
tral \t ype A" structural architecture of bacterial RNase P RNAs, seealso
[214, 434].

Expressedparalogsof RNaseP RNA have beenfound in the mouse[243], a
systematicstudy of RNaseP and MRP RNA variants, however, hasnot been
performedto our knowledge.

7SK RNA. Despite its abundancein mammalian cells, the function of the
7SK RNP hasremainedunknown until recent studiesimplicated 7SK RNA as
well as components of the splicing apparatus [216] in the regulation of tran-
scriptional elongation,see[32, 280, 448]. Its secondarystructure is known in
detail from chemicalprobing experiments [428].Interestingly, the 7SK RNA is
very well conserved amongvertebrates,while the lamprey sequenceis already
rather diverged [139]. D. Koper's PhD dissertation [209] reports divergent
7SK sequencesfrom the hag�sh Myxine glutinosa and from two invertebrate
species:Branchiostomalanceolatum and Helix pomatia.

Y RNAs aresmalleukaryotic RNAs that arepart of the Ro ribonucleoprotein
(Ro RNP) complex,whosefunction is not known at present. Four families of
Y RNAs, Y1, Y3, Y4, and Y5, have beendescribed in human and frog. Their
secondarystructure is very well conserved amongvertebrates[304, 103, 399].
It consistsof at least three stems, two of which form a stem-loop structure
separatedby a relatively short interior loop. The sequencesin the stems,as
well as parts of the loop regions,are highly conserved and probably serve as
binding sitesto the Ro60protein in the Ro RNP complexand/or other cellular
nucleic acids.

Theseconserved sequencepatterns were usedto scangenomicsequencesfor
Y RNA candidatesusing the fragrep tool [293],seesection2.1.The phyloge-
netic tree resulting from an alignment of the matching sequencesis shown in
Figure 5. It allows a further classi�cation of the Y RNA candidate matches.
Several matches,classi�ed asan outgroup in the tree, are likely to be random
occurrencesof the search pattern. Integration of known representativ esof the
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the outgroup on the left hand side, all matching sequencescan be clearly assigned
to one of the known groups of Y RNA.

known classesof Y RNA (Y1, Y3, Y4, Y5) allows all other matches to be
assignedto oneof theseknown Y RNA classes.The data suggestthat the four
Y RNA families are at least as old as the last commonancestorof tetrapoda
and actinoperygian �shes. The Y RNA family aswhole is much older: a single
member hasbeenfound in Caenorhabditis elegans [417].

vault RNAs belongto a classof pol-II I transcribed RNA geneswith poorly
understood function. Vaults are cytoplasmic ribonucleoprotein particles be-
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lieved to be involved in multidrug resistance.The complex contains several
small untranslated RNA molecules[418]. So far, vault RNAs have been de-
scribed only for a few vertebrate species.Vault particles, however, are known
also in the slime mold Dictyostelium discoideum [419], suggestingthat vault
RNAs are at least asold asEukaryotes.The human genomecontains at least
4 distinct vaultRNA genes,three of which are located in small cluster and
shareexternal promoter elements [418].

3.6 Small Nucleolar RNAs (snoRNAs)

Nascent rRNA transcript are matured in both eukarya and archaea[79, 309]
with the help of a large number ribonucleoparticlesthat modify basesand
direct cleavage.The human rRNAs, for instance,together contain more than
200modi�ed nucleotides[265].The position of the snoRNA function is deter-
minedby the formation of a local snoRNA-rRNA duplex. Two major classesof
snoRNAcanbedistinguished:The C/D box snoRNAsdirect 2'-O-methylation
of the ribose,while the H/A CA box snoRNAsguide the conversionof uridine
nucleotides to pseudouridine.For details we refer to a seriesof reviews of
snoRNA structure and function [432, 201, 16, 398, 149]

Besidestheir canonicalrolesin rRNA maturation, snoRNAsalsotarget spliceo-
somal RNA. ThesesnoRNAs perform their function in the Cajal bodies; for
this reasonthey are sometimereferredto asscaRNAs(\small Cajal-body as-
sociatedRNAs") [201]. Most recently, threenovel C/D box snoRNAstargeting
U2, U4, and U12 snRNAswereidenti�ed, that, in contrast to all other known
metazoansnoRNAs are independently transcribed [408]. In archaea, tRNAs
are alsotargeted for modi�cation [393], in trypanosomatidsthe splicedleader
SL RNA is modi�ed as well [245, 410]. An intriguing representativ e of this
group is U85, a hybrid snoRNA that has both a functional C/D box and a
functional H/A CA box domain that simultaneously modify the U5 snRNA
[182]. SomesnoRNAs lack complementarit y to rRNAs or snRNAs. A small
group of \orphan snoRNAs" (U3, U8, U22 and yeast snR10) directs rRNA
cleavage instead of modi�cation. The C/D box snoRNA U14, as well as the
H/A CA box snoRNAsU17 (alsocalledE1, and homologousto yeastsn30),E2
and E3, are both functional modi�cation guidesand play an additional role
in pre-rRNA cleavage[95]. An increasingnumber of recently identi�ed snoR-
NAs exhibits tissue-speci�c expressionpatterns in contrast to all snoRNAs
that are known to modify rRNA or snRNA [50]. The genesof these,mostly
brain-speci�c, RNAs aresubject to genomicimprinting. Vertebratetelomerase
[260], �nally , contains a conserved H/A CA box snoRNA domain [284, 58].

The origin of the snoRNA machinery is still not well understood. The absence
of snoRNAs from bacterial genomessuggeststhat snoRNPsarosein the ar-
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chaealand eukaryotic branch after the divergenceof the bacteria. The K-turn
motif, which forms the functional coreof both classesof snoRNAsin archaea,
on the other hand, also appears in bacterial RNAs including rRNA; it was
probably present in the translation apparatusalreadybeforethe last common
ancestor[321].This suggestsa commonorigin of both modern ribosomeand
modern snoRNPsfrom a primitiv e translation apparatus[403].The numerous
box C/D and H/A CA RNPs of Archaeaand Eukarya are likely to have arisen
through duplication and variation of the guide sequence[217]. This scenario
explains the lack of conservation of modi�ed nucleotidessharedbetweenAr-
chaeaand Eukarya aswell as the existenceof tissuespeci�c snoRNAs.In the
following we demonstratethat this processis ongoingin vertebrate evolution.

The systematicinvestigation of snoRNA evolution is complicatedby their fast
evolution at sequencelevel. blast searches starting from human snoRNAs,
for examples,are usually unsuccessfulalready in non-mammalianvertebrate
genomes.As a starting point for investigating the evolution of snoRNAs we
have thereforefocusedon the three snoRNAsthat were �rst discovered [296],
sincesequencesfor theseexampleshave beenreported from a variety of di�er-
ent vertebrates.All three belongto the H/A CA classand are intron-encoded
[369, 283].

The U17 (or E1) snoRNA is essential for the cleavageof pre-rRNA within the
5' external transcribed spacer(ETS) [95] with a length ranging from 200-230
nucleotides,longerthan most snoRNAs;its secondarystructure hasbeenstud-
ied in detail [54]. Its sequenceevolution in cheloniansis discussedin [55].Both
E2 and E3 snoRNA are involved in the processingof eukaryotic pre-rRNA and
have regionsof complementarit y to 28SrRNA. Genetrees reconstructedfor
thesethree examplesare displayed in Fig. 6. While in many casescloselyre-
lated paralogsare found, we can also identify ancient duplications that have
beenmaintained in the genomeover long times.

The evolutionary history of the paralogsnoRNAsdi�ers considerablybetween
the three examples.The U17/E1 sequencesfor each speciescluster together
(with the exceptionof the Human and Chimp sequences),suggestingthat the
paralogs(which residein adjacent introns) evolve via concertedevolution. In
addition, however, the rodent genomescontain an additional paralog located
on a di�erent chromosome.In contrast, both for E2 andE3 we�nd two distinct
evolutionary old paralog groups. In the caseof E2 they separatedbeforethe
advent of the tetrapods; the split between the two E3 groups predates the
last commonancestorof the eutherian mammals.The six copiesof E3 in the
zebra�sh apparently aroseafter the teleost-speci�c genomeduplication [8].

