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"Science teaches us about the deepest issues of origins, natures, and fates - of our 
species, of life, of our planet, of the Universe. For the first time in human history, we 
are able to secure a real understanding of some of these matters. Every culture on Earth 
has addressed such issues and valued their importance. All ofus feel goosebumps when 
we approach these grand questions. In the long run, the greatest gift of science may be 
in teaching us, in ways no other human endeavour has been able, something about our 
cosmic context, about where, when, and who we are." 

Carl Sagan - The Demon-Haunted World 

Amendments: 

Page 81: Top lines of page should read - The RNAstructure tree (Figure 5.2C) groups 

the chloroplast sequences together but does not group the cyanobacterial species 

(Synechocystis, Anabaena and Anacyshs) together unless the E. coli outgroup is 

removed. 

Page 126: The following reference should be included: 

Pascual, A and Vioque, A ( 1996) Cloning, purification and characterisation 

of the protein subunit of ribonuclease P from the cyanobacterium Synechocystis sp. 

PCC 6803 . Eur J Biochem 241: 17-24 
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Abstract 

Bioinformatics is applied here to examine whether RNA secondary structure 

data can reflect distant evolutionary relationships. This is important when there is little 

confidence in sequence data such as when looking at the evolution of RNase MRP 

(MRP). 

RNase P (P) and RNase MRP (MRP) are ribonucleoproteins (RNPs) that are 

involved in RNA processing and due to functional and secondary structure similarities, 

are thought to be evolutionary related. P activity is found in all cells, and fits the 

criteria for inclusion in the RNA world (Jeffares et al. 1998). MRP is found only in 

eukaryotes with essential functions in both the nucleus and mitochondria. The RNA 

components of P and MRP (pRNA and mrpRNA) cannot be aligned with any certainty, 

which leads to a lack of confidence in any phylogenetic trees constructed from them. 

If MRP evolved from P only in eukaryotes then it is an exception to the general 

process of the transfer of catalytic activity from RNA, to ribonucleoproteins, to proteins 

(Jeffares et al. 1998). An alternative possibility that MRP evolved with P in the RNA 

world (and has since been lost from all but the eukaryotes) is raised and examined. 

Quantitative comparisons of the pRNA and mrpRNA biological secondary structures 

have found that the third possibility of an organellar origin ofMRP is unlikely. 

Results show that biological secondary structure can be used in the evaluation of 

an evolutionary relatedness between MRP and P and may be extended to other catalytic 

RNA molecules . Although there are many protein families, this may be the first 

evidence of the existence of a family of RNA molecules, although it would be a very 

small family . 

Secondary structures derived with folding programs from pRNA and mrpRNA 

sequences are examined for use in the characterisation of catalytic RNA sequences. The 

high AT content in organellar genomes may hinder the identification of their catalytic 

RN A sequences. A search strategy is developed here to address this problem and is 

used to identify putative pRNA sequences in the chloroplast genomes of four green 

plants. A maize chloroplast pRNA-like sequence is examined in more detail and shows 

many characteristics seen in known pRNA sequences. Folding programs show some 

potential for the characterisation of possible catalytic RNA sequences with only a small 

bias in the results due to sequence length and AT content . 
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Chapter I 

Introduction 

Bioinformatics, a new and exciting field m the biological sciences, 1s a 

powerful tool in the investigation of evolutionary relationships. Bioinformatics is 

applied here to examine two themes. Firstly, RNA secondary structure data is shown to 

reflect evolutionary relationships where the times of divergence are so old that there is 

little confidence in sequence data. Secondly, this secondary structure data is combined 

with sequence and functional data to examine the evolution of RNase MRP (MRP), 

especially the possibility of it being part of the RNA world. 

RNase P (P) is already thought to be part of the RNA world, an early stage in the 

evolution of life, where RN A was both catalytic and the holder of the genetic 

information (Jeffares et al. 1998). MRP is thought to be evolutionary related to P due 

to functional and secondary structure similarities, but due to its presence only in 

eukaryotes, has not previously been considered to be part of the RNA world. These 

ribonucleoproteins (consisting of a catalytic RNA and at least one protein subunit) have 

RNA components (pRNA and mrpRNA) with little sequence homology, resulting in 

sequence alignments that have not enough reliability to confidently examine their 

evolutionary relatedness (Sbisa et al. 1996). 

P cleaves tRNA precursors to form the mature 5' ends of tRNA molecules with 

activity being found all cells tested (i .e. universally) including prokaryotes, eukaryotes 

and also in organelles. Prokaryotic P consists of an RNA strand, and a single protein 

subunit, whereas the P encoded in the nucleus of eukaryotes has several protein subunits 

(Pace and Smith 1990). Fungi such as Saccharomyces cerevisiae and Aspergillus 

nidulans have retained their mitochondrial -encoded pRNA whereas vertebrate 

mitochondria and the fission yeast Schizosaccharomyces pombe have lost their pRNA 

gene and use a nuclear-encoded product. In plants, mitochondrial pRNA activity has 

been shown (Marchfelder and Brennicke 1993), but to date no genes have been 

characterised. 

The secondary structure of prokaryotic pRNA has been seen in the past to show 

characteristic features for different phylogenetic groups of pRNA (Pace and Brown 

1995) and consensus structures have been drawn for these groups of eubacteria and 

archaebacteria (Haas et al. 1996, Pace and Brown 1995). This is an indication that some 

features in the pRNA secondary structure are fixed and others variable. For the 
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purposes of this study, prokaryotic pRNA includes that from eubacteria mitochondria, 

and plastids (chloroplast and cyanelle). The pRNA from archaebacteria is not covered 

at this time due to processing power and time considerations. 

MRP (Mitochondrial Ribosomal Processing) has been found only in eukaryotes 

initially as an endoribonuclease that cleaves RNA primers for the initiation of 

mitochondrial DNA replication (Morrissey and Tollervey 1995). Subsequently a 

nuclear function in rRNA processing was identified, consistent with its predominant 

localisation to the nucleolus (Lygerou et al. 1996). MRP consists of an RNA moiety 

and multiple protein subunits with at least 7 of these, Pop 1 p (Morrissey and Tollervey 

1995), Pop3p (Dichtl and Tollervey 1997) Pop4p (Chu et al. 1997), Pop5p, Pop6p, 

Pop7p and Pop8p (Chamberlain et al. 1998) proteins being shared with P in the yeast 

Saccharomyces cerevisiae. It is possible that these proteins have structural 

characteristics that allow them to interact with both mrpRNA and pRNA. mrpRNA 

secondary structures (Schmitt et al. 1993) have only been characterised for eight species 

and show great similarity with each other despite being from plant, yeast and vertebrate 

species. The nucleotide sequences of these mrpRNAs vary greatly in length and 

nucleotide composition, making alignment of all eight sequences difficult. 

Characteristics ofMRP, eubacterial, eukaryotic and organellar Pare summarised 

in Table 1.1. Cartoon representations and biological secondary structures of pRNA and 

mrpRNA show the sharing of some proteins between mrpRNA and the eukaryotic 

pRNA and the conserved presence of the pseudoknot pairing regions (Figure 1.1). 

Comparisons of the RNA secondary structures between mrpRNA and pRNA 

have shown similarity in shape, especially in the 'cage region' of the RNA molecule in 

which there is the characteristic pseudoknot formation (Forster and Altman 1990). 

(Pseudoknots are structural elements that may act as a recognition site for proteins 

involved in replication initiation or translational regulation. The NMR structure of the 

classical pseudoknot has been determined (Kolk et al. 1998).) However, to date, there 

has been no published quantitative comparison of pRNA and mrpRNA secondary 

structure. When pRNA and mrpRNA secondary structures are broken down into 

simplified structures it can be seen that a large proportion of the secondary structure is 

shared between these two RNA molecules (Figure 1.2). 
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Figure l. 2: Simplified secondary structure of rnrpRN A showing features 
similar to that of eukaryotic, eubacterial and mitochondrial pRNA 
Key: 

Features common to rnrpRNA and pRNA 

Features common to rnrpRNA and eubacterial pRNA. 

Features common to rnrpRNA and eukaryotic pRNA. 

Features common to rnrpRNA and organellar pRNA. 

Features forming the pseudoknot region. 

The secondary structure and functional similarities between MRP and P have led 

to the conclusion that these two ribonucleoproteins (RNP's) are evolutionary related 

(Morrissey and Tollervey 1995). Both the P and MRP ribozymes cleave RNA's to 

generate 5' phosphate and 3' hydroxyl termini in a reaction requiring divalent cations 

(Forster and Altman 1990). They are both sensitive to puromycin, an antibiotic which 

inhibits pre-tRNA processing (Potuschak et al. 1993), and enzymatic activities from P 

and MRP isolated from several organisms cofractionate through multiple stages of 

biochemical purification (Paluh and Clayton 1995). It has been reported that MRP and 

P may be involved together in a macromolecular complex within the nucleolus (Lee et 

al. 1996). A contrary theory, however, is that the relationship between MRP and P may 

be of a functional nature based on their sharing of many protein subunits (Sbisa et al. 

1996). 
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This study investigated three general hypotheses, based on functional 

characteristics, of the relatedness of P and MRP. pRNA, mrpRNA and 16S rRNA 

sequences and secondary structures used in this study, are shown in Table 1.2. 

The three groups of hypotheses are as follows: 

I MRP evolved from an eukaryotic nuclear P in the nucleus of the 

eukaryotic cell. This could occur by gene duplication followed by divergence of 

function of the two homologues. This is the theory most commonly suggested in 

previous studies (Morrissey and Tollervey 1995, Reddy and Shimba 1996, Chamberlain 

et al. 1996). MRP would have been incorporated into multiple eukaryotic functions and 

has also gained an essential function in mitochondria. Under this hypothesis MRP is 

found only in eukaryotes because it was never in any of the other lineages! MRP is 

present in animals, yeasts, and plants indicating an early divergence from P; however, 

MRP need not have been present in all early eukaryotes. We would expect under this 

hypothesis the secondary structures of the mrpRNA to be more similar to eukaryotic 

pRNA than to prokaryotic pRNA. 

Under this hypothesis MRP is an exception to the transfer process of catalysis 

(RNA to RNP to protein) (Jeffares et al. 1998) with a ribonucleoprotein taking on a new 

catalytic function after the widespread availability of protein catalysts. 

II MRP evolved from an endosymbiont P. MRP could have evolved from 

the hypothetical endosymbiotic fusion that formed the first eukaryote (Gupta and 

Golding 1996) or by some later endosymbiosis that Jed. to the mitochondrion. The 

endosymbiotic origin theory accounts for the essential mitochondrial function of MRP. 

It has been shown that organellar DNA can be transferred to the nucleus and yet retain a 

function in the organelle (Brennicke et al. 1993, Wischmann and Schuster 1995, 

Blanchard and Schmidt 1995). This theory proposes that MRP picked up the additional 

rRNA processing functions in the nucleus. We might expect here that mrpRNA would 

retain some organellar characteristics such as a higher A + T content in nucleotide 

sequence and be more closely related in secondary structure to that of the organellar or 

prokaryotic pRNA. 

Ill MRP and P evolved in the RNA world. The RNA world hypothesis 

suggests that DNA and proteins evolved from a world in which RNA was the both the 

catalytic and information storage molecule, and that today's catalytic RNA species are 

molecular relics from this time. There are three main criteria used to evaluate the 
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antiquity of an RN A molecule ( Jeff ares et al. 1998) and pRN A fits all three of these 

criteria by being ubiquitous, catalytic and central to metabolism. MRP on the other 

hand fits only the last two criteria, being present only in the eukaryotic lineage. A 

central concept to the RNA world is that proteins with superior catalytic properties have 

gradually replaced RNA as the catalytic molecule (and that no novel catalytic RNAs 

would be formed after the advent of efficient protein synthesis, Jeffares et al.1998). 

However, it is difficult to see how a molecule such as MRP could have evolved 

only in the eukaryotic lineage and then integrate itself so intimately into rRNA 

processing, mitochondrial genome replication, and perhaps other functions central to 

eukaryotic metabolism. It has been found that eukaryotes carry more proposed 'relics' 

of the RNA world than prokaryotes. These 'relics' include small nucleolar RNAs, 

spliceosomes, telomerase, and self-splicing introns, which are all absent from 

prokaryotes (Jeffares et al 1998). MRP was the only widely occurring catalytic RNA 

not suggested to be a relic from the RNA world in Jeffares et al . 1998. 

Again there are several variants of this hypothesis; MRP could have evolved 

from P, P evolving from MRP, and MRP and P evolving independently in the RNA 

world. 

With such an early divergence expected between pRNA and mrpRNA (at least 

back to the divergence of eukaryotes), nucleotide sequence alignments may not be 

reliable enough to determine with confidence any evolutionary relationship. It is 

expecte~ however, that examination of the RNA secondary structure may yield the 

required information when the sequence data cannot. 

It has been shown that many sequences can fit the same secondary structure 

(Fontana et al. 1993) which allows the catalytic RNA sequence to vary even if the 

function of the molecule remains unchanged. The secondary structure of the catalytic 

RNA molecule has both fixed 'motifs' that represent areas that are critical to 

maintaining the function, and other regions that are free to vary in presence or size. It is 

expected that these fixed and variable regions of the catalytic RNA secondary structure 

will change according to the evolution of the function of the molecule, and thus may be 

used to determine evolutionary relationships when the sequence data may not. 

Quantitative comparisons of pRNA and mrpRNA secondary structures are used here to 

calculate distances between these molecules in order to assess their relatedness. 
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Accession Number Len~of A+T•lo Secondary Structure 
Seouence Refe~ 

pRNA Sequences 
Eubact.erial 11RNA 
SvnechocyBtis sp. PCC6803 X65707 437 48 p 

Anabaena sp . PCC 7120 X65648 465 47 p 

Anacvstis n idulans PCC6301 X63566 38'5 43 p 

Pseudoon.abaena sp. PCC 6903 X73135 450 52 p 

&dlerichia coli Ml7569 377 38 p 

Bacillus subtilis Ml3175 401 51 p 

Rhodosoirillwn rubrum M59355 429 29 p 

Ai,roba<1erium tumefaciens M59354 402 36 p 

MJtodtoedria.l 11RNA 
Reclinomonas a!Th!ricana mitochondria AF007261 312 75 p 

Saccharomyces cerevisiae mitochondria U46121 448 87 No strud.ure 
A.sperg,i!lus nidu\SJL~ mitocboodria X93307 300 81 No structure 
Plastid DR!I\A 
Poq>hvra plJTl)urea chloropllllit U38804 383 63 p 

Cymoohora oaradoxa Cyanelle X89853 350 67 p 

Eukarvotic pRJ\'A 
Human (nuclear) Xl5624 340 36 Altman el aL 1993 
Mouse (nuclear) L08802 288 33 Altman el al. 1993 
Danio reri o (nuclear) 2ebrafish US0408 308 43 No SIIU cture 
Saccharomyces cerevisiae (nuclear) M27035 368 48 Tmn~cb and Engelke 1993 
Schizosaccharomvces 11ombe (nuclear) X04013 373 48 Tmn,ruch and Enitelke 1993 

mrpRNA Sequences 
Human X51867 264 36 Schmitt el al. I 993 
Bovine 225280 277 39 Schmitt el al. 1993 

Mouse .J03151 275 36 Schmitt ct al. 1993 
Rat J05014 273 35 Sdlmitt ct al. I 993 
Xampus (frog) 211844 277 45 Schmitt ct al . 1993 
Arabidoosis thaliana X65942 260 49 fuss et a l I 992 
Saccharomvces ca-evisiae 214231 339 60 Kiss et al. 1992 
Sdiizosaccharomyces pombe X04013 399 57 Paluh and Cla,100 1995 

16S rRNA structur:-es RDP sequence 

RDP 
Escberi dtia coli E.coli - - RDP 

Clostridium innoannn C.innocuurn - - RDP 

Mdhanococcus vannielli Mc.vanniel - - RDP 

Frankia Sf>. Fra.!iOORS - - RDP 

Stremomyces ooelicolor Stm.ooelic - - RDP 
Thamus thermophilus T.thcnnom - - RDP 

Bacil )us sulti lis B.subtilis - - RDP 

Awobact.erium tumefaciens Ae. tumefac - - RDP 

Spirodtaeta aurantia Spi.aurant - - RDP 
Thcnnoplasma acidoohilum Tpl.acidop - - RDP 
Myooplasma capricolum MClll)ricol - - RDP 

Methanoba<1erium formiciwm Mb.formici - - RDP 

Pseudomonas testostcroni Ps.testost - - RDP 

Table 1.2: pRNA , nupRNA and 16S rRNA sequences and secondary structures used in this study 
showing length, accession details, A+ T % and from where the secondary structures were obtained 
Key: P Obtained from the RNase P Database (Brown 1997). 

RDP Obtained from the Ribosomal Database Project (Maidak. et al. 1997). 
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This study examined two types of RNA secondary structure. The first is the 

secondary structure that the RNA forms in nature and is referred to here as the 

"biological secondary structure". The biological secondary structures of eubacterial 

pRNA have been studied extensively (Haas et al. 1994, Haas et al. 1996a, Haas et al. 

1996b, Green et al. 1996) and consensus structures calculated. Eukaryotic and 

organellar pRNA biological secondary structures are not as well defined with published 

hypothetical structures being used here. Some organellar sequences used in this study 

do not have any published secondary structure and are only used when sequence data 

alone is required. 

The second type of secondary structure is calculated from the nucleotide 

sequence data using folding programs. Such structures are determined only from the 

nucleotide sequence data and need not have any relationship to the function of the 

molecule. Thus, the calculated secondary structures may not have the same fixed and 

varied regions that are shown in the biological structures (Zuker 1989). 

Within the fixed regions of the biological secondary structure it is expected that 

nucleotide changes in one part of a helix will be met by a corresponding change in 

another part of the sequence to allow the helix to remain unchanged. Thus it is still 

expected that sequences of similar functions will form similar secondary structures with 

the folding programs allowing the formation of a recognisable structural ' motif' . These 

motifs are possible identification features that could be used in the characterisation of 

putative catalytic RNA sequences. Secondary structures folded from pRNA and 

mrpRNA sequences with folding programs are examined for use in the characterisation 

of putative catalytic RNA sequences. 

Organellar genomes (mitochondria and chloroplast) ofter a uruque 

opportunity for the testing of searching, gene identification, and characterisation 

techniques. These genomes are small and many have been completely sequenced, and 

are available in databases such as Gen8ank. However the high AT content of organellar 

genomes often makes them hard to search with standard searching algorithms. 

Searching databases with a sequence of high AT content gives a high background of 

non-relevant matches often obscuring meaningful results. The distribution of pRNA 

and rnrpRNA (Figure 1.3) shows that although pRNA is found encoded in the 

mitochondrial DNA of plants, there is to date, no published green plant chloroplast­

encoded pRNA sequences. To test the feasibility of using RNA secondary structure to 
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characterise potential pRNA sequences, green plant chloroplast genomes were searched 

for putative pRNA sequences. 

Eu bacteria 

Key: 

Bacteria 
Cyanobacteria 
(Chloroplasts) 

Aquifex 

• .. ·•. ·•,, ···· . .... 

Sulfothermophiles 

Eukaryotes 
RNase P Activity 

RNase MRP activity 

Mitochondrialy 
encoded pRNA .... ··• .. . 

Giardia 
Trypanosoma 

-- Chloroplast 
encoded pRNA 

Animals 
Fungi 

~~ 

. .... :·:::·:::::··:: ···· 
····· Mitochondrial 

Protozoa 
(Reclinomonas) 

Plants 

Vertebrates S. pombe Saccharomyces Green Plants 
Higher Plants 

Red Algae 

Figure 1.3: Phylogenetic distribution of MRP and P. Dotted lines represent where activity has been 
shown but the RNA has not yet been characterised. Solid lines represent where the activity has been 
shown and has been characterised 

It is only recently that pRNA was characterised from the chloroplast of the red 

alga Porphyra purpurea (Reith and Munholland 1995), and from the cyanelle (a 

chloroplast-like plastid that still retains a cell wall) of Cyanophora paradoxa (Baum et 

al. 1996). Although it is expected that sequence homology between known pRNA 

sequences and putative green plant chloroplast pRNA sequences would be low, it is still 

expected that secondary structure (both a theoretical biological structure based on other 

pRNA structures and a folded structure), would show identifying secondary structure 

characteristics. One of the putative green plant chloroplast pRNA sequences (from the 

Zea mays - maize chloroplast) is examined more fully with other pRNA and mrpRNA 

sequences in this study. 
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There is a possibility that folded structures could be used in the same way as the 

biological structures, for determining evolutionary relationships. The biological and 

folded structures from two folding programs are shown for Hwnan pRNA (Figure 1 .4), 

Escherichia coli pRNA (Figure 1.5), and Human mrpRNA (Figure 1.6). These figures 

highlight how different the calculated structures are from the biological structures but 

also the similarities between the structures formed by the two different folding 

programs. 

Problems with the use of folding programs in the analysis of catalytic RNA may 

include how much influence characteristics such as the AT content and sequence length, 

have on the estimated structure. These factors are examined here using random 

sequences derived by shuffling pRNA and mrpRNA sequences of varying length and 

AT content. Protein-coding RNA sequences are also used as controls in order to 

evaluate any trends that may be used in identifying putative catalytic RNA sequences. 

The amount of pairing that is present in a folded structure could also be another tool in 

the identification of catalytic RNA sequences. 

In summary, this thesis looked at four main issues. The first was the evolution 

ofMRP and its relationship to P. The second was the use of RNA secondary structure 

in the characterisation of putative pRNA sequences from chloroplasts. The third was 

the use of biological secondary structure in determining evolutionary relationships, and 

the fourth was the evaluation of the structural output from folding programs. The 

techniques developed here may, in future, be applied to other RNA molecules especially 

those associated with the RNA world as well as the analysis of newly discovered 

potential RNA molecules. 



,._ ceec:c: 
C 

r.: 

" 

Biological 

Human nuclear pRNA 

u ,: 
Q .. 

'ctxC'l.~ ~c~J. c 
C Q C: 
u • C: 

O Cc:,1,.!!'-
C C 

c._ 
C · C cC 
C . C: 
c: · c 
C · C 
c: · c .. 
a · c: 

•" 

• C CQ.c;:A. 

c" 

A "c 
C! C 

I. C 
u 

C 

p_s,._. Pm ) 

C 

0 w c;cca::• 

"' u.= c 
C 

u 
C 

AC C c; C C 

"""°CM: J. 

C 00~ ~ 
C 

u c: a c.A.CtJC c.u:ucc-:MJ ct?ccc: cru~ 
; J. l.. C C 

u 
C 
C 

co c l'JCM; OCCA.a:..At' ca:.r. u ~o.l . ac 
c. c: 
a 

J.C C . 
3 '- .MJA~~ 

- 00 .l. CCCC:CO,:C(,j C 

u C J. 

C U 

• C U 
CA C .1 A t 

~ ud<rP- 1 f MfRC ., • - \ ,_. I ~~~~ 

l ~~:·· ., ·,. 

