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Abstract

Paul Piccinelli Computational identification of non-coding RNAs
Department of Medical Biochemistry and Cell Biology, Institute of Biomedicine, Sahlgrenska
Academy at Goteborg University, Box 440, SE-405 30 Géteborg.

Problem. A large amount of genomic information is now becoming available. Suitable bioinformatic
tools to organize and analyze this vast amount of information are therefore important. In the case of
protein genes, the majority of these may be correctly identified using standard search methods that are
based on sequence alignment. However, a different problem is presented when analysing non-coding
RNA genes, since for their identification it is essential to take into consideration secondary structure
features. Secondary structure is not only important for non-coding RNA genes, but it is also important
in the regulation of gene expression. This work is concerned with the development of methods for
ncRNA prediction and the application of these methods to identify specific ncRNA families.

Methods. Bioinformatic methods are used to identify ncRNA genes and ncRNA regulatory motifs.
These methods include de novo methods, statistical profiles for primary sequence and secondary
structure, sequence homology methods and minimum free energy methods. For protein gene
identification we have used primary sequence alignments and profile searches and for protein
classification we have used phylogenetic methods.

Results. RNase P and RNase MRP are two related ribonucleoprotein particles involved in RNA
processing. We have used an approach based on conserved sequence elements to computationally
analyze various eukaryotic genomic sequences for P and MRP RNA genes. We have found over 100
novel sequences, all able to fold into the consensus secondary structure of P and MRP RNAs. These
genes reveal further evidence of the evolutionary relationship between these RNAs.

We also performed a computational analysis of the P/MRP protein subunits in eukaryotic organisms.
A number of novel homologues were identified and we found novel orthologous relationships between
fungal and metazoan proteins. Our results further emphasize a structural and functional similarity
between the yeast and human P/MRP complexes.

The iron responsive element (IRE) is an RNA hairpin structure located in certain genes that are post-
transcriptionally regulated in response to iron. We have found more than 90 novel sequences with the
characteristics of known IREs. We have found evidence that the ferritin IRE represents the ancestral
version of this type of translational control.

Finally, ncRNA genes in yeast have been predicted using two the de novo methods, RNAz and
QRNA. A number of predicted candidates have been selected for experimental testing and more
candidates will be tested.

Conclusions. We have used different bioinformatic methods to identify ncRNAs in a variety of
organisms and report on several ncRNA sequences not previously reported. These novel RNA
sequences make it possible to better predict the structure of these RNAs as well as to better understand
their evolution and function. To further understand the structure and evolution of the RNases P and
MRP we also analyzed the protein composition of these enzymes. Together, these new predictions aid
to better understand the structure, function and evolution of RNase P and MRP.
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Introduction

According to the central dogma of molecular biology DNA acts as a template for the
production of an RNA transcript and that transcript in turn specifies a protein. At the same
time, numerous transcripts have been found that exert their function without ever producing
proteins. These RNAs are referred to as non-coding RNAs (ncRNAs), in contrast to mRNAs
that specify proteins. For many years it was believed that ncRNAs are rare, and that they, like
tRNAs and rRNAs, are molecules that just aid in the production of proteins. The development
of the ncRNA field was slow for many years because RNAs were difficult to study
experimentally. Furthermore, genome sequences were lacking as well as adequate
bioinformatic approaches to identify and analyze RNAs computationally. Consequently,
identification of novel ncRNA species and their functional role occurred by chance rather than
by systematic screens. However, it eventually became apparent that there are numerous
ncRNAs, and that their cellular functions are varied and important [1-5]. In the past few years,
new experimental strategies and computational methods have been developed demonstrating
that the number of ncRNAs in genomes of model organisms is much higher than was
previously anticipated. In addition to tRNA and rRNA there are a number of other large

ncRNA families that have emerged during recent years, as described further below.

Non-coding RNA genes

Most genes in higher eukaryotes contain introns. Intron elimination and ligation of the exons
take place with the help of a ribonucleoprotein (RNP) complex called the spliceosome [6].
There is growing evidence that the main catalytic function in the spliceosome is in fact
performed by RNA components, i.e. that the spliceosome is a ribozyme [7-9]. The
spliceosomal RNA U1 has an additional function in the regulation of transcriptional initiation

[10].

The signal recognition particle (SRP) is a ribonucleoprotein particle (RNP) that targets
nascent proteins to the ER membrane. In the process, protein synthesis is arrested when the
SRP binds to the N-terminal signal of the nascent protein chain [11]. The SRP have been
identified in all three domains of life [12]. The eukaryotic SRP consists of a 300-nucleotide
7S RNA and six proteins: SRP9, SRP14, SRP19, SRP54, SRP68 and SRP72. The archaeal



SRP consists of a 7S RNA and homologues of the eukaryotic SRP19 and SRP54 proteins. In
most bacteria, the SRP consists of 4.5S RNA and the Ffh protein, a homologue of the
eukaryotic SRP54 protein.

The snoRNAs are involved in alteration and cleavage of nascent rRNA transcripts in both
eukarya and archaea [13, 14]. There are two classes of snoRNA identified: The C/D box
snoRNAs direct 2"-O-methylation of the ribose, while the H/ACA box snoRNAs guide the
conversion of uridine nucleotides to pseudouridine [15-18]. In addition to their roles in rRNA
maturation, snoRNAs also target spliceosomal RNA. These snoRNAs perform their function
in the Cajal bodies; for this reason they are sometime referred to as scaRNAs (small Cajal-

body associated RNAs) [19].

MicroRNAs (miRNAs) form a class of non-coding RNA genes whose products are small
single-stranded RNAs with a length of about 22nt. These are involved in the regulation of
translation and degradation of mRNAs [20]. miRNAs are transcribed as ~70nt precursors and
subsequently processed by the Dicer enzyme to give a ~22nt product. The products have
regulatory roles through their complementarity to mRNA. MicroRNAs have been identified in

both multi-cellular animals and plants.

Telomerases are specialized RNPs that cap chromosome ends that are essential for genome
stability and cellular proliferation [21]. Sequence loss during replication is prevented with a
particular mechanism in organisms that have linear chromosomes [22]. In most of these
organisms, the telomerase expand chromosome ends by iterative reverse transcription of the
telomerase RNA [23]. Telomerase RNAs are very different in sequence and structure between
vertebrates, ciliates and yeasts, but they share a 5 pseudoknot structure close to the template

sequence.

In the present work we have studied in greater detail the family of RNAs formed by RNase P
and MRP RNAs. This area is described further below.

RNase P and RNase MRP
Ribonuclease P (RNase P) and ribonuclease MRP (RNase MRP) are two related ribonucleo-

protein particles (consist of both RNA and protein subunits) involved in RNA processing



[24]. The universal function of RNase P is to carry out an important step in pre-tRNA
processing. This enzyme is responsible for the removal of a 5" leader of precursor tRNAs
(pre-tRNAs), by catalyzing the hydrolysis of a specific phosphodiester bond that leaves a
phosphate at the 5" end of the mature tRNA and a hydroxyl group at the 3" end of the leader.
The RNase P is found in all living cells throughout the three kingdoms and in mitochondria
and chloroplasts as well [25, 26]. Other activities have been reported for RNase P in bacteria
which involves recognition and cleavage of non-tRNA substrates including some viral tRNA-
like structures and antisense phage RNAs [27, 28], the pre-SRP RNA of E.coli (4.5S RNA)
[29], the pre-tmRNA of E. coli (Sal0 RNA) [30], a few polycistronic mRNAs [31] and the
Bi2 riboswitch of E. coli and B. subtilus [32].

RNase MRPs (Mitochondrial RNA Processing) are nucleoproteins found only in eukaryotes.
The enzyme was initially described as an endoribonuclease with ability to cleave a
mitochondrial transcript in vitro, which was consistent with a role in the formation of a primer
for the initiation of mitochondrial DNA replication [33]. However, the majority of RNase
MRP RNAs have been localized to the nucleolus [34, 35], the enzyme seem to play the most
essential role in pre-ribosomal RNA (pre-rRNA) processing where it specifically cleaves
27SA pre-rRNA at a site A3 within the first internal transcribed spacer (ITS 1), which is
necessary for generating the mature 5.8S rRNA [36-38]. RNase MRP has also been
implicated in cell cycle regulation in yeast. Thus, the enzyme cleaves the CLB2 mRNA and as
a result allows for rapid degradation and completion of mitosis [39, 40]. MRP RNA is also
associated with the genetic disease cartilage hair hypoplasia (CHH) where mutations in
certain parts of the RNA are found in patients affected. CHH is inherited in an autosomal
recessive manner characterized by unequal short-limbed dwarfism, sparse hair, impaired

immunity and anemia [41].