The history of only a few other snoRNAs has been investigated in detail.
Maybe the most interesting exampleis the C/D box snoRNA U36. It is ho-
mologousto snR47in Saccharomyces cerevisiae and appearsin two paralogs
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in adjacent introns of the rpL7a genein non-mammalianvertebrates.In mam-
mals, however, U36awas duplicated with subsequent di�erential lossof func-
tion in mammals[119]. Other examplesof snoRNAswhoseevolution hasbeen
discussedin the literature include U14 [356] and U24 [119].

The patterns observed in Fig. 6 show that concertedevolution breaksdown
occasionallywhen two paralogsacquire functional or regulatory di�erences.
The mechanism behind the concertedevolution of snoRNA copiesis not well
known. The identi�cation of a retrogenewith a poly(A) tail for H/A CA box
snoRNA U99 [421], supports the idea that retro-transposition events play a
substantial role in the mobilit y and diversi�cation of snoRNA genesduring
evolution. This would arguefor geneampli�cation [431].

3.7 TelomeraseRNA

Telomeresare specializedprotein-DNA complexesthat cap chromosomeends
that areessential for genomestabilit y andcellular proliferation [106].Sequence
lossduring replication is counteracted by specializedmechanism(s) in organ-
isms with linear chromosomes[250]. In most organisms,the telomeraseRNP
extendschromosomeendsby iterativ e reversetranscription of its RNA tem-
plate, the telomeraseRNA [198].

The secondarystructures of the telomeraseRNAs from vertebrates,ciliates,
andyeastvary dramatically in sequencecomposition and in their sizebut share
a common core structure [59, 72, 249, 452] that hints at an ancient origin.
Plants also contain well-conserved telomerase,see[305] and the references
therein; plant telomeraseRNA, however, doesnot seemto have beenstudied
systematically so far.

The vertebratetelomeraseRNA apparently hasco-opteda H/A CA box snoRNA
domain [284] during its evolution, sharesevolutionarily conserved proteins
with H/A CA snoRNPs,and contains a Cajal body speci�c localization signal
that is shareswith a Cajal body speci�c subclassof H/A CA snoRNPs[181].

3.8 MicroRNAs

MicroRNAs (miRNAs) form a classof non-coding RNA geneswhoseproducts
aresmall single-strandedRNAs with a length of about 22nt. Theseareinvolved
in the regulation of translation and degradationof mRNAs. Werefer to the re-
cent review [299] for a discussionof their functions and mechanismsaswell as
their history of discovery. MicroRNAs areknown in both multi-cellular animals
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and plants. A dedicateddatabase,the miRNARegistry [130],at present 2 con-
tains more than 1345microRNA sequencesfrom 12 species.Recently, several
miRNAs were detectedusing the micro-array technique [19, 388].

Many of the known microRNAs appear in clusters on a single poly-cistronic
transcript [239, 294, 220, 221]. The mir-17 family, for instance, consistsof
numerousparalogsof three apparently non-homologoussequences.A detailed
investigation of its evolutionary history [395] revealeda complicatedsequence
of tandem duplications within a cluster and duplications of entire clusters,
which are probably linked to genome-wideduplications [166, 313]. Two mi-
croRNA families that are associated with the Hox-clustershave received con-
siderableattention: mir-10 and mir-196 [446]. Again, an expansionof both
families is observed that closelyfollow the vertebrate and teleosteangenome
duplications [394].

As a further exampleweconsiderthe history of let-7 family. The let-7 genewas
discovered in the C. elegans as a timing regulator in development [341].The
let-7 microRNA is present in diverseanimal phyla including chordates,echino-
derms,mollusks,annelids,arthropods, nematods, chaetognaths,nemerteans,
and platyhelminths, but it is absent in basal metazoa including cnidarians,
poriferans,ctenophora,andacoel 
at worms[315, 314].In vertebratesa plethora
of let-7 paralogsareknown. In Fig. 7 wepresent a reconstructionof the history
of this microRNA family.

Mammals seemto sharea more or lesssimilar miRNA repertoire. More than
90%of the mammalianmiRNAs listed in the Rfam miRNAregistry v4.0[131]
can be found in human, mouse,and rat. In contrast, chicken and frog con-
tain only 50-60%of the mammalian miRNAs, whereasteleost �shes harbor
slightly more (50-65%). Since the chicken and frog genomesequencingand
assembly is still incomplete, these numbers might change slightly in future
studies. If the number of miRNAs increasedlinearly in evolution, Ciona in-
testinalis, an ascidianurochordate and hencecloserelative of the vertebrates,
would be expected to contain about 30%of the miRNAs found in mammals.
However, we were able to detect only about 15%.This suggeststhat the ori-
gin of vertebrates was associated with a dramatic expansionof the miRNA
repertoire.

Fig. 8 summarizesstatistical evidence.Only a small group of miRNAs, which
includeslet-7 (discussedabove), mir-10 [394],and mir-92 [395],can be found
throughout most metazoans.Thesethree familiesare characterizedby numer-
ous paralog miRNA genesat dispersedgenomiclocations and an additional
expansion of families in teleosts. This points at a close association of the
miRNA expansionwith the genomeduplications at the root of vertebrate tree

2 Release5.0, Sept. 2004
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[261, 99] and early in the evolution of the actinopterygian lineage[8].

The origin of microRNAs remainsunknown. As yet, no microRNA with ho-
mologs in both animals and plants has been described so far, although the
microRNA processingmachinery is clearly homologous.In [395] it has been
argued that microRNA could easily arise de novo sincestem-loop structures
resembling pre-miRNAs are very abundant secondarystructures in genomic
sequences.Most recently, a mechanism for the origin of new microRNA in
plants from inverted duplications of expressedsequenceshas beenproposed
for the Arabidopsisthaliana sequencesmir161 and mir163 [3]. In this scenario,
the newmicroRNAswill target the mRNA they arosefrom. On the other hand,
evolutionarily ancient microRNAs are also known in plants: miR166 is con-
served between
o wering plants, ferns, mosses,and hornworts. In addition to
land-plants and metazoananimals, microRNAs have also been found in vi-
ral genomes,including the Epstein-Barr virus (Herpesviridae) [328]and HIV
(Retroviridae) [26, 310].
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3.9 Other Classesof Small ncRNA

RNA editing in trypanosomemitochondria is a unique post-transcriptional
maturation processin which uridine residuesare inserted and/or deleted at
precisesitesof mitochondrial mRNAs [38, 100, 126,384].GuideRNAs (gRNAs ),
which areusually transcribed from the kinetoplast DNA minicircles[168],pro-
vide the information for the editing.

In contrast, RNAediting mechanism (besidesthose the snoRNA-basedbase
modi�cations) in other eukaryotes, prokaryotes,and virusesdo not make use
of RNA components [210, 30]. Models for the evolution of the gRNA-based
editing processare discussedin [223], a phylogenetic analysisof U-insertion
editing [224] suggeststhat extensive editing is a primitiv e geneticphenomenon
that hasdisappearedin more modern organism,seealso [376].

Probably the best-understood bacteria-speci�c non-coding RNA is the tm-
RNA , which is part of a ribonucleoproteincomplexand combines the func-
tions of tRNAs and mRNAs in order to rescuestalled ribosomes[143]. Usu-
ally tmRNA is a single molecule. At least three isolated clades in alpha-
proteobacteria [197], cyanobacteria [113, 437], and beta-proteobacteria[372]
have two-component tmRNAs, while jakobidshave lost the mRNA-like region
in their mitochondrial tmRNAs [179]. Reduction of the tmRNA structure in
endosymbionts seemsto be a commonphenomenon[137]. The usefulnessof
tmRNA sequencesfor bacterial phylogeneticsis demonstratedin [105]by re-
vealing a structural feature that is characteristic for beta-proteobacteria.