2 '-p .,,· 0 , 
\ ,:,x,~ 

~,i . 
~ Ll, •• • , , 

. , ..... ...-; :,..n,,: 

.., '----~-_., ~ •--... 
~c:- •'U 

RNA.draw 
(R.NAfold) 

RN Astructure 
(Mfold) 

and folded secondary structures. 
may be common to both the 

Figure 1.4: Human pR.i'-JA biological 
Numbers 1 to 12 represent features that 
RNAstructure and the RNA.draw structures. 

13 



14 

Biological 
E.coli pRNA 

.. ),"· ... 

~~t 

/ 
' 

RNAstructure 
(Mfold) 

RNAdraw 
(RNAfold) 

Figure 1.5: E. coli pRNA biological and folded secondary 
structures. A, B, and C represent features that may be common to 
both the RNAstructure and the RNAdraw structures. 
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Chapter 2 

Review of Literature 

(To date: July 1998) 

This chapter summarises studies on the localisation, transport and activity of 

MRP and P. As this study integrates nucleotide sequence, secondary structure and 

published functional data, it is necessary to summarise previous findings. This will 

necessitate some repetition from the introduction, howeve_!; there is considerably more 

detail available. 

RNaseMRP 

RNase MRP, a site-specific endoribonuclease ribonucleoprotein was first 

identified in 1987 as an RNA-processing activity in mammalian cells (Clayton 1994). 

MRP, also known as 7-2 RNA, is encoded in the nucleus but has been found to have 

activity in both the mitochondria and the nucleolus of the eukaryotic cell. MRP activity 

has been identified in eight eukaryotes to date including vertebrates (human, bovine, 

mouse, rat and the frog Xenopus), yeasts (Saccharomyces cerevisiae and the fission 

yeast Schizosaccharomyces pombe), and plants (Arabidopsis) . 

The MRP complex consists of a single RNA strand of approximately 300 

nucleotides and a protein moiety of several protein subunits. The exact composition of 

the MRP complex is still unclear. The nucleoprotein complex that is irnmunoprecipitated 

from nuclear extracts consists of mrpRNA and at least 10 protein components (Li et al . 

1994). MRP is transcribed by RNA polymerase III and the 5' flanking sequences of the 

RNA are required and sufficient for transcription (Yuan and Reddy 1991). Schmitt et al. 

(1993) observed that the RNA strand folds into a conserved secondary structure that has 

similarities to the secondary structure of pRNA. However, the nucleotide sequences of 

the mrpRNA's show little similarity. This indicates that the structure is more important 

to the function of the mrpRNA than the actual RNA nucleotide sequence. 

Protein moiety composition 

The protein components of MRP are in the process of being characterised and it 

has been suggested that MRP processing in the nucleolus and the mitochondria may 

depend on a different array of protein components (Karwan et al. 1991). Nine proteins 
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have been characterised so far for MRP in yeasts . In Saccharomyces cerevisiae there is 

yPop-1 , Pop3, and Pop4, Pop5p, Pop6p, Pop7p and Pop8p that are common to both 

MRP and P (Chamberlain et al.1998). In the fission yeast Schizosaccharomyces pombe a 

protein that is only found in MRP, SNMl has been identified. 

The yPop-1 protein consists of 876 amino acids and has a predicted molecular 

mass of 100.5 kD (Lygerou et al . 1994). Immunoprecipitation results show that yPop-1 

is common to both the P and the MRP in S. cerevisiae, and mutational analysis shows 

that it is essential for viability (Lygerou et al. 1994). The corresponding genesin humans, 

hPop 1 (115 kD) and Caenorhabditis elegans, cPop 1 (86.2 kD) have also been 

characterised (Lygerou et al. 1996b). The overall conservation of the three sequences is 

low. No sequence similarity could be detected between any of the three eukaryotic 

proteins and the eubacterial P protein, CS, or the mitochondrial P protein from S 

cerevisiae (Lygerou et al. 1996b) indicating that these proteins are quite different. 

Pop3 encodes a basic protein of 22.6 kD (predicted molecular weight) (Dichtl 

and Tollervey 1997) and is essential for both MRP and P. It is not required for the 

stability or the maturation of these ribonucleoproteins, as depletion of the protein does 

not affect the cellular levels of either RN A component (Dichtl and T ollervey 1997). 

Pop4 is the third protein so far to be found to be essential for both MRP and P 

and appears to be required for either synthesis or stability of pRNA and to a lesser 

extent, of mrpRNA (Chu et al . 1997). Pop5p, Pop6p, Pop7p and Pop8 have only been 

very recently discovered and are in the process of being characterised ( Chamberlain et al 

1998). 

The protein SNMl, isolated from Schizosaccharomyces pombe, is the first 

protein identified that is unique to MRP (Schmitt and Clayton 1994). This protein, of 

198 amino acids, showed no striking similarities to any known proteins but contains a 

leucine zipper motif, a zinc-cluster moti£ and a serine/lysine-rich tail. This last region 

has been found in many RNA-binding proteins involved in splicing (Schmitt and Clayton 

1994). This protein exists in three phosphorylated forms and the mature 

unphosphorylated form. This may be a control mechanism for MRP, in order to regulate 

it during periods of high and low ribosome biogenesis (Schmitt and Clayton 1994). 

Sera from patients suffering from autoimmune diseases often contain antibodies 

to various nuclear and cytoplasmic ribonucleoprotein complexes. A group of sera 
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referred to as Th (or To) immunoprecipiate to human MRP and P. The human MRP11was 

also called Th RNA while the human pRNA is also called the Hl RNA for this reason. 

The Th/To antisera seem to recognise a 40 kD protein subunit common to the 

human MRP and P and is referred to as the Th/To antigen, or the Th40 antigen. 

However immunoblotting experiments with different Th/To sera have failed to reveal a 

single imrnunoreactive polypeptide, and cloning of the Th antigen has also not yet been 

accomplished (Lygerou et al. 1996b ). It is considered unlikely that the observation of 

the Th40 antigen is due to protein degradation or in vivo processing of hPop 1 (Lygerou 

et al. 1996b ). At this point the exact nature of the Th40 antigen and its possible 

relationship to hPop 1 a.re yet to be determined. There have been other newly 

characterised autoantibocties, which do not immunoprecipitate ·with the Th40 antigen but 

still with MRP and P (Karwan 1998). 

Mitochondrial Activity 

In early studies MRP had been shown to process, in vitro, the RNA primers 

required for mitochondrial genome replication. (Jacobson et al . 1995). Controversy 

arose, however, with little or no detectable mrpRNA being found in the mitochondria of 

animal and plant cells using standard techniques. Using a combination of biochemical and 

ultrastructural in situ hybridisation, it was determined that MRP was transported to the 

mitochondria, resolving the question of the existence of pathways for nucleo­

mitochondrial transport of nucleic acids in animal cells (Li et al. 1994). Deletions within 

the 5' or 3' region of the Mouse RNA gene produced transcripts that was still transported 

to the mitochondria, however deletion of the midportion produced transcripts that failed 

to transport to the mitochondria. It was concluded that specific structures of the 

mrpRNA permitted it to be transported to the mitochondria (Li et al. 1994). When MRP 

is directly injected into the cytoplasm, it is unable to enter the nucleus indicating that 

mrpRNA lacks signals for cytoplasm to nucleus traffic (Jacobson et al. 1995) and that 

once MRP has been transported from the nucleus to the cytoplasm it is unable to enter it 

agam. 

Dairaghi and Clayton (1993) showed that in vitro MRP cleaves at three sites the 

RNA (from the leading-strand DNA) contained within the mammalian mitochondrial 

displacement loop (D-loop ). Bovine and mouse MRP will process both bovine and 
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mouse substrates indicating that structural features of the substrate have been conserved 

despite significant overall nucleotide sequence divergence (Dairaghi and Clayton 1993). 

Human MRP will cleave a substrate derived from the D-loop region of the mouse 

mitochondria, and the S cerevisiae MRP can process both mouse and human substrates 

(Li et al. 1994). This shows that these MR.Ps have retained enough similarity throughout 

their evolution to function in other organisms despite a large nucleotide sequence 

divergence. 

The transport of MRP from the nucleus to both the nucleolus and the 

mitochondria has raised questions about the mechanisms by which such intracellular 

movement is accomplished (Li et al . 1994 ). A protein has been found that shuttles 

between the nucleus and the cytoplasm acting as a mediator of RNA export (Lee, Henry 

and Silver 1996). This study has also shown a link between the nuclear export of 

poly(A)-RNA and that of a shuttling RNA-binding protein. Another recent study has 

shown that ribonucleoprotein export is mediated by a structural reorganisation of the 

nuclear pore basket. The functional role of this basket is to anchor the ribonucleoprotein 

to the nuclear pore complex and position it in the correct position before it moves 

through the pore complex (Kiseleva et al. 1996). Future investigations may reveal the 

mechanism by which MRP can be transported to two very different locations. 

Nuclear junction 

The great majority of mrpRNA in the cell is transported into nucleoli and a 

nuclear function for MRP has been investigated. In vitro, MRP directly and accurately 

cuts the pre-rRNA at site A3 (Figure 2.1) showing that MRP is directly implicated in 

rRNA processing. This is consistent with its predominant accumulation in the nucleolus 

(Lygerou et al. 1996). 
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Figure 2.1 : In vitro processing of pre-rRNA showing the A2 and A3 cleavage 
sites. Redrawn from Lygerou et al. 1996 
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It has been shown that the loss of mrpRNA does not affect P activity on precursor 

tRNA mrpRNA rapidly accumulates in the dense fibrillar component of the nucleolus as 

early as thirty seconds after nuclear microinjection (Jacobson et al. 1995). A fragment 

consisting of nucleotides 1 - 79 is still transported to the nucleus but disappears quickly. 

The Th40 antigen is required for transport and binds nucleotides 21 - 64 of the human 

mrpRNA. Deletion or alteration of this binding site resulted in a diffuse distribution of 

the RNA in the nucleoplasm. Either the Th40 antigen binds and directly targets the 

mrpRNA to the nucleolus, or the nucleolar localised Th40 antigen is a high affinity site 

for mrpRNA accumulation (Jacobson et al. 1995). The site of MRP assembly remains 

unknown. However the rapidity of the transport suggests that the dense fibrillar 

component of the nucleolus could be the site of assembly as well as the site of the 

catalytic activity (Jacobson et al. 1995). 

Mutational analysis of the Schizosaccharomyces pombe mrpRNA has also 

indicated that there may be unknown nuclear roles for MRP in tRNA maturation and 

nuclear control of septation (Paluh and Clayton 1996). 

RNaseP 

RNase P is also a nbonucleoprotein and cleaves tRNA precursors giving mature 

5' ends of all tRNA molecules. P activity has been found in all cells studied to date. It 

consists of an RNA component, in prokaryotes a single protein and in eukaryotes 

multiple proteins (Pace and Smith 1990). Cations such as K+ and Mg2+ are critical in the 

P reaction (Pace and Brown 1995). Cleavage by P is product (tRNA) inhibited, and may 

be involved in the regulation of rRNA expression under certain growth conditions in vivo 

(Kirsebom 1995). 

Prokaryotic P 

The eubacterial pRNA is catalytic without the protein component in vitro but only 

in the presence of a high concentration of salt, such as 100 mM Mg2
+ _ The addition of 

the protein increases the rate of cleavage by enzyme in vitro, but in vivo the protein is 

required for P activity and cell viability (Liu and Altman 1996). It is possible that the 

lack of 'RNA-alone' catalysis shown in pRNA's other than eubacterial pRNA' s, may 

simply signify the inability for the RNA to fold correctly in the absence of the protein 
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component (Tranguch and Engelke 1993). 

From the analysis of eubacterial pRNA secondary structure mutants, there has 

not been any single feature of the pRNA secondary structure identified that is absolutely 

required for catalysis (Pace and Brown 1995). The catalytic core of the eubacterial 

pRNA is fonned by less than one third of the nucleotides in the RNA. Some regions of 

this core are not required for the actual catalysis but are required for proper folding of the 

RNA (Green et al. 1996). 

The majority of pRNA study has been done using the Gram-negative bacterium 

Escherichia coli. The sequences and structures of the pRNA from Gram-positive 

eubacteria are different from those of other eubacteria in that it has unusual tertiary 

interactions (Haas et al. 1996). Work with the Bacillus subtilis pRNA has indicated the 

essential role that magnesium ions play in P function and stability. At least three 

magnesium binding sites stabilise the folded RNA tertiary structure, at least two sites 

enhance the formation of complexes of pRNA with pre-tRNA or tRNA and at least one 

site stabilises the transition state for pre-tRNA cleavage (Beebe et al. 1996). 

The CS P protein subunit of E coli contains 119 amino acid residues. The E. coli 

pRNA is protected from enzymatic cleavage and chemical modification, in the presence 

of the protein CS at nucleotides 266 to 287 suggesting that the protein binds to the RNA 

in this region (Hardt and Hartmann 1996). Mutagenic analysis of this protein has shown 

that certain hydrophobic and basic residues are important for P catalysis in vivo and in 

vitro. It was found that some of the amino acid changes could alter the substrate 

specificity of the P holoenzyme (Gopalan et al . 1997). The crystal structure of the 

Bacillus subtilis protein subunit has revealed unusual topology that is shared with the 

ribosomal protein s5 and the ribosomal translocase elongation factor G (Starns et al . 

1998). This report suggests that these proteins may have had a common RNA binding 

ancestor in the primordial translational apparatus. 

Protein subunits from other species (e.g. the cyanobacterium Synechocystis) have 

been compared to those above, and show low sequence homology. However, it has been 

shown that they could adopt a similar three-dimensional structure, and are considered 

functionally equivalent (Pascual and Vioque 1996). 
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.Archaeal pRNA' s are similar in both their primary and secondary structure to the 

eubacterial pRNA's. However, the archaeal pRNA's are not catalytic without their 

protein components in vitro under any conditions studied to date (Haas et al. 1996, 

Pannucci et al. 1997). Also there seems to be more diversity in the composition of the 

archaeal P holoenzyme. Halophile P is composed largely of RNA and resembles the 

eubacterial enzyme while the Sulfolobus acidocaldarius P is predominantly protein and 

resembles the eukaryotic enzyme (Haas et al. 1996). 

Mitochondrial P 

The pRNA encoded in the mitochondria of some yeasts and plants is, (as 

expected in mitochondrial and chloroplast genomes), very AIU rich and can vary in size 

from 140 to at least 490 nucleotides (Wise and Martin 1991, Martin and Lang 1997). 

The pRNA is encoded in the mitochondrial genome whereas the protein component is 

nuclear encoded (Lee et al . 1996b ). RNA fragmentation studies on the mitochondrial 

pRNA from Aspergillus nidulans show that the base pair structure formed between the 5' 

and 3' ends acts as a barrier to nuclease digestion and may be important for maintaining 

the functional structure of the AIU rich RNA (Lee et al. 1996b). 

In Saccharomyces cerevisiae, the RNA was thought to be transcribed from the 

same promoter as two of its substrate tRNA's, However it has been recently shown to be 

transcribed from its own promoter, SPl , which lies between the tRNAmet and the 

mitochondrial pRNA gene (Biswas 1996). 

The mitochondrial P from A. nidulans consists of the RNA component and seven 

smaller polypeptides. The protein components have been shown to be essential in vivo 

(Lee et al. 1996a). The only protein subunits identified to date are Rpm2p from S. 

cerevisiae and the homologous protein from S. douglaii (Martin and Lang 1997). It has 

been suggested that the mitochondrial RNA' s as well as other eukaryotic RNA' s have 

lost some elements essential to catalysis and that proteins have taken over some function 

provided by eubacterial RNA's (Wise and Martin 1991). The smallest known pRNA is 

that of the Saccharomycopsis fibuligera mitochondria. This 140 nucleotide long RNA is 

not catalytic without its protein component but can be folded into a structure resembling 

the proposed eubacterial P catalytic core (Green et al. 1996). 
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ln the yeast S. cerev1S1ae, no mutations that alter the structure of the 

mitochondrial -encoded pRNA have been isolated, the only mutants that are deficient in 

mitochondrial P activity lack the gene altogether (Sulo et al. 1995). It was also found 

that if the mitochondrial pRNA gene was introduced into yeast nuclei that lacked the 

gene in the mitochondria, then P function was restored in the organelle. This showed that 

pre-existing P activity is not necessary for the biosynthesis of P (Sulo et al. 1995). 

The S. pombe mitochondrial genome resembles the vertebrate mitochondrial 

genome in having no mitochondrialy-encoded pRNA (Pulah and Clayton 1995). The P 

found in human mitochondria also has its components encoded in the nucleus. 

Rossmanith and Karwan ( 1998) have found that the human P in the mitochondria is 

resistant to nucleases and exhibits a protein-like density in Cs2SO4 gradients suggesting 

that,unlike the P found in the nucleus, it is not a ribonucleoprotein but a protein enzyme. 

Recently, what is regarded as an "ancient-type" mitochondrial genome was 

sequenced from the freshwater protozoon Reclinomonas americana and a mitochondrial 

pRNA characterised (Lang et al. 1997). Unlike other mitochondrial pRNA' s, the pRNA 

from R. americana is not AU rich and contains almost all of the evolutionarily conserved 

nucleotide sequence and secondary structure motifs of the eubacterial consensus pRNA 

model. 

The mitochondria in higher plants retain more prokaryotic features than fungal or 

animal (Gray 1989). The plant mitochondrial P has to recognise and process tRNA 

precursors imported from the nucleus, those coded by the mitochondrial genome and 

precursors from tRNA genes imported from the plastid genome (which have since been 

incorporated into the mitochondrial genome) (Marchfelder and Brennicke 1993). The 

fact that tRNA' s are imported into some mitochondrial genomes from the nucleus again 

shows that highly charged RNA molecules can pass through the hydrophobic 

mitochondrial membrane (Marchfelder and Brennicke 1994). 

Chloroplast P 

Chloroplast P had been thought,at one stage, to lack an RNA component entirely 

(Baum and Schon 1996b ). However; a pRNA from the Cyanophora paradoxa cyanelle 

(Baum and Schon 1996a) and,recently, a pRNA gene from the chloroplast of P01phyra 

purpurea (Reith and Munholland 1995) have been characterised. The cyanelle genome is 
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more eubacterial than the chloroplast genome. Several genes that have been shown to be 

transferred from the chloroplast to the nuclear genome early in plant evolution are 

retained in the cyanelle genome (Baum and Schon 1996b, Martin and Muller 1988). The 

pRNA from the C. paradoxa cyanelle is similar to that of cyanobacterial pRNA's and the 

secondary structure closely resembles the eubacterial consensus. The RNA is not 

catalytic by itself but it is essential to P activity (Baum and Schon 1996a). 

Eukaryotic (nuclear) P 

Eukaryotic (nuclear-encoded) P seems to differ greatly from the eubacterial type 

of P and has more than one associated protein polypeptide. The S. cerevisiae nuclear 

pRNA has nine associated protein units, 20-fold more protein than in the bacterial 

enzyme (Chamberlain et al. 1998). Genetic depletion and immunoprecipitation studies 

have shown that only one polypeptide Rpp 1 p is unique to the P holoenzyme. These 

enzymes are large and, like all eukaryotic P, require the RNA component for catalysis 

(Pace and Smith 1990). Although the proposed secondary structure for the eukaryotic P 

is different from that of the eubacterial model, parts of the secondary structure of the 

eukaryotic pRNA can fit into the eubacterial consensus model (Altman et al. 1993). A 

minimum consensus secondary structure for the vertebrate pRN A has recently been 

proposed (Pitulle et al. 1998) based on thirteen partial pRNA genes. Mutations in the 

Pl0/11-12 domain of yeast nuclear pRNA affect the catalytic rate of the enzyme and 

magnesium interactions (Ziehler et al. 1997). In vertebrates, the nuclear-encoded P 

shows activity in both the nucleus and the mitochondria but there have been no pRNA 

homologs found in the compact vertebrate mitochondrial genome (Li and Williams 1995). 

Higher vertebrates may express multiple isoforms of pRNA. In mouse three 

additional genes homologous to the published mouse pRNA gene were found, but were 

predicted to produce shorter RNA transcripts in which a conserved secondary structure 

could still be formed (Li and Williams 1995). A comparison of the putative mouse pRNA 

homologs and the published sequence suggest that there may have been sequential gene 

duplication events leading to the present diversity (Li and Williams 1995). 

pRNA was characterised from the Zebrafish (Dania rerio), and shows 63% 

sequence homology to the Xenopus pRNA and 69% sequence homology to the human 

pRNA sequence. This gives some idea of the homology of this RNA sequence over a 
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wide range of vertebrates (Eder et al. 1996). 

Recently the P from wheat nuclei (Arends and Schon 1997) and Tetrahymena 

thermophila, a ciliate protozoan (True and Celander 1996), have been purified and 

characterised enzymatically. As yet there is no RNA component sequenced from these 

enzymes to compare with the yeast and vertebrate examples. The pRNA from 

Drosophila has also been used recently in kinetic studies (Levinger et al. 1997). 

As well as its role in tRNA processing, there may be a nuclear role for P in pre­

ribosomal RNA processing. Mutational analysis of the S. cerevisiae nuclear pRNA has 

shown the accumulation of an aberrant rRNA, and a possible function for P after 

cleavage of the A2 site by MRP (Chamberlain et al. 1996). It is possible that P does not 

cleave pre-rRNAs directly but may be part of a rRNA processing structure (together 

with snoRNP's and other associated proteins). It has been found that P exists in the 

nucleolus where it can be involved in pre-rRNA processing and throughout the 

nucleoplasm where it can be involved in pre-tRNA processing (Jacobson et al . 1997). 

Like the mrpRNA it also localises to the dense fibrillar component of the nucleolus 

requiring the To antigen binding domain (nucleotides 25 - 75). A large macromolecular 

complex consisting of P, MRP, and possibly preribosomes has been suggested, indicating 

that P and MRP may function in a co-ordinate fashion in ribosome biogenesis (Lee et al. 

1996b). 

Evidence for the evolutionary relatedness between MRP and P 

Similarities between MRP and P have suggested that these two 

ribonucleoproteins are evolutionary related. Both cleave RNA's to generate 5' 

phosphate and 3' hydroxyl termini in a reaction requiring divalent cations (Forster and 

Altman 1990). Comparison of the eubacteria E. coli and the yeast S. cerevisiae rRNA' s 

sho"Mconservation of the arrangement of the pre-RNA cleavage sites for P and/or MRP. 

Morrissey and Tollervey (1995 ) have shown that a tRNA molecule is found in the pre­

rRNA spacer of both eubacteria and archaea and believe that this could represent an 

ancestral state (or removes the need for MRP in eubacteria, if MRP is in the RNA 

world). 

P and MRP activities from several organisms cofractionate through multiple 

stages of biochemical purification (Paluh and Clayton 1995). Another similarity is that 

both are sensitive to the action of puromycin, an antibiotic that inhibits pre-tRNA 
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processing ( a specific inhibitor of P activity) (Potuschak et al. 1993). 

The only conserved sequence motif in the pRNA is an I I-nucleotide 

GAGGAAAGUCC motif This is also found in human MRP~(:nd other mrpRNAs 

slightly modified) and corresponds to the long-range pairing helix which is an essential 

part of the pseudoknot formation for both molecules (Reddy and Shimba 1996). 