The RNA component.The RNA subunit of bacterial RNase P has an important role in the
enzymatic reaction of. All bacterial RNase P RNAs studied so far are ribozymes since they
can recognize and cleave substrates of pre-tRNA without the help of the protein subunit under
high ionic strength in vitro [42-44]. Also certain archaecal RNase P RNAs are catalytically
active in very high salt concentrations [45]. In contrast, eukaryotic RNase P RNAs cannot act

as ribozymes in vitro although they are structurally similar to bacterial P RNA [26].



Comparative analyzes of the RNA subunits of RNase P from all organisms reveals similarities
at both primary and secondary structure level, indicating that all known RNase P RNAs
contain a similar core structure [46], also shared with RNase MRP RNA [47].

The bacterial P RNA is organized into two independently folded domains, one catalytic
domain (C) and one specificity (S) domain [48]. The S domain identifies the TyC loop of pre-
tRNA, whereas the C domain recognizes the acceptor stem and the 3" CCA trailer sequence
[49]. Based on primary and secondary structure comparison, the eukaryotic RNAs seem to
have a similar organization where the C domain is referred to as domain 1 and the S domain is
referred to as domain 2 (Fig.1). Two structures of a the bacterial P RNA S domain have
recently been reported [50, 51] as well as the structure of a full-length RNA with both C and S
domains [52].

Comparison of the primary and secondary structures of P RNA from bacteria to those of
eukaryotes has revealed both similarities and discrepancies. A universal consensus structure
[46, 53-55] comprise five critical regions, termed CR-I through CR-V, with conserved
nucleotides and several stems (P1, P2, P3, P4, P7, P10/11, and P12) (Fig.1). The P4 helix,
which is formed by the base pairing of CR-I and CR-V, is suggested to be the catalytic center
of the bacterial enzymes [56-59]. For eukaryal RNase P RNA, mutagenesis of the conserved
nucleotides within and near P4 has suggested an important role in pre-tRNA binding, catalysis
and maturation [60]. CR-II and CR-III, together with P10/P11 and P12, form a domain in
eukaryotes in which the internal loop containing the CR-II and CR-III regions is essential for
yeast viability and RNase P activity [60]. The CR-II region contains a consensus sequence
AGARA, which is conserved in many species and similar to the bacterial CR-II consensus
[54, 61]. The results of mutational studies of the AGARA sequence in CR-II of the yeast P
RNA suggest that it has a function in magnesium utilization [60, 62]. Furthermore, steady-
state kinetic studies of the mutant complexes point to an important role for CR-II in catalytic
efficiency [61]. Mutagenesis of the CR-IV region of the yeast RNase P RNA results in a large
decrease in turnover rate but no significant changes in substrate binding [60]. This would
suggest that the CR-IV region has a role in the catalytic function. However, in bacteria this

region seems to have a role in substrate recognition [43, 48, 58].

P RNA from both eukaryotes and bacteria contain a P3 stem. However, whereas the bacterial
P3 is rather small the eukaryotic P3 is more extended and has an internal loop [46, 54]. P3 has

been proposed as a protein binding site in bacterial RNase P holoenzyme [63]. In yeast RNase
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P RNA, certain residues in P3 intra-loop seems important in pre-tRNA processing and
mutations of these nucleotides interrupt the interaction between the RNA subunit and the
Pop1 protein subunit [62]. In human RNase P RNA an analogous P3 stem has been found to
bind specifically to a 40-kDa protein [64] and is also suggested to be involved in correct

subcellular localization of the RNA subunit [34].

Additional elements in the eukaryotic consensus structure may well have counterparts in the
bacterial consensus structure. For instance, helices eP8 and eP9 could be the equivalent to the
corresponding helices in bacterial RNase P RNA, but the variability in this region of eukaryal
RNase P RNA sequences leaves the homology uncertain. Most fungal eP8 stem-loop
structures have a NUGA loop sequence, whereas most of the eP9 hairpin loops contain
GNRA tetraloops [54]. Studies of ribosomal RNA and other sources have suggested that a
GNRA tetraloop could enhance the stability of an RNA duplex by acting as site for intra-

molecular or inter-molecular RNA-RNA interactions [65-67].

A number of secondary structure elements are shared between the RNA subunits of RNase P
and RNase MRP (Fig.1). Very similar P4 helices may be formed in RNase P and MRP RNAs
[68] and the sequences of the regions CR-I and CR-V are conserved during evolution,
suggesting that P4 in RNase MRP may also contribute to the catalytic center of RNase MRP
[69]. Another conserved region in domain 1 is CR-IV with the consensus sequence
AGNNNNA for P RNA and AGNNA for MRP RNA. In P3, several residues in the internal
loop and flanking base pairs are conserved [62]. Experiments in yeast have shown that the P3
helix in the two enzymes could be exchanged without loss of function or specificity [70],
suggesting that the evolution of this part of the RNA is constrained by binding to a protein
component [62]. In contrast to P RNA, MRP RNA does not appear to have the conserved
sequence motifs CR-II and CR-III in domain 2 that are characteristic of RNase P RNA

(Fig.1).
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Figure 1. Models of eukaryotic RNase P and MRP RNAs. Nucleotides that are conserved in all known
eukaryotic P and MRP RNAs, respectively, are encircled. The eukaryotic RNAs seem to have a similar
organisation as bacterial P RNA, domain | and 2, where bacterial catalytic domain resembles domain 1.
Eucaryotic P RNA sequence consensus consist of regions CR-I-CR-V and also several stems; P1, P2, P3, P4, P7,
P10/11, and P12. In domain 1 secondary structure elements P1-P4 are shared between P and MRP RNAs. In
addition regions CR-I, CR-IV and CR-V are conserved in both RNAs.

Protein components. The RNases P and MRP both have an RNA molecule and one or
several protein subunits [71]. The bacterial RNase P has only a single small protein whereas
the archaeal and eukaryal nuclear RNase P enzymes have a larger number of protein subunits
[26]. Furthermore, a number of protein components are shared between RNases P and MRP,
although the eukaryal RNase P have acquired additional protein subunits during evolution
[27]. Surprisingly, there is no obvious sequence homology between the bacterial protein
subunit and archaeal/eukaryal proteins and as a consequence the evolutionary link between
the proteins is not clear at the moment. In eukaryotes the RNases P and MRP have almost

identical protein content, although they have different substrate specificities [71, 72].
Although the bacterial RNase P RNA can function as a ribozyme in vitro the cleavage rate of

pre-tRNA is enhanced 20-fold by the protein moiety [73]. Also some archaeal RNase P RNAs

show enzymatic activity under high salt conditions [45], but seem structurally defective in the
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absence of protein. In contrast, a catalytic activity has not been demonstrated for the nuclear

RNase P RNA, suggesting a more important role for the protein moiety [53].

In Saccharomyces cerevisiae at least ten protein components of RNase MRP have been
identified so far (Table 1). The protein composition of RNase MRP closely resembles that of
RNase P as eight proteins are shared between RNase MRP and RNase P; Popl, Pop3, Pop4,
Pop5, Pop6, Pop7, Pop8, and Rpp!1 [74]. The proteins Snm1 [75] and Rmp1 [76] are the only
protein components that specifically associate with RNase MRP RNA (Table 2). Conversely,
Rpr2p has been identified as a protein unique to the RNase P complex [72].

Ten proteins are believed to be stably associated with human RNase MRP and RNase P,
Rpp14, Rpp20, Rpp21, Rpp25, Rpp29, Rpp30, Rpp38, Rpp40, hPop1 and hPop5 [77, 78]
(Table 1). Recent work has demonstrated however a preferential association of hPop4, Rpp21,
and Rpp14 with RNase P and only a transient association of Rpp25 and Rpp20 with RNase
MRP [79]. At least six of the P/MRP subunits appear to be homologous to the subunits
identified in S. cerevisiae, Popl (hPopl), Pop4 (Rpp29/hPop4), Pop5 (hPop$5), Pop7
(hPop7/Rpp20), Rppl (Rpp30), Rpr2 (Rpp21) [26] (Table 1). More recently the human
Rpp38 was also suggested to be a functional homologue of yeast Pop3 [80]. Comparative
studies show that archaeal RNase P has at least four protein subunits homologous to

eukaryotic RNase P/MRP proteins, Pop4, Pop5, Rppl, and Rpr2 (Rpp21) [81].

Structural models based on protein-RNA and protein-protein interactions have been proposed
for human and yeast [74, 77, 78, 82]. Many of the interactions in these models have also been
found in archaeal holoenzymes [83-85]. In the human RNase P the RNA molecule has been
shown to interact with Rpp29, Rpp30, Rpp21 and Rpp38 [77]. Furthermore, hPop1, Rpp20,
Rpp21, Rpp25, Rpp30 and Rpp38 interact directly with the RNA subunit of human RNase
MRP. [78, 86]. For the yeast MRP there is evidence that the RNA interacts with the protein
subunits Pop1 and Pop4 [74].