Procaryots contain a diverseset of small non-coding sRNAs . For example,a
number of small (40-400nt) RNAs that neither encodeproteinsnor function as
tRNAs or rRNAs, have beencharacterizedin E. coli [152, 424]. The functions
of many of theseRNAs remainto bedetermined,while someof them areknown
to play crucial regulatory roles.There appear to be three generalmechanisms:
someare integral parts of RNP complexes,such asthe 4.5Scomponent of the
signal recognition particle and RNaseP RNA. A few, such as the 6S RNA,
which regulatedRNA polymeraseactivit y [288], and the CsrB and CsrC RNAs
mimic the structures of other nucleic acids, while a third class,reviewed in
[383], acts by speci�c base-pairingwith other RNAs. The co-evolution of the
small RNA micF and its target mRNA ompF in Enterobacteriawasstudied in
somedetail [78]. A curious caseare the MCS4 RNAs in mycoplasmas,which
have a sequencesimilarity with eukaryotic U6 snRNAs. Homologsin other
bacteria do not seemto exist [412],so that horizontal genetransfer from the
host organismis a plausibleexplanation. Otherwise,very little is know about
the origin and evolutionary relationshipsof the small ncRNAs in prokaryotes
[127].
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An increasingnumber of vir al noncoding RNAs have beenreported as well.
Examplesinclude the recently discoveredviral microRNAs [26, 310, 328], the
well-known VA1 RNA of adenoviruses [272], which is capable of inhibiting
RNAi in human cells [256], the pRNA component of the packaging motor
in somebacteriophages[18, 138]. One might suspect that at least someof
the conserved RNA structure elements that were discovered in computations
surveysof RNA virus genomes[165, 402, 439] arealsonon-coding RNAs rather
than cis-actingelements.

3.10 mRNA-like ncRNAs

In eukaryotic cells,many RNA transcripts canbefound that arenot translated
into protein. Theseso-calledmRNA-like RNA transcripts are polyadenylated
and spliced.In contrast to translated genes,they lack long ORFs [97,98]. The
best-known mammalian representativ es of this rapidly expanding group are
H19 and Xist. Someof theselarge ncRNAs, including mammalian Xist and
Air , and roX in Drosophila, have distinct roles in epigeneticgeneregulation
they are performed by means of chromatin modi�cations, reviewed in [9].
A number of plant speci�c mRNA-like ncRNAs are known experimentally;
additional candidatesweredetectedin a computational survey3 of Arabidopsis
thaliana ESTs [263].

The Xist (X-inactiv e speci�c transcript) geneis the only geneknown to be
speci�cally transcribed from the inactive X chromosomein female somatic
cells [39]. It codesfor a 17-kb spliced,polyadenylated non-coding RNA. Xist
is necessaryand su�cien t for the initiation and spreadof X inactivation [322].
The Xist geneis associatedwith an anti-sensetranscript Tsix [235,282] that is
thought to bea repressorfor Xist. A comparativeanalysisof the X-Inactivation
Center (XIC) region, and the Xist genein particular, in human, mouse,and
cow is reported in [61]: while the Xist geneis well conserved among mam-
mals with minor di�erence in the intron-exon structure, there is no apparent
sequenceconservation for the anti-sensetranscript Tsix. Chureau et al. [61]
alsoidenti�ed two newnon-coding RNA gene,termed Jpx and Ftx in the XIC
region, which are well-conserved in mammals.

The human H19 geneis an imprinted genethat is exclusively expressedfrom
the allele of maternal origin. It has a conserved secondarystructure in mam-
mals [193]. The H19 geneis abundantly expressedin both extraembryonic
and fetal tissuesand is repressedafter birth, except in a few adult organs.
The possiblefunctional relationship betweenH19 expressionand tumorigene-
sis is still a matter of debate,as it seemsto dependon the organ, the cell type
and the cellular environment, seee.g. [28] and the referencestherein.

3 http://www.prl.msu.edu/P LANTncRNAs/
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Fig. 9. Sequenceconservation in the region 42kb upstream of the Dlx6 gene.Boxes
above the line mark phylogenetic footprin ts detected by tracker [336]. Conserved
regions that lie in the known exons of evf-1 are colored green and cross the line.
Boxes below the line for the human sequencemark RNAzhits. Putativ e cis-acting
elements asidenti�ed using infernal and the Rfamdatabasearedenotedby symbols
above the tracker hits using the following symbols: * IRE; Hammerhead1;
/ SECIS; � REN-SRE; . Histone3; > U36; | Intron gpII; , s2m; - tRNA.
The following Sequenceswere used: HsDlx Homo sapiens, PtDlx Pan troglodytes,
MmDlx Mus musculus, RnDlx Rattus norvegicus, CfDlx Canis familiaris, DrDlx
Danio rerio, TnDlx Tetraodon nigroviridis .

As a third example,we describe herea computational analysisof the recently
discovered mRNA-like ncRNA evf-1, which is located upstream of the Dlx6
geneand its expressionis linked to both Sonichedgehog(shh) and Dlx genes
[206]. Dlx6 occursclusteredwith Dlx5, another member of the sameclassof
homeodomain transcription factors that are involved e.g. in the patterning
and migration of ventral forebrain neurons,see[387].Like Xist and H19, evf-1
shows no homologyto other known non-coding RNA sequences[206].

The evf-1 genesconsistsof two exonsthat are divided by a single approxi-
mately 37:5kb large intron. We analyzedthe DNA-sequence42kb upstreamof
the Dlx6 geneto �nd highly conserved regionsin this genomicregion, Fig. 9.
The highly conserved regionswere detectedby tracker [336], a program for
phylogenetic footprinting [453]. The so detectedphylogenetic footprints were
scannedfor conserved RNA-secondarystructures using RNAfold and alidot
[161, 164, 163, 159] and assignedto known secondarystructure elements ac-
cording Rfam[131] usingS. Eddy's infernal program[89]. Infernal suggests
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a possibleannotation for 34 of the 79 tacker hits. A table listing all blocks
of conserved sequenceelements canbe found in the electronicsupplement, see
also Fig. 9. The position of the two exonswas inferred by blast comparison
with the rat sequence(Acc. no. AY518691.1 ).

In contrast to the mammalia-speci�c genessuch as Xist and H19 we �nd
that evf-1 sharesat least exon-1 and one large intronic sequenceelement
with teleost �shes. A blast search alsorecoversexon-1 from the xenopusand
chicken genome.Sincethe genomeassemblies of both the frog and the chick
are incompletein this regionthesesequenceswerenot included in the analysis
summarizedin Fig. 9.

3.11 AntisenseRNAs

AntisenseRNAs predominantly act aspost-transcriptional downregulatorsof
geneexpression[229]. Indeed,someof the RNA families discussedabove can
be viewed as antisenseRNAs sincethey exert their function by binding com-
plementarily to their target RNAs; examplesare the microRNAs, snoRNAs,
as well as many of the bacterial small RNAs [425]. The analysisof genomic
sequencedata, however, hasrevealedthat a substantial fraction of transcribed
DNA doesnot code for proteins and often derivesfrom the anti-sensestrand,
seee.g.[194,373, 447]. Antisensetranscripts thus emergeasa commonmech-
anism of regulating geneexpressionin eukaryotic cells, reviewed e.g. in [229].
Mechanistically, there are three major pathways: The formation of double-
stranded RNA may trigger the RNAi pathway and lead to degradationof the
sensetranscript [144].Binding of senseand anti-sensetranscript may prevent
the binding of other trans-acting factors (RNA masking). Transcriptional in-
terference is the inhibition of transcriptional elongation due to a collision of
the RNA Pol-II complexeson overlapping transcriptional units located at op-
posite strands [335]. AntisenseRNAs are transcribed either in cis from the
opposite strand, or in trans from a di�erent genomiclocus.

Many anti-sensetranscripts are only poorly conserved in evolution, e.g. the
tsix gene,which is the antisensetranscript to the Xist ncRNA associated with
X chromosomeinactivation (sect. 3.10).On the other hand, a number of well-
conserved antisensetranscripts areknown. Probably the best-studiedexample
is the HoxA11 antisensetranscript, which is well-conserved between human
and mouseand exhibits tissue-speci�c alternativesplicing [334]. The Na/Pi co-
transporter is essential in maintaining phosphatehomeostasisin vertebrates.
Antisensetranscripts associated with the npt geneshave been described in
wide rangeof vertebrates[433]suggestinga conserved mode of transcription.
Natural anti-sensetranscripts have also been reported in mammals, insects,
and fungi for genesthat are part of the circadian clocks [68]. This system
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coordinatesthe expressionof some10%of the eukaryotic geneson a daily and
seasonaltimescale.