It has been suggested that the close relationship between MRP and P might be 

due to the homologous protein components, and the nucleotide and structural similarities 

in the RNA that are required to bind to them (Sbisa et al. 1996). Another suggestion is 

that the two enzymes may have maintained closely related catalytic mechanisms that 

could have resulted in identical evolutionary pressures on the proteins associated with 

each enzyme (Chu et al. 1997). There is an indication that the interaction between the 

common proteins and the RNA subunits is not identical. A distortion of the S-cerevisiae 

mrpRNA in the region ntl50 results in an unusual conformation of the RNA-protein 
pRf.l A 

complex. However there is no obvious equivalent structure in the"based on some basic 

qualitative comparison studies pRNA (Chu et al . 1997). 

Part of the mitochondrial function of MRP can be performed by the E. coli P, 

cleaving the mitochondrial replication primer RNA only at site 2 but not at sites 1 and 3. 

This cleavage is approximately 250 times less efficient than the normal cleavage reaction 

of P and requires high MgCh concentrations (Potuschak et al. 1993). In the absence of 

P, however, MRP does not cleave a tRNA precursor (Potuschak et al. 1993). 

Mutational studies in S. pombe did show however an effect on P function, but it was 

unclear as to whether this was due to a titrating out of a shared protein component 

(Paluh and Clayton 1996). 

It has been proposed that MRP is a variant of P evolved for processing the pre­

rRNA (Morrissey and Tollervey 1995), a theory which other papers support (Reddy 

and Shimba 1996). In this scenario, P originally cleaved a tRNA with a conserved 

position in the equivalent 16S/23S-spacer region of the rRNA operons from both 

eubacteria and archaebacteria to ensure separation of the rRNAs. It is suggested here 

that MRP evolved from Pin eukaryotes to cleave this region at the same time this tRNA 

was transferred elsewhere (Chamberlain et al. 1996). It is unclear as to whether this 

theory means that MRP does a new function or has specialised to its present functions . 



Chapter3 

Finding distantly related pRNA-like sequences in the chloroplast DNA of four 

green plant species. 

Introduction 
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There have been to date no chloroplast-encoded pRNA genes characterised from 

green plants. Eubacterial and red algae chloroplast pRNA sequences are used here to search 

the chloroplast genomes of green plants for any possible pRNA sequences, which are then 

characterised using RNA secondary structure. It had been thought there was no 

chloroplast-encoded pRNA, but recently the pRNA was characterised from the chloroplast 

of the red alga Porphyra purpurea (Reith and Munholland 1995), and from the cyanelle ( a 

chloroplast-like plastid that still retains a cell wall) of Cyanophora paradoxa (Baum et al. 

1996). 

Eubacterial pRNAs retain conserved secondary structure even though their 

nucleotide sequences are highly divergent. The pRNA sequences from two eubacterial 

species, E. coli and Bacillus subtilis, are so divergent that sequence homology is too low 

to be readily detected (Pace and Brown 1995). However, both of these sequences fold into 

secondary structures that match consensus structures for pRNA ( consensus structures 

available in the RNase P Database, Brown 1998). The conservation of the secondary 

structure, even with highly divergent sequences, indicates that it is possible that RNA 

secondary structure can contain identifiable characteristics, and could possibly be used in 

the identification of other putative pRNA genes. 

It is possible that the green plant chloroplast pRNA gene has been lost, and (as in 

vertebrate mitochondria) instead uses a nuclear-encoded product. There is also the 

possibility that the pRNA gene sequence in green plant chloroplasts has diverged to the 

extent that the sequences no longer have any significant homology to the pRNA genes of 

other species. In this second case, it is expected that the pRNA secondary structure would 

remain conserved similar to the situation between E. coli and B. subtilis pRNA (Pace and 

Brown 1995). 

However, if the secondary structure of a green plant chloroplast-encoded pRNA has 

changed only slightly, then this may allow a large change to the nucleotide sequence. It has 
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been shown that many sequences can fit the same secondary structure (Fontana et al.1993). 

Therefore a slight change in secondary structure may have an even broader set of sequences 

that will fit this new structure. If the function of the catalytic RNA has changed, then)after 

perhaps a number of structural changes, the sequence of the new structure may only have 

limited homology to the old sequence. 

Organellar genomes ( mitochondria and chloroplast) offer a unique opportunity for 

testing searching and gene identification techniques, being small and readily obtainable. 

However, experience has shown that the high AT content of organellar genomes 

often makes them hard to search using standard algorithms. Searching databases with a 

sequence of high AT content ( or genomes with a high AT content) gives a high background 

of non-relevant matches often obscuring meaningful results. The searching strategy 

developed here has been optimised for working with small genomes and sequences with a 

high AT content, adapting programs that are not normally for this specific purpose. 

The characterisation of any putative pRNA sequences found in green plant 

chloroplasts involves both the analyses of sequence and secondary structure homology to 

known pRNA sequences. Structures folded with folding programs are also examined for 

any structural motifs that are also shown in other eubacterial and chloroplast pRNA folded 

structures. 

The finding of any putative pRNA sequences in green plant chloroplast genomes 

gives a starting point for future cloning and assay experiments. This will be required to 

confirm whether these putative sequences are functional. Any effects of postranscriptional 

RNA editing (a feature found in chloroplast genes (Freyer et al. 1997)) can only be 

determined by sequencing the active product. 

This chapter has been written up as a short communication to form the basis of a 

manuscript. 

Materials and Methods 

pRNA sequences and secondary structures were obtained from the RNase P 

Database (Brown 1998) and the chloroplast genomes were obtained from the Genbank 

sequence database (Benson et al. 1998) (Table 3. 1). 



Chloroplast Genome Accession number/ NID Length of A+T% 
Sequence Content 

Zea mays (Maize) X86563 I g902200 140387 61.6 
Porohvra purpurea (Red Algae) U38804 / gl276652 191028 67.0 
Orvza sativa <Rice) Xl5901 / gl 1957 134525 61.1 
Nicotiana tabacum (Tobacco) Z00044 I g 1 1807 155844 62.2 
Pinus thunbetgii (Black Pine) D17510 / g529643 119707 61.5 
Marchantia polymorpha X04465 I Y00686 12!024 71 .2 
(Liverwort) 

Cyanophora paradoxa cyanelle U30821 / gl016083 135599 69.5 
Spinacia oleracea (Spinach) X06871 I g295119 12360 63 .6 
RNA Pol genes etc. 

pRNA Sequences 

Porohyra Purpurea Chloroplast U38804 383 63 
Cyanophora paradoxa Cyanelle X89853 350 67 
Synechocystis sp. PCC6803 X65707 437 48 
Anabaena sp. PCC 7120 X65648 465 47 
Anacystis nidulans PCC6301 X63566 385 43 
Pseudoanabaena sp. PCC 6903 X73135 450 52 
Escherichia coli Ml7569 377 38 
Saccharomyces cerevisiae U46121 448 87 
Mitochondria 

Putative pRNA Sequences 
Z. mays chloroplast from X86563: 19091 - 19419 329 62 
Rice chloroplast from Xl5901 : 17566 - 17910 344 64 
Tobacco chloroplast from Z00044: 29288 - 29603 313 64 
Spinach chloroplast from X0687 l : 12 - 376 364 63 

Table 3.1: Chloroplast genomes, eubacterial, cyanelle and chloroplast pRNA sequences and the putative 

green plant chloroplast pRNA sequences isolated in this chapter. 
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BLAST searches (Larlin and Altschul 1990) were done through the NCBI net site 

(www.ncbi .nlm.nih.gov) using the default values. A BLAST search involves the input of 

a query sequence, which is then compared to all sequences in a range of databases including 

the GenBank sequence database. The Ssearch program from the FAST A package (Smith 

and Waterman 1981) was used to search each chloroplast genome with one cyanobacterial 

sequence at a time. This program compares a test sequence to all entries in a designated 

library (a chloroplast genome) using the rigorous Smith-Waterman algorithm, and then 

calculates a local similarity score. An advantage with this program is that the score allows 

for deletions and insertions within the sequences, meaning that the length of the test 
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sequence is not a limiting factor in the search. For this study, a single chloroplast genome 

(the library) was searched carefully with a single pRNA sequence (the test sequence) giving 

a one-on-one approach. The top six alignments were then recovered and analysed for any 

previously known sequence identities. 

The putative pRNA sequences were aligned using the ClustalX (Thompson et al. 

1997) alignment program. Consensus, cyanobacterial, and the Porphyra purpurea 

chloroplast pRNA secondary structures were obtained from the RNase P Database (Brown 

1998). 

Sequences were folded with RNAstructure (Mathews et al. 1997) which uses the 

Mfold (Zuker 1989) folding algorithm and RNAdraw (RNAdraw (Matzura and Wennborg 

1996)1 which uses the RNAfold (Hofacker et al 1994) folding algorithm. Parameters for 

RNAstructure and RNAdraw are shown in Appendix 4. All secondary structures folded 

with RNAstructure and RNAdraw are shown in Appendix 1. Only the optimal structures for 

each sequence were analysed here. 

Results 

Conventional BLAST searches of the sequence databases with cyanobacterial 

(Synechocystis, Anabaena and Anacystis) and the Porphyra purpurea chloroplast pRNA 

( designated from here on as the Porphyra chloroplast pRNA) sequences failed to recover 

any sequences from any green plant chloroplasts. This was likely due to the high 

background of nonrelevent 'matches' often seen when working with sequences of a high AT 

content. 

Using Ssearch, a test search of the Porphyra purpurea chloroplast genome with its 

own pRNA and with the Synechocystis pRNA gave maximum scores of 1915 and 24~ 

respectively. This was an indication that any putative pRNA sequences found would not be 

likely to have a high score (a score of249 was considered a 'good' score). The Zea Mays 

(maize) chloroplast was then designated as the library and tested with a variety of pRNA 

sequences. The Synechocystis pRNA sequence identified a region with a score of 105 

(Figure 3 .1 ). Although this was not a high score, it was the highest score found between 

any of the cyanobacterial pRNA sequences and the green plant chloroplasts searched. 
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19~60 19270 19280 19Z90 193CO ~9311 

380 390 
Syn e ch TCCCAGATAGA T AACTCCCCA.i>.GGGTGCCTC 3CATCCTGGAACAGAAC.-:::CGGCTTACGAC 

Z . mays CTTATATGATTTCTGGTAGAATTGGAGAGCA TTAAGTAG.l"-An.TATGATACATCGCTCTTT 
193:::0 i 330 l934C 19350 c. 93EO 

Figure 3.1 : Ssearch output from search of the maize chloroplast genome with the Synechocystis 

pRNA sequence. 
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This putative maize pRNA sequence was then aligned with the Porphyra chloroplast 

pRNA (Figure 3.2a) and with the Synechocyshs pRNA (Figure 3.2b). There was a large 

amount of scattered homology between the putative maize chloroplast pRNA and the 

Synechocystis pRNA and the Porphyra chloroplast pRNA even though the maize sequence 

is much shorter. There are , however, no long stretches of homology between these 

sequences. The putative maize chloroplast pRNA sequence is hereafter referred to as the 

maize chloroplast pRNA sequence or the maize chloroplast P-like sequence. 

Searching with a high AT rich pRNA sequence in a high AT rich genome can cause 

many matches between the A's and T's. It is necessary to also observe the amount of G's 

and Cs that are homologous between the sequences in order to determine if a search 

alignment shows a potential organelle pRNA sequence. The percentage of GC matches 

between the maize chloroplast pRNA sequence and the Synechocystis and Porphyra 

chloroplast pRNA sequences (shown on Figure 3.2) is 38% and 28%, numbers higher than 

W&reseen between these pRNA sequences and rRNA sequences also indicated by Ssearch. 
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A: 
Synechocystis - PCC6803 GAGAGTTAGGGAGGGAGTTGCGGATTCCTGTCACAGGGAATCTGAGGAAAGTCCGGGCTT 
Pu ative maize pRNA --------------------------------------------------------TATT 

** 

Synechocystis - PCC6803 CCCAAAGGCCAAACTTGCTGGGTAACGCCCAGTGCGCGCGAGCGTGAGGACAGTGCCACA 
Putative maize pRNA CCCGC--GTCTTCTATTCAGAGCATCCCCTACTCTTTTTTAGGGAAAGAGCGATGTATCA 

Synechocystis - PCC6803 GAAAAATACCGCCCTTTTTAGAAAACAGCAACCAGTAAACAGTTAACAGGGTTTTTCTGC 
Putative maize pRNA TATTTCTACTTAATGCTCTCCAATTC---TACCAGAAATCATATAAGAATTTGTTAGGAG 

* * *... + 

Synechocystis - PCC6803 TGACTAACTGGTAACTGACCACTGAAAAGG - TAAGGGTGCAAAGGTGCGGTAAGAGCGCA 
Putative maize pRNA TAAATTCCTT - TAACGGATTCATCCATAGTCTTAGGGCAGAATGGCCTTTTGACTCTGTA 

* * * ** **** ** * * ** * **** * * * * 

Synechocystis - PCC6803 CCAGCAGTATCGAGAGG- TACTGGCTCGGTAAACCCCGGTTGGAAGCAAGGTCGGAGGGG 
Putative maize pRNA CCCTTGATTCCACTATGATTATTGATCAATAG--------TAGAAGAATTCTTTCATAGA 

** * ... * * * ** ** * **** * * 

Synechocystis - PCC6803 CAAAGGTTGG - TCTTTTTCCTGCCCCATGATTGGTGGAACCGCTTGAGGAATTTGGTAAC 
Putative maize pRNA AATAGGAGACATAATTTACATGG---AT - ATAGTA~GTCTCACTTGGGCTGCTT--TAAT 

* *** * ** * *,k** * ** ** ., 

Synechocystis - PCC6803 AAATTTCCCAGATAGATAACTCCCCAAGGGTGCCTCGCATCCTGGAACAGAACCCGGCTT 
Putative maize pRNA GGTAGTC-----TTTACATTTTCTCTTTCGCTAGTAGTATGGGGGAGGA-----------

* * * * * * * * * ** *** * ~-------------------~ 
Synechocystis - PCC6803 ACGACTAACTCTCTTTTTTT 
Putative maize pRNA -------------------- I 

Total nucleotide matches = 147 (44% ofmaizepRNA) I 
Trot! G-C matches = 57 (38% oftotal matches) 

B: 
Porphyra purpurea hloroplast 
Put tive maize pRNA 

Porphyra purpurea chloroplast 
Putative maize pRNA 

Porphyra purpurea chloroplast 
Putative maize pRNA 

Porphyra purpurea chloroplast 
Putative maize pRNA 

Porphyra purpurea chloroplast 
Putative maize pRNA 

Po rphyra purpurea chloroplast 
Putative maize pRNA 

Porphyra purpurea chloroplast 
Putative maize pRNA 

Porphyra purpurea chloroplast 
Putat i ve maize pRNA 

- AAGTAAACGTAGATAGCTGCAGATT - TGATTTAATATAGT TGAGGAAA 
TATTCCCGCGTCT - TCTATTCAGAGCATCCCCTACTCTTTTTTAGGGAAA 

GTCCGGGCTC- CACAAATACAATTTGTGCTGGAAAAACCCCAGTGTAGGA 
GAGCGATGTATCATATTTCTACTTAATGCTCTCCAATTCTAC---CAGAA 
* ** * ** * * * ** **** *• * ** * 

AACTATGAGGAACGTGCCACAGAAATAAACCGCCAGAACAAA.TTATGTTA 
ATCATATAAGAATTTGTTA- - GGAGTAAATTCCTTTAACGGATTCATCCA 

""'** *** 

GCTGGTAAGGGTGCAA~GGTAAGTTAAAAGCTTACCAAAAATACTGTAAA 
TAGTCTTAGGGCAGAATGGCCTTTTGACTCTGTACCCTTGATTCCACTAT 

**** ** ** ** * **** ** * 

GTATTTGTTAGGTAAACCCCAAAAACGGAG- CAAAGCGACTAAATAAATT 
G- ATTATTGATCAATAGTAGAAGAATTCTTTCATAGAAATAGGAGACATA 

* * ** ** ** ** * * * ** 

TTTTGTATTTTTCAGTAGTTTAGTCTAAAATA--CTGCATGAA- GTTATT 
ATTTACATGGAT--ATAGTA- AGTCTCACTTGGGCTGCTTTAATGGTAGT 

* 

GGCAACAATAACTCTAGAGGAATAGCTATCCTTCGAAATACTTGTGCAAT 
CTTTACATTTTCTCTTTCGCTAGTAGTATGGGGGAGGA------------

*7"* * **** * 

GTATTCGGAGAACAGAACCCGGCTTATGTAGTACTTTTTA 

Trot! nucleotide matches = 148 (45% ofmaizepRNA) 
Total G-C matd1es = 41 (28% oftroil matches) 

Figure 3.2: ClustalX sequence alignments of the putative maize pRNA with A: Synechocystis pRNA 
and B: Porphyra pu,purea chloroplast pRNA. * indicates common nucleotides between the two 
sequences. 
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This maize chloroplast pRNA was then used in a BLAST search of Genbank and 

related databases. There was significant homology found in the rice (Hiratsuka et al. 1989), 

tobacco (Shinozaki et al. 1996), and spinach (Hudson et al. 1988) chloroplast genomes. 

Neither the Porphyra chloroplast pRNA nor any eubacterial pRNA sequences were 

identified with this search. Sequences from the Black Pine (Pinus thunbergii) (Wakasugi 

et al. 1994) and Liverwort (Marchantia polymorpha) (Ohyama et al. 1986) chloroplast 

genomes were identified with only limited homology. 

Ssearches of the rice, tobacco and spinach genomes with the maize pRNA sequence 

identified the same regions as ~found in the BLAST search with scores of 1645, 624, and 

605 respectively. 

ClustalX alignments of all four of these chloroplast pRNA sequences (Figure 3.3) 

showed that these sequences have limited homology to each other. The putative pRNA 
k, 

sequences from Rice, Tobacco and Spinach are referred'from this point on as the green plant 

pRNA sequences. 

Maize ------------------------ -----AATSGTAASACGAAAAA.AGAAAAAATCTCT--CTATTCS-G'..GT:TTCTATTCAGAGCATC 
Rice -------ACCCACCGTTCTTTCCTCAAACTGGGGTTT - GTTTTAGCAGTAGTGGCCCAAACCGATACCMTAGGGATGAG--ATAGCGTT 
Tobacco GTGCTCAA!ZATCCAATCAAT--TG.A.AATGAGGGTCA- ACAAAAAJ..AGAATJ..GGACCTA--TTATTCCTACAT·3TTCC'ATTAGTAACATT 
Spin~:h ------ ---------TTCTC',7CCATN .. TA,-1'.AGTGAAAGAGAAAATGTAAAGACTACCA- TTAAAGCAGCCCMGCGAGACEACAATA 

Mai:c CCCTA,..TCTTTTTTAGGGAA-AGA--- -GCGATGTATCATATTTCTA'.:--TTAATGCTCTCCAATTCTACCAGAAATCATATAAGAATTT 
Rice TCCTTATTCTTTTATT AA T A- AGAAAGGGCT ATGT ATCATATTT AT AC- - :-T AA TGCTCCCCMTTC7 ACCAGAAA T Acr,-r AAGAATTT 
':-.;ta~,:v CCCTTGAGATGTTA~TX- --A- - - - ----JATTT----7G':'TTGTGT--TTAATCTTTCCCGhTT-----AGAAATCC7A7.AGGAATTT 
Spina~h TCCATGTGAATTA':'GTC':7CTATTTCTATGAATA-:GAAGG.V.TTAT:'CCATTATTG7~TACT.AATA.~TAG- TGAAATCC- ATGG':"A':AG.A 

Maice GTTAG-----GAGTAAATTCCTTTMCGGATTCATCCATAGTCTTAGGGCAGMTGGCCTTTTGACTCTGTAC- CCTTGATTCCACTATG 
Ri·:e GTTAA-----GAGTAAATTCTTTGAACTGATTCATCCATAGCCTTAGGTCAGAACCCCT7TTTGACTCTGTAC-CC-TTGATTCTACTATG 
Tobac,:o CTTATMAATGAGCGAATTTATTGGATTGGTTTATTAATAGTCTTCGTTCT------- - TTTTGACTCTGCGC- CATTGATTCCACTATT 
S!)inach GTCAAAAAATGGGCGAACT - ATTCATTTTATGAACCAATCCCATAAATCCA--- - - - - - --ATACCTGAGTACTCC-GAGACTCTTTTGAG 

Maice ATTATTGATCAA- TAGTAGAAGAATTCTTTCATA------GAAATAGGAGACATAATTTACATGGATATAGTAAGTCTCACTTGGGCTGC 
Rice ATTATTCATCAA- TAGTAGAATMTTCCTTCATA----- -GAAATAC<jAGACATAATTTACATGGATATAGTAAGTCTCGCTTGGGCTGC 
Tobacco ATTAGTGAGGAA- TMCGGAACMTTCCTTTATATTTATAGAGATAGGGGACATAATTCATATGGATATAGTMGTCTTGCTTGGGCTGC 
Spinach TTTGTATACAAACTATATGCCGCATTCCGCTTT - ----------TCTTTTCCACAATTACTAATTAGTTAGATATTCC--CTCCCGCCGA 

Maize TTTMTGGTAGTCTTTACATTTTCTCTTTCGCTAGTAGTATGGGGGAGGA- - - - - --
Rice TTTAATGGTAGTCTTTACATTTTCTCTTTCACTAGTAGTATGGGGGAGGAGTGGAC-
Tobacco TTTAATGGTAGTCTTTACTTTTTCCCTTTCACTCGTAGTGTGGGGAAGAAGTGGACT 
Spinach ATTCAAGGCCCAGTT---AGTAACCACTCCAATAGGAAT---GGAGAGGTTT-----

,. ......... 

Figure 3.3: ClustalX sequence alignment of all four putative green plant chloroplast pRNAs. 
* indicates common nucleotides between all the sequences. 
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Alignments with the Synechocystis pRNA sequence (Figure 3.4) and the Porphyra 

chloroplast pRNA sequences (Figure 3.5) also showed very little homology between these 

sequences and the green plant chloroplast sequences. However, both the Synechocystis and 

the Porphyra chloroplast pRNA sequences are longer than the green plant pRNA 

chloroplast sequences and this may have an effect on the alignments. 