12



Table 1. Previously reported MRP/P protein relationships of yeast and human.

RNase P/MRP subunits Further relationships &
H. sapiens ‘ S. cerevisiae particle specific subunits
hPopl : Popl
Rpp38 Pop3
Rpp29 (hPop4) - Pop4 -
hPop3 | Pop5 |
Pop6
Rpp20 Pop7 ALBA domain
Pop8
Rppl4 Pop5 paralogue
Rpp21(Rpp2) Rpr2 only in RNase P
Rpp25 ALBA domain
Rpp30 Rppl
Rpp40
Snml only in RNase MRP
Rmpl only in RNase MRP
Regulatory RNA motifs

In addition to ncRNA genes there is also another level of RNA function presented by
functional motifs within the mRNA of protein-coding genes. A few examples are discussed

below.

A RNA structural element referred to as IRES (Internal Ribosome Entry Site) assists in cap-
independent initiation of translation starting at an internal initiation codon. IRESs occur in
several types of viruses, but also a limited number of eukaryotic mRNAs can be translated by
internal ribosome entry. Most mRNAs with IRES encode regulatory proteins such as growth
factors and transcription factors. Studies have reported that under stress conditions, where
cap-dependent translation is blocked, translation of specific mRNAs is enabled through IRES
elements [87]. IRESs are also involved in alternative initiation of translation. For example, the
human fibroblast growth factor 2 contains 5 different translation initiation codons. A cap-
dependent process initiates translation initiation of the codon closest to the 5” end, whereas

initiation of the remaining codons depends on the IRES [88].

Selenocysteine insertion sequences (SECIS) are located in the coding region of some
eubacterial mRNAs and in 3" untranslated regions of some mRNAs in archaea and eukaryotes
where it incorporate selenocysteins at UGA codons (usually encodes stop) in these proteins

[89]. In eubacteria, such a sequence occurs as a hairpin structure of conserved length soon
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after the UGA codon. In archaea, the primary sequence rather than the secondary structure is
conserved. The hairpin varies in stem length, occurrence of internal loops and size of the
hairpin loop, but it has a very conserved sequence motif in the helix adjacent to the apical
loop. In eukaryotes the SECIS element is characterized by a specific secondary structure,
while only shorter sequence motifs are conserved. The secondary structure is composed of a

long hairpin structure constructed from two or three consecutive helices [90].

Riboswitches are independent structural elements primarily found within the 5-UTRs of
bacterial mRNAs, which, upon direct binding of small organic molecules, can trigger
conformational changes. Riboswitches regulate several key metabolic pathways in bacteria
including those for coenzyme B12, thiamine, pyrophosphate, riboflavin monophosphate, S-

adenosylmethionine, as well as different amino acids [91, 92].

Most of the ncRNA genes and RNA motifs are collected in specific databases. The most
comprehensive databases are Rfam [93, 94], the NONCODE database [95] and the RNAdb
[96].

In the present work we have focused on a RNA structural element to be described below that

is important in the regulation of iron metabolism in eukaryotes.

Iron metabolism and the IRE element

Iron deficiency is a worldwide health problem. Over the past four or five decades, much
research has focused on the metabolic consequences of iron deficiency. Organisms have
developed many responses to iron deficiency and iron repletion to keep various essential

functions [97].

Iron is very appropriate as cofactor in enzymatic reactions due to its two stable oxidation
states. Ferrous (FeB) and ferric (Fe3+) iron have a suitable redox potential capable to drive a
huge number of catalytic reactions. Besides this important use, free iron is a possible producer
of hydroxyl and superoxide radicals in the presence of oxygen, which are highly toxic for

almost every cell type [98].

A well established model has emerged how iron uptake, utilization and storage are

14



coordinately regulated. Vital components to help arrange a combined response to variations in
iron availability are the iron regulatory proteins (IRP) [99, 100] and the cis-acting regulatory
motifs, termed iron-responsive elements (IREs) [101]. This model exemplifies one of the
earliest post-transcriptional control examples of gene expression through RNA—protein

interactions.

IREs are found in the UTR-regions of associated transcripts encoding central components of
iron metabolism and the citric acid cycle. The IREs are 26-30 nucleotide long hairpin-
forming sequences with a CAGUGX terminal loop sequence, which is conserved in all IREs
(Fig.2). X at position 6 can be either an A, C or U but never a G [102]. Basically there are two
types of IRE sequences; the first type has a conserved C residue five bases upstream of the

CAGUGZX sequence creating a bulge in the hairpin while the second type has a UGC/C loop-
bulge (Fig.2).

(]

28,
&°

\.‘A U/ s
CG Ay
9y 6-¢
<7 6¢
P S, A
-8 A
c-G U-A
U-A U-A
b-A A-U
UGC-type C-type

Figure 2. The two types of IRE. Conserved residues are encircled. Both structures share a highly conserved
sequence of nucleotides in the stemloop. The suggested basepair interaction between C and G in the loop is
shown with a dashed line.

NMR spectroscopy, nuclease and chemical probing have been used to characterize the IRE
structure. The AGU of the CAGUGX hexaloop is exposed to solvent due to the C-G base-
pairing [103] [104]. The G-C base pair within the internal loop of certain IRE creates a pocket
of the large groove that selectively improves binding of IRPs [105]. The large groove of the

15



IRE stem is enlarged by distortions at the C-bulge or internal loop [106] creating specific base
and ribose contact sites for protein [103].

Trans-acting factors in the translational regulation of mRNA involved in the iron homeostasis
was first suggested by data obtained in the late 1970s [97]. Two proteins have been identified
since then, the IRP1 and IRP2 proteins that specifically control the translation or turnover of

IRE-containing mRNAs.

IRP1 exists in two forms. It is mainly present as cytosolic aconitase (cAcn), a protein
characterized by a [Fe-S] cluster that catalyses the conversion of citrate to isocitrate under
normal iron conditions [107]. However, low intracellular iron levels or oxidative stress
produced by reactive oxygen [108] or nitrogen species [98] triggers loss of the [Fe-S] cluster
and conversion to an IRE binding form. We still lack information about the cellular factors
that trigger the switch between the two functionally different proteins and the detailed
mechanism of the switch, but there is evidence that this conversion is associated with local

structural changes affecting the entire protein [109].

A second IRE-binding protein, IRP2, was initially identified in rat hepatocytes, and
subsequently cloned from a variety of mammalian tissues and cells [110]. IRP2 shares 62%
amino acid sequence identity with IRP1 but lacks the [Fe-S] cluster. Each of the two IRPs has
a 30% sequence identity to the mitochondrial form of aconitase (m-aco) [111]. Characteristic
of IRP2 is a 73-amino acid insertion in its N-terminal region [112]. This region contains a
cysteine-rich sequence that is known to be responsible for targeting the protein for
degradation when cellular Fe levels are high [113]. IRP2 does not have aconitase activity,
perhaps due to the lack of the [Fe-S] cluster, but is more sensitive to iron status than IRP1 and
therefore seems to dominate post-transcriptional regulation of iron metabolism in mammals
[107]. IRP2 seems to be expressed mainly in the forebrain and cerebellum whereas IRP1

expression mainly is in the kidney, liver and brown fat [107].

Both IRPs are cytosolic RNA-binding proteins that bind to and regulate the translation or
stability of mRNA that contains IREs. In low-iron conditions, the IRP bind the IRE regions
with high affinity. Certain mRNAs contains a single IRE near the 5" end, usually within the 5°
UTR. When IRP bind to those IREs, IRP appears to block the ability of eI[F4F to recruit the
40S subunit with its associated factors (the 43S pre-initiation complex) to the mRNA and as a

consequence the translation is inhibited [114]. The best studied example is the ferritin chains
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where the IRP binding leads to decreased iron storage [114]. The binding of IRP and ferritin
IRE is the most efficient of all IRP-IRE interactions [105], probably because of a conserved
internal loop involving UGC/C rather than the bulge C of all other IREs found so far (Fig.2).
The mRNAs encoding ferritin, in vertebrates both H and L ferritin subunits, have an IRE in
the 5"-UTR [115]. Elevated iron levels, in contrast, prevent IRP binding to ferritin IREs and
consequently the chains become expressed and assemble into a typical 24-mer macromolecule

with a large cavity that can store up to 4000 iron atoms.