3.12 Natural Ribozymes

Until about 20 yearsago, it was �rmly believed that proteins were the only
catalytic macromoleculesin biology. The discovery of the �rst catalytic RNA
molecules,or ribozymes,in the early 1980s,however, has changedthis pic-
tures considerably. We have already encountered several examples:RNaseP,
the spliceosome,and the ribosomeare essentially ribozymes.In most cases,
ribozymesserve an RNA-processingfunction using RNA as substrates.The
majorit y of known ribozymeshave beencreated in arti�cal selectionexperi-
ments and henceare not a topic of this contribution; for a recent review of
arti�cal ribozymesthe interestedreaderis referredto [192] and the references
therein.

A number of natural ribozymes,however, are not independently stable ncR-
NAs but rather are part of larger RNA molecules.For example,there are four
distinct groupsof nucleolytic ribozymes:hammerheadand hairpin ribozymes
are mostly found in plant viruses, the Varkud satellite (VS) ribozyme was
found in fungal mitochondria, and hepatitis delta virus contains another ri-
bozyme.A recent study suggestsa commonorigin of hammerhead,hairpin,
and hepatitis delta ribozymes[145], although convergent evolution cannot be
ruled out.

The secondlargeclassof naturally occurring ribozymesis involved in the self-
splicing of introns in a wide range of species;thesemoleculesbelong to one
of two structural classesknown as group I and group II ribozymes.All these
ribozymesperform di�erent kinds of phosphoryl transfer reactions,in which a
transesteri�cation reactionresultsin breakageof the backbonein the �rst step
[248]. Sincethey behave rather like mobile geneticelements they are outside
the scope of this survey; indeedmany group II introns carry their own ORFs,
seee.g. [454].

4 Transcription of ncRNAs

Somenon-coding RNAs canbefound by searching for likely transcripts that do
not contain an open reading frame. A survey of the Escherichiacoli genome
for DNA regions that contain a � 70 promotor within a short distance of a
Rho-independent terminator, for instance,resulted in 144novel possiblencR-
NAs [60], seealso [11, 429, 263] for similar studies.This approach is limited,
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Table 6
Major modesof transcription

RNA
Poly-
merase

Promoter Location
relative to
start site

Transcript Function

Pol I core ele-
ment
UCE (up-
stream
control
element)

-45 to +20
-180 to -107

pre-rRNA (28S,
18S,5.8S)

components of the rib o-
some;translation

Pol
I I

TATA-Box
Initiator
CpG is-
lands

-25 to -35

-100

mRNA protein coding genes

snRNA (U1-4) components of the spliceo-
some;mRNA splicing

no LINEs Retrotransposon

Pol
I I I

A-box,
B-box,
C-box

+50 to +80 5S rRNA component of large rib oso-
mal subunit

tRNA translation

snRNA (U6) components of the spliceo-
some;mRNA splicing

7SL RNA component of the SRP
(signal recognition parti-
cle); protein transport to
ER (endoplasmaticreticu-
lum)

SINEs Retrotransposon

however, to functional RNAs that are transcribed in the \usual" manner, see
Table 6. For many ncRNAs, however, the mode of transcription is unknown.

RNA PolymeraseI transcribesrDNA transcription units to 18S,5.8Sand 28S
rRNAs in the nucleolus.The rDNA promotersconsistof the start site proximal
corepromoter (CP) resembling a TATA-box and an upstreamcontrol element
(UCE). Both CP and UCE show poor sequencebut strong structure conserva-
tion. Decreasesin cell growth and protein production alsoreducerRNA tran-
scription; rRNA transcription activit y oscillatesduring the cell cycle,showing
maxima at S and G2 phaseand is repressedduring mitosis. In general,acety-
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lation and phosphorylation of basal TFs regulate pol-I transcription. These
modi�cations are performed e.g. by components of the MAPK pathway or
tumor suppressors.For reviewsseee.g. [317] and [133].

Another important classof non-coding RNA genesare transcribed by pol-
I I I. Besidesall canonical tRNAs and the 5S rRNA, this group includes the
U6, and presumablyU6acacsnRNAs, RNaseP and RNaseMRP RNA, 7SK
RNA, selenocystein tRNA, Y-RNAs, and vault RNAs [363].Furthermore cer-
tain repetitiv e elements including SINEsare pol-II I transcripts. For a detailed
description we refer to [435].

The majorit y of transcripts is produced by pol-II, however. Most vertebrate
snoRNAsare processedfrom introns of either protein coding genesor of \host
genes"whoseonly known purposeis to carry an snoRNA in its intron(s) [409],
seealso [16]. SomesnoRNAs, however, are transcribed directly from mono-
cistronic or poly-cistronic genes,notably the U3, U8, andU13snoRNAs.These
sharetheir promoter structure with a groupof non-coding RNAs that contains
the spliceosomalRNAs and the U7 RNA which is involved in histone mRNA
processing[151]. In vertebrates almost all snoRNAs are encoded in introns
of a speci�c subclassof pol-II transcripts, the TOP genes,whosepromoter
elements determine a speci�c ratio of snoRNA and mRNA production [77].
Many vertebratesnoRNAsappear in multiple copiesin di�erent introns of the
samegene,sometimesparalogsare locatedeven on di�erent chromosomes,see
Fig. 10. The recent discovery of H/A CA snoRNA clusters within individual
introns in Drosophilaa di�erent expressionstrategy for a box H/A CA snoRNA
comparedto box C/D snoRNAsin this species[172].

The association of intron-encoded snoRNAswith their surrounding genesur-
prisingly is not stable over long time-scales.U17, for example, is located in
Rps7 in tetrapoda, while it is associated with the unrelated CHC1 protein in
teleost �shes, Fig. 10. In addition, rodents have an additional copy of E1 in
intron 3 of the lamin gene,which carries the E2 snoRNA in vertebrates.E3
switches from the ribosomalprotein RPL0 to a \host gene" whoseexonsdo
not code for a functional protein.

MicroRNAs are processedfrom long primary precursors(pre-miRNAs) [239,
238]. Unlike the majorit y of snoRNAs,neither the genomiclocation of miRNAs
coincideswith a speci�c genomiccontext, nor is their transcription performed
by a singletypical mechanism.A recent survey of mammaliangenomesshowed
that there are �v e major classes[347]:About 30%are directly transcribed by
RNA PolymeraseI I and a 5' cap as well as a poly(A) tail is added [44],
as shown for the mir-23 cluster [240]. 40% of the mammalian miRNAs are
probably processedfrom introns [450, 449] of protein coding genes,10%of the
known microRNAs residein introns and another 13%in exonsof non-coding
transcripts. Antisensetranscripts account for 14%of all mammalianmiRNAs.
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Fig. 10. Organization of snoRNA paralogsin the introns of their associated genes.
All SnoRNAs E1, E2 and E3 identi�ed so far, reside within introns. E1 changed its host gene from rps7 (rib osomal protein S7) to
chc1 (chromosomecondensation1); E3 switched from rplp0 (rib osomalprotein, large, P0) to elf4A2 (E74-like factor 4, an ets-domain
transcription factor). Only snoRNA E2 remained stable associated with its host geneLAMR1 (laminin receptor 1 [rib osomal protein
SA]), which gainedan additional copy of E1 in rodents. Question marks indicate incomplete genomedata. For details like geneaccession
numbers or genomecoordinates we refer to the supplemental material.
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BC064349

BC045813, BC036695

mRNA from GenBank
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BI459078, BG724094

50 000 nt

let�7

Fig. 11. Genomicenvironment of the human let-7 family members let-7-a1, let-7-f1,
and let-7-d. Known transcription units on the plus strand are shown above the line,
the area below the line implies a location on the minus strand. The dot indicates a
cluster of phylogenetic footprin ts (detected by tracker ) that is conserved at least
amongamniotes.An ortholog of this particular let-7 miRNA cluster was not found
in the un�nished genomeof the frog Xenopus tropicalis (both v2.0 and v3.0).

The remaining casesare of uncertain transcriptional origin [347].