Maize 
Rice 

------------------------------------------------------------------AATGGTAAC 
----------------------------------------ACCCACCGTTCTTTCCTCAAACTGGGGTTTGTTTT 

Tobacco ----------------------------------------------------GTGCTCAAGCATCCAATCAATTG 
Spinach -------------------------------------------------TTCTTCCCCATACTACAAGTGAAAGA 
Synechocys GAGAGTTAGGGAGGGAGTTGCGGATTCCTGTCACAGGGAATCTGAGGAAAGTCCGGGCTTCCCAAAGGCCAAACT 

Maize ACGAAAP-.AAGAAAAAATCTCTCTATTCCCGCGTCTTCTATTCAGAGCATCCCC--TACTCTTTT - TTAGG--GAA 
Rice AGCAGTAGTGGCCCAAAC---CGATACCAATAGGGATGAGATAGCGTTTCCT---TATTCTTTTATTAATAAGAA 
Tobacco AA- ATGAGGGTCAACAAAAAAAGAATAGGACCTATTATTCCTACATGTTCCAT--TAGTAACATTCCCTTGAGAT 
Spinach GAZ\.AATGTAAAGACTACCATTAAAGCAGCCCAAGCGAGACTTACAATATCCATGTGAATTATGTCCTCTATTTCT 
Synechocys TGCTGGGTAACGCCCAGTGCGCGCGAGCGTGAGGACAGTGCCACAGAAAAATACCGCCCTTTTTAGAAAACAGCA 

* 

Maize AGAGCGATGTATCATATTTCTACTTAATGCTCTCCAATTC- TACCAGAAATCAT- ATAAGAATTTGTTAG---- -
Rice AGGGCTATGTATCATATTTATACTTAATGCTCCCCAATTC- TACCAGAAATACT - CTAAGAATTTGTTAA-----
Tobacco GTTACTGCAGATTTTGCTTGTGTTTAATCTTTCCCGATT------AGAAATCCT - ATAGGAATTTCTTATAAAAT 
Spinach ATGAATATGAAGGAATTATTCCATTATTGTTTACTAATAA- TAG - TGAAATCC--ATGGTACAGAGTCAAAAAAT 
Synechocys ACCAGTAAACAGTTAACAGGGTTTTTCTGCTGACTAACTGGTAACTGACCACTGAAAAGGTAAGGGTGCAAAGGT 

Maize 
Rice 
Tobacco 

* ** * * * * * 

GAGTAAATTCCTTTAACGGATTCATCCATAG- TCTTAGGGCAGAATGGCCTTTTGACTCTGTACCCTTGATTCCA 
GAGTA.I\ATTCTTTGAACTGATTCATCCATAG- CCTTAGGTCAGAACCCCTTTTTGACTCTGTACCCTTGATTCTA 
GAGCGAATTTATTGGATTGGTTTATTAATAG- TCTTCGTTC--------TTTTTGACTCTGCGCCATTGATTCCA 

Spinach GGGCG~ACT - ATTCATTTTATGAACCAATCC- CATAAATCCAATA---CCTGAGTACTCCGAGACTCT--TTTGA 
Synechocys GCGGTAAGA- GCGCACCAGCAGTATCGAGAGGTACTGGCTCGGTAAACCCCGGTTGGAAGCAAGGTCGGAGGGGC 

Maize 
Rice 

* * ** * * 

CTATGATTATTGATCAATAGTAGAAGAATTCTTTCATA--------GAAATAGGAGACATAATTTACATGGATAT 
CTATGATTATTCATCAATAGTAGAATAATTCCTTCATA--------GAAATAGGAGACATAATTTACATGGATAT 

Tobacco CTATTATTAGTGAGGAATAACGGAACAATTCCTTTATAT--TTATAGAGATAGGGGACATAATTCATATGGATAT 
Spinach GTTTGTATACAAACTATATGCCGCATTCCGCTTTTCTT--------------TTCCACA--ATTACTAATTAGTT 
Synechocys AAAGGTTGGUCTTTTTCCUGCCCCATGATTGGTGGAACCGCTTGAGGAATTTGGTAACAAATTTCCCAGATAGAT 

Maize 
Rice 
Tobacco 
Spinach 
Synechocys 

Maize 

*** ** * * * 

AGTAAGTCTCACTTGGGCTGCTTTAATGGTAGTCTTTACATTTTCTCTTTCGCTAGTAGTATGGGGGAGGA---­
AGTAAGTCTCGCTTGGGCTGCTTTAATGGTAGTCTTTACATTTTCTCTTTCACTAGTAGTATGGGGGAGGAGTGG 
AGTAAGTCTTGCTTGGGCTGCTTTAATGGTAGTCTTTACTTTTTCCCTTTCACTCGTAGTGTGGGGAAGAAGTGG 
AGATATTCC--CTCCCGCCGAATTCAAGGCCCAGTT---AGTAACCACTCCAATAGGAAT---GGAGAGGTTT-­
AACTCCCCAAGGGTGCCTCGCATCC- TGGAACAGAACCCGGCTTACGACTAACTCTCTTTTTTT-----------
* * * * * * 

Rice AC-
Tobacco ACT 
Sp i nach 
Synechocys 

Figure 3 .4 : ClustalX multiple sequence alignment of the four putative green plant chloroplast 

pRNA sequences and the Synechocystis pRNA sequence. * indicates common nucleotides 

between all the sequences. 



Maize 
Rice 
Tobacco 
Spina:h 
Porphyra 

Maize 

--------------------------AATGGTAACACGAAAAAAGAAAAAATCTCTCTATTCCCGCGTCTTCTAT 
ACCCACCGTTCTTTCCTCAAACTGGGGTTTGTTTTAGCAGTAGTGGCCCAAAC---CGATACCAATAGGGATGAG 
------------GTGCTCAAGCATCCA-r:,,TCAATTGAA- ATGAGGGTCAACAAAAJV'IAGAATAGGACCTATTATTC 
---------TTCTTCCCCATACTACP.AGTGA.A.AGAGAAA.ATGTAAAGACTACCATTAAAGCAGCCCAAGCGAGAC 
---------------------------J\.AGTA.AACGTAGATAGCTGCAGATTTGATTTAAUATAGTCTGAGGAAA 

* 

TCAGAGCATCCCC--TACTCTTTT - TTAGG--GAAAGAGCGATGTATCATATTTCTACTTAA- TGCTCTCCAATT 
Rice ATAGCGTTTCCT---TATTCTTTTA'"iTl\ATAAGi'.F,AGGSCTATGTATCATATTTA'.:'ACTTAA- TGCTCCCCJ\.ATT 
Tot:-a:co CTACATGTTCCAT--TAGTAACATTCCCTTGAGATGTTACTGCAGATTTTGCTTGTGTTTAA- TCTTT".:CCGATT 
Spinach TTACAJ'.TATCCATGTGAATTATGTCCTCTATTTCTATGAATATGAAGGAATTATTCCATTAT - TGTTTACTAATA 
Por,:byra GTCCGGGCTCCACAAATACAA7TTGTGCTGGAAAAACCCCA3TGTAGGAAACTA7GAGGAAC3TGCCACAGAAAT 

Maize CTACC------AGAAATCATATAAGA----ATTT•3TTAG-----GAGTAAATTCCTTTAACGGATTCATCCATAG 
Rice CTACC------AGAAATA".:TCTAA,3A----ATTTGTTAA-----GAGTAAATTCTTTGAACTGATTCATCCATAG 
Tobacco -------- - --AGAAATCCTATAGGA----ATTTCTTATAAA-r:,,TGAGCGAATTTATTGGATTGGTTTATTAATAG 
Spina ch ATAG - - - -- - - TGJ\FP.:-:cc - ATGGTA- - - - CAGAGTCAA?AAA TGGGCGAACT - ATTCATTTTATGP..ACCP.ATCC 
Porphyra AAACCGCCAGAACJ\.AATTATGTTAGCTGGTAAGGGTGCAAAGGTAAGTTAAAAGCTTACCAAAAATACTGTAAAG 

Maize 
Rice 

TC':'TAGGGCAGP..ATGGCCTTTTGACTCTGTA---CCCTTGATTCCACTATGATTATTGATCAATAGTAGJ\.AG--­
CCTTAGGTCAGAACCCCTTTTTGACTCTGTA---CCCTTGATTCTACTATGATTATTCATCAATAGTAGAAT---

Tc-baccc TCTTCGTTC--------TTTTTGACTCTGCG---CCATTGATTCCACTATTATTAGTGAGGAATAACGGA.AC-- ­
Spinach CATAAATCCAATA- --CCTGAGTACTCCGAG---ACTCT --TTTGAGTTTGTATA AA-r:,,CTATATGCCGCAT--­
Porphyra TATTTGTTAGGTAAACCCCAJ\_-r:,,AACGGAGCAAAGCGACTAAATAn.ATTTTTTGTATTTTTCAGTAGTTTAGTCTA 

Maize AATTCTTTCATA- - ----GAAATAGGAGACA.TAATTTACATGGATATAGTAAGTCTCACTTGGGCTGCTTTAATG 
Rice .AATTCCTTCATA---- - - GA.AAT AGGAGACATAATTTACATGGATATAGTAAGTCTCGCTTG3GCT GCTTT A.A TG 

Spino ch TC;:GCTT':'TCTT - - -- - - - -- - - - ':-TCCACA- - ATT hCl .n...;.TTAG:'TP-.G.t:..TATTSC - - CTccrc;r-r GAA TTCAA-3 
?:,q:hyra AAATACTGCATG----AAGTTA"':'-::GSC.AACAATAJ:,,_CTCTAGAGGAATAGCTATCCTTCGA.AATArTTGTGCAATG 

Mai::e GTAGTCTTTAC,l,TTTTCTC7TTCGC7AGTAGTATGGGGGAGGA- ------
Ri,:::e GTAGTCTTTACATTTTCTCTTTCAC':'AGTAGTATSGGGGAGGAGTGGAC-
Tc, ba:: co GT AGTCTTTACTTTTTCCCTTTCACTCGT AGTGTGGGGAAGAAGTGGACT 
Spinach GCCCAGTT---AGTAACCACTCCAATAGGAAT ---GGAGAGGTTT----­
?orphyra - TATTCGGAGAACAGJ\ACCCGGCTTATGTAGTACTTTTTA----------

* 

Figure 3.5: ClustalX multiple sequence alignment of the four putative green plant chloroplast 
pRNA sequences and the Porphy ra pu,p urea chloroplast pRNA sequence. * indicates common 
nucleotides between all the sequences. 
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Not only are the sequences conserved between chloroplasts, their position in the 

genome is also conserved (Figure 3.6) . They are located downstream from the trnC gene 

(tRNAcys) and overlap an unidentified potential open reading frame, ORF29. Analysis 

of the upstream regions of these chloroplast pRNA sequences show likely -10 consensus 

sequences for the start of transcription. In the pRNA gene of the Cyanophora paradoxa 

cyanelle there is a 65-nucleotide separation between the most likely -10 sequence and the 

proposed start site (Baum and Schon 1996). A 31-nucleotide separation is found in the 

maize, 121-nucleotide separation in the rice, 10-nucleotide separation in the tobacco and 

187-nucleotide separation in the spinach chloroplast pRNA sequences. 
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Maize 

Rice 

Spinach 

Tobacco 

19081 19170 

{ORF29 I j 
• J:RNase P-like 

19091 

17556 17645 

{ORF29 I j 
• J:RNase P-like 

17566 

2 91 

loRF29 j 

19419 20125 

17910 
18059 

J; ~RNase P-like 

12 376 588 

29525 29614 

t IORF29) 

--t trnC ::t:t-iRNase P-like :t, 
28783 28854 29288 29603 

20195 

18129 

Figure 3.6: The position of the putative green plant chloroplast pRNA (RNase P-like) sequences within 
the four chloroplast genomes. Numbers refer to the positions of the sequences within the chloroplast 
genomes according to the Gen6ank sequences. Note that the Tobacco sequences are in the opposite 
orientation to the others due to the complementary strand being represented in the databases. 

The sequence alignments above were used together with the consensus pRNA 

secondary structure, and the secondary structures from the cyanobacterial and the Porphyra 

chloroplast pRNAs, to construct hypothetical secondary structures (Figure 3. 7). All four 

chloroplast pRNA sequences can fit a common secondary structure except for the lack of 

the P 19 helix in the rice structure. Comparisons with the eubacterial consensus, 

cyanobacterial and Porphyra chloroplast pRNA secondary structures show that the 

chloroplast pRNA secondary structures lack the Pl3 helix. However:,-the chloroplast pRNA 

secondary structures have retained the characteristic long-range helices P4 and P6 which are 

necessary for the pRNA pseudoknot formation (Haas et al. 1996). The short sequences that 

make up these two helices have been shown to be highly conserved in pRNA sequences 

(Darr et al. 1992). 
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Figure 3. 7: Hypothetical secondary structures of the putative green plant 
chloroplast pRNA sequences from A: Maize, B: Rice. C: Tobacco and D: 
Spinach. Helices are numbered according to Haas et al . 1994. 
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Figure 3.8: Structures folded using RNAstructure (mfold algorithm) of A: the maize 
chloroplast pRNA and B: Synechocyshs pRNA showing both the 'fork' and 'can 
opener' motifs that have been found in other pRNA folded structures. 
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Figure 3.9: Structures folded using the RNAdraw program (RNAfold algorithm) of A : 
Synechocystis pRNA B: the maize chloroplast pRNA and C: the Porphyra purpurea 
chloroplast pRNA showing both the 'fork' and 'can opener' motifs found in other pRNA 
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The maize chloroplast, cyanobacterial, and the Porphyra chloroplast pRNA 

sequences were folded using the folding programs, RNAstructure, and RNAdraw. The 

RNAstructure folded structures for Synechocystis and the maize chloroplast pRNA 

sequences show striking similarity and contain two structural 'motifs' which have been 

arbitrarily labelled the 'fork' and the ' can-opener' (Figure 3.8). These two motifs have also 

been observed in other pRNA structures folded with RNAstructure and RNAdraw 

(structures shown in appendix 1). The RNA.draw folded structures (Figure 3.9) do not 

show similarity between the structures to the same e>.1:ent as the RNA.structure foldings, but 

the 'can-opener' motif has been retained in the putative maize chloroplast structure. With 

this program there appears to be more variability in the structures and both the Porphyra 

chloroplast pRNA and the maize chloroplast pRNA form a circular type structure which is 

explained more fully in chapter 5. The structures in Figure 3. 9 have been 'corrected ' for this 

structure. 

The green plant chloroplast sequences identified in this chapter show many features 

found in other characterised pRNA sequences. However, these identified sequences can only 

be labelled as ' putative' until biochemical assays can determine if they do encode pRNA 

activity, or bind to such substrates that would identify them as true chloroplast pRNA 

sequences. 

Discussion 

The sequences identified show many features that would be expected in a 

chloroplast-encoded pRNA. They lie in the same region of the chloroplast genomes and 

have potential upstream features that have been found in other plastid pRNA sequences. 

Folding with two folding programs have shown that these sequences do fold into similar 

secondary structures to those of other pRNA sequences. 

The hypothetical biological secondary structures were very hard to construct 

because the sequences have such a scattered homology to other pRNA sequences. Without 

any long stretches of homology it was not easy to match possible secondary structure 

regions to those found in other pRNA secondary structures. It is thus possible then that the 

biological structures for the green plant chloroplast pRNA sequences are not completely 

correct. The shortness of these chloroplast pRNA sequences could indicate some helices 
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are missing, but this could not be determined here . The present way of constructing 

reasonably accurate secondary structures is to find many sequences and align them. 

Computer programs such as Covariation (Haas et al . 1996) are used to find nucleotides in 

the sequence that covary (i .e. change at the same time and maintain their pairing or non­

pairing ability). These programs require at least 20 sequences to be effective and limited 

time for finding more green plant chloroplast sequences ruled out their use. Other methods 

of constructing secondary structures include biochemical analysis. 

The hypothetical open reading frame ORF29 that lies almost completely within the 

putative pRNA sequences is only 29 amino acids long. Its shortness, and its near total 

immersion within the putative pRNA sequences, means it is unlikely to code for a protein 

in maize, rice, tobacco, and spinach chloroplasts. In liverwort and black pine chloroplasts 

the ORF29 regions are homologous to the maize ORF29 but homology to the putative 

pRNA sequences or any pRNA sequences was not seen. These genomes are even more AT­

rich than those found in other chloroplast pRNA sequences. It is possible that these regions 

may fold into a pRNA-type secondary structure but this would require much work, possibly 

involving biochemical analysis. A very high AT content, however, does not seem to be 

detrimental to a functional pRNA molecule. The mitochondrial -encoded pRNA of the 

yeast Saccharomyces cerevisiae has an AT content of 87% and is still functional 

Several other interesting regions were found throughout the chloroplast genomes 

having Ssearch scores from 86 to 95 . These were identified later as the 16S, 23S rR.NA 

genes, introns and tRNA genes. It is interesting that all these genes have RNA secondary 

structure and suggest,that this searching strategy could be used for finding other catalytic 

RNA genes in other organelles. 

The maize pRNA sequence is examined in subsequent chapters along with other 

pRNA and mrpRNA sequences. The folded secondary structures do show some striking 

similarity and this is investigated more fully in later chapters where these structures are 

compared to other pRNA structures quantitatively. 

The finding of potential pRNA sequences in some organellar genomes indicates that 

it is possible that previous searches of organellar genomes may have missed catalytic RNA 

sequences hidden in their AT-rich genomes. The Ssearch program used here has been found 

to be able to eliminate unnecessary background by only allowing a search of the genome in 
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question, thus allowing a more rigorous search. This program could possibly be used in 

searching for other catalytic RNA sequences, especially when sequence homology is 

expected to be low. The use of RNA secondary structure in the characterisation of catalytic 

RNA has been shown to be an effective way of investigating the potential of a sequence 

before the expensive process of biochemical analysis is begun. Although not covered in this 

study, it is hoped that at some stage the pRNA sequences identified here are assayed for P 

activity, and then confirmed as green plant chloroplast pRNA sequences. 



Chapter 4 

Evaluation of RNA biological secondary structure for use in determining 

evolutionary relationships. 

Chapter preface 
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The bulk of this chapter has been written as a paper that is to be submitted to the 

Journal of Molecular Evolution. This has necessitated some repetition from the 

introduction of this thesis . Due to the submission format required by this journal there 

are some formatting differences between this chapter and the rest of this thesis . 

The figures for this chapter are not prefixed with the number four, thus Figure 

4 .1 is simply Figure 1. The figures for this chapter are included, separate from the tex"t, 

at the end of this chapter. The 16S rRNA Domain I (Figure 4.7) and Domain ill 

(Figure 4.8) data and analysis, which is not shown (but mentioned) in the paper, is 

included at the end of this chapter. The neighbor-joining trees of the mrpRNA sequences 

(Figure 4.9), mrpRNA secondary structures (Figure 4.10) and the tree constructed from 

the secondary structure data of mrpRNA and pRNA (Figure 4.1 l) are also given at the 

end of this chapter. 

MRP has been thought to be related to P based on secondary structure and 

functional similarities. Any relationship between P and MRP will go back to at least to 

an early divergence of eukaryotes. Given the high observed rate of sequence divergence 

it is expected that the sequence homology would be low; thus sequence alignments may 

not give clear information. Any lack of confidence in the sequence alignment will cast 

major doubt on the validity of any phylogenetic tree constructed from them. 

The biological secondary structure of catalytic RNA molecules is directly related 

to the function and therefore may hold information as to the evolution of that molecule. 

Quantitative secondary structure analysis of the biological secondary structures of pRNA 

and mrpRNA is used to examine the evolutionary relationship between these molecules. 

Preliminary work with l 6S rRNA comparing onJy very coarse structural 

characteristics (covered in this chapter) is indicative of how the RNA secondary 

structure of catalytic RNA molecules could indicate evolutionary distances. 
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Abstract 

RNA secondary structure is evaluated for determining evolutionary relationships 

between catalytic RNA molecules that are distantly related, and when there is little 

confidence in sequence alignments. RNase P (P) and RNase MRP (MRP) are used for 

testing this as they are ribonucleoproteins that due to functional and secondary structure 

similarities, are thought to be evolutionary related . 

P activity is found in all cells, and fits the criteria for inclusion in the RNA world 

(Jeffares et al . 1998) MRP is found only in eukaryotes with essential functions in both 

the nucleus and the mitochondria. The RNA components of P and MRP (pRNA and 

mrpRNA) cannot be aligned with any confidence, which leads to uncertainty in any 

phylogenetic trees constructed from them. 

IfMRP evolved from P only in eukaryotes, then it is an apparent exception to the 

general process of the transfer of catalytic activity from RNA to ribonucleoproteins, and 

then to proteins (Jeffares et al. 1998). Although there are many protein families, this is 

evidence for a possible family of RNA molecules. The possibility that MRP evolved with 

Pin the RNA world (and has since been lost from all but the eukaryotes) is considered . 

Quantitative comparisons of the pRNA and mrpRNA biological secondary 

structures have found that the third possibility of an organellar origin of MRP is unlikely. 

It is concluded that RNA secondary structure can be used in the evaluation of an 

evolutionary relatedness between MRP and P, and the approach could be extended to 

other catalytic RNA molecules. 

Key Words 

RNase MRP, RNase P, RNA secondary structure, RNA world, catalytic RNA. 
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Introduction 

Catalytic RNA is functionally active RNA, which folds into a three-dimensional 

structure. They are also involved in many essential cellular processes. It has recently 

been suggested, based on the presumed transfer of catalysis from RNA to 

ribonucleoproteins, to proteins, that catalytic RNA molecules generally are remnants of 

the RNA world (Jeffares et al . 1998). The present study examines the quantitative 

analysis of RNA secondary structure for the determination of evolutionary relationships, 

especially when there is little confidence in sequence alignments. RNase P (P) and 

RNase ~ (MRP) are used for testing this as they are ribonucleoproteins ( consisting of 

a catalytic RNA and at least one protein subunit), that due to functional and secondary 

structure similarities, are thought to be evolutionary related (Karwan 1993). The RNA 

components (pRNA and mrpRNA) have little sequence homology, resulting in sequence 

alignments that do not have enough reliability to confidently determine an evolutionary 

relatedness. 

P cleaves tRNA precursors to form the mature 5' ends of tRNA molecules, with 

activity being found all cells tested including prokaryotes, eukaryotes and also in 

organelles. Prokaryotic P consists of an RNA strand, and a single protein subunit 

whereas the P encoded in the nucleus of eukaryotes has several protein subunits (Pace 

and Smith 1990). In one case it appears that the RNA is lost and P activity is entirely due 

to proteins (Rossmanith and Karwan 1998). Yeast species such as Saccharomyces 

cerev;siae and Aspergilius nidulans have retained their mitochondrialy-encoded pRNA 

whereas vertebrate mitochondria as well as those from the yeast Schizosaccharomyces 

pombe have lost their pRNA gene, and use nuclear-encoded products. In plants, 

mitochondrial pRNA activity has been shown (Marchfelder and Brennicke 1993), but to 

date no genes have been characterised. 

The secondary structure of prokaryotic pRNA has been reported to show 

characteristic features in different phylogenetic groups (Pace and Brown 1995) and 

consensus structures have been drawn for groups of eubacteria and archaebacteria (Haas 

et al . 1996, Pace and Brown 1995). This is an indication that some features in the pRNA 

secondary structure are fixed and others variable. For the purposes of this study, 

prokaryotic pRNA will include that from eubacteria, mitochondria, and chloroplasts. 

The pRNA from archaebacteria will not be covered at this time. 
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MRP (Mitochondrial Ribosomal Processing) has been found only in eukaryotes, 

initially as an endoribonuclease that cleaves RNA primers for the initiation of 

mitochondrial DNA replication (Morrissey and Tollervey 1995). Subsequently a nuclear 

function in rRNA processing was identified, consistent with its predominant localisation 

to the nucleolus (Lygerou et al. 1996). MRP consists of an RNA moiety and multiple 

protein subunits with at least 7 of these, Pop 1 p (Morrissey and Tollervey 1995), Pop3p 

(Dichtl and Tollervey 1997) Pop4 (Chu et al . 1997) Pop5p, Pop6p, Pop7p and Pop8p 

(Chamberlain et al . 1998) proteins being shared with P in the yeast Saccharomyces 

cerevisiae. mrpRNA secondary structures (Schmitt et al . 1993) have only been 

characterised for eight species and show great similarity with each other despite being 

from plant, yeast and vertebrate species. Although the secondary structures are similar 

the nucleotide sequences vary greatly in length and nucleotide composition, making 

alignment difficult . 