In contrast to the IRP-IRE regulation in 5° UTR, IRPs bound to IREs in 3" UTR protects the
mRNA from degradation, which leads to improved mRNA stability and enhanced protein
synthesis. The best studied example is the transferrin receptor (Tfr), which together with the
plasma protein transferrin (Tf) are involved in the main pathway by which all cells internalize
iron [116]. Under high iron conditions, the IRP does not bind to the IRE regions of the Tfr
and the Tfr mRNA is degraded. Since ferritin mRNA is translated under these conditions, the

net result is the inhibition of further iron uptake and promotion of iron storage by the cell [98]

The number of mRNAs subject to IRP-mediated regulation has been growing lately (Table 2),
indicating that a wide range of versatile regulation exists by the binding of the two different
IRPs to unique target sequences which may or may not differ from the consensus IRE. These
include mRNAs encoding proteins involved in iron storage (H- and L ferritin) and cellular
iron internalization (transferrin receptor) previously mentioned, heme formation in erythroid
cells (erythroid 5-aminolevulinate synthase), cellular iron uptake (divalent metal transporter-1
and transferrin receptor), iron export (ferroportin) as well as two tricarboxylic acid cycle
enzymes, mitochondrial aconitase and the insect succinate dehydrogenase. Recently, IREs
have been observed in four additional mRNAs. The mRNAs of glycolate oxidase [117],
amyloid precursor protein [118], myotonic dystrophy kinase-related Cdc42-binding kinase o
[119] and cell division cycle14A [120] and NADH dehydrogenase [121] (Table 2). These
findings would suggest that the IRE/IRP system of regulation is more exploited than
previously anticipated. However, more experimental work is required to clarify the role of

these recently discovered elements.
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Table 2. Proteins proposed to have an IRE in their transcripts.

Protein Function IRE type | IRE localization
Ferritin L-chain cellular iron storage UGC 5-UTR
Ferritin H-chain cellular iron storage UGC 5'-UTR
Ferritin M-chain cellular iron storage UGC 5'-UTR
Transferrin receptorl cellular iron internalization C 3"-UTR
Ferroportin] Iron transport in enterocytes C 5’-UTR
DMT]1 (divalent metal transporter ) Iron transport in enterocytes C 3"-UTR
e-ALAS (erythroid aminolevulinate synthase ) heme synthesis pathway C 5’-UTR
m-ACO (mitochondrial aconitase) enzyme in citric acid cycle C 3'-UTR
Succinate dehydrogenase enzyme in citric acid cycle C 5'-UTR
CDCI14A cell cycle progression C 3'-UTR
MRCK a (myotonic dystrophy kinase-related Cdc42-binding

kinase a) cytoskeletal reorganization C 3’-UTR
GOX (glucolate oxidase) production of oxalate C 3’-UTR
NADH dehydrogenase involved in respiratory chain other 5-UTR
APP (amyloid precursor protein) neurotoxic conditions other 5-UTR

A number of inherited disorders are associated with mutations in the genes subjected to IRP-
mediated regulation. For example mutations found in the gene of ferroportin lead to an iron
loading disorder while mutations found in the gene of DMT1 leads to severe hypochromic,
microcytic anaemia [122]. In L-ferritin a heterogenous pattern of mutations in the IRE are
associated with hereditary hyperferritinemia-cataract syndrome (HHCS) which is an
autosomal dominant disorder characterized by bilateral cataracts and increased serum L-
ferritin, in low iron conditions [123]. In the related H-ferritin a single point mutation found in
the IRE of a Japanese family is associated with dominantly inherited iron overload

responsible for tissue iron deposition [124].

Bioinformatic ncRNA methods

Prediction of ncRNA genes versus prediction of protein genes

The analysis of genomic sequence has focused on development of methods to identify and
describe protein genes within the genomic sequence. This is usually based on the
identification of conserved coding exons by comparative genome analysis or on
computational gene prediction, which relies on gene-finding algorithms [125, 126]. Such
gene-finding algorithms are designed to identify open reading frames (ORFs),
polyadenylation signals, conserved promoter regions and splice sites typically associated with

protein-coding genes. A popular ab initio genfinding tool is GENSCAN [127]. It uses a
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general probabilistic model, which incorporates basic transcriptional, translational and
splicing signals, as well as length distributions and compositional features of exons, introns

and intergenic regions.

NcRNAs that are conserved in sequence, for instance ribosomal RNAs, can easily be
identified using sequence similarity search programs like BLAST [128] and FASTA [129].
Such programs can primarily be used to find orthologous ncRNAs in closely related species
(see e.g. [130]). However, since RNA sequence often evolves much faster than structure in
most cases, an approach based on primary sequence alignment is often inadequate for

ncRNAs.

NcRNAs with little primary sequence conservation have been more difficult to predict. In
particular it has been difficult to design ab initio methods that find ncRNA genes, including
genes that encode previously unrecognized classes of ncRNAs. One possible method of gene
finding is one where promoter and transcription termination signals are analyzed. Eukaryotic
ncRNAs are transcribed by different polymerases: rRNAs by Pol I, small structural RNAs like
tRNAs and 5S RNA by Pol III, and most other ncRNAs by Pol II. Some ncRNAs are not
independently transcribed at all, such as vertebrate small nucleolar RNAs that are processed
out of introns. Two successful screens for ncRNAs in E. coli used promoter and terminator
identification combined with comparative genome analysis to identify conserved noncoding

regions [131, 132].

In another type of method, statistical signals in splice sites were used to predict transcription
units and is suggested to work on all types of genes, even ncRNA genes [133]. Yet another
approach is to examine statistical signals such as base composition [134]. However, these
methods are not sufficiently selective since they make use of properties also found in protein

genes and they will therefore give rise to a high rate of false-positives.

An RNA molecule will fold into a tertiary structure guided by the primary sequence. The
molecule is able to form intramolecular helices, giving rise to a 'secondary structure' as shown
for tRNA in Fig.3 (Fig.3B). The tertiary structure (Fig.3C) has additional hydrogen bonds
giving rise to a more compact structure. A detailed analysis of functional classes of RNAs
shows that their secondary structures are very well conserved between species, indicating that

the secondary structure is important for the function of the molecule. At the same time there is
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little similarity at the sequence level. Therefore many successful ncRNA identification and
screening methods have made use of secondary structure information in addition to primary

sequence information.

A

5" GCGGAUUUAGCUCAGUUGG GAGAGCGCCAGACUGAAGAXCUGGAGGUCCUGUGUXCGAUCCACAGAAUUCGCACCA 3
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Figure 3. The different levels of tRNA structure. A) The primary sequence of a tRNA. B) The secondary
structure of the sequence. C) The tertiary structure (PDB ID: 1IEVV [135]).

Available ncRNA methods

There are a number of approaches and methods developed through the years that work
reasonably well but they are not as reliable as protein gene finding methods. The simplest
class of search tools uses regular or context free grammars (CFG) to describe RNA motifs that
are known and well defined. PatSearch [136] and RNAMotif [137] are tools which allow the
user to specify a given motif with a particular description language and offer search
approaches to identify instances of the motif in a set of sequences. A problem with these tools
is that the model is very sensitive to variations, and it is also very difficult to describe

production rules for complicated motifs with a large number of exceptions.
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With probabilistic models, such as stochastic context free grammars (SCFG), the user is able
to assign probability distributions to production rules; noise in the dataset is handled easily
because the model can adapt itself to variations. The main drawback of stochastic context free
grammars is that most of the available implementations are highly demanding in terms of
computational resources and as a result they are are not suitable for the analysis of whole
genomes. A SCFG algorithm typically require 0(N3) in memory and O(N4 ) in time
complexity, where N is the length of the sequence. Still, there are many approaches that
utilize SCFGs. An example is RSEARCH [138] that aligns an RNA query to target sequences,
using SCFG algorithms to score both secondary structure and primary sequence alignment
simultaneously. It is very time-consuming compared to sequence alignment methods like
BLAST. For example, we noted that it took 2.9 CPU days to search a 113 nt RNA against a
2.1 x 107 nucleotide database [138].

An important category of RNA bioinformatics methods, are those that attempt to predict a
secondary structure from a sequence. Most successful methods are based on the principle of
finding a structure with minimal free energy (MFE). The stability of a secondary structure is
measured as the amount of free energy released or used by forming base pairs. The more
negative the free energy of a structure, the more likely is formation of that structure. To
compute the minimum free energy of a sequence, empirical energy parameters are used.
These parameters summarize free energy change (positive or negative) associated with all
possible pairing configurations including base pair stacks and internal base pairs, internal
bulges, hairpin loops, and various motifs which are know to occur with great frequency.
Many well established algorithms are based on a thermodynamic model for the prediction of
RNA secondary structures, returning a structure of minimal free energy called MFE-structure
for short. The most well known MFE program is the MFOLD program by Zuker [139]. From

a single sequence it calculates its MFE structure visualized in a planar graph representation.