Interestingly, our reconstruction of the duplication history of let-7 in Fig. 7
shows that di�erent mammalian members of this family occurs in introns of
both protein-coding and non-protein-coding genesas well as in exons.Pre-
liminary data [394] suggestthat microRNA genes,like the genesof the three
snoRNAs in Fig. 10, can \move around" in the genome:Only one fourth of
the known human microRNAs are located in annotated geneswith known
homologsin mouseand chicken. Of these 56 human microRNAs, however,
lessthan half have known orthologs (in the Rfam Micro RNARegistry 4.0
which contains the results of a survey of the chicken genome)in the homolo-
gousgenes.

We searched the genomicvicinit y of let-7-d, which alsocontains let-7-a1 and
let-7-f1, for conserved non-coding DNA using the phylogenetic footprinting
tool tracker [336]. This cluster of 3 let-7 miRNAs appears to be located
within an intron of a singletranscription unit (suggestedby splicedEST data)
with an approximate start site about 10kb upstream of let-7-a1, Fig. 11. An
other transcript on the plus strand with its start site between let-7-f1 and
let-7-d is also a possible host transcript for let-7d. The transcription unit
OTTHUMG00000020259(Vega database4 ), which is implicated in [347] as
carrying let-7d in its intron, is located on the opposite strand, however.

Approximately 500nucleotidesdownstreamof the transcription start site, we
detecteda large phylogenetic footprint cluster (100-150nt) that is conserved
among amniotes, while it is not conserved in the most closely related let-7
cluster in Actinopterygian �shes (consisting of orthologs of let-7-f2 and mir-
98).

4 http://vega.sanger.ac.uk /
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The footprint cluster does not correspond to a additional microRNA or an-
other unannotatedncRNA in the cluster, sinceRNAz[427] classi�esthis region
unambiguously as not containing a conserved RNA structure. A search for
transcription factor binding siteswithin the footprint cluster using tfsearch
revealeda set of commonsitesCREB, MZF1, GATA-1 /2, Nkx-2, NrF-2 or c-
Ets and Elk-1, suggestinga function in the regulation of this let-7 microRNA
family.

5 Mo di�cations of ncRNAs

Many, if not most, of the non-coding RNAs are post-transcriptionally mod-
i�ed. We have already encountered the snoRNA guided pseudouridinylation
and ribose2'-O-methylation of ribosomalRNAs and spliceosomalRNAs. The
target sites of these modi�cation are well conserved over long evolutionary
time-scales,a fact that allowed the usageof yeast rRNA methylation sites in
the search for snoRNAs that modify homologousposition of fruit
y rRNAs
[1].

More than 80 di�erent nucleotide modi�cations are listed in the \Compila-
tion of tRNA sequencesand sequencesof tRNA genes"5 of variousorganisms
[380, 379, 381]. Theseare achieved by a large family of often highly conserved
enzymes,see[262] and [169] for reviews.In Archaeathesemodi�cations have
been shown to require four snoRNAs, one of them encoded within the in-
tron of tRNATrp [63]. In S. cerevisiae tRNA geneswere shown to co-locate
with the nucleolus [401]. Within this nuclear structure rRNA transcription
and processingincluding modi�cation by snoRNAs takes places.Recently, a
selenocystein tRNA was co-immunoprecipitated with Cbf5p from Euglena,a
putativ e pseudouridinesynthase usually associated with H/A CA snoRNAs
modifying rRNAs, [353]. However, no tRNA modifying snoRNAs have been
detectedin eukaryotessofar. Studiesof the evolutionary aspectsof RNA edit-
ing have focusedon the enzymes.Ref. [262], for instance,describes the evo-
lution of the superfamily of RNA-dependent deaminases.We are not aware,
however, of a systematicstudy of the evolution of the chemical modi�cations
themselves. The 5' part of tRNAs is edited in someorganismsby replacing
mismatched nucleotideswith nucleotidescapableof forming Watson-Crick in
order to obtain a canonical terminal stem. This mechanism is known e.g. in
the rhizopod amoebaAcanthamoeba castellanii and the chytridiomycete fun-
gusSpizellomycespunctatusand appearsto have arisenindependently at least
twice [218].

In C. elegans, the pre-miRNA of let-7 hasbeenshown to undergotrans-splicing

5 http://www.trna.uni-bayr euth .de /
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to the spliced leader 1 (SL1) RNA. This processallows folding of the pre-
miRNA such that the miRNA precursor(pre-miRNA) formsa stem-loop struc-
ture, which in turn is cleaved by nuclearRNaseII I Drosha[107, 46, 239, 238].
Both, the mature miRNAs and the pre-miRNA can undergoA to I RNA edit-
ing by an RNA-speci�c adenosinedeaminase(ADAR) [257].

6 RNA Motifs Associated With Protein-Co ding mRNAs

6.1 mRNA Structure

In contrast to non-coding RNAs, the primary function of messengerRNAs is
to encode in its exonsthe information that allows the translation machinery
to generateproteins. Exon recognition by the spliceosomecan be a�ected by
many featuresof the pre-mRNA including exonlength, promoter architecture,
the presenceof enhancerand silencerelements, the strength of splicingsignals,
and RNA processivity. It has also beenproposedrepeatedly that pre-mRNA
secondarystructures in
uence splicing activit y. A recent review of the topic
[41]strongly suggeststhat many pre-mRNA sequencescontain selectedregions
folding in vivo into well-de�ned secondarystructures that are likely to play a
role in the splicing process.

Eukaryotic mature mRNA exhibit a tripartite structure: an untranslated re-
gion at the 5' end (5'UTR), the coding regionswhich is translated into amino
acids,and an untranslated region at the 3' end (3'UTR). With the exception
of the replication dependent histonegenesmentioned above, the 3' end of the
mature mRNA carriesa poly(A) tail. Both untranslated regionsare involved
in the post-transcriptional regulation of geneexpressionprocesses,like subcel-
lular localization, mRNA stabilit y and translation e�ciency [230, 73,307,326,
436]. Theseprocessesare mainly controlled by cis-acting functional elements
in the UTRs, which compriseboth sequencemotifs and RNA structure motifs.
Short sequencemotifs may be potential binding sites for trans-acting factors,
while longer sequencemotifs found in UTRs have been hypothesizedto be
antisenseRNA binding sites[251].In addition, a number of motifs are known
that are determinedby structural featuresrather than nucleic acid sequence.

In general,the protein coding regionof mRNAs is much better conserved than
the UTRs. The distribution of conserved sequencemotifs in the UTRs is not
uniform: the 3'UTR is typically better conserved than 5'UTR and introns
[185]. For example, 30% of 3'UTRs in di�erent vertebrate mRNAs contain
highly conserved regionswhich are at least 100nt long and show at least 70%
similarity [87]. The overall higher conservation of the 3'UTR may be a con-
sequenceof the observation that post-transcriptional regulation in 3'UTRs is
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rather basedon protein complexesthan on single proteins [436]. Antisense
binding, as e.g. in the caseof microRNAs, also leads us to expect many
non-structural binding motifs. This is in particular the casein plants, where
microRNA targets typically closelymatch the corresponding microRNA, see
[200] and the referencestherein. (In mammals,however, the requirements for
mRNA-miRNA interactions appear to be much more complex [420].) In con-
trast, 5'UTRs regulatory motifs might bemostly structural motifs. It is known,
for example,that translation initiation is essentially controlled by RNA struc-
tures in 5'UTRs [73, 326].

A moredetailed analysisshowed, however, that pattern of conservednessis re-
versedat the border of the coding region.The 30nt of the 5'UTR immediately
upstream of the start codon is the best conserved regionswith 70%� 80%
sequenceidentit y betweenhuman and mouse;in contrast, the 3'UTR is very
poorly conserved immediately downstreamof the stop codon [285, 370]. This
pattern can be explained by the speci�c interaction with sequencespeci�c
binding factors initiating translation in the 5'UTR on the one hand, and the
fact that the �rst segment of the 3'UTR is covered by ribosomeand hence
inaccessibleto speci�c factors at the termination of translation.

The UTRs and the coding regions are subject to di�erent functional con-
straints and henceevolve di�erently; even the 5'UTRs and 3'UTRs of the
samegenedo not necessarilysharethe sameevolutionary dynamics [226]. In
addition there are alsomRNAs that encode nearly identical proteins but have
highly divergedUTRs [87,185, 226], suggestingthat the divergent UTRs form
speci�c translational regulation patterns which enablesthem to reply di�er-
ently to variable stimuli.