Comparison of the RNA secondary structures between mrpRNA and pRNA have 

shown similarity in shape, especially in the ' cage region ' of the RNA molecule in which 

there is the characteristic pseudoknot formation (Forster and Altman 1990). However, to 

date, there has been no published quantitative comparison of pRNA and mrpRNA 

secondary structure. The similarities in secondary structure are possibly the direct result 

of conservation of tertiary and thus functional characteristics. 

Functional similarities have led to the conclusion that these two 

ribonucleoproteins (RNP's) are evolutionary related (Morrissey and Tollervey 1995). 

Both the P and MRP ribozymes cleave RNA's to generate 5' phosphate and 3' hydroxyl 

termini in a reaction requiring divalent cations (Forster and Altman 1990). Both P and 

MRP are sensitive to puromycin, an antibiotic which inhibits pre-tRNA processing 

(Potuschak et al. 1993) and enzymatic activities from P and MRP isolated from several 

organisms cofractionate through multiple stages of biochemical purification (Paluh and 

Clayton 1995). It has been reported that MRP and P may be involved together in a 

macromolecular complex within the nucleolus (Lee et al. 1996), raising the possibility 

that the relationship between MRP and P may be of a functional nature, based on their 

sharing of many protein subunits (Sbisa et al. 1996). 

We consider three general hypotheses of how MRP could have evolved from or 

with P. The three groups of hypotheses are as follows: 
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I MRP evolved from an eukaryotic nuclear P in the nucleus of the 

eukaryotic cell. This could occur by gene duplication followed by divergence of function 

of the two homologues. This is the theory most commonly suggested in previous studies 

(Morrissey and Tollervey 1995, Reddy and Shimba 1996, Chamberlain et al . 1996). 

MRP would have been incorporated into multiple eukaryotic functions and has also 

gained an essential function in the mitochondria. Under this hypothesis MRP is found 

only in eukaryotes because it was never in any of the other lineages. MRP is present in 

animals, yeasts, and plants indicating an early divergence from P but would not 

necessarily have to be in all early eukaryotes. We would expect under this hypothesis the 

secondary structures of the mrpRNA to be more similar to eukaryotic pRNA than to 

prokaryotic pRNA. 

Under this hypothesis MRP is an exception to the transfer process of catalysis 

(RNA to RNP to protein) (Jeffares et al. 1998) with a ribonucleoprotein taking on a new 

catalytic function, after the widespread availability of protein catalysts. 

II MRP evolved from an endosymbiont P. There are several variants on this 

hypothesis. MRP could have evolved from the hypothetical endosymbiotic fusion that 

formed the first eukaryote (Gupta and Golding 1996, Martin and Muller 1998) or by 

some later endosymbiosis that let to the mitochondrion. This theory accounts for the 

essential mitochondrial function of MRP and requires that MRP picked up additional 

rRNA processing functions in the nucleus. In plants it has been shown that organellar 

DNA can move to the nucleus and yet retain a function in the organelle (Brennicke et al. 

1993, Wischrnenn and Schuster 1995, Blanchard and Schmidt 1995). We might expect 

here that mrpRNA would retain some organellar characteristics such as a higher A + T 

content in nucleotide sequence and be more closely related in secondary structure to that 

of the organellar or prokaryotic pRNA. 

Ill MRP and P evolved in the RNA world The RNA world hypothesis 

suggests that DNA and proteins evolved from a world in which RNA was the both the 

catalytic and information storage molecule, and that today's catalytic RNA species are 

molecular relics from this time. There are three main criteria used to evaluate the 

antiquity of an RNA molecule (Jeffares et al. 1998) and pRNA fits all three of these 

criteria by being ubiquitous, catalytic and central to metabolism. MRP on the other hand 

fits only the last two criteria, being present only in the eukaryotic lineage. A central 

concept to the RNA world is that proteins with superior catalytic properties have 
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gradually replaced RNA as the catalytic molecule (and that no novel catalytic R.NAs 

would be formed after the advent of efficient genetically encoded protein synthesis) 

(Jeffares et al. 1998). It is difficult to see how a molecule such as MRP could have 

evolved only in the eukaryotic lineage to integrate itself so intimately into rRNA 

processing, mitochondrial genome replication, and perhaps other functions central to 

eukaryotic metabolism. It has been found that eukaryotes carry more proposed 'relics' of 

the RNA world than prokaryotes. These 'relics' include spliceosomes, telomerase and 

self splicing introns which are all absent from prokaryotes (Jeffares et al . 1998). MRP 

was the only widely occurring catalytic RNA not suggested to be a relic from the RNA 

world in Jeffares et al. ( 1998}, its status was left unresolved. 

There are also several variants of this hypothesis; :MRP could have evolved from 

P, P evolving from MRP, and MRP and P evolving independently in the RNA world . 

With the possibility that MRP had a function in the RNA world, before the advent of 

proteins and DNA it is important to know more about the evolutionary relationship of P 

and MRP. 

With such a great divergence expected between pRNA and mrpRNA (at least 

back to early divergences of eukaryotes) nucleotide sequence alignments may not be 

reliable enough to determine with confidence any evolutionary relationship . However, 

examination of the RNA secondary structure may yield the required information when 

the sequence data cannot. It has been shown that many sequences can fit the same 

secondary structure (Fontana et al . 1993) which allows the catalytic RNA sequence to 

vary even if the function of the molecule remains unchanged. The secondary structure of 

the catalytic RNA molecule has fixed 'motifs' that represent areas that are critical to 

maintaining the function, and other regions that are free to vary in presence or size. It is 

expected that these fixed and variable regions of the catalytic RNA secondary structure 

will change according to the evolution of the function of the molecule, and thus may be 

used to determine evolutionary relationships when the sequence data cannot. 

Quantitative comparisons of pRNA and mrpRNA secondary structures are used here to 

calculate distances between these molecules in order to assess their relatedness. 
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Materials and Methods 

pRNA sequences and prokaryotic pRNA secondary structures were obtained 

from the RNase P Database (Brown 1998). mrpRNA sequences were obtained from 

Genbank and the remaining secondary structures from pRNA and mrpRNA were 

obtained from the literature. All sequences and secondary structure references are given 

in Table I. 

l 6S rRNA sequences and secondary structures were obtained from Ribosomal 

Database Project (RDP) (Maidak et al . 1997). 16S (prokaryotes) and 18S (eukaryotes) 

rRNA sequence alignments and trees were obtained using the Subalign and Subtree 

programs available at the RDP (http:\\rdp.life.uiuc.edu). These subtrees, taken from the 

overall tree of life, were used as standards against which our trees of mrpRNA and 

pRNA sequences and structures were compared. The advantage in using the subtrees is 

that they were constructed from many more aligned sequences than were available in our 

compansons. A further subtree of l 6S rRNA (Figure 2A) sequences from thirteen 

prokaryotic species was used as a standard tree for the comparison of 16S rRNA 

secondary structure features. Domain I ( as defined by Gu tell et al . 1994) of the 16S 

rRNA secondary structures of 16 prokaryotic species (as shown in Table 1) was divided 

into areas based on homologous helix formation then the number of nucleotides within 

that area were determined for each species. Overall differences were calculated and 

neighbor-joining trees constructed 

Prior experience showed that ClustalX (Thompson et al . 1997), Divide and 

Conquer simultaneous alignment program (Dress et al .1996) and Dialign (Morgenstern 

et al .1996) were particularly suitable for evaluating distantly related sequences. Genetic 

distances were obtained from these alignments using DNAdist with the Jukes Cantor 

multiple substitution correction from the Phylip package (Felsenstein 1989). 

RNA secondary structures were converted to bracket notation and then 

compared with RNAdistance from the Vienna RNA package (Hofacker et al. 1994) 

using the tree-editing alignment and full structure notation options. The tree-editing 

algorithm calculates a distance based on the number of steps required to convert one 

structure to others. By converting secondary structures to the bracket notation we then 

enabled the RNAdistance program to calculate a distance metric based on the full 

structural detail available in the RNA secondary structure. The secondary structures 

were first converted from published structures (noted in table 1) to 'bracket' notation 
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consisting of a string of '(' and ')' to represent paired nucleotides and ' .' to represent 

unpaired nucleotides (Hofacker et al . 1994). 

Phylogenetic trees were built from both the sequence and structural distance data 

using the neighbor-joining algorithm from the Neighbor program (also from the Phylip 

package) and the Splitstree package (Huson 1997; Dress et al. 1996). Two of the 

methods offered by the Splitstree package: Splitstree and refined Buneman produce 

networks to represent relationships between the taxa. The Splitstree and refined 

Buneman methods have the advantage that, unlike neighbor-joining, they depend 

continuously on the distance matrix (i .e. small changes in the distance matrix do not lead 

to large changes in the resulting tree or network (Moulton et al. 1997; Moulton and Steel 

1998)). The neighbor-joining method does not indicate any inconsistencies in the data, 

unless sometimes when taxa are loaded in a different order (Figure I). The Splitstree 

and refined Buneman methods tend to produce networks, rather than simple trees for 

data that is not very tree-like. It will not accept internal structure unless it is well 

supported and serves as a good indicator of inconsistencies in the data set (Dress et al . 

1996; Bandelt and Dress 1992). However, trees constructed with Splitstree from many 

taxa can become confusing. The refined Buneman method produces trees that can be 

easily interpreted but will still indicate any data inconsistency. Where there is the 

possibility of any inconsistent data only the refined Buneman trees are shown here. All 

trees were drawn with TreeView (Page 1996). 

Results 

It was expected that trees from secondary structures would only become useful 

when sequences were highly diverged, for more recent times sequences would be 

preferable. 

The first question was to determine whether an evolutionary pattern could be 

detected in an intermediate range, by the quantitative analysis of a simple secondary 

structure characteristic, when the results could be compared directly with trees 

constructed from sequences. Only then could the secondary structure be examined in 

greater detail. rRNA was used for this first stage because the sequences had already 

been aligned successfully, and well-studied secondary structures were available (The 

Ribosomal Database Project (RDP) Maidak et al . 1997). Thus we could compare the 

tree from secondary structure alone with that of the sequence data. 



52 

50% of the internal branches were the same when the tree constructed from the 

Domain I 16S rRNA secondary structure data was compared with the 16S rRNA 

sequences (Figure 2B). The internal branching of the archaebacterial species, the 

branching from the archaebacteria to lhermus thermophilus, and the internal branching 

between the archaebacteria and eubacteria were maintained. The internal branching 

between two pairs of eubacterial species; Streptomyces coelicolor and Frankia sp, and 

Escherichia coli and Pseudomonas testosteroni, was also the same between the two 

trees. The misplacement of only two other eubacterial species, Agrobacterium 

tumefaciens and Mycoplasma capricolum, affected the other half of the internal branches. 

However, as expected the deep internal structure of the tree was recovered, but there 

was less resolution at the species level. 

These results indicated that simple rRNA secondary structures could be 

compared in a quantitative manner. However, it was evident that in this case, the internal 

structure of the tree could be seriously affected by the misplacement of only two taxa. A 

probable cause of this effect would be that the distances were calculated from only a 

smal1 number of features. Domain III of the 16S rRNA from the same eubacterial and 

archaebacterial species was also examined separately and combined with Domain I ( data 

not shown), but this domain had even less variability than Domain I and gave very low 

distance calculations. The resulting trees had even fewer internal branches the same 

when compared to the Subtree. Overall this indicated that for RNA secondary structure 

to be able to recover the correct tree, more secondary structure features would be 

required. 

Prior to looking at the relationship of the secondary structures of pRNA and 

mrpRNA we compared the evolutionary relationship shown between the mrpRNA 

sequences and that shown by the mrpRNA secondary structures. This would determine 

if analysis of the secondary structures could discern the deep divergence of the plant, 

yeast and vertebrate species in the eukaryotic kingdom. 

All eight mrpRNA sequences (five vertebrates, one plant, and two yeast strains, 

m table 1) were aligned using the Divide and Conquer and Dialign simultaneous 

alignment methods. These alignments were then maximised for sequence homology 

rather than for secondary structure as has been done in the past (Sbisa et al. 1996). 

Alignments tried with the pairwise comparison program, ClustalX (Thompson et al. 

1997) did not cope well with the large internal gaps required to align the longer yeast 
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mrpRNA sequences with the shorter vertebrate and plant mrpRNA sequences. Trees 

built from the Divide and Conquer and Dialign alignments, using the neighbor-joining, 

Splitstree and refined Buneman methods, show the same internal branching as is shown 

in the Subtree of 18S rRNA sequences (Figure 3). 

Trees built from the mrpRNA secondary structures (Figure 4) gave very similar 

results to that given by the aligning the nucleotide sequences. Howevet; the internal 

branching of the vertebrates has minor differences. In the trees constructed from 

sequence alignment data, the mouse and rat; and the human and bovine mrpRNA 

sequences are paired, with the xenopus mrpRNA sequence outside these pairings. In the 

trees constructed from secondary structure data, we see the human and xenopus 

mrpRNAs together and the bovine structure grouped with the mouse and rat structures. 

The internal branch between the mouse and rat mrpRNA structures remains the same as 

is shown in the alignment trees. Both the alignment and structure trees show that the 

yeast mrpRNA secondary structures have diverged as much from each other as they have 

diverged from the vertebrate and plant mrpRNA secondary structures. The internal 

branching between the vertebrates, the plant species, Arabidopsis, and the yeasts (S. 

cerevisiae and S. pombe) is the same between the sequence and structural trees (and the 

subtree constructed from the l 8S rRNA sequences). Trees constructed with Splits-tree 

and neighbor-joining gave very similar results (data not shown). 

The consistency between all these trees indicates that the mrpRNA secondary 

structure data (which does not have to be aligned) is as good as the sequence data for 

determining reasonably distant relationships, like that between vertebrates, plants, and 

yeasts. This indicates that the quantitative analysis of catalytic RNA secondary structure 

can be used to look at evolutionary relationships even if the sequence data cannot be 

confidently aligned . 

The next step was to see if quantitative analysis of the secondary structures of 

mrpRNA and pRNA could be used to determine an evolutionary relationship between 

the two. Alignments including both mrpRNA and pRNA sequences show little 

homology. This lack of homology is also shown between the eukaryotic nuclear and the 

prokaryotic pRNA sequences, an indication that the sequences have diverged greatly 

between the eukaryotes and prokaryotes. Neighbor joining, Splitstree, and refined 

Buneman trees were constructed from this alignment with the only the refined Buneman 

tree being shown here (Figure 5). 
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A number of prokaryotic, mitochondrial, chloroplast, and eukaryotic pRNA 

secondary structures were then quantitatively compared with the mrpRNA structures 

using RNAdistance. The resulting refined Buneman (Figure 6) tree shows separate 

groupings of the prokaryotic (including mitochondrial and chloroplast), eukaryotic 

nuclear pRNA and mrpRNA structures. Within the eubacterial group the cyanobacterial 

(Anabaena, Anacystis and Synechocystis) structures are grouped together and the 

proteobacteria (Agrobacterium and Rhodospirillum) structures are grouped together as 

is found in the subtree of 16S rRNA sequences. 

The Bacillus secondary structure has been shown to be a little different from the 

consensus eubacterial RNase P structure and is shown as such in the RNase P Database 

(Brown 1998). This different structure is also indicated with Bacillus being grouped 

away from the other eubacteria. The maize P-like structure diverges near the base of 

the eubacterial tree with the Bacillus and the Reclinomonas pRNA structures. This 

structure was modelled on the cyanobacterial and E.coli structures but there was no 

biochemical analysis used in determining this structure. The eukaryotic nuclear pRNA 

structures show the vertebrate pRNA structures together and the yeast pRNA structures 

together, which is also shown in the Subtree of l 8S rRNA sequences. The mrpRNA 

structures are grouped the same as is shown previously. Internal branching between the 

prokaryotic pRNAs, eukaryotic pRNAs, and the mrpRNAs shows that the mrpRNA 

structures are closer to the eukaryotic pRNA structures than to the prokaryotic 

structures. The closest species between the mrpRNAs and the eukaryotic pRNAs are the 

yeast structures from both groups. The eukaryotic pRNAs are shown to be as different 

from the prokaryotic pRNAs as the mrpRNA structures are. It is not clear from this data 

where the overall root of the tree is positioned. 

Overall the refined Buneman tree shows a closer relationship between the 

mrpRNA and the eukaryotic pRNA secondary structures indicating that an organellar 

origin of MRP unlikely. The relationship within the three groups of catalytic RNAs 

show internal branching of species as would be seen in trees built from nucleotide 

sequence analysis of 16S or 18S rRNA. This indicates that the mrpRNA and pRNA 

secondary structure can be compared in a quantitative manner to estimate an 

evolutionary relationship. 
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Discussion 

Initial analysis of the 16S rRNA Domain I gave good indications that RNA 

secondary structure could be useful in the analysis of ancient evolutionary relationships, 

even where sequences cannot be aligned with confidence. Even a very simple 

characteristic (like the length of helices) behaved in a tree-like fashion. More in depth, 

quantitative analysis of the whole structure of Domain I (or in fact the whole 16S rRNA) 

would be expected to result in a very similar tree to what has been determined ·with 

sequence analysis. However the nucleotide sequences of 16S rRNA are such that they 

can be used on their own for determining evolutionary relationships between species. 

Secondary structure analysis would not expect to add much to the analysis of 16S rRNA 

although it can be argued that it is the underlying covarion structure that is allowing the 

16S rRNA sequences to recover correct trees. 

Nucleotide sequence analysis of pRNA and mrpRNA, on the other hand, is not 

close enough to determine with confidence any evolutionary relationship between the 

two. However, the trees constructed by neighbor-joining and refined Buneman of the 

mrpRNA and pRNA secondary structures show that the prokaryotic pRNAs, the 

eukaryotic pRNAs and mrpRNAs have different structures and that overall mrpRNA is 

more similar in structure to eukaryotic pRNA than to any eubacterial or organellar 

pRNA. 

Structural analysis has failed to show any close relationship between the any of 

the prokaryotic pRNA structures and those of the mrpRNA making unlikely the 

hypothesis that MRP is of an organellar/prokaryotic origin. With an organellar origin we 

also could have expected the A+ T content of the mrpRN A gene to be higher than other 

genes encoded in the nucleus. A+T contents in mitochondrial genomes are generally high 

due to a unusually high rate of substitution compared to that of the nuclear genome 

(Lynch 1996) and that repair systems may show a preference for inserting dATP (Martin 

1995). The A+T content of the mrpRNA genes is in fact very similar to those of other 

nuclear genes in the same species. 

MRP is found in vertebrates, plants and yeast and thus if MRP evolved from the 

nuclear P in the eukaryotic lineage it must have been at an early stage, before the 

divergence of these three groups. In this context it will be interesting to determine which 

catalytic RNAs are found in the Giardia genome that is currently being sequenced 

(Sogin, M. personal communication) . 
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Another indication of an early evolution is its essential nature within the 

eukaryotic lineage both in the nucleus and the mitochondria of plants and yeasts. This is 

an indication that MRP had to have evolved early enough to have separate but related 

roles from P in ribosome assembly and tRNA maturation. It had also to have evolved 

early enough to gain roles in the mitochondria, which in some species (e.g . vertebrates 

and S. pombe) have come to be completely reliant on the nuclear pRNA and mrpRNA 

products. The question we raise here is how early. 

Sequence alignment and structural data alone cannot determine,at this stage,as to 

which hypothesis of MRP evolution is more likely, evolution early in the eukaryotic 

lineage or evolution in the RNA world. If the refined Buneman tree (Figure 6) 

constructed from structural data is rooted on the eubacterial lineage then MRP arose in 

eukaryotes. However, if the RNA world is used to root the tree of life (Poole et al . 

1998), which was the reason for raising the initial question, the answer is not clear. Both 

hypotheses could be reflected in the highly divergent sequences. Nevertheless, by taking 

functional data into account we can see that there are some factors that favour the RNA 

world hypothesis. 

Under the RNA world hypothesis MRP could have evolved from P, (or possibly 

even vice versa), or have arisen independently. It is feasible that some of the similarities 

seen between the secondary structures of mrpRNA and pRNA have arisen from common 

protein binding sites or higher structure conformations required for protein binding. The 

fact that there are multiple proteins shared between MRP and the eukaryotic P (e.g. in~ 

cerevisiae - Pop 1, Pop3 and Pop4) could be an indication of a relationship that stems 

back to the time when the RNA and protein moieties ofMRP and P were first assembled. 

In the RNA world the first proteins to evolve are expected to be RNA binding proteins 

with chaperone-like activity which would increase stability and help maintain ribozyme 

tertiary structure (Poole et al 1998). It is possible that MRP and P picked up chaperone­

like proteins that had a function that was required by both (e.g. stability and transport) at 

a time when there were only a few proteins around. 

It has been a misconception, perhaps, that the prokaryotic P is the more ancient 

form of P, because of the ability of its RNA to be catalytic on its own (with high Mg2
.,. 

concentrations) and because it contains only one protein subunit In essence it is a 

simpler form of P than the eukaryotic version. However, the presence of multiple protein 

subunits may be an indication of an ancient origin. Ribosomal proteins, for example, 
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have been found to have a multifunctional nature with most of these proteins having 

functions additional to their role in the ribosome (Wool 1996). This sort of co-opting of 

a few ancestral proteins by multiple processes may have occurred v.ith P and l\.1RP. 

Prokaryotic Pis specialised for one function, the maturation of tRNA, whereas eukaryotic P 

and MRP are involved in many functions in the eukaryotic cell . The eukaryotic pRNA and 

mrpRNA had likely a very complicated evolutionary pathway. Each interaction between the 

RNA and protein subunits (and also between the RNA and each substrate), would have been 

optimised to such a point that even with high Mg2
• concentrations, the RNA is no longer 

stable without any stabilising chaperone proteins. The prokaryotic RNase P, the eukaryotic P 

and MRP have evolved considerably since the first ancient ribonucleoprotein complex. Under 

the RNA world hypothesis these ancient P and MRP molecules would have had a stable RNA 

in the RNA world then gained multiple protein subunits as protein synthesis evolved. 

Although many protein families and super-families have been isolated there do not 

appear to be any other potential families of catalytic RNA molecules. Analysis of RNA 

secondary structure and functional data have led us to suggest here a family of catalytic RNA 

consisting of P and RNase MRP. Other RNA families are posSJble, which also may not be 

able to be identified on sequence homology data alone. 

Tertiary structure characteristics may have a greater potential for the detennination of 

evolutionary relationships, as they are in an even closer relationship to the function of the 

molecule than is the secondary structure. There are two models at present for the tertiary 

structure of pRNA and none yet for mrpRNA (Pace and Brown 1995). It has been shown 

for proteins that analysis of the tertiary structure may be more revealing for distant}' 

related structureJand primary sequence analysis can be more useful for closer, less diverged 

structures (Gutell 1992). 