Another important principle in RNA bioinformatics is that of covariation. Covariation may be
defined as changes that maintain a basepairing pattern in double-stranded regions in the RNA
molecule (Fig.4). Mutual information is a measure of covariation [140]. Programs such as

RNA Structure Logo [141] and MatrixPlot [142] allow the user to display mutual information
content for an alignment of RNA sequences. One important application of mutual information

is that it may be used as evidence for a particular base pairing or secondary structure.
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SEQ1 SEQ2Z2 SEQ3 SEQ4
CcC ccC ccC ccC

U U U U U U U U
Cc-G Cc-G CcC-G CcC-G
U-A U-A U-A U-A
G-C C-G uU-A A-U
A-U A-U A-U A-U
—

SEQ1 AAGIUCUCCUGAIC|U
SEQ2Z AICUCUCCUGAG|IU
SEQ3 AlUUCUCCUGAIA|IU
SEQ4 AIAUCUCCUGA|U|IU
* * * - * * o * * *

Figure 4. Four related sequences displaying covariation. The four sequences adopt the same secondary structure
although the sequences are variant in two basepairing positions as indicated by the multiple alignment. The
changes in these two positions are maintaining a basepairing pattern, thus not affecting the secondary structure.

In the method implemented in RNAALIFOLD [143], a folding prediction is achieved with a
sequence profile, or multiple sequence alignment, instead of a single sequence. The principle

of energy minimisation is combined with the principle of covariation.

Structural alignments are very useful in methods to identify new ncRNAs. Covariance models
transform the information in a structural alignment into a probabilistic model capturing both
primary consensus and secondary structure information through the use of SCFGs [144].
Covariance models are constructed from multiple sequence alignments and have high
sensitivity, high specificity and general applicability to any RNA sequence family of interest.
However, covariance model dynamic programming algorithms are very CPU intensive and
are alone not suitable for genomic searches [144]. Covariance models of various ncRNA
families can be found at the Rfam database [94]. The INFERNAL program package contains

methods both for generating and searching covariance models [1].

Another type of comparative approach is to predict secondary structure from a set of
unaligned sequences and in this case the algorithm searches over all possible foldings.
Sankoff described such an algorithm, which is O(N*™) in memory and O(N°™) in time for m
sequences of length N [145]. Since this algorithm is quite unappealing when it comes to

longer sequences, approaches based on this algorithm have included heuristics in some parts.
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FOLDALIGN [146], the first practical algorithm of this type, was developed specifically for
the identification of local motifs in RNA sequences, where the motif is composed of both
sequence and structure constraints. Ituses a dynamic programming algorithm that is
guaranteed to find the highest scoring local alignment between two sequences, or between a
sequence and an alignment of other sequences. Another Sankoff algorithm approach is
Dynalign [147]. The Dynalign algorithm takes advantage of both free energy minimization
and comparative sequence analysis to predict RNA secondary structure for 2 sequences. It can
improve the accuracy of secondary structure prediction compared to standard free energy

minimization methods that consider the structure of only one sequence.

Current approaches for ncRNA gene identification at a genomic scale can be divided into two
classes regardless of method: approaches to detect new members of already known and well-
characterized ncRNA families, and attempts to predict any ncRNA genes so that novel

families of ncRNAs can also be found (de novo methods).

Specialized programs have been developed that are suitable for screens at a genomic scale to
detect members of particular ncRNA families. Examples of this such programs are miRseeker
for microRNAs [148], tRNAscan-SE for tRNAs [149], snoScan for box C/D snoRNAs [150],
fisher for box H/ACA snoRNAs [151], as well as a srpscan for SRP RNAs [152]. MiRseeker
uses a comparative approach where pairwise alignments of closely related species are
analyzed together with MFE folding and a set of rules derived from previously known
microRNAs. Both tRNAscan-SE and srpscan uses a similar approach where the initial part is
a fast, first-pass prefilter to identify candidate ncRNAs based on simple constraints. The
second part uses a highly selective RNA covariance model, which is used to search the
sequences derived from the first step. Snoscan first uses a greedy search algorithm based on
common motifs in snoRNAs that rapidly scan for 2’-O-methylation guide snoRNA candidates
in the genome sequence. An integrated model consisting of both SCFG and HMM then scores
the sequences based on the sequence features specific to this RNA gene family. Fisher applies
a fast primary sequence search using important H/ACA class snoRNA features together with
methods that are based on properties of predicted minimum free-energy (MFE) secondary

structures.
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Each of the methods described above are restricted to one type of ncRNAs, but attempts have
been made to develop identification methods for all possible ncRNAs. Two of these, QRNA

and RNAz have been used in our work and will be described here in some detail.

QRNA makes a prediction of ncRNA based on pairwise alignments [153]. It compares the
score of three distinct models of sequence evolution to decide which one describes best the
given alignment: a pair SCFG is used to model the evolution of secondary structure, a pair
hidden Markov model (HMM) describes the evolution of protein coding sequence, and a
different pair HMM implements the independent model of a sequence with an evolutionary

random pattern not consistent with either a secondary structure or protein coding sequence.

QRNA is currently limited to pairwise alignments, and rather slow for ncRNA gene
prediction at a genomic scale. A program similar to QRNA, which tests for complementary
mutations in three-sequence multiple alignments, is ddbRNA [154]. It searches for common
stems in the multiple alignments in a greedy fashion. The assessment of the significance of

the conserved structure is based on shuffled alignments.

The program RNAz makes a prediction of ncRNA based on multiple sequence alignments
[155]. It uses two independent criteria for classification: a z-score measuring thermodynamic
stability of individual sequences, and a structure conservation index obtained by comparing
folding energies of the individual sequences with the predicted consensus folding. The two
criteria are then combined to detect conserved and stable RNA secondary structures with high
sensitivity and specificity. Yet another application suitable for multiple alignments is MSARI
[156]. The approach uses information from a larger set of sequence-aligned orthologs to
detect significant ncRNA secondary structures. Primary sequence alignments are often
inaccurate. In MSARI, one part of the method tries to correct errors in multiple alignments

through energy minimisation calculations.
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Methods

Sequence homology methods

In some cases when the evolutionary distance between two species is limited, a simple
sequence similarity searches by BLAST [128] or FASTA [129] is sufficient for RNA gene
identification. Usually these searches are suitable as a first step when comparing closely

related RNA genes.

Pattern matching and covariance models

For the identification of P/MRP RNA as well as IRE we used a combination of pattern
searches and secondary structure profile searches with cmsearch of the Infernal package [1,
93]. Nuclear P RNA and MRP RNA sequences are poorly conserved in sequence. However,
three conserved regions are shared; CR-I, CR-IV and CR-V. For nuclear P RNA there are also
conserved elements in the domain 2 to take into account; CR-II and CR-III. Therefore, for the
identification of P and MRP RNA we used a pattern based on consensus features including
the CR-I, CR-IV and CR-V motifs as well as base-pairing rules consistent with the helix P2.
When a P or MRP RNA gene was not found using these patterns new searches were carried
out where mismatches were allowed. After the pattern matching procedure, sequences fitting
the secondary structure template were further analyzed with Rfam covariance models. High-
scoring candidates were further analyzed for characteristics typical for PPMRP RNA
secondary structure; base pairing between the CR-I and CR-V motifs, presence of CR-IV as
well as the helices P1, P2 and P3. In the case of P RNA the CR-II and CR-III motifs should
also be present (Fig.1).

Also IREs were identified using a combination of pattern matching and covariance models.
To identify as many potential IREs as possible we primarily searched available mRNA
sequences. In case there was no available mRNA, genomic sequences was searched for
regions homologous to available proteins/mRNAs. Whenever an IRE candidate was found in
a genomic sequence it was checked for reasonable proximity to the protein/mRNA match.
Candidate sequences were checked for conserved primary sequence motifs and the ability to

fold into a secondary structure typical for the iron responsive element (Fig.2).
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Profile HMMs of highly conserved regions in P and MRP RNA

For prediction of P and MRP RNAs we also used profile HMMs created from CR-I and CR-V
multiple alignments. We further analyzed all genomic sequences that contained the CR-I and
CR-V motifs and where the distance between the two motifs is less than 3000 bases.
Advantages of this method are that large genomes may be searched quickly (100 Mbases in a
few minutes) and in a highly specific manner identifies the P and MRP RNA genes.
Candidates identified in the search based on HMM profiles were further analyzed to check

that other conserved features of the RNA were present.