6.2 Detection of UTR Motifs

A handful of cis-acting regulatory motifs in mRNAs have been character-
ized experimentally; theseare collectedin the UTRsite [325] and Transterm
databases[71]. Functional RNA structures in UTRs are in generalnot as long
as ncRNAs, since they are limited by the size of their UTRs. The average
length of human UTRs is about 210 for 5'UTRs and about 1027for 3'UTRs
[326]. RNA structure motifs in UTRs can thus be expected to be relatively
small, simplestructures.This limits the usableinformation, and hencethe fast
and reliable prediction structural regulatory elements in UTRs has remained
a largely unsolved problem.

Standardsequencealignment proceduresusually fail to align UTRs in a mean-
ingful way [185]. Detecting structural motifs in UTRs will therefore require
algorithms that optimize sequencealignment and secondarystructure simulta-
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neously. Existing methods, which characterizeputativ e motifs automatically,
can be classi�ed in (a) methods which require the description of a motif and
search for similar instancesof such a motif or (b) methods which search for
motifs that are signi�cantly overrepresented in a dataset.

While most regulatory motifs found in UTRs areconserved in secondarystruc-
ture, someknown motifs show conservation on the sequencelevel. In general
such sequencemotifs do not require an exact nucleotide substring, but allow
somevariation in nucleotidecomposition, or may consistof several conserved
fragments separatedby unconserved regions.Fragmented motifs may for ex-
ample occur in regulatory structures, which exhibit sequenceconservation in
loops.

Many of the toolsdeveloped to identify functional RNA motifs in generalhave
alsobeenapplied to UTRs. Among thesePalingol [29], PatSearch [324] and
RNAMotif [264] identify instancesof a previously de�ned motif descriptor.
Becauseof the limited information available in a UTR motif it is hard to
de�ne descriptors that are both speci�c and sensitive by hand. Other tools,
therefore, are designedto require only limited information about a known
motif and recognizemotif features,which discriminate sequencescontaining
the motif from sequencesnot containing it, automatically (seeERPIN[114]).

An even harder problem has to be solved when the motif is completely un-
known. The detectionproblem in such a casecanbe treated asa classi�cation
problem: From an arbitrarily given set of UTRs all UTRs sharing a common
motif shall be classi�ed in the samegroup. The �rst approachesto this prob-
lem are implemented in the tools comRNA[187], which identi�es novel mRNA
structure motifs by clustering similar stems, and RNAProfile [318], which
identi�es the most conserved motif in a set of sequenceswhereat least some
sharethe samecommonmotif.

6.3 Important Regulatory Motifs in UTRs of mRNAs

Gene expressionis controlled by cis- and trans-acting factors during both
transcription and during translation. By regulating translation a cell is able
to respond quickly to environmental changes.The mature mRNA already
residesin the cellular plasmbut the amount and type of protein which will be
translated dependson several cellular conditions. Cis-acting elements in the
untranslated regionsof mature mRNA bind trans-acting factorsand control in
this way translational e�ciency , mRNA stabilit y and subcellular localization.
A selectionof examplesof such regulatory motifs in UTRs will be given here,
seealso table 7.

Ir on response elements (IRE) areshort hairpin structureswith an internal
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loop and a conserved sequencein the hairpin loop, which are observed in 5'
UTRs of ferritin mRNAs in 3'UTRs of of transferrin receptor mRNAs [150].
They can be classi�ed in two slightly di�erent instances,the �rst containing
an internal loop of length three, which is replaced by a bulge loop in the
second.Both have the primary consensusmotif CNNNNNCAGWGH[325]. The IRE
motif can be readily described with regular grammars;becauseof the highly
redundant sequencepattern and frequent, simplesecondarystructure onehas
to expect a large number of falsepositives,however.

Translation contr ol elements (TCE) are short elements (� 90 nt) found
in the 3'UTR of nanosmRNA of drosophila [69]. Its secondarystructure is
composedof a helix and a multilo op with two hairpin loopsbranching o�, one
with a conserved primary structure in the hairpin.

Internal rib osome entry site (IRES) elements were �rst described in
the 5'-untranslated region of picornavirus RNA [184].The IRES element en-
ablescap-independent initiation of translation starting at an internal initiation
codon. In addition to several typesof viruses,which contain an IRES element,
a small group of eukaryotic mRNA can be translated by internal ribosomeen-
try. IRES-containing mRNAs mostly encode regulatory proteins such as,e.g.,
growth factors and transcription factors. Several studies have reported that
under stressconditions, wherecap-dependent translation is blocked, transla-
tion of speci�c mRNAs is enabledthrough IRES elements ([270] and references
therein). Another function of IRESs involvesthe control of alternative initia-
tion of translation. For example,the human �broblast growth factor 2 contains
5 translation initiation codons. Translation initiation of the codon proximal
to the 5'-end is initiated by a cap-dependent process,whereasinitiation of the
remaining codons depends on the IRES [33]. IRES elements are de�ned by
functional criteria and cannot yet be predicted by the presenceof character-
istic RNA sequenceor structural motifs. In general, there are no signi�cant
similarities betweenindividual IRESs unlessthey are from related sources.

Selenocysteine insertion sequences (SECIS) is found in the coding region
of someeubacterial mRNAs and in 3' untranslated regionsof somemRNAs
in archaeaand eukaryotes [215]. In eubacteria,it forms a hairpin structure of
conserved length with the selenocysteinecodon in the outer helix. In archaea,
the primary rather than the secondarystructure is conserved. The consensus
is a hairpin structure that di�ers in stem length, occurrenceof internal loops
and sizeof the hairpin loop, but it hasa very conserved sequencemotif in the
helix beneaththe apical loop. In eukaryotes,the secondarystructure contains
most of the information while only small sequencemotifs are conserved. The
coresecondarystructure is composedof a long hairpin structure consistingof
two (type 1) or three (type 2) consecutive helices[102, 215].

At present, it is unclear whether large regulatory motifs such as IRES, IRE,
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Table 7
Important general regulatory motifs in mature eukaryotic mRNA [326]. Most reg-
ulatory elements in
uence initiation of translation. Regulatory elements speci�c to
mRNAs of particular genesare not listed.

Motif Function Description References

5'UTR

m7G cap
structure

stabilization,
initiation

prevents processingof mRNA from 5' to 3' end,
hencestabilizes mRNA; eIFs bind to cap, which
governs pre-initiation complex with small rib o-
somal subunit and initiates scanning

[73, 115]

initiation
codon

initiation,
translational
e�ciency

e�ciency of translation start recognition de-
pends on primary sequence context of AUG
codon; optimal context for vertebrates is
(A/G)CCAUGG

[211, 73, 323]

uORF translational
e�ciency

inhibits translation by leaky scanning: scan-
ning complex may either bypass upstream
start codon depending on sequencecontext and
mean ORF is translated or may start transla-
tion at upstream start codon

[73, 115]

IRES initiation alternativ e to rib osomal scanning; pre-
initiation complex interacts with IRES element
and scanning starts at this site

[230, 213, 281]

stable RNA
structures

translational
e�ciency

very stable secondary structures in 5'UTRs can
imp ede scanning

[212, 281, 436, 115]

Repeats e.g. initiation,
translational
e�ciency

Alu -elements in 5'UTRs e.g. repress transla-
tional e�ciency; reason may be repression of
initiation by Alu -elements forming stable sec-
ondary structures or containing weak start
codons

[222]

3'UTR

Zip codes localization RNA binding proteins bind to di�eren t zip
codes and direct mRNA to subcellular region
where corresponding protein is translated; pro-
teins recognize zipcode by primary and tertiary
structure

[307, 153]

poly(A)-tail stabilization,
initiation

prevents processing of mRNA from 3' to
5'end; interaction with pre-initiation complex
via PABP activ ates translational initiation

[73, 436, 115]

CPE stabilization,
translational
e�ciency

CPEB binds at CPE and induces polyadenyla-
tion; a complex of CPEB and Maskin bound to
CPE interacts with cap structure by binding to
the eIF4F complex and translation is repressed

[278, 436, 115]

AREs stabilization in
uence rate of deadenylation depending on
type of AU-rich element (ARE 1, ARE 2 or
ARE 3)

[281, 277]

miRNA tar-
get sites

stabilization miRNAs evoke degradation of mRNA by im-
perfect base-pairing interactions with 3'UTR

[436, 115]

Repeats e.g. localiza-
tion

CAG/CUGrepeats in 3'UTRs e.g. result in very
long mRNAs, which show in yeast di�eren t sub-
cellular distribution

[101, 281]

A bbreviations : CDS = coding sequence,IRES = internal rib osome entry site, AREs = AU-ric h elements,
uORF = upstream open reading frame, CPE = cytoplasmic polyadenylation element, CPEB = cytoplasmic
polyadenylation element binding protein, ACE = adenylate control element, eIFs = eukaryotic initiation
factors, PABP = poly(A)-binding protein, Repeats found in UTRs include short interspersed elements
(SINEs), long interspersed elements (LINEs), mini- and micro-satellites [281]; these are not listed above.
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or SECIS elements, aroseindependently in di�erent genesor genefamilies or
whether there aremechanismsthat allow their lateral spreadwithin a genome.