Quantitative analysis of secondary structures on the other hand, produce distances 

that indicate that an organellar origin of MRP is unlikely. The two remaining hypotheses each 

show MRP to be an interesting molecule. IfMRP evolved in eukaryotes then it seems that a 

RNP took on a catalytic function in preference to a protein, an exception to the general 

process of the transfer of catalysis. An RNA world origin of MRP, however, allows a new 

perspective in the analysis of this molecule. 

In summary, although sequence alignments of pRNA and mrpRNA were obtained, 

there can be little confidence in any phylogenetic trees constructed from them due to the low 
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homology shown between the sequences. Analysis of secondary structure data offers an 

additional approach to evaluate ancient divergences. 
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Acce-ssion ~umber Length of A+T% Secondary· Structnrt> Reference 
Se<iumce 

R.'\ase P S..Oumces 
S,nedlocvstis SD. PCC6803 X65707 437 48 p 

Anabaena so . PCC 7 120 X65648 465 47 p 

Anacv,:t.is nidulans PCC630 I X63566 385 43 p 

Pseudoanabaena sp. PCC 6903 )\73135 450 52 p 

Escherichia coli M17569 377 38 p 

Bacillus subtilis Ml3175 401 51 p 

Rhodosoirillum rubrum 1-1.59355 429 29 p 

Airrobae1erium tumefaciens lvl5 9354 402 36 p 

Reclinomonas americana mitochondria AF007261 312 75 p 

Pnmh,n ourourea chloroolaSI U38804 383 63 p 

Human (nuclear) X l5624 340 36 Altman a al. 1993 

Mouse (nuclear) L08802 288 33 
,. 

Danio rerio (nuclear) Zebrafish U50408 308 43 No strue1ure 
Sacdiaromvces cerevisiae {nuclear) 1'.127035 368 48 T raneudi and Engelke 1993 
Schizosacdiaromvces pombe (nuclear) X040 13 373 48 " 

R.ll;ase MRP S,,,,uences 
Human X 51867 264 36 Schmitt a al. 1993 
Bovine Z25280 277 39 

,. 

Mouse ]03151 275 36 .. 
Rat ]05014 273 35 .. 
Xenopus (frog) Z 11844 277 45 .. 
Arabidopsis thaliana X65942 260 49 1,Js.s a al. 1992 
Sacx:haromvces ce:revisiae Zl4231 339 60 .. 
Schiz.osacdiaromvces oombe 399 57 Paluh and Cla,100 1995 

R.l\ase P-1.ike SN.uence 
Z. mavs (maize) diloroplast from X86563 : 329 62 1'0le I 

19091 - 194 19 

16S rR.ll;A structures RDP....,uence 
RDP 

Escherichia coli E.coli " 
Clostridium innocuum C.inn0<.i,um - ,. 

Methanoco=is vanniclli Mc.vanniel - ,. 

Frankia so . Fra.spORS - .. 
Streotomvces coelicolor Strn.c:oelic " 

Thennus therrnoohilus T.thermooh - .. 
Bacillus sulxilis B.sulxilis - " 
Al!Tobae1erium tumefaciens Al!.tumefac " 
Spirochaeta aurantia Spi.aurant - " 

Thermoolasma acidoohilum Tol.acidoo - " 
Mvcnnlasma caoricolum M.caoricol .. 
Methanobae1erium formicicum Mb.formici " 
Pseudomonas testosteroni Ps.te:stost - " 

Table 1. RNase P and RNase MRP RNA sequences used in this study showing length, 
Accession details, A+T % and from where the secondary structures were obtained 
Key: P Obtained from the RNase P Database (Brown 1998), 

RDP Obtained from the Ribosomal Database Project (Maidak et al . 1997). 
Note 1: The maize chloroplast P-like sequence is a putative pRNA sequence isolated by sequence 
homology from the maize chloroplast and has yet to undergo biochemical analysis. It remains 
unpubbshed at this point in time. 
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G 

G 

SpeciesA 0 
SpeciesB 2 0 
SpeciesC 4 2 0 
SpecicsD 5 5 3 0 
SpeciesE 6 8 8 5 0 
SpeciesF 7 9 9 6 3 0 
SpeciesG 6 8 8 5 4 3 0 

B C 

C 

B 

Figure 1: Comparison of three methods of constructing trees. A: Neighbor­
joining with taxa A , B, C, D, E; B: Neighbor-joining with taxa C, A , B, D. G, F, E; C: 
Splitstree and D: refined Buneman. 
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A 

Clostridium 

B 

Thermoplasma 
Archaebacteria 

Streptomyces 

Agrobacterium 

Eu bacteria 

Agrobacterium 

E.coli 

Thermoplasma 

'Archaebacteria 

Eu bacteria 

Pseudomonas 

Frankia 
E.coli 

Spirochaeta 
Mycoplasma 

Figure 2: A : Subtree of 16S rRNA eubacterial and archaebacterial sequences 
from the Ribosomal Database Project. B: Neighbor-joining tree of 16S rRNA 
Domain I length data. * indicates the internal branches that are the same as those 
in the subtree. 



S. pombeMRP 

S. cerevisiae MRP 

Xenopus MRP 

MouseMRP 

Figure 3: Refined Buneman tree ofmrpRNA sequences aligned by Divide 
and Conquer. The Splitstree and Neighbor-joining trees were identical to 
this tree. 
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S. pombe MRP 

S. cerevisiae MRP 

Bovine MRP 

Figure 4: Refined B uneman tree of mrpRN A secondary structures compared 
by RN Adi stance. 



Mouse 
nuclear P 

Human 
nuclear P 

Eukaryotic 
nudear p Zebrafish 

nuclear P 
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E.coli p Reclimonas 
mitochondrial P 

Arabidopsis 
~-------MRP 

\' Human MRP 
\ Eukaryotic 

Bovine MRP MRP 

Figure 5: Refined Buneman tree of mrpRNA and pRNA sequences 
aligned by Divide and Conquer. 
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Prokaryotic P 
(Eubacteria, chloroplast and 

mitochondrial) 

Maize 
Rhodospirillum P 

chloroplast P 

Bacillus P 

Porphyra 
chloroplast P 

Eukaryotic MRP 

grobacterium P 
Synechocystis P 

Human nuclear P 

nuclear P 
S pombe nuclear P 

S cerevisiae MRP 

S pombeMRP 

Figure 6: Refined Buneman tree constructed from pRNA and 
mrpRNA secondary structures. 
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Clostridium innocuum 
Methanococcus yannielli 
Frankia sp. 
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71 

Code 

: o.oc,c 

A 
B 
C 
D 
E 
F 
G 
H 
I 
J 
K 
L 
M 

Figure 4.7: Data used in 16S rRNA secondary structure analysis. A: Domain I of the 16S rRNA divided 
into areas. Numbering of the divisions is based on the E.coli 16S rRNA secondary structure. B: Species of 
eubacteria and archaebacteria used in this study and their reference codes in the Ribosomal Database 
Project (RDP, Maidak et al. 1996) and C: Matrix of differences between the areas in Domain I of the 16S 
rRNA secondary structure. 
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A 
Domain III Areas 

Area according 
.. to.E. coli;-.. J-::: 

- ' - 7 ;-' ,- - nwiiberlnim:" 
33 938 - 944 
34 945 - 955 
35 956 - 983 
36 984 - 990 
37 991 - 1045 
38 1046 - 1067 
39 1068 -1073 
40 1074 - 1085 
41 1086 - 1099 
42 1108 - 1117 

A 
B 2 
C 5 5 B 
D 3 3 6 
E 4 4 5 3 
F 3 5 5 3 3 
G 1 1 5 3 4 5 
H 4 3 4 6 5 6 2 
I 2 1 5 3 4 5 1 3 
J 5 5 3 6 5 7 5 3 5 
K 4 2 5 3 2 3 3 4 3 6 
L 4 4 3 5 4 6 4 2 4 2 5 
M 3 2 5 4 3 4 3 4 3 5 3 4 

43 1118 - 1155 
44 1156 - 1182 

A 
B 8 

45 1236 - 1252 
46 1253 - 1284 
47 1297 - 1339 

C 16 15 C 
D 10 7 15 
E 11 9 14 8 

48 1346 - 1372 F 11 11 14 9 8 
G 9 5 15 8 10 10 
H 11 8 13 11 10 12 7 
I 8 5 15 8 8 11 7 9 
J 16 15 7 15 14 16 15 12 15 
K IO 6 14 7 6 9 9 IO 6 16 
L 15 15 6 14 13 15 14 IO 14 5 15 
M 7 6 15 9 8 9 8 9 7 15 7 14 

E.coli D Pseudomonas 
E. coli Spirochaeta E 

Clostridium 

Clostridium 

Agro bacterium 

Thermoplasma Methaoobacterium 
Thermoplasma 

Figure 4.8: Data used in 16S rRNA Domain ill and combined Domain I and ill secondary structure 
analysis. A: Domain ill of the 16S rRNA divided into areas. Numbering of the divisions is based on 
the E.coli 16S rRNA secondary structure. B: Matrix of differences between the areas of Domain ill. 
C: Matrix of differences between the combined areas of Domains I and ill. D: Neighbor-joining tree 
of Domain ill lengths. E: Neighbor-joining tree of combined Domains I and III lengths. * indicates 
the internal branches that are the same as those in the subtree in Figure 4.2. 



S.pombeMRP S.cerevisiae MRP 

Arabidopsis MRP 

Xenopus MRP 

HumanMRP 

Bovine MRP 

Figure 4. 9: Neighbor-joining of mrpRNA secondary structures compared by RNAdistance. 

Zebrafish 

Eukaryotic m1c{ear.P_ 

Prokaryotic P 

E.coli P Reclinomo nas 
rnitochondrialP 

73 

Arabidopsis 
Eukaryotic MRP 

MRP 

BovineMRP 

Figure 4.10: Neighbor-joining tree ofMRP and pRNA sequences aligned by Divide and Conquer. 
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Porphyra 
Synechocystis P 

chloroplast P Anabaena p 

· · . E.coli P 
Agro.bactenum P 

Rhodospirillum P Prokaryotic P 
(Eubacteria, chloroplast and 

mi tochonrjrial) 
Reclinomonas 

mitochondrial P 

Arabidopsis MRP 

Rat MRP~ ~ Bovine MRP/ 

MRP 
Human MRP/ 

ouse . 
Xenopus MRP 

Eukaryotic MRP 

Figure 4.11: Neighbor-joining tree constructed from pRNA and mrpRNA secondary 
structures. 
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Chapter 5 

Evaluation of folding programs for the analysis of evolutionary relationships of 

catalytic RNA molecules. 

Folding programs have often been used to analyse RNA for possible secondary 

structure motifs e.g. terminators of protein coding genes (personal experience). Some 

secondary structure motifs, arbitrarily labelled the 'fork' and the 'can-opener', could be seen 

in a qualitative comparison of the Synechocystis pRNA and the putative maize chloroplast 

pRNA (Maize RNase P-like) (Figure 3.8). In this chapter, pRNA and mrpRNA calculated 

secondary structures are analysed in a quantitative manner, to determine if these folding 

programs can be used in some way to evaluate evolutionary relationships of catalytic RNA 

It has been recognised that folding programs do not produce the same secondary 

structure of an RNA molecule a..~ is seen biologically (Zuker 1989). These methods 

minimise the free energy of the folded molecule by assigning energy to the stacking of one 

hydrogen bond over another, and assigning destabilising energies to various loops. The 

overall free energy of a folding is the sum of the energies of the stacked base pairs and the 

loops (Zuker 1989). Base pairing is generally of three types G with C, A with U and G with 

U. More unusual base pairing can occur with G-G, U-U, C-C, C-A, A-A, A-G and U-C 

pairs forming but these pairings are considered weaker. For the basis of this project G - U 

pairing was allowed; but none of the other unusual pairings were considered. 

There are, at least three major problems associated with using folding algorithms for 

the determination of RNA secondary structure (Zuker 1989). The tertiary (three­

dimensional) structure of the RNA molecule is ignored; energy rules used to assign free 

energies to structures are derived from melting data on small oligonucleotides only; and 

many different foldings can be possible close to the minimum energy. An additional problem 

specific to ribonucleoproteins is that in nature, the RNA component must include effects of 

the binding of proteins and metal ions. It is possible to turn this last 'problem' into an 

advantage if a 'biologically correct' structure is not required. Essentially the folding by 

these programs is dependent on the sequence data and useful comparisons between catalytic 

RNA molecules could be made when the protein and metal binding is essentially unknown. 

For this purpose a structure that is biologically correct is not required as long as the 

structures formed follow an evolutionary pattern that is similar to that followed by the 
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biological structures. This chapter examines different groupings of pRNA and rnrpRNA 

thermodynamically folded structures, to see if they follow the same evolutionary pattern as 

the biological secondary structures have been shown to do in chapter 4. 

The RNAdistance program can compare secondary structures in four structure 

formats . Only the full structure format was used in the previous chapter as it gives the 

maximum amount of information about the structures being compared. Trees constructed 

from all four formatslmil,necessary to see whether the level of coarseness of the structure 

makes any difference on the evolutionary tree produced, and whether any particular level 

will be useful for analysing evolutionary relationships. 

Materials and Methods 

pRNA and rnrpRNA sequences were obtained from Gen.bank or from the RNase P 

Database (Brown 1998) (Table 1.1 ). A Subtree of 16S RNA sequences was downloaded 

from the Ribosomal Database Project (Maidak et al. 1997). 

Sequences were folded using one of two programs, RNAdraw (Matzura and 

Wennborg 1996) which uses the RNAfold algorithm from the Vienna RNA package 

(Hofacker et al. 1994 ), and RNAstructure (Mathews et al. 1997) which uses the Mfold 

algorithm (Zuker 1989). All structures were folded at settings equivalent to 37°C with the 

other folding parameters set at the default settings (listed in the program descriptions in 

appendix 4). The secondary structure diagrams for all sequences constructed with 

RNAdraw and RNAstructure are shown in Appendix 1. 

The calculated RNA secondary structures for each sequence were converted from 

the ct files to bracket notation using the program 'ct2bracket' written by R. Pointon for this 

project (Appendix 4). Representations of the bracket notation for pRNA and mrpRNA 

secondary structures are shown in Appendix 2. The folding programs used here calculate 

a number of sub-optimal structures as well as the optimal structure. In most cases the 

optimal structure from each folding was compared. Howeve~ when the S. cerevisiae nuclear 

pRNA sequence was folded with the RNAstructure program, the first three optimal 

structures bore little resemblance to the other pRNA folded sequences. For this sequence 

the third suboptimal (fourth structure in order of minimum energy) structure was used as 

it showed a close resemblance to the other pRNA folded sequences used in this study. 
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During the folding of the pRNA and mrpRNA sequences it was discovered that both 

the RNAstructure and RNAdraw programs formed two types of structures for some 

sequences. The first was the expected type with the 5' and 3' ends of the RNA molecule 

paired (Figure 5.1 B). The other was a ' circular-type' structure that had short range pairing 

of the ends to sequences near those ends (Figure 5. lA). It was possible to 'correct ' these 

circular structures by forcing the pairing of the 5' and 3' ends. 

,..__ I 4-W -4'1/;l l_if ... l 

··• .. 
, ... :§':.;.. 

~--"'~. . ,. 
- -:"·.,.. 
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B: .--- ~ --· 
-'l..!.J_~~ -:._,"':· • .:. ' ,...,-".. - r- --... .... 

•::- .... .... "'llJ/ 
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,~ _.. -· --· , 

, ....... ~ 

Figure 5.1: Human mrpRNA folded with RNAdraw to show A : uncorrected circular structure and 
B: 5' - 3' corrected structure. 

However, it was recognised that, in any screening process that uses these programs, 

such corrections are currently not possible, so trees of both uncorrected and corrected 

structures are compared here. Table 5.1 shows which structures required corrections for 

each of the programs. 

RNAstructure (Mfold) RNAdraw (RNAfold) 
Arabidopsis m.rpRNA Arabidopsis mroRNA 
Aspenrillus mitochondrial pRNA Human mroRNA 
Rat m.rpRN A Mouse mroRNA 

Porphyra chloroplast pRNA 

Maize chloroplast pRNA 

RatmrpRNA 

Reclinomonas mitochondrial pRNA 

Saccharomyces cerevisiae mitochondrial pRNA 

Table 5.1: mrpRNA and pRNA secondary structures, which gave a circular structure 
when, folded with either RNAstructure and/or RNAdraw. 
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Secondary structures were compared using the RNAdistance program from the 

Vienna RNA package (Hofacker et al.1994 ). The tree-editing alignment option was used 

in this study rather than the string alignment option. The tree editing option in RNAdistance 

calculates the distance between two trees by calculating the smallest sum of costs required, 

transforming one tree into another tree by a series of editing operations (Hofacker et al 

1994). 

This RNAdistance program has the option of comparing the secondary structures 

in 4 grades of coarseness. The full structure format (f), was that used in the previous 

chapter for the comparison of the biological secondary structures, and contains the full 

amount of structural detail available. The next level of coarseness is the HIT 

(Homeomorphically irreducible tree) structure which represents a stack of pairings by P and 

a number indicating the number of base pairs in that stack. Unpaired bases are represented 

as U and a number indicating how many bases are unpaired before the next stack of paired 

bases. The full tree is converted to the tree by assigning an internal node to each base pair 

and a leaf note to each unpaired nucleotide. This apparently simpler representation of the 

secondary structure retains complete information on the structures but may reveal different 

information about the structure than what is revealed by the full structure. 

The third level of coarseness is the weighted coarse (w) structure, which does not 

retain the full information of the secondary structure. Different structure elements are 

represented by single matching bracket and are labelled as H (hairpins loop), I (interior 

loop), B (bulge), M (multiloop), S (stack), and E (external elements). Again a number may 

be used to indicate the number of unpaired bases or base pairs comprising each structural 

element. The fourth level is coarse format ( c) and compares the structures based only on 

the presence of helices and loops without any reference to the lengths of either, looking only 

at the branching structure. A representation of all four levels of structure is given in 

Appendix 4. The RNAdistance program converts the full structure input into the other three 

structures when required. Structures folded from the first three sets of sequences were 

compared in all four formats with the fourth group only being compared in the full structure 

format. 

Phylogenetic trees were created from this distance data using the neighbor-joining 

algorithm from the Phylip package (Felsenstein 1989), and trees were drawn using 
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TreeView (Page 1996). The RNAdistance and ct2bracket programs were run on a Unix 

SunOS release 4.1.3 whereas RNAstructure, RNAdraw, Neighbor, and Tree View were run 

using the Windows 95 operating system on a PC. 

Three data sets were used here to compare trees constructed either directly from 

sequences, biological structures, or from folded secondary structures. The first group 

contains five pRNA from photosynthetic organisms (three cyanobacteria and two 

chloroplast) and E. coli as an outgroup looking at the grouping of the cyanobacteria and 

chloroplast species. The second group examines the eight mrpRNA sequences in a similar 

manner, but at the placement of the individual species more detail. The third group includes 

mrpRNA and pRNA from eubacteria, eukaryotes, and organelles examining whether 

structures calculated from these sequences fall into the distinct groupings that were shown 

with the biological secondary structures. 

Results 

In the first group of pRNA sequences, the folded structures from four bacterial (E. 

coli, Synechocystis, Anabaena, and Anacystis) and the two chloroplasts (Porphyra 

purpurea and the putative maize sequence) were compared. This group of pRNA sequences 

required no correction for circular structure when using the RNAstructure program. 

However, the structures for the Porphyra chloroplast pRNA and the putative maize 

chloroplast pRNA required correction for the RNAdraw program. 

A subtree of 16S rRNA sequences for the same species (Figure 5.2A) was 

compared the trees of the folded structures together with trees constructed from the 

biological secondary structures for these species. For the first group of pRNA sequences, 

there are some differences between the tree constructed from the 16S rRNA sequences 

(Figure 5.2A) and the tree constructed from the secondary structures (Figure 5.2E) using 

the full structure format. Only two trees (Figures 5.2D and 5.2E) are identical and the 

position of the outgroup (E. coli) is quite variable. However, (excluding E. coli) the two 

chloroplast sequences (Porphyra and Maize) always come together on the tree, while the 

three cyanobacterial sequences swap as to which one diverges first. Since the biological 

secondary structure used for the putative maize chloroplast pRNA is only hypothetical it is 

not too surprising to see that this structure is grouped away from the other chloroplast 

structure. This indicates (as implied in the previous chapter) that this hypothetical structure 

may not be entirely correct. 
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Figure 5.2: pRNA sequences: A: Subtree of 16S rRNA sequences. Neighbor-joining trees of full 
structure format (f) ofB: biological secondary structures, C: RNAstructure and RNAdraw folded 
secondary structures D: uncorrected, E: corrected. 
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does not group the cyanobacterial species (Synechocystis, Anabaena and Anacystis) 

together unless the E. coli outgroup is removed. The RNAdraw trees for both the 

uncorrected (Figure 5.2D) and the corrected (Figure 5.2E) are very similar, grouping both 

the chloroplast and the cyanobacterial species together. However the pairing of the 

cyanobacterial species are different between the two trees. Correcting the RNAfold 

structures for the chloroplast sequences has changed the order of the cyanobacteria to that 

shown in the biological structures tree but has grouped the chloroplast structures in the 

same way as is shown in the l 6S rRNA tree. 

The HIT structure gives results very similar to those shown for the full format. The 

biological structures tree (Figure 5.3A), the RNAstructure tree (Figure 5.3B), the RNAdraw 

uncorrected tree (Figure 5.3C) and corrected tree (Figure 5.3D) are also unchanged from 

those shown in the full format. 

In the weighted coarse format the biological structure tree (Figure 5.4A) groups the 

chloroplast structures together, and keeps the pairing of the cyanobacteria shown in the full 

and HIT structures format. The grouping of the chloroplasts together at this level shows 

that the hypothetical biological structure for the maize chloroplast pRNA is more similar to 

the other chloroplast pRNA sequence than to the bacterial pRNAs at this coarser level of 

structure format. The RNAstructure tree (Figure 5.4B) splits the cyanobacterial species by 

the E. coli outgroup, but keeps the chloroplast sequences together (as is shown in the full 

and HIT trees) . However this tree has placed the cyanobacterial species differently. The 

RNAdraw uncorrected tree (Figure 5.4C) is the same as shown in the full and HIT 

structures but the corrected tree (Figure 5.4D) has split the chloroplast sequences while 

keeping the cyanobacteria together. 

The tree constructed from the coarse biological structures (Figure 5.5A) has split 

both the cyanobacterial and chloroplast sequences but has maintained the pairing of the 

Anabaena and Synechocystis structures as is shown in the full structure. The RNAstructure 

tree (Figure 5.SB) has also split the cyanobacterial and chloroplast sequences and has not 

paired any of the cyanobacterial structures. The RNAdraw uncorrected tree (Figure 5.SC) 

has split the chloroplast sequences but has maintained the cyanobacteria grouping. The 

corrected tree (Figure 5.SD) is like the RNAstructure tree with the chloroplast and 

cyanobacterial structures in no particular groupings. 
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Figure 5.3: Neighbor-joining tree of pRNA structures compared in the IDT structure format 
(h); A: biological secondary structures. B: folded by RNAstructure, and folded by RNAdraw 
C: uncorrected and D: corrected. 
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Overall, for the initial group of pRNA sequences, the RN.A.draw folding program 

gives a tree closer to the l 6S rRNA tree and the biological secondary structure trees . For 

both the biological and the thermodynamically folded structures the coarser the structure 

format the more unlike the 16S tree the resulting trees become. However, this is only a 

qualitative observation. None of the biological or thermodynamically folded trees gives a 

tree exactly like the 16S tree. However, it is interesting that although the order of the 

cyanobacterial structures is different, the relative groupings of the cyanobacterial and the 

chloroplast structures are the same as for the l 6S tree. 