Identification of protein homologues

An efficient method for protein identification is PSI-BLAST (Position Specific Iterative
BLAST) [157, 158]. PSI-BLAST can repeatedly search the target databases, using a multiple
alignment of high scoring sequences found in each search round to generate a new more
sensitive scoring matrix able to find distantly related sequences that are sometimes missed in
a BLAST search. Multiple PSI-BLAST searches with different query sequences were carried
out in order to identify as many homologues as possible belonging to a certain protein family.
The NCBI Genbank protein set was used as the primary source [159], but additional proteins
were identified from individual genome projects or identified from TBLASTN searches of
genome sequences. Whenever relevant, these novel sequences were included in the set of
sequences used as database in the PSI-BLAST search.

We also used profile HMMs at the Pfam database [84] for Pop1, Pop3 (Rpp38), Pop5, Rppl4,
Rpp20, Rpp25, Rpp40, Rpr2 (Rpp21) to identify homologues. In cases where available Pfam
models were not sufficient or present, new models were created from multiple alignments and

used with the HMMER package to find additional homologues.

To identify homologues to previously known proteins whose mRNAs are known to contain
IREs we mainly used BLAST to search the NCBI Genbank set of proteins. Some gene
sequences that were not in Genbank were identified by Genewise [160] Genewise uses a
combination of comparative analysis (aligns proteins to genomic sequences) together with

statistical signals to predict genes.

For classification of proteins we also made use of phylogenetic analysis, including methods of

parsimony, maximum likelihood and neighbour-joining.
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ncRNA prediction using de novo methods

As opposed to the methods that detect new members of already known ncRNA families
described previously (IRE and MRP/P RNA identification), we have also used two de novo
methods, QRNA [153] and RNAz [155], to computationally screen the S.cerevisae genome

for ncRNAs. These methods are described above in the 'Introduction’ section.
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Results and discussion

Several ncRNA genes and motifs have been identified using computational methods. On the
one hand we have successfully identified ncRNA that belongs to already known families; on

the other hand we have used de novo methods to find novel ncRNA.

The following known ncRNA families have been studied using new methods:
e P and MRP RNA (paper I), two related ncRNAs genes.
e IRE (paper III), a cis-regulatory mRNA element.

In another project we looked further at the protein subunits of P/MRP particles (paper III).
Here we carried out a computational analysis of the protein subunits in a broad range of

eukaryotic organisms using profile-based searches and phylogenetic methods.

We have also screened the yeast genome for novel ncRNAs using de novo methods (paper IV)
that employ general characteristics that apply to almost all known ncRNAs.A selection of

candidates from both methods were experimentally tested.

Ribonucleases MRP and P

Using a computational approach we identified more than 100 novel P and MRP RNAs (Paper
I). All the RNA sequences have a conserved structural design in domain 1 containing the P1,
P2, P3 and P4 helices as well as the CR-I, CR-IV and CR-V regions. In addition RNase P
RNA has conserved elements CR-II and CR-IIL, not present in MRP RNA. Furthermore we
observed that the domain 2 of nuclear P RNA contains helices eP8, eP9 and an extra helix 5°
of the eP8 helix, here referred to as eP8". The three helices eP8’, eP8, and eP9 are highly
variable in sequence. For the MRP sequences identified, three helices in domain 2 are found.
The stem-loop structure in domain 2 that follows CR-I is conserved with the consensus

sequence 'GARAR', in some cases it is also a tetraloop with the consensus GARA.

We believe that the PPMRP RNAs identified are true genes since they all have the consensus
properties of such RNAs and some of our predictions of protozoan RNAs were verified

experimentally (Fredrik Soderbom, personal communication and Marquez et al. [161]). In
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some organisms we failed to identify a P or MRP RNA gene. This might be due to incomplete
genome sequencing or, alternatively, the gene could be very different from previously known

P/MRP RNA genes.

To further examine the relationship of RNase P and MRP RNA to the protein subunits a range
of eukaryotic organisms where further analyzed with respect to RNase P and MRP protein
subunits. Several homologues were found that were not previously reported (Paper IT). An
overview of the phylogenetic distribution of the RNA and protein components will be

presented below.

Phylogenetic distribution of RNase P and MRP RNA and protein
components

Fungi. A number of Saccharomycotina P RNAs were identified, all similar to the well-studied
S.cerevisiae RNA. The Pezizomycotina species all have a relatively long eP8” helix. In
Aspergillus the P3 helix has been extended as compared to other fungi. We identified an RNA
also in Trichoderma reseii that has an extra helix in the eP8/eP8” region.

In the Basidiomycota group we found a P RNA in three species. Interestingly, the
Phanerochaete RNA is 1143 nucleotides long and seems to have a large insertion in the eP15

region, similar to Candida glabrata, where a very long P RNA sequence has been identified

[162].

MRP RNA was identified in several fungal groups. To the previously known
Saccharomycotina we also identified MRP RNA in the Pezizomycotina group. In these
organisms the domain 2 is very large, forming a long helical region. Furthermore, MRP RNA
was identified in the Basidiomycota organisms. Here the domain 2 seems to be built from
three different helices but it is not clear whether they are related to the three helices of other

MRP RNAs, or to the ymP5, ymP6 and ymP7 helices of S. cerevisiae.

The protein subunits Pop1, Pop3, Pop4, Pop5, Pop6, Pop7, Pop8, Rpp30, Rpp21, Snm1 and
Rmpl are in all Saccharomycotina organisms except Yarrowia. Pop6 and Pop8 are the only
proteins that seem to be exclusive to Ascomycota. Basidiomycota organisms seem to have a
smaller set of proteins than Ascomycota as we have failed to identify Pop6, Pop7, PopS,

Snm! and Rmp!l homologues.
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Microsporidia. The microsporidia P RNAs identified are relatively small with an atypical
small helix 3 which is lacking the internal loop characteristic of that helix in most other P
RNAs. As with P RNA microsporidia MRP RNAs are exceptionally small in size, in
particular the P3 helix and domain 2. It seems as if microsporidia MRP RNAs represent

'minimal' forms of the RNA.

Proteins identified in microsporidia include Pop1, Pop4, Pop5, Rppl, Rpr2, and Rmp1. Both
the small size of the RNAs and the small set of proteins is consistent with the fact that the
microsporidia have unusually small genomes (2.5 million bases) and may be considered
minimal eukaryotes. Thus, they have retained only the genes that are critical for function and
a large number of RNA and protein genes have been reduced in size as compared to other

organisms.

Plants, green and red algae. So far, an RNase P RNA has not been identified in plants. In
our searches for eukaryotic P and MRP RNAs we failed to identify a P RNA in the plants,
green algae and in red algae, suggesting that RNase P is missing in these organisms.
Conversely MRP RNA, which previously has been found in Arabidopsis thaliana, was
identified also in rice and in green and red algae. These findings indicate that MRP RNA is

ubiquitous in the plant group.

One major difference between protein distribution in the plants as compared to other
organisms is that Rpp21 (Rpr2) is missing in the plants. Rpp21 is considered specific to
RNase P and is not found in MRP, which is in agreement with the observation that a RNase P

RNA is not identified in the plants.

There is evidence that Rpp29 (Pop4) and Rpp14 are specific to RNase P and are not present in
the human RNase MRP [79]. If this applies to the plant group our failure to identify Rpp14 in
plants is consistent with its absence in MRP. On the other hand, if an RNase P is missing in
the plant group, the fact that a Rpp29 homologue is present seems to be in conflict with the
suggestion that Rpp29 is specific to RNase P.

Insects and nematodes. P RNAs were identified in a number of Drosophila species. The
secondary structure that is consistent with all these Drosophila is also consistent with P RNA

sequences from other insects. However, only the Drosophila RNAs have an eP8” helix.
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Previously a P RNA sequence was identified in C. elegans. Here we identified homologues

also in 2 other nematodes.

As with P RNA we found MRP RNA genes from different Drosophila species and other
insects. In nematodes we were also able to detect an MRP RNA. The RNA structures of
nematodes and insects are very similar to vertebrate MRP RNAs, with the exception of an

extended helix eP9 in Drosophila structures.

A comparison of the MRP RNAs from plants, red algae, heterokonta, vertebrates, insects and
nematodes show that they all may be folded into very similar structures. As discussed below

the fungi are different, particularly in domain 2.

The protein repertoire of nematodes and insects are similar to that of humans, the only

exception is that an Rpp38 homologue is not found in the genomes.

Other eukaryotic groups. Among the protists we identified a P RNA gene from a number of
species. Many of the smallest PRNAs detected are found in this group like Giardia lamblia,
Babesia bovis and Theileria annulata. RNase P genes were also identified in a range of
Plasmodium species. They are larger than the other protist P RNAs and even if they show a
large variation in size they are all closely related. A characteristic of Plasmodium species is

that the helices P3, eP8’, P12 and eP19 have grown considerably with long AU-rich stretches.