Novel UTR Motifs. In addition to post-transcriptional regulatory mech-
anismsthat are speci�c to a particular geneor genefamily, there exist also
mechanismswhich are observed in a broader rangeof mRNAs (table 7). Such
relatively non-speci�c regulatory processesare characterized by similar pri-
mary and/or secondarystructures in mRNAs of di�erent genesof the same
organism. We performed a search for sequenceelements of this type in the
human genome.

Using NCBI blast [5], we computepairwise alignments of repeat masked hu-
man UTRs from Ensembldatabase(release24). The majorit y of UTRs were
not conserved on the sequencelevel, suggestingthat also non-speci�c regu-
latory motifs show large sequencedivergence.Furthermore, we found many
more conserved sequenceblocks in 3'UTRs than in 5'UTRs. From the pair-
wise alignments we built a weighted similarity graph to identify clusters of
UTRs with conserved regions by complete linkage clustering [74]. Alterna-
tive transcripts were not allowed to occur in the samecluster. Sequencesof
each cluster were aligned using dialign2 [291] in order to identify putativ e
regulatory sequencemotifs.

We then used RNAz[427] to check whether some of these multiple align-
ments contain correspond to conserved RNA secondarystructures. Among
4815'UTR multiple alignments, 10%had regionsforming with high probabil-
it y stableRNA structures.Among the setof 1223multiple 3'UTRs alignments,
21% alignments contain stable RNA structures. Table 8 lists the annotation
of the best RNA predictions using infernal and the Rfamdatabase.All sig-
ni�can t hits matched the iron response element. The corresponding genes,
however, are not known to be involved in the iron metabolism. We suspect
that at least someof thesecasesform IRE-lik e structures that do not func-
tion as IREs, indicating that still more speci�c descriptorsfor UTR elements
including IRE are desirable.

The small fraction of RNA motifs with known function that was recovered
in our survey suggeststhat most non gene-speci�c mRNA motifs have very
little well-conserved sequenceinformation and most of them, including IRES,
SECIS,IRE, and many othersdependcrucially on secondarystructure. On the
other hand, we detectedhundredsof statistically signi�cant sequencepatterns
that occur in multiple RNAs for which so far no function hasbeendescribed.
A pattern is de�ned by the consensussequenceof a run of gaplesscolumnsin
the multiple alignments.

One possible function of sequencepatterns in the 3'UTR of mRNAs is to
act as target sites for microRNAs [436, 115]. We therefore tested all gapless
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Table 8
RNA structure annotation based on infernal and description of corresponding
genes.

Rfam
model

Score Genes Description (Ensembl release24)

50 UTR

IRE 6.8 ENSG00000120853
ENSG00000166104

-
-

IRE 6.31 ENSG00000092199
ENSG00000159267

Heterogeneousnuclear rib onucleoprotein
Biotin-protein ligase

IRE 9.89 ENSG00000129873
ENSG00000172288
ENSG00000172353

Testis-speci�c chromodomain protein Y2
Testis-speci�c chromodomain protein Y1
Testis-speci�c chromodomain protein Y1

30 UTR

IRE 8.24 ENSG00000066294
ENSG00000134822

CD84 antigen
fatt y acid desaturase

IRE 8.26 ENSG00000165282
ENSG00000152056

Phosphatidylinositol-glycan biosynthesis
Sigma-adaptin 1C

IRE
REN-SE

8.28
12.1

ENSG00000110436
ENSG00000171596
ENSG00000166676
ENSG00000090659

Amino acid transporter 2
G protein-coupled receptor 66
-
CD209 antigen

IRE 8.33 ENSG00000181894
ENSG00000149451

-
ADAM 33 precursor

IRE 11.29 ENSG00000185753
ENSG00000064115

-
Transmembrane 7 superfamily protein mem-
ber 3 precursor

IRE 12.51 ENSG00000012048
ENSG00000156675
ENSG00000142687

Breast cancertype 1 susceptibility protein
Rab coupling protein
Polycystic kidney disease1-related

IRE
SECIS

9.19
10.87

ENSG00000181719
ENSG00000178887
ENSG00000180747

-
-
-
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Table 9. Potential miRNA target sites in human 3' untranslated regions.
We report z-scoresfor miRandaand p-valuesfor RNAhybrid ascomputed by thesetools. Geneannotation is taken from Ensembl(release
24).

miRNA Gene Score Protein family

ENSG00000... Protein miRanda RNAhybrid ENSF0000000... Name

hsa-miR-187 183850 Zinc �nger protein 254 11:65 0:000096 0001 Zinc Finger

hsa-miR-187 181342 - 11:11 0:000081 0001 Zinc Finger

hsa-miR-134 065371 AKAP-binding sperm
protein ropporin

10:50 0:000914 5520 -

hsa-miR-134 114547 AKAP-binding sperm
protein ropporin

10:50 0:000914 5520 -

hsa-miR-324-5p 129277 Small inducible cy-
tokine A4 precursor

8:41 0:000062 0592 -

hsa-miR-324-5p 189315 Small inducible cy-
tokine A4 precursor
like

8:36 0:000062 0592 -

hsa-miR-184 177111 - 11:49 0:000143 2097 DPY19

hsa-mir-184 177990 - 11:03 0:000143 2097 DPY19
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regionsin the multiple alignments for potential miRNA target sites. To this
end we usedthe collection of all human microRNAs from Rfam(release5.0,
Sept. 2004) [130] and two di�erent miRNA target prediction tools: miRanda
[94]andRNAhybrid[340]. Table9 lists the best-scoringcandidates.In contrast,
an analysisof the 5'UTRs and their 
anking regionsdid not yield a potential
site located within the untranslated region of mRNA that was predicted by
both methods.

6.4 RNA Structures in Coding Regions

It is widely believed that RNA structures in ORFs can interfere with trans-
lation, although this phenomenonhasnot beenstudied systematically to our
knowledge [195]. It is plausible to assumethat coding regionsare therefore
largely devoid of secondarystructures. There are, however, a number of well-
known exceptionsto this rule. A variety of conserved secondarystructure el-
ements have beendetectedin computational surveysof singlestranded RNA
virus genomes[165, 406, 405, 402, 439]. A comparative study of 28 di�erent
species[195] provides evidencefor wide-spreadselectionfor local secondary
structures in mRNAs, in particular in eubacteria.Most recently, Pedersenet
al. [320, 319] devisedan SCFG-basedalgorithm for detecting conserved sec-
ondary structures motifs speci�cally within coding sequences.

The Rev ResponseElement (RRE), for example, forms a �v e-�ngered motif
spanningsome300nt [75], locatedin the env geneof HIV. The structure is well
conserved amongdiverseHIV strains, seee.g. [161, 164, 208]. The interaction
of RRE with the Rev protein reducessplicing and increasesthe transport of
unsplicedand single-splicedtranscripts to the cytoplasm, which is necessary
for the formation of new virion particles [267].

A cis-acting regulation element (CRE) within the coding region of several
picornaviruses has been described in a number of di�erent picornaviruses.
The function of the CRE probably involves the initiation of the synthesis of
the negative-sensestrand template RNA during virus replication [122]. The
CRE hasbeenfound as in a computational survey [439]in most generaof the
picornaviridae. Interestingly, it genomiclocation variesbetweengenera.