Given that the cyanobacterial and chloroplast grouping~ntained with the folded 

structures, the next step was to look in more detail at the placement of individual folded 

structures on the trees. A second group of mrpRNA folded secondary structure trees was 

compared to the tree constructed from mrpRNA sequence data (Figure 5.6A) and the tree 

constructed from the mrpRNA biological secondary structures (Figure 5.6B). The only 

differences between these two trees are the grouping of the vertebrate species. 

In contrast, comparisons of the folded mrpRNA structures in the full structure 

(Figure 5. 6C - F) show virtually no similarity with the sequence and biological structure 

trees. Both RNAstructure and RN.A.draw structures, uncorrected and corrected, show little 

difference. The. two fungal species are not grouped together and the vertebrates do not 

show any grouping similar to that of the biological structure and sequence alignment trees. 

Similarly the IDT (Figure 5.7), weighted coarse (Figure 5.8) and coarse structure (Figure 

5.9) formats give trees less similar to the sequence alignment and biological full structure 

trees as the structure format gets coarser. There is a much more apparent difference between 

the trees compared in the full structure format and the HIT format, than that seen between 

the pRNA structures. The folded structures of this group of mrpRNA sequences do not 

follow the evolutionary pattern seen either in the biological secondary structures or in 

sequence alignment data. 
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Folded structures from a third group of mrpRNA and pRNA sequences was then 

examined. When the biological secondary structures from this group of sequences were 

compared to each other (See figure 4.6), they fell into three distinct groups; prokaryotic 

pRNA, eukaryotic nuclear pRNA and mrpRNA. Although the folded structures (Figures 

5 .10- 5 .17 for the RNAstructure program and Figures 5 .18 - 5 .25 for the RNAdraw 

program, all of these figures are shown at the end of this chapter) do not fall into the three 

distinct groupings, there are still some interesting results. The weighted coarse and the 

coarse structure formats follow the same pattern as in the pRNA (Figures 5.4 and 5.5) and 

the mrpRNA (Figures 5.8 and 5.9) comparisons and scatter species all over the tree, that in 

the biological structures tree fall together. This scattering is still seen after structures were 

corrected to exclude circular structure, or in which program (RNAstructure or RNAdraw) 

were used. 

One observation with this third group of species was that when circular structures 

are corrected they do not always affect where they themselves lie on the tree, but often 

affect where other species lie on the tree. For example, with the RNAstructure program 

there are only three structures in the third group that required correction. When this group 

is compared in the full structure format, those that required correction do not change 

position between the uncorrected tree (Figure 5 .10) and the corrected tree (Figure 5 .11 ), 

but the position of the bovine mrpRNA changed considerably. Another example in the HIT 

format comparison of this group of structures, the positions of the rat mrpRNA ( circular) 

and the mouse mrpRNA change but the position of the bovine mrpRNA remains the same 

between the uncorrected (Figure 5.12) and the corrected tree (Figure 5.13). 

There are some interesting groupings formed between the pRNA and mrpRNA 

folded structures. The nuclear pRNA and mrpRNA from the yeast S. cerevisiae are 

grouped together by RNAstructure for both the uncorrected and corrected forms, and in the 

both the full and HIT formats . RNAdraw groups them together in the full uncorrected 

format only. The S. pombe structure is grouped with the S. cerevisiae structure in the same 

way. 

Within this third group of mrpRNA and pRNA sequences there are some groupings 

of structures that are seen in both the biological structures tree and that constructed from 

the folded structures. The rat mrpRNA and mouse mrpRNA are grouped together, but only 
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with RNAstructure in the full and HIT formats . The three cyanobacterial pRNAs 

(Anabaena, Anacystis and Synechocystis) are grouped together but only with the RNAdraw 

program in the full uncorrected format. However, the other bacterial pRNAs do not fall into 

the expected groupings. The Agrobacterium and Rhodospirillum pRNA structures are at 

opposite ends of the tree. There is little consistency between the trees constructed from the 

RNAstructure folded sequences and the RNAdraw folded sequences. However, there are 

many more sequences that formed circular structures with the RNAdraw program than with 

the RNAstructure program and it is uncertain as to the effect of this on the overall trees 

constructed. 

Overall there are two trends that are formed by the mrpRNA and pRNA data. The 

first is that the more coarse the secondary structure format, the less that the mrpRNA and 

eukaryotic nuclear pRNAs form separate groups (i .e. the more disorganised the tree 

becomes). The second is that 5' - 3' corrections to the circular structures formed by 

RNAstructure and RNAfold do not make the trees any closer to those formed from 

biological secondary structures. The putative maize chloroplast pRNA sequence forms 

structures that group either with the S. cerevisiae mitochondrial pRNA or with the 

Aspergillus mitochondrial pRNA especially when there have been no corrections to circular 

structures. Thus the current programs do not seem to be useful in predicting secondary 

structure with sufficient accuracy to obtain evolutionary information. 

A possibility is that the high percentage of A and T in the mitochondrial and 

chloroplast sequences could be a factor in the placement of these structures on the trees. 

However, it Is shown in figures 5 .10 and 5 .18 that sequences with similar AT contents 

are not grouping together. The effect of AT content is examined in more detail in the next 

two chapters. 

The next step was to remove the mrpRNA and eukaryotic nuclear pRNA sequences 

from the third group to see how only the bacterial and organellar folded structures compare 

to each other. Because of earlier results this was only done using the full structure format. 

With RNAdraw (Figure 5 .26) the organellar structures are largely grouped together whether 

the structures are uncorrected or corrected. The cyanobacterial sequences are not grouped 

together and are grouped with other bacterial species such as Bacillus and Agrobacterium. 

RNAstructure (Figure 5.27) does not group all the organellar structures or the 

cyanobacterial structures together. However, the majority of the bacterial and organellar 
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pRNA group together in the same way as is seen in trees constructed from their biological 

secondary structures. 

When the circular structure is uncorrected, there is little difference between the trees 

of the bacterial and organellar folded structures and the previous trees including the 

eukaryotic pRNA and rrupRNA structures. However, in the corrected trees there are some 

significant improvements. The presence of the eukaryotic pRNA and rrupRNA structures 

have little effect on the placing of structures on the tree in the uncorrected format but have 

a greater effect when structures are corrected. This is an indication that the formation of 

many circular structures in RNAdraw may be detrimental to the determination of the 

correct tree for evolutionary comparison. 

Discussion 

For this study of the evolutionary characteristics of folded sequences, only the 

optimal structures were compared. There was the possibility that structures folded from 

similar sequences could be related at a coarse level, as the detail inherent in the full structure 

might obscure underlying structure similarities. This did not occur with the data shown 

here. The trees constructed from the coarse structure formats showed more apparent 

randomness in the position of structures on the tree as was shown in the trees constructed 

from full and HIT formats. This may be an indication that the structures formed using 

RNAstructure and RNAdraw are in fact quite alike, and it is only at the detailed levels of 

structure format that meaningful differences can be seen using the RNAdistance comparison 

program. 

Comparisons of structures in the weighted coarse and coarse formats are perhaps 

more likely to seem less 'organised' due to the differences being slight between the 

structures. The number of structures that are compared in the coarser formats are much less 

(approx. 30 - 50), than in the full and HIT formats (approx. 300 - 400), indicating that a 

slight difference in the coarse structure will have a huge impact on the tree produced. The 

analysis of structures in all four formats from full and HIT to weighted coarse and coarse, 

shows that by rendering a structure into its most basic units, evolutionary information 

carried in the sequence may actually be lost. This could produce trees that are almost 

random in the distribution of pRNA and mrpRNA structures. The weighted coarse and 

coarse structure formats may be more useful, however, with the comparison of structures 
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formed from large sequences (such as the complete 16S rRNA), than with comparatively 

small structures (such as are formed from pRNA and mrpRNA sequences). 

It has been recognised that the use of free energy minimisation (as is used in the two 

folding programs RNAstructure and RNAdraw) is not enough to determine a secondary 

structure with any confidence (Zuker 1989). Other data usually obtained through 

experimental means is used to determine single-stranded and paired regions as well as areas 

involved in protein binding. This is perhaps the primary reason why the trees formed from 

sequences folded with RNAstructure and RNAdraw, do not follow the same evolutionary 

pattern as is seen in the biological secondary structures. The lack of homology between the 

pRNA and mrpRNA sequences that fails to produce a confident alignment (shown in chapter 

4) is probably also be responsible for the differences that are shown by the folded structures. 

The formation of circular structure by the folding programs highlights an 

inconsistency with the folding algorithms. This circular structure is formed through short­

range pairing being preferred over long-range pairing,such as the pairing of the 5' and 3' 

ends of the R.NA molecule. However, when these ends were forcibly paired, the resulting 

structure still did not perform like the biological structure, ruling out the possibility of 

automatically forcing the 5' and 3' ends. The only way, at present, that one can determine 

if a structure is circular or not, is by drawing it. This could become extremely tedious and 

time consuming if many structures are being compared ( and should only be attempted by the 

really keen and/or stupid). The RNAstructure program had fewer circular structures form 

than what was seen with RNAdraw. However, the ideal program would not produce any 

circular structures. It is recommended at present, that structures being folded with either 

of these programs or with corresponding algorithms, be drawn and circular structure 

determined visibly. In future, it is certainly preferable to develop an algorithm that checked 

for circular structure. 

The programs used in this study can only measure the amount of energy required to 

form a structure. In nature, there could be several mechanisms involved in RNA folding, 

depending on intrinsic factors such as the size and sequence of the RNA as well as external 

factors such as temperature, free Mg2
+ and pH (Pan et al. 1997). The length of the sequence 

and its AT content may be important factors in the formation of structures by these folding 

programs. These issues will be examined in the next chapter. 

There is evidence also that, in nature, RNA can fold by multiple pathways, and that 
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the folding kinetics oflarge molecules is dominated by non-native or misfolded intermediates 

(Pan et al. 1997). The Kinetic Partitioning mechanism of Thirumalai and Woodson 

( summarised in Pan et al. 1997) states that the under-lying free energy landscape is complex, 

and not only contains the global minimum ( corresponding to the biological structure), but 

also contains other low energy minima (suboptimal structures). The number of these 

competing minima, in which the RNAs adopt misfolded conformations, increases with the 

size of the RNA, a result being that the folding process includes direct and indirect pathways 

to the biological state. The problem, therefore, with using minimal energy programs for 

RNA folding is that the optimal structure need not correspond to the biological structure. 

It is not known yet as to whether any suboptimal structures formed from the folding of 

mrpRNA and pRNA sequences are identical or even very close to the biological structure. 

Due to constraints on the processing time and power of the computer systems used in the 

study, only the optimal structures could be examined ( except for the S. cerevisiae nuclear 

pRNA). A future investigation could be to look at a large number of suboptimal structures 

for a sequence such as a pRNA sequence, to see how close any of them come to being like 

the biological sequence, if any. 

There is consistent grouping of the maize chloroplast pRNA with the Porphyra 

chloroplast pRNA (when a small number of sequences are compared), and with either the 

Aspergillus mitochondrial pRNA or the S. cerevisiae mitochondrial pRNA (when large 

numbersofpRNA and mrpRNA sequences are compared). This could be an indication that 

the hypothetical biological structure of the maize chloroplast pRNA sequence may have 

some features that indicate that it is of organellar origin. The most likely feature is ~e 

elevated AT content of organellar sequences. However, this is unlikely in this case, as 

folded structures from sequences of the same AT contents do not appear to group together 

on any of the trees in this study. 

The folding programs used here do not consider pseudoknot formations. 

Pseudoknots are characteristic structures formed by long-distance pairing and found in such 

RNA structures as pRNA, mrpRNA, and 16S rRNA (Pleij and Bosch 1989). Programs 

based on genetic algorithms (Gultyaeu et al. 1995) are able to take into account 

pseudoknots as well as the disruption of temporary structures, the folding of a molecule 

during its synthesis and kinetically driven transition to more stable structures. These types 

of programs with the ability to include more information during the folding process may in 
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the future generate more ' evolutionari~1consistent' structures. 

This chapter has shown that sequence data alone cannot be reliably used to 

determine an evolutionary relationship between mrpRNA and pRNA structures. Only the 

biological structures analysed in the previous chapter seem to have this capability. Tertiary 

structure analysis of mrpRNA and pRNA may be more revealing but this process is still 

being developed for proteins (where there are many more tertiary structures available). 

Some relationships between some pRNA sequences (especially the bacterial pRNA 

sequences) was possible, indicating that some evolutionary information is maintained in the 

sequence. 



96 

S. pombe MRP 57'\ Mouse 
nuclear P 

33 Mouse MRP 36 

Arabidopsis ~ RP-19 
Xenopus MRP 

-15 

Human 
nuclear P 

36 

Agrobacterium P 
36 

S. cerevisiae 
mitochondrial P 

87 

Zebrnfish nuclear P -13 

1 Aspergilus 
mitochondrial P 81 

Maize chloroplast 
P-like 62 

Bacillus P 
51 

Figure 5.10: Neighbor-joining tree ofmrpRNA and pRNA sequences folded by RNAstructure. Full 
format (f) - uncorrected. AT % is shown in italics. mrpRNA structures are in blue, eukaryotic 
nuclear pRNA in r~<l and the chloroplast pRNA structures are in green. 



Porph~ r,1 Anabaena P 47 

l'hloropl.l\t P 63 

S. cerevisiae ynechocystis p 
mitochondrial P 48 

87 

Agrobacterium P 36 

E.coli P 
38 

Reclinomonas 
mitochondrial P 75 

r · i h u I{ 

Aspergilus mitochondrial P 
81 

Maize 1:hloroplast 
P-likc 62 

97 

Anacysfo1 P 
43 

Hum.in nudcar P 36 

~- l'crc, i 1,1t nudc,1 '\1ou\c MRP 
48 nuclear P 36 Mou 

S. ccrc, isiac Rat M RP 
MRP .JR 39 
60 

Xenopu~ M RP 45 

nu 'llr P 
33 

S. pomhl' 
\-tRP 57 

Figure 5. I I: Neighbor-joining tree of mrpRNA and pRNA sequences folded by 
RNA~tructure. Full format (f) - corrected. AT % is shown in italics. mrpRNA structures 
are in blue. eukaryotic nuclear pRNA in iv! and the chloropla~1 pRNA structtrres are in 
g.n.:cn . 
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Figure 5.12: Neighbor-joining tree of mrpRNA and pRNA sequences folded by 
RNAstructure. HIT format (h) - uncorrected. AT % is shown in italics. mrpRNA structures 
are in blue, eukaryotic nuclear pRNA in 11, and the chloroplast pRNA structures are in 
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Figure 5.14: Neighbor-joining tree of mrpRNA and pRNA sequences folded by RNAstructure. 
Weighted coarse (w) - uncorrected. AT % is shown in italics. mrpRNA structures are in blue, 
eukaryotic nuclear pRNA in n.:d and the chloroplast pRNA structures are in grc..;n . 
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Figure 5.16: Neighbor-joining tree of mrpRNA and pRNA sequences folded by RNAstructure. 
Coarse structure (c) - uncorrected. AT% is shown in italics. mrpRNA structures are in blue, 
eukaryotic nuclear pRNA in red and the chloroplast pRNA structures are in green. 
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Figure 5.18: Neighbor-joining tree ofmrpRNA and pRNA sequences folded by RNADraw. Full 
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Figure 5.20: Neighbor-joining tree of IDipRNA and pRNA sequences folded by RNAdraw .. fllT 
structure (h) - uncorrected. AT% is shown in italics. IDipRNA structures are in blue, eukaryotic 
nuclear pRNA in red and the chloroplast pRNA structures are in gr..:en. 



Rhodospirillum P 29 

E.coli P 38 

Human nudl·ar P 36 

\Jou-.l' nuclear 33 

S. pombe MRP 57 

Xl'nopus MRP 45 

Human 
MRP 36 

107 

Aspergillus 

mitochondrial P 

81 
Zchrafoh nuclear P 43 

\fai,c chloropla,t 
P-lil,e 62 

Reclinomonas 
mitochondrial P 75 

S. cerevi,iae 
mitochondrial P 87 

Arabidopsis MRP 48 

BmineMRP 39 

Bacillus P 51 

Synechocystis P 48 

Figure 5.21: Neighbor-joining tree ofmrpRNA and pRNA sequences folded by RNAdraw. I-IlT 
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Figure 5.22: Neighbor-joining tree of mrpRNA and pRNA sequences folded by RNAdraw. 
Weighted Coarse structure - uncorrected. AT % is shown in italics. mrpRNA structures are in 
blue, eukaryotic nuclear pRNA in r\.!d and the chloroplast pRNA structures are in green. 
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Figure 5.23: Neighbor-joining tree of mrpRNA and pRNA sequences folded by RNAdraw. 
Weighted Coarse structure - corrected. AT% is shown in italics. mrpRNA structures are in hlu..:, 
eukaryotic nuclear pRNA in t,.;tl and the chloroplast pRNA structures are in green. 
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Figure 5.24: Neighbor-joining tree ofmrpRNA and pRNA sequences folded by RNAdraw. 
Coarse structure - uncorrected. AT% is shown in italics. mrpRNA structures are in blue, 
eukaryotic nuclear pRNA in rw and the chloroplast pRNA structures are in green. 
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Figure 5.26: Neighbor-joining tree of bacterial and organellar pRNA sequences folded by 
RNAdraw using full structure format. A: uncorrected and B: corrected. AT% is shown in italics. 
Chloroplast pRNA structures are in green, cyanobacterial structures are r ·d and mitochondrial 

structures are blue. 
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RNAstructure using full structure format. A: W1corrected and B: corrected. AT% is shown in 
italics. Chloroplast pRNA structures are in g.reeu, cyanobacterial structures are r..:d and 
mitochondrial structures are blue. 

113 



114 
Chapter 6 

Investigation of AT content and length on the comparison of folded pRNA 

sequences. 

Introduction 

The question has been raised in previous chapters, as to whether the AT content and 

length of the sequence have an effect on the trees produced from comparisons of folded 

secondary structures. This chapter will look at some folded pRNA structures to see if they 

are more similar to other pRNA structures, or to structures generated from random 

sequences of the same length and AT content. 

Folded structures from the maize chloroplast pRNA (Maize chloroplast P-like) have. 

consistently grouped either with Porphyra chloroplast pRNA or with mitochondrial pRNA 

folded structures. This chapter will look to see if this is due to similar AT content and/or 

length of sequence, or due to the sequence having other organellar pRNA 'characteristics' . 

Six pRNA sequences (the same that were used in the first group of sequences in 

chapter 5), were folded and compared with structures of sequences shuffled from the E. 

coli, Porphyra and maize chloroplast pRNAs. If the length or the AT% of the sequence 

were having an effect on the placement of the structures on the trees, it is expected that the 

pRNA structures would group with structures constructed from shuffled sequences of 

identical length and AT¾ than with other pRNA structures. 

The lengths of protein sequences can have a large effec-t: on tertiary folding. Five 

or six protein fragments with identical amino acid composition may adopt totally unrelated 

3D folding (Abagyan and Batalov 1997). With RNA is also possible that the length of the 

sequence would have an effect on the amount of folding in the secondary structure. This can 

be looked at by examining how folded structures from the Anacystis pRNA and the 

Porphyra chloroplast pRNA (two sequences which have very similar lengths but different 

AT contents) are placed on the trees constructed here. 
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Materials and Methods 

Random sequences were calculated by shuflling the nucleotides in the E. coli, 

Porphyra, and the maize chloroplast pRNA sequences. This gave shuffled sequences with 

the same length and AT content that are found in original pRNA sequences. The programs 

snfold (shuffles the sequence then folds these random sequences with the folding program 

Mfold (Zuker 1989)) and rsnfold (shuffles the sequence then folds RNAfold (Hofacker et 

al 1994)) were written by R. F. Pointon for this project (These programs are summarised 

in appendix 4). 

The six pRNA sequences from E. coli, Anacystis, Anabaena, Synechocystis, 

Porphyra chloroplast and the maize chloroplast pRNA sequences were folded using Mfold 

and RNAfold . Only the optimal secondary structure out of those calculated is used here. 

The pRNA structures were then compared to the folded shuffled sequences using the 

RNAdistance program (Hofacker et al 1994) calculating distances in the full structure 

format only. 

Phylogenetic trees were created from distance data using the neighbor-joining 

algorithm from the Phylip package (Felsenstein 1989), and trees were drawn using 

TreeView (Page 1996). All programs for shuffling, folding and comparing the sequences 

were run on a Unix system running SunOS release 4.1.3 . 

There were no corrections for the circular structures of the Porphyra chloroplast 

pRNA and the maize chloroplast pRNA, which are formed with RNAfold (same algorithm 

as RN Ad.raw). This is because it would be expected that some of the random structures 

generated from these sequences might also form circular structure. None of the pRNA 

structures generated circular structure when folded with the Mfold program (same algorithm 

as RNAstructure) . 

Results 

The results here consist of six figures, two each comparing shuffled sequences from 

the E. coli, Porphyra, and maize chloroplast pRNA sequences to the six pRNA sequences 

(three cyanobacterial, two chloroplast and E. coli pRNA sequences). Each group of 

shuffled and pRNA sequences is folded once by RNAfold (Figures 6.1 - 6.3) and then once 

by Mfold (Figures 6.4 - 6.6). 
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When the six pRNA sequences are folded with RNAfold and compared to the folded 

shuffled E. coli pRNA sequences (rsnfold) (Figure 6.1) all of the pRNA sequences group 

together. For thirty-two sequences already on a tree, by random chance alone there is a 

1/32 chance that two species will group together. From this it can be calculated that there 

is a 1/28596 chance (probability of 0.00003496) that all six of the pRNA sequences have 

grouped together. Looked at in another way, if the six pRNA sequences form a tree then 

all twenty-six shuffled sequences group onto a single edge on that tree of six pRNA 

sequences. Thus the E. coli pRNA RNAfold structure is more similar to the other pRNA 

sequences (folded with RNAfold) than to any of the structures shuffled from itself. The 

maize chloroplast pRNA structure is also grouped here with the Porphyra chloroplast 

pRNA structure, and the three cyanobacterial structures are grouped together. However, 

the AT contents of the cyanobacterial pRNA sequences are similar to each other and very 

different from the two chloroplast pRNA sequences and the E. coli pRNA sequence. This 

last result may not be too surprising as it is still unclear whether chloroplasts were formed 

by a single or multiple endosymbiotic events (Lockhart et al. 1996). The lengths of the 

pRNA sequences from the cyanobacterial species Anabaena and Synechocystis are again 

similar to each other and different from Anacystis pRNA sequence. Similarly the length of 

the Porphyra chloroplast pRNA is more similar to the E. coli pRNA, than to the maize 

chloroplast pRNA with which it is grouped. The Anacystis pRNA and the maize chloroplast 

pRNA sequences also have very similar lengths, but are placed away from each other. Thus 

when the pRNA sequences and shuflled E. coli sequences are folded with RNAfold, the 

length and AT content are not determining their positions on the tree. 