Vertebrate MRP RNA sequences that were not previously described were identified in fishes.
As with P RNA, we found a MRP candidate in many different Plasmodium species. The large
degree of variation in sequence of P RNA in the different Plasmodium species has no
equivalent in the evolution of MRP RNA sequences. The protist group Euglenozoa, with
Leishmania and Trypanosoma, is the only phylogenetic group where no RNase P or MRP
RNA could be identified.

In vertebrates we found protein homologues for Pop1l, Rpp29 (Pop4), Pop5, Rpp20 (Pop7),
Rpp30 (Rppl), Rpp21 (Rpr2), Rpp14, Rpp25, Rpp38, and Rpp40. The set of proteins in the
protist group alveolata is similar to that of Metazoa, with the exception that Rpp14, Rpp38
and possibly Rpp25 are missing. In Giardia lamblia we failed to identify Rpp20 and Rpp25
(Table 3), proteins proposed to interact with helix P3 [79, 86]. Since the helix P3 is very small
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as well as the entire domain 2, the difference in protein repertoire might be related to these
differences. The small protein composition in G. lambia is similar to the situation in
microsporidia organisms and together these ribonucleases represent complexes with a very

small subset of proteins (Table 3).

As with P and MRP RNA we were not able to demonstrate a single RNase P or MRP protein
subunit in Euglenozoa. Therefore, it seems highly likely that a RNase P/MRP is missing, at
least of the type found in other eukaryotes.

Protein relationships in RNases P and MRP
As referred to above, the proteins Popl, Pop4, Pop5 and Rpp! are all widely distributed, and

were found in all phylogenetic groups except for the Euglenozoa group, where no P and MRP

RNA could be identified (Table 3).

Pop3 homologues have previously been reported in S. cerevisiae and C. albicans [27, 163].
Additional fungal homologues were found indicating that Pop3 is ubiquitous in this group.
When Pop3 is used as query in profile-based searches, the L7Ae/L30e domain containing
Rpp38 proteins are identified as previously reported [80]. Phylogenetic analyzes further
support an orthology relationship between Pop3 and Rpp38 (Table 3).

Human Rpp20 was previously proposed to be the homologue of yeast Pop7 [164] and from
searches that we carried out it seems highly likely that proteins Rpp20 and Pop7 are
orthologues (Table 3).

Rpp25 and Pop7/Rpp20 were previously shown to be evolutionary related [165]. We also
found novel homologues in green algae, heterokonts, Caenorhabditis and two different
proteins related to Rpp25 in fishes (Fig. 5). A protein related to human Rpp25, referred to as
C9orf23 (Chromosome 9 open reading frame 23 protein) was previously reported [166]. We
found Rpp25 and C9orf23 paralogues to exist in all vertebrates, including fishes (Fig. 5) while
most non-vertebrates had only one Rpp25 homologue. It seems that a gene duplication event
took place at a point of evolution close to the development of Deuterostomia, giving rise to

the Rpp25 and C9orf23 protein.
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It has previously been noted that Pop5 is homologous to Rpp14 [167]. Pop5 is found in all
groups while Rpp14 is found only in Metazoa. A number of obvious Pop5 proteins were
erroneously annotated as Rpp14 in protein sequence databases. For this reason a phylogenetic

analysis was necessary to classify Rpp14 and Pop5 homologues correctly (Fig. 4).

We also found evidence that PopS8 is related to the Pop5/Rpp14 proteins. This relationship
was identified by carrying out PSI-BLAST searches where we included previously
unrecognized homologues from Saccharomycotina and Pezizomycotina. Based on these

results an attractive possibility is that Pop8 is the fungal orthologue to Rpp14 (Table 3).

Pop6 was previously identified in S. cerevisiae [72]. Pop6 homologues were found in a
number of Saccharomycotina but not in other fungi. Homology between Rpp25 and Pop6 was
suggested from profile-based searches (Table 3). The relationship between Pop6 and Rpp25 is
consistent with available protein-RNA and protein-protein interaction data where human

MRP Rpp25 seems to have a role similar to that of yeast RNase P Pop6 [74, 78].

The addition of two novel protein relationships between fungal and metazoan protein families
(Pop8/Rpp14 and Pop6/Rpp25) means that all the shared fungal RNases P and MRP proteins
now have metazoan homologues, suggesting that the metazoan and fungal RNase P and MRP
complexes are very similar in terms of both RNA and protein subunits. For other known
relationships we have broaden the phylogenetic range and identified further support for

previous observations.

Table 3. Simplified phylogenetic distribution of MRP/P RNA and proteins. Gray boxes and white boxes
symbolize presence and absence of protein subunits respectively. The arrows denote orthologue
relationships between the different groups. The dotted arrows are relationships not described before.

RNA
Phylogenetic groups [Pop1|Pop3|Pop4|Pop5|Pop6|Pop?|Pop8|Rpp1/p30| Rpr2/ip21 | Rpp14| Rpp20|Rpp25 [Rpp38[(Rpp40{Snm1{Rmp1] P | MRP
Fungi
Protozoa

Metazoa
Plants & algae

Minimal composition
Microsporidia
Giardia lamblia

Euglenozoa

33



Structural and evolutionary relationship between P and MRP RNA

P and MRP RNAs are structurally similar and many observations suggest that they are
evolutionary related. P and MRP RNA sequences from one organism typically share sequence
elements in the P3 region, most often in the lower strand of the internal loop of P3. Analysis

of the novel RNAs identified in Paper I reveal notable cases of such sequence conservation

(paper I).

Usually the P and MRP RNA genes appear in different locations in the genome. However, in
certain protists the two genes appear in tandem with a spacer of approximately 50 nucleotides
and are more similar as compared to P/MRP RNA pairs in other organisms. This indicates an
early gene duplication in these ancient organisms and supports the close P and MRP RNA

relationship.

A K-turn motif was found within the helix P12 in a large number of P and MRP RNA
sequences (Fig.5), a motif previously shown to be present in other ribonucleoproteins [168,
169] and for P and MRP RNAs discussed only in the context of human MRP RNA [170]. A
K-turn like motif, referred to as a K-loop, is found in most fungal MRP RNAs except for the
Saccharomycotina group. In a K-loop the G-A base pairs are connected directly with a loop

instead of a longer helical region.

K-turns present in ribosomal RNAs are known to interact with a number of different
ribosomal proteins, including the archaeal L7Ae. The archaeal L7Ae protein binds to K-turn
[169] as well as K-loop [168] structures and there is evidence that L7Ae is a subunit of the
archaeal RNase P [171, 172]. Since Rpp38/Pop3 is related to L7Ae, it is possible these
proteins bind to K-turns of P and MRP RNAs (Fig.5). To support this notion Rpp38 is known
to interact with the P12 helix [86] [78].
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Figure 5. K-turn motif in MRP RNA. The K-turn motif is present in the P12 helix of several P and MRP RNAs
identified. The P12 region is marked with a rectangle and the motif is highlighted in the circle. Rpp38 might
interact with the the k-turn motif located in P12.

The iron responsive element

The iron responsive element (IRE) is an RNA structural motif critical for regulation of many
proteins involved in iron metabolism. Typical features of the IRE include an apical loop
sequence (CAGUGN) and two stems separated by either a bulge/loop (UGC/C) or a C-bulge.
Based on these features we constructed a method to computationally identify IREs. A large
number of novel IRE sequences were identified (paper III). The IRE occurs in a number of
mRNA encoding iron-related proteins and these proteins and their phylogenetic distribution

will be discussed below as well as the distribution of the IRE.

Ferritin

Ferritin is an almost ubiquitous multi-protein complex higly conserved from bacteria to man.
In metazoa, ferritins consists of heavy (H) and light (L) chains. An additional chain form (M)
has been found in Xenopus [173]. For all vertebrate organisms where we found more than one

ferritin chain, an IRE was identified in the corresponding mRNA. In insects there are two
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ferritin chains as well but only the heavy chain (HCH) has an IRE [174, 175], the only
exception is seen in butterflies and moths where both chains have the IRE [176, 177]. The fact
that IREs are identified in lower metazoa such as Sponges, Cnidaria strongly suggest that the
IRE is a very early metazoan invention. We found an IRE in all metazoa, the only exceptions

are the worms C. elegans [178] and S. mansoni [179].

As a rule the ferritin IRE is of the UGC/C type.Variants of the UGC sequence occur in some
organisms but the G in second position is always conserved and is able to pair with C in the
bulge on the opposing strand which is also supported by structural studies of selected IREs
[102, 106]. Another conserved basepair in some UGC/C type IREs is a G-A pair, close to the
UGC/C-bulge. This non-canonical pair is seen in invertebrates but not found in vertebrate

ferritin IREs or in any non-ferritin IREs.

The C-bulge type is typically associated with non-ferritin transcripts described to contain IRE,
exceptions are found in insect and in the Southeast Asian horseshoe crab ferritins where the

non-typical C-bulge structure is present.