The bestknown examplein a higherorganismis the stem-loop structure in the
coding region of the ASH1 geneof yeastwhich localizesthe ASH1 mRNA to
the bud tip [56]. With the exceptionof a viral elements, however, the functions,
aswell aspossibleevolutionary relationships,of structured RNA motifs within
ORFs remain unknown.
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6.5 Riboswitches

SomeRNA moleculesexhibit two competing conformations, whoseequilib-
rium can be shifted easilyby molecularevents such as the binding of another
molecule.This canbeusedto regulateof geneexpression,whenthe two mutu-
ally exclusive alternativescorrespond to an active and in-active conformation
of the transcript [279]. Mechanistically, onefold of the mRNA, the repressing
conformation, contains a terminator hairpin or someother structural element
which concealsthe translation initiation site, whereasin the alternative con-
formation, the non-repressingone, the genecan be expressed[148].An early
computational study concludedthat RNA switches are readily accessiblein
evolution andarethereforeprobably not exceptionalinstancesof unusualRNA
behavior [108]. The useof two competing RNA conformationsallows molec-
ular events like the binding of a target metabolite by a protein to in
uence
which of the alternativeconformationsthe terminator or the anti-terminator is
formed, hencecoupling the geneexpressionto the concentration of the target
metabolite.

The best known exampleof such behavior are the riboswitches [423]. These
are autonomousstructural elements primarily found within the 5'-UTRs of
bacterial mRNAs, which, upon direct binding of small organicmolecules,can
trigger conformational changes,leading to an alteration of the expressionfor
the downstream located gene.Their general architecture shows two modu-
lar units [438],a ligand-binding one,which function as a \sensor" for a small
metabolite and a unit which \in terprets" the signalfrom the \sensor" unit and
interfacesto thoseRNA elements involved in geneexpressionregulation. The
sizeof the \sensor"-unit rangestypically from 70-170nucleotides,which is un-
expectedly largecomparedto arti�cial aptamersobtained by in vitro directed
evolutionary experiments. While for most riboswitchesthe ligand-binding do-
main is highly conserved amongvariousorganisms,the \in terpretation" mod-
ule variesstrongly in sequence,structure and mechanism by which it controls
the appendedgene.Riboswitchesand engineeredallosteric ribozymes[37,375]
demonstrateimpressively that RNA is indeedcapableof maintaining a com-
plex metabolic state without the help of proteins.

Riboswitches regulate several key metabolic pathways [36, 303] in bacteria
including thosefor coenzymeB12, thiamine, pyrophosphate,
a vin monophos-
phate, S-adenosylmethionineand a couple of important amino acids. The
search for additional elements is ongoing,e.g.[20, 242].The programRiboswitch
finder [25]utilizes consensusmotifs of known elements to detectnewprokary-
otes riboswitches.

A recent paper by Vitreschak et. al. [422] applied comparative and phylo-
genetic analysis to vitamin B12-related genesusing 200 sequencesfrom 66
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bacterial genomes.They identi�ed a highly conserved regulatory RNA struc-
ture, the B12-element a cobalamin riboswitch, which is widely distributed in
5'-UTRs of vitamin B12 related genesin eubacteria. Comparison of the re-
constructedphylogenetictree for the B12-element with standard treesshowed
both lineage-and gene-speci�c branches,as well as a large number of recent
geneduplications and horizontal genetransfer events. A related study is re-
ported in [298]. Comparative approaches were also used to study the L-box
regulon regulating the the lysine synthesis pathway [134] and the S- and T-
boxes in the methionine metabolism of Gram-positive bacteria [346]. While
most riboswitcheswere found in bacteria, such metabolite-binding RNA do-
mainsare alsopresent in someeukaryotic genes[385]. These�ndings, and the
fact that riboswitchesbind their e�ectors directly without the needof addi-
tional factors, suggestthat riboswitchesrepresent oneof the oldest regulatory
systems.

7 Concluding Remarks

The recent discoveriesin the \mo dern RNA World" have madeit obvious that
large-scalemRNA expressionpro�ling data can provide only a partial picture
of geneexpression.Most post-transcriptional events aremediatedby the asso-
ciation of RNAs with speci�c proteins or macromolecularprotein complexes.
Comprehensive determination of the RNA targets of RNA-binding proteins
is therefore likely to be important in decipheringthe complex events at this
level of generegulation.Approachesto exploringthe post-transcriptional RNA
world with DNA microarrays are discussede.g. in [178].

Fig. 12 gives a sketch of the probably most ancient part of the RNA-based
regulation systemof the eukaryotic cell: Non-coding RNAs in Eukaryotic cells
seemto fall into two major groups according to their subcellular localiza-
tion and thus function. The nuclear fraction mainly performsncRNA process-
ing and maturation. SnRNAs, snoRNAs,and scaRNAsseemto be the major
players,forming the central part of the nuclearRNA regulatory network. They
modify themselvesaswell asother ncRNAs including rRNAs, but maybe even
tRNAs. Another RNA processingmechanism,RNAediting, in generaldoesnot
require guide RNAs as in the caseof kinetoplasts. Besides,the snRNAs act
on coding hnRNA (pre-mRNA) by splicing introns. Upon export to the cyto-
plasm, the majorit y of ncRNAs is involved in protein translation. MicroRNAs
regulate protein expressionby translational inhibition or RNAi, 7SL RNA
transports mRNA of secretoryproteins to the ER (endoplasmaticreticulum).
Coding and non-coding RNAs thus sharea similar \life cycle" depending on
their subcellular localization: regulation and maturation is performed in the
nucleus,their work is donein the cytoplasm.
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Fig. 12. Subcellular localization of ncRNAs in eukaryotic cells. The �gure contains
all eukaryotic ncRNA mentioned in this publication. The nuclear fraction of these
regulators (right) functions in processingof ncRNAs, whereasthe cytoplasmic ones
(right) are involved in translation.
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Fig. 13. Evolutionary origin of the most prominent ncRNA families.

It is commonly assumedthat the primordial cell looked much more like a
bacterial than a eukaryotic cell. For a discussionof the origin of the eukaryotic
cell and its mitochondria we refer the readerto [225,10]. Becauseof the lack of
a nuclear membrane, transport mechanismswere not required. Furthermore,
intronless genomesdid not require a splicing-like mechanism. Instead, poly-
cistronic transcripts of ncRNA and/or mRNA might have beenprocessedby
RNA modi�cation and subsequent endonucleolytic cleavage. This picture is
consistent with our present knowlegeof the evolutionary history of the major
ncRNA families summarizedin Fig, 13.
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While someRNAs, in particular thoseinvolvedin protein synthesispredatethe
Last UniversalCommonAncestorof all extant life forms, novel RNA families
with novel | mostly regulatory | function have been invented throughout
the history of life. The picture in Fig. 13 is almost certainly incomplete due
to a bias in the available data which are concentrated on a small number
of well-studied model organisms(mainly vertebrates,arthropods, nematods,
yeast, rice, arabidopsisand bacteria). The recent discovery of a novel classof
expressedncRNAs with unknown function in Dictyostelium discoideum [12]
and the large number of still poorly understood bacterial sRNAs, seee.g.
[152, 6], suggeststhat quite a few ncRNA innovations in less-studiedlineages
could have escaped our attention so far.

The evidencecompiledin this contribution indicatesan explosive expansionof
somencRNA families, in particular of microRNAs, in the vertebrate lineage.
Higherplants might show a similar pattern. In both cases,genomeduplications
are a plausible mechanism that at least contributed to expansion.Multiple
dispersedcopiesof somesnRNAs, in contrast, can be explainedby the recent
observation that certain retrovirusespackageand reverse-transcribe snRNAs
[118]. Usually, this mechanismproducespseudogenesthat are associated with
LTRs of endogenousretroviruses.The mechanismor mechanismsthat lead to
duplicates of intron-encoded snoRNAs, or the processesleading to a change
from intronic to exonic expressionin paralogousmicroRNAs, on the other
hand, still remain in the dark.

We close our discussionby emphasizingthat it is by no means complete:
topics such as the relationshipsof non-coding RNAs and repetitiv e elements
(e.g. Alus) or mobile genetic elements (e.g. group I I introns or endogeneous
retroviruses)have beenneglectedhere.
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