Transferrin receptor

The mRNA of mammalian transferrin receptor 1 (Tfrl) is unique since it is the only mRNA
with multiple IREs (5 IREs in the 3’-UTR). A number of non-vertebrates proteins show a
high sequence similarity to Tfrl and other Tfrl-related proteins but do not clearly associate
with Tfrl in a phylogenetic analysis. At any rate, IREs are absent in the non-vertebrate

mRNAs s related to Tfr.

We report a number of vertebrate Tfr IREs that were not previously described, mainly in
fishes. Fishes are the only group where the multiple IREs are present in two Tfr1 transcripts,
Tfrla and Tfr1b, where Tfrla is more similar to mammalian Tfrl. The Tfrla which is found
in all vertebrates has a non-canonical apical loop sequence in IRE a (closest to the termination
codon) while the IRE a in the fish-specific Tfr1b is more similar to the canonical sequence
(CAGUGN). This implies that Tfr1b IREs represents an ancestral form. It is interesting that
the non-canonical IRE has been preserved during vertebrate evolution. This suggests that it is

associated with an important function.
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All IRE sequences as well as their order is extremely conserved and in addition there are three
conserved regions between IREs that are able to form short hairpin structures, as previously
noted for the human Tfrl mRNA [103, 180, 181, 182 ]. In one of these hairpins there are
instances of compensatory mutations maintaining the structure and in the two other hairpins
the sequences are all the same. These structures are presumably functionally important and

may constitute protein binding sites.

IREs of other mRNAs

eALAS. eALAS exist in two forms, H (housekeeping form) and E (erythroid form), both
types are present in vertebrates [183]. To previously identified IREs [184] we found
additional elements in the E chain transcripts of lower vertebrates such as fishes, frog and sea

squirt but not in any organisms outside vertebrates.

Ferroportin. Ferroportin is found in vertebrates, in many invertebrates, in plants, and in some
fungal groups. However, a search of IREs in ferroportin mRNAs revealed such elements only

in vertebrates.

DMT1. The protein is found in all chordata organisms but only mRNAs from mammals have
an IRE. In frog an IRE-related sequence is found with a single nucleotide change in the hexa-
loop (CAGUGN). Sequences found in fishes are also similar but the loop sequence is
disrupted as well as the hairpin structure characteristic of IRE. This suggests that typical IRE
in mammals evolved from a non-IRE sequence by a number of mutations in fish/frog

sequences.

Succinate dehydrogenase. An IRE in Drosophila mRNA of succinate dehydrogenase, a
universal Krebs cycle enzyme, has been reported [185]. The element of succinate
dehydrogenase is found in all available Drosophila species but nowhere else, suggesting that

the IRE in succinate dehydrogenase mRNA is restricted to Drosophila.
Some IREs seem to be restricted to higher animals. These are IREs that are not well studied

and in case they are involved in transcriptional regulation they appeared at a late stage in

evolution. Examples are Cdc14a [117] and the human MRCKa [118].
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Evolution of IRE

With bioinformatic methods we have identified over 90 novel IRE sequences in a wide range
of metazoan organisms. With a few exceptions, the IRE of ferritin mRNAs is ubiquitous in
the metazoa group. In other mRNAs, IREs appeared for the first time at the level of chordata
(mACO and eALAS) and therefore we suggest that the IRE/IRP system first operated in
ferritin mRNA (Fig.6). In general ferritin IREs are of the UGC/C type while all other mRNAs
conform to the C-bulge type. However some ferritin IREs are of the C-bulge type, and a

transition to a C-type IRE seems to have occurred more than once.

time
[

CDCI14A, 3UTR C-Bulge Higher mammals

Transferrin receptor, 3UTR C-bulge | Vertebrates
Ferroportin, 5 UTR C-bulge

e-ALAS, 5 UTR C-Bulge Chordata
m-Aconitase, 5 UTR C-Bulge

Ferritin, 5 UTR UGC-bulge Sponges

Figure 6. The evolution of the IRE element. IRE appears initially in ferritin mRNAs at the level of early
metazoans. In other mRNAs, IREs are introduced first at a point close to chordata speciation or later. All
mRNAs except the ferritin carries the C-bulged IRE.

Hunting for ncRNAs in yeast using de novo methods

We have conducted computational screens of yeast genomes for novel ncRNAs using two de
novo methods, implemented into the QRNA and RNAz programs by Rivas et al. and Washietl
et al. respectively [153, 155]. QRNA uses mutational patterns consistent with a conserved

RNA secondary structure to discriminate functional RNAs from coding sequences and
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random sequences while RNAz uses a combination of free energy and covariance to
distinguish ncRNA genes from other genes. Both methods exploit for their prediction genome

sequences of closely related organisms.

QRNA predictions

To predict novel ncRNAs, 6347 S. cerevisiae intergenic regions were blasted against the
genomes of six members of the Saccharomyces family. Redundancy, overlaps and candidates
with a log odds score below 5 were removed and resulted in 405 candidates.

During our work, a different result of a similar analysis was published by McCutcheon et al.
[186] with many of our candidates not identified, the overlapping results was discarded. We
also wanted to reduce the probability that some of the candidates are not ncRNAs but rather
conserved secondary structures within UTR regions by removing sequences proximal to an
ORF. A compilation of 245 candidates was finally obtained. From our QRNA candidates we
selected 10 for experimental testing using three physiological windows: adaptation phase,
exponential growth phase and stationary phase. However, for none of the 10 ncRNA

candidates tested was there evidence of expression as judged by northern blots.

We also wanted to examine the possibility that some of the hypothetical ORFs (hORFs) in the
current annotation of the yeast genome are mispredictions and actually correspond to ncRNA
genes. We extracted from the S. cerevisiae genome 1234 hORFs and used them for pairwise
comparison against Saccharomyces genomes. This resulted in a final list of 146 candidate

sequences.

RNAZz predictions

In the RNAz approach we made use of 5290 alignments of S. cerevisiae, S. paradoxus, S.
mikatae, and S. bayanus produced by M. Kellis et al. [187], resulting in 1619 ncRNA
candidates as predicted by RNAz. As with the QRNA intergenic screen, we discarded
candidates that are not likely ncRNAs but rather conserved secondary structures within UTR
regions. We also decided to remove sequnces that were poorly aligned. The fact that not all
intergenic regions are present in the initial set of alignment and that only a limited number of
high quality four-way alignments are available is certainly a limitation of our RNAz
approach. From alignments that were approved, RNAz predicted 47 ncRNA candidates. From

the final list of RNAz candidates, 20 sequences were experimentally tested. In addition to the
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three physiological windows as used when testing QRNA candidates we also used a variety of
inhibitors (NaCl, ethidium bromide, paraquat, caffeine and CdCl,). A for the experimentally
tested QRNA candidates we could not find any evidence of expression in any of the growth

conditions.

Discussion

The negative results from the northern blot experiments could mean that QRNA and RNAz
are not efficient in identifying such RNAs, at least given the conditions that we have used.
However, it could also be that very few ncRNAs remain to be identified in S. cerevisiae.
Another factor is the experimental setup which could miss out on true ncRNAs if they are
expressed during other conditions than we used or if a ncRNA is expressed at a very low

level.

An important issue in the computational screening is the selection of species. It is important
that the species chosen for comparison is close enough to be accurately aligned but at the
same time it is important that they are at a distance that allows for compensatory mutations. A
limitation of the methods that we used is that alignments are based only on primary sequence,

for this reason we are missing rapidly evolving RNAs.

The fact that none of the candidates from a yeast transcriptome analysis [188] are predicted by
QRNA and RNAz is noteworthy. Such a result questions the methods used here but on the
other hand the candidates from the tiling array might not be RNAs that depend on a conserved

secondary structure for proper function.
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Conclusions

We have used different bioinformatic methods to identify ncRNAs in a variety of organisms.
These methods can be classified into two main approaches. First, there are methods that make
use of consensus characteristics found in known ncRNA families to find novel ncRNAs (de
novo methods). We have attempted to use such methods to identify novel ncRNA genes in
yeast. Second, there are approaches that make use of characteristics of a specific ncRNA
family to find new members of that family. We have used methods of that category to
successfully identify a large number of previously unrecognized members of the RNA
families RNase P and MRP as well as the iron responsive element. These novel RNA
sequences make it possible to better predict the structure of these RNAs as well as to better
understand their evolution and function. To further understand the structure and evolution of
the RNases P and MRP we also carried out an extensive analysis of the protein subunits of
these enzymes. A number of novel homologues were identified and these allowed conclusion
as to the relationship between protein subunits. Importantly, the human and yeast enzymes are

shown to be more related than previously thought.
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