When a sequence of a higher AT content such as the Porphyra chloroplast pRNA 

is used to generate shuflled sequences then folded with RNAfold (Figure 6.2), the 

eubacterial pRNA structures are grouped separately from the chloroplast pRNA structures, 

though still close to them. The maize and Porphyra chloroplast pRNA sequences are still 

grouped together. However, they are also grouped with some of the random structures ( of 

the same AT content and length as the Porphyra chloroplast pRNA sequence). The 

Porphyra chloroplast pRNA sequence has very similar AT content to the maize chloroplast 

pRNA sequence. As with the E. coli shuflled sequences, the lengths of the pRNA 

sequences, except for the Anabaena and Synechocystis pRNAs, do not seem to group 
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together. 

The maize chloroplast pRNA structure does not group with the Porphyra 

chloroplast pRNA structure when random structures generated from the maize sequence are 

used (Figure 6.3). The E. coli sequence is also grouped away from the cyanobacterial 

sequences. This tree does not tell us if the AT content is having an effect or not. The 

Porphyra chloroplast pRNA, and the putative maize chloroplast pRNA sequences give 

circular structures with the RNAfold program. It is not known whether any of the 

structures folded from the shuffled sequences are also circular and are having an affect on 

the placement of the two chloroplast structures on the tree. 

With Mfold there are no circular structures formed by these six pRNA sequences. 

With this program, the eubacterial pRNAs are split into two groups when compared to the 

structures folded from the shuflled E. coli pRNA sequence ( constructed by snfold) (Figure 

6.4). The E. coli and Anacystis pRNA structures in one group and the Anabaena and 

Synechocystis pRNA structures are in another. As with the RNAfold program, the maize 

chloroplast pRNA is grouped with the Porphyra chloroplast pRNA but away from the 

eubacterial pRNA structures. The Anacystis and E. coh pRNA sequences do not have 

similar AT content or lengths but the other two groupings of the Anabaena and 

Synechocystis pRNA structures and the two chloroplast pRNA structures do. 

When structures folded from the shuffled Porphyra chloroplast pRNA sequence are 

folded with Mfold and compared to the six pRNA Mfold structures (Figure 6.5), all six 

pRNA structures fall into a group well separated from the shuffled structures. Again there 

are three pairs of structures, the E. coli and the Anacystis pRNA structures, the Anabaena 

and Synechocystis pRNA structures, and the two chloroplast structures. This pairing is also 

shown when structures folded from the shuffled maize chloroplast pRNA sequence are used 

(Figure 6. 6) . However) the chloroplast structures are grouped away from the eubacterial 

pRNA structures in this tree. 

The Mfold folding program is less influenced by the formation of circular structure 

and thus may be more advantageous when looking at the effects of AT content and length 

on the comparison of folded pRNA sequences. It is not known whether there are any 

circular structures formed by the random sequences but it appeared that this is less likely 

with Mfold than with RNAfold. 
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The consistent pairing oftheAnabaena and Synechocystis pRNA sequences may be 

due to three factors. They are both cyanobacteria and their pRNA sequences have very 

similar AT contents and lengths. Overall, there is an indication that AT content is not 

having a major effect on where structures are placed on the tree. There is some grouping 

of the pRNA sequences with similar AT contents, but not consistent grouping of the pRNA 

structures with structures from the shuffled sequences of the same AT content. This 

indicates that there is some other distinguishing feature in the pRNA sequence, which is not 

found in the shuffled sequences. 

Anacystis pRNA and the Porphyra chloroplast pRNA structures (whose sequences 

have similar length) do not group together in any of the trees. There is no indication in any 

of the trees that the length of the pRNA sequences is having a major effect on the placement 

of structures. 

Discussion 

In the trees constructed from folded structures of mrpRNA and pRNA ( chapter 5), 

the maize chloroplast pRNA sequence consistently grouped with the Aspergillus 

mitochondrial pRNA sequence or the S. cerevisiae mitochondrial pRNA sequence. Both 

these sequences have a much higher AT content than is seen in both the maize and the 

Porphyra chloroplast pRNA sequences. The Porphyra chloroplast pRNA and the maize 

chloroplast pRNA sequences have very similar AT contents (63 and 62). If the two 

chloroplast pRNA sequences grouped together when both the Porphyra chloroplast shuffled 

structures and the maize chloroplast pRNA shuffled structures were compared, then it 

would be easy to say that the AT content is having a major effect on the placement of the 

chloroplast pRNA structures. However, the two chloroplast pRNA structures act 

differently when compared to the structures folded from the shuffled Porphyra and maize 

chloroplast pRNA sequences. The pairing of the maize chloroplast pRNA Mfold structure 

with the Porphyra chloroplast pRNA Mfold structure, even when sequences shuffled from 

the maize sequence were used, is an indication that the AT content is not the only factor in 

the placement of these structures. 

Another factor that could be involved in the grouping of the structures on the trees 

is the amount of base pairing that is occurring in the structure. There is a possibility that the 

random structures do not contain the same percentage of pairing, as do the pRNA 
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structures. AT rich sequences could expect to form fewer bases pamng as the 

destabilisation of the structure by loops is more readily compensated by GC pairs than by 

AT pairs (Fontana et al. 1993). This factor is examined in the next chapter. 

Overall the results from this chapter suggest that there is likely some 'characteristic' 

present in the pRNA sequences. This produces pRNA-like features in the folded structures 

which is lost when the sequence is shufiled. These structural features will group the folded 

structures with other pRNA structures rather than with random structures of the same AT 

content and length. For these sequences, at least, AT content and length of the RNA 

sequence is having a lesser effect on the folded structures. Any effects on much longer 

sequences or sequences with extreme AT contents (i.e. sequences composed of only A's and 

T' s or sequences composed of only G's and C' s) will be left for future study. 
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Figure 6.1: Neighbor-joining tree of pRNA sequences compared to 26£. coli shuffled sequences 
(EcolirsnA - Z) folded by RNAfold. The AT% is shown in italics with the sequence length in 
brackets. Cyanobacterial sequences are shown in red, the chloroplast sequences are in green and 
the E. coli sequence is in blm.:. The shuffled sequences have the same AT% and length as the E. coli 
sequence but do not group with it. 
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Figure 6.2: Neighbor-joining tree ofpRNA sequences compared to 26 Pmphyra shuffled sequences 
folded by RNAfold (porprsnA - Z). The AT% is shown in italics with the sequence length in brackets. 
Cyanobacterial sequences are shown in \ .. 1, the chloroplast sequences are in gn:'-'n and the E. coli 

sequence is in blue. The shuffled sequences have the same AT% and length as the Porphyra sequence 
with only one shuffled sequence between the chloroplasts and the eubacteria. 
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Figure 6.3: Neighbor-joining tree of pRNA sequences compared to 26 maize chloropla!.1 pRNA 
shuffled sequences (maizersnA - Z) folded by RNAfold. The A I% is shown in italics with the 
sequence length in brackets. Cyanobacterial sequences are shown in n,J, the chloroplast sequences 
are in green and the E. coli sequence is in blue. The shuffled sequences have the same AT% and 
length as the maize sequence. The maize and E. coli sequences are grouped well away from the 
other eubacteria with the Porphyra chloroplast sequence only slightly away. The formation of 
circular structure may be having an effect on this tree. 



\nanst1 
-13 (383) 

E.coli P 
38 (377) 

123 

EcolisnV 

EcolisnL 

Porph~ ra 
rhloropla,t P 

""'~-~-------- 63 (383) 

EcolisnQ 

\n,,harn, P -1 7 (465) 

\lai/l' 
d1loroplast P-likc 

6] (3]9) 
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shuffled sequences folded by Mfold (maizesnA - Z). The AT% is shown in italics with the sequence 
length in brackets. Cyanobacterial sequences are shown in r..:<l, the chloroplast sequences are in g.ru:n 
and the E. coli sequence is in blue. The shuffled sequences have the same AT% and length as the 
maize sequence. The chloroplast sequences are grouped away from the eubacterial sequences but 
again the Anacystis sequence has grouped away from the other cyanobacteria. 
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Chapter 7 

Investigation of the pen:entage of pairing between nucleotides in folded secondary 

structures. 

Introduction 

One aspect of the folding ofpRNA and mrpRNA sequences by folding programs is 

the percentage of pairing present in the folded secondary structure. There was a possibility 

that catalytic RN As may have a higher percentage of folding in folded structures than 

random sequences of the same length and AT content. Similarly, it was suspected that the 

amount of pairing in sequences of catalytic RNA such as pRNA and mrpRNA might be 

higher than that of RNA sequences that encode protein sequences. If so, then it is possible 

that this characteristic could be used in identifying unknown catalytic RNA sequences. This 

chapter examines the amollllt of pairing present in pRNA and mrpRNA sequences which 

then is compared to the amount of pairing present in random sequences. The possible 

relatio~hips between AT content, length and the amount of pairing in the folded structures 

o__~ examined here. 

There has been little work published on the relationships between the different 

variables involved in the folding of RNA sequences. It has been reported that for small 

random sequences (50 to 100 nucleotides), the mean number of base pairs increased linearly 

with the sequence length, and high GC sequences had the highest amount of base pairing 

(Fontana et al. 1993). Since GC pairs more readily compensate destabilisation of the 

structure by loops than AU pairs, it was reasonable to suggest that AU sequences would 

form fewer base pairs, on average, than GC sequences (Fontana et al. 1993). However, it 

could also be possible that biological sequences with high AT contents, such as those from 

chloroplast and mitochondria, could have a high percentage of folding due to the increased 

chance of pairings of A's and T ' s. 

Fontana et al. (1993) also calculated statistical references for the pairing of 

sequences. Sequence composed of an AUGC alphabet had on average 29%, pairing; 

sequences composed of only an AU alphabet had on average 35.4% pairing; and sequences 

composed of only a GC alphabet had on average 40% pairing. Secondary structures folded 

from B-globin mRNA show 31% pairing, and those folded from rRNA sequences found in 

eubacteria, 33% and mitochondria 26%. Studies of the folding of B-globin mRNA and 
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rRNA also show less folding in mitochondrial sequences than is shown in the protein-coding 

RNA and eubacterial rRNAs (Fontana et al . 1993). These results suggest that it is possible 

that the AT content of a sequence has an effect on the amount of pairing in a structure. This 

effect could then lead to a bias in how AT rich sequences (e.g. organellar sequences such 

as the S. cerevisiae mitochondrial pRNA which is 87% AT rich) are placed on trees 

constructed from secondary structure data. Examining the relationship between the AT 

content, sequence length and the amount of pairing present in folded pRNA and mrpRNA 

structures, is a start to understanding how these features may be used in the future to 

characterise potential catalytic RNA sequences. 

Materials and Methods 

Random sequences were generated by shuffling some mrpRNA and pRNA 

sequences and eight protein-coding mRNA sequences, which were then folded with 

RNAfold using the program rsnfold. 

Another program Pairs (also written by R. Pointon) was used to obtain the 

percentage of pairing contained in the structures (Appendix 4) The percentage of pairing 

was calculated for the mrpRNA and pRNA (Table 7. la), and the protein-coding mRNA 

sequences (Table 7. 1 b) . The amount of pairing in the shuffled sequences is shown in Table 

7.2. All programs for shuffling and folding the sequences were run on a Unix system 

running SunOS (release 4 .1.3). 

Histograms of the amount of pairing in the structures constructed from shuffled 

pRNA, mrpRNA, and protein-coding sequences were used to show any differences in 

pairing between the original and shuffled sequences. Both the uncorrected and corrected 

folded secondary structures were plotted when necessary. If there was no 5'-3' correction 

necessary (i.e. no circular structure was formed) then only one indication is shown on the 

histograms. Graphs of the percentage of pairing in the secondary structures against the AT 

content and length as well as preliminary regression analysis was carried out by the Excel 

program of the Microsoft Office 97 package. 
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A: 
% pairing 

Uncorrected Corrected AT% Length 

Xenopus MRP 59 * 45 277 
Human MRP 53 59 36 264 
Bovine MRP 59 * 39 277 MRP 

Mouse MRP 63 60 36 275 Uncorr Corr 

RatMRP 57 62 35 273 Min53 66 

S. cerevisiae MRP 69 * 60 339 Max79 70 

S. pombeMRP 70 * 57 399 
Arabidopsis MRP 61 65 49 260 

Zebrafish nuclear P 66 * 43 308 NuclearP 
Human nuclear P 70 * 36 340 Uncorr Corr 
Mouse nuclear P 72 * 33 288 Min 66 66 
S. cerevisiae nuclear P 67 * 48 368 Max 72 72 
S. pombe nuclear P 67 * 48 373 

Reclinomonas mitochondrial P 59 64 75 312 
spergillus mitochondrial P 54 * 81 300 Organellar P 

S. cerevisiae mitochondrial P 59 70 87 448 
Uncorr Corr 

Porphyra chloroplast P 50 63 63 383 
Min 50 54 
Max59 70 

Maize chloroplast P-like 59 67 62 329 

Rhodospirillum P 64 * 29 429 Eubacterial P 
Bacillus P 61 * 51 401 Uncorr Corr 
Agrobacterium P f54 * 36 402 Min 59 61 
E. coli P 67 * 38 377 Max 67 67 
Synechocystis P 64 * 48 437 
Anabaena P 66 * 47 465 
Anacystis P 64 * 43 385 

B: 
% pairing 

uncorrected AT% Length 

E.coli cr1 58 59 401 
Protein RNA 

Maize chloroplast rps14 52 60 314 Uncorr 
Anabaena nifx2 60 56 404 Min45 
Reclinomonas mitochondrial rsp12 48 66 395 Max60 
Arabidopsis mitochondrial nad41 48 64 302 
Bacillus nasBD 51 54 320 
Porphyra chloroplast apcO 59 68 501 
Porphyra chloroplast rp121 45 60 314 

Table 7. l : The percentage of pairing in the structure folded by RNAfold for both the uncorrected 
and corrected structure (* indicates that there was no correction necessary for this structure), AT 
contents and lengths of A : mrpRNA and pRNA B : mRNA for protein sequences used in this 
chapter. 



129 
Random Structures (RNAfold) % pairing 

AT% Length Min Max Mean 
pRNA and mrpRNA 

E. coli P 38 377 55 66 60.36 
Porphyra chloroplast P 63 383 48 64 56.93 
Maize chloroplast P-like 62 329 53 68 59.42 
Arabiclopsis MRP 49 260 55 65 59.58 
Human MRP 36 264 50 64 58.48 
S. cerevisiae MRP 60 339 56 70 62.78 
S. cerevisiae nuclear P 48 368 53 67 59.09 
Human nuclear P 36 340 55 70 63.5 
Zebrafish nuclear P 43 308 48 64 56.93 
S. cerevisiae mitochondrial P 87 448 52 69 62.17 

Protein-coding mRNA 

Maize chloroplast rps14 60 314 48 64 56.93 
Porphyra chloroplast apcD 68 501 55 65 59.58 
Porphyra chloroplast rp121 60 314 44 67 56.22 
Arabidopsis mitochondrial nad41 64 302 53 67 59.09 
Bacillus nasBD 54 320 55 66 60.41 
Reclinomonas mitochondrial rsp12 66 395 56 70 62.78 
E. coli cr1 59 401 52 68 59 
Anabaena nifx2 56 404 56 71 64.18 

Table 7.2: The percentage of pairing in the structures folded from the shufiled sequences. 

Results 

The study by Fontana et al. 1993 indicated that a relationship between the amount 

of pairing in a structure and AT content (and/or sequence length) was possible. This can 

be tested by comparing the amount of pairing within a structure with the pairing of 

structures of shuffled sequences ( which will have the same length and AT content) . If the 

amount of pairing in a structure is similar to that of the shuffled sequences then it can be 

concluded that either AT content and/or length is having an effect on the amount of pairing. 

A consistent higher or lower amount of pairing indicates that the amount of pairing is not 

greatly affected by AT content and/or length. 

The uncorrected RNAfold secondary structures from the eubacterial and organellar 

pRNA generally showed a low amount of pairing compared to that of the structures 

generated from the shuffled sequences (Figures 7.1 and 7.2). When the structures were 

corrected for circular structure, the amount of pairing was in all cases higher than that of the 

uncorrected structure. The E. coli pRNA (which did not require any correction) had 

pairing that fell in the middle of the range of its random sequences, a feature that was also 
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shown with the Reclinomonas mitochondrial pRNA. However the S. cerevisiae 

mitochondrial pRNA (Figure 7 .1 ), the Porphyra chloroplast pRNA and the maize 

chloroplast pRNA (Figure 7.2) showed a high amount of pairing for their corrected 

structures when compared to the random sequences. The three eukaryotic nuclear pRNA 

sequences show a higher percentage of pairing than the shuffled sequences (Figure 7.3). 

None ofth~pRNA RNAfold structures show any circular structure and did not require any 

corrections. This was not so with the mrpRNA sequences (Figure 7.4) as both the human 

and the Arabidopsis mrpRNA had circular structure. The corrected Arabidopsis mrpRNA 

and the S. cerevisiae mrpRNA (which did not require any correction), also have a higher 

percentage of folding than is shown in structures constructed from their shuffled sequences. 

The corrected human mrpRNA structure showed a higher amount of pairing than the 

uncorrected structure but was only in the middle of the range of the pairing shown by its 

random structures. 

The amount of pairing in the protein-coding mRNA sequences on the other hand 

generally showed less pairing than that of the structures formed from random sequences 

(Figures 7.5 and 7.6). The two exceptions to this were the maize chloroplast ribosomal 

protein Al4 mRNA (shown in Figure 7.5) and the E. coli crl protein mRNA (shown in 

Figure 7.6). None of the protein-coding mRNA RNAfold structures form 5' - 3' paired 

structures, but they do not form what has been classed here as circular structures ( all 

protein-coding mRNA structures are shown in Appendix 1 ). In these protein-coding mRNA 

structures, short-range pairing generally forms the helices, but in the middle of the sequence 

there is a long stretch of pairing which is different from what is seen in the circular 

structures. There was nothing noticeably different about the maize chloroplast ribosomal 

A 14 protein mRNA and the E. coli er I protein mRNA, when compared to the other protein 

RNAfold structures. 

Generally there is an indication that for pRNA and mrpRNA RNAfold structures 

have a higher percentage of folding shown than that calculated from their shuffied sequences 

(thus had the same length and AT content). However, for the protein coding mRNA 

sequences examined here, the amount of pairing is generally lower. This is possibly a 

feature by which putative pRNA and mrpRNA sequences can be characterised. It is 

somewhat comforting to note that the maize pRNA sequence has the same pattern as is seen 

with other pRNA sequences. 
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Figure 7. I: Percentage pairing of 100 shuffled sequences folded with RNAfold from A: E.coli pRNA (no 

correction was required), B: S. cerevisiae mitochondrial pRNA and C: Reclinomonas mitochondrial pRNA 

represents the % pairing of the uncorrected RNAfold structure. T represents the % pairing of the 

corrected RNAfold structure. 
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Figure 7.5: Percentage pairing of 100 shuffled sequences folded with RNAfold from A: Porphyra chloroplast 
50S ribosomal protein L21, B: Arabidopsis mitochondrial NADH dehydrogenase subunit 4L nad41, C: 
maize chloroplast ribosomal protein A 14 rps 14 and D: Porphyra chloroplast allophycocyanin gannna chain 
protein apcD. represents the % pairing of the RNAfold structure. No corrections were calculated for 
these structures. 
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pairing of the RNAfold structure. No corrections were calculated for these structures. 
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A scatter-plot of the amount of pairing against the AT content for the pRNA, 

mrpRNA and the protein-coding RNA sequences (Figure 7.7) shows some distinct grouping 

of the different RNAs. However, there is no noticeable trend within these groupings 

supporting an effect of the AT content on the amount of pairing. A scatter-plot of the 

amount of pairing against the length of the pRNA, mrpRNA and the protein-coding mRNA 

sequences (Figure 7.8) shows no definitive trend within the RNA groups, supporting a 

relationship between the length of sequence and the amount of pairing. 
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Plots of the minimum, maximum and mean % pairing for the 100 random structures 

against the AT content (Figure 7. 9) and the sequence length (Figure 7 .10) for each sequence 

also show no distinctive trends towards any relationship between these variables. There are 

also no obvious groupings of the mrpRNA, pRNA and protein-coding mRNA structures 

folded from shuffled sequences on this graph. 
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Regression analysis on the AT content against the percentage of pairing (Table 7.3) 

and on the sequence length against the percentage of pairing (Table 7.4) support the lack 

of trend shown in the scatter-plots above. In both cases, a good fit with any trend drawn 

for the data would show an r-value (a measure of the goodness of fit between the data 

points and the regression trend calculated) between 0.5 and 1.0. Alternatively an R2 value 

can be used but this gives less information about any calculated trend. The R2 value is 

calculated directly from the trend line fitted to the data points on the graphs above (Figures 

7. 7 and 7.8), there is no r-value returned using this function of Excel) . There is little 

evidence to support any linear equation relating the amount of pairing to the AT content 

(Table 7.3). The only significant results (R2 > 0.8) come from fitting a polynomial trend 

equation with an order of at least five to the protein-coding mRNA random and original 

sequence. Since there are only eight data points in this data set, it is unlikely that this 

equation has any real meaning. 

When the amount of pairing is compared to the length of the sequence, there are 

slightly higher R2 values than was seen when compared to the AT contents. Significant 

results are found with both the mrpRNA and pRNA sequences and the random sequences, 

but these again only appear with the polynomial equation with an order of at least four. This 

suggests that any relationship between the amount of pairing and either AT content or 

sequence length is a very subtle one with the RNAfold program. 

Discussion 

The amount of pairing found in this study is much higher than that found by Fontana 

et al. (1993) (mentioned in the introduction above) . However, it is unclear what folding 

program was used to compute their data. This is an indication that it is important to 

calculate individual statistical references for different folding programs. 

The analysis of mrpRNA and pRNA sequences against random sequences of the 

same AT content and length is consistent, with the amount of folding in these catalytic 

RN As higher than non-catalytic random sequences. 
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Polynomial order = 4 
Polynomial order= 5 

Polynomial order = 6 

Power 
Exponential 

equation R:.: (goodness of fit) 
MRP and P Protein-coding mRN A All sequences 

Random Uncorr Corr Random Uncorr Random Uncorr 
sequences sequences sequences 

y =ax+ b 0.0271 0.1030 0.1267 0.2525 0.0112 0.0086 
y = a ln(x) +b 0.0114 0.0995 0.1138 0.2630 0.0136 0.0180 
y =ax'+ bx+ c 0.1647 0.1039 0.1431 0.3564 0.1312 0.1049 
y = axj + bx' + ex +d 0.1915 0.2337 0.1765 0.4977 0.6509 0.1484 
y = ax4 + bx3 + cx2 + dx + e 0.5241 0.2613 0.1858 0.5363 0.7297 0.2826 
y = ax' + bx 4 + cx3 + dx' + 0.7251 0.5935 0.3651 0.9307 * 0.7448 0.3338 
ex+ f 
y = axb + bx) + cx4 + dx3 + 
ex2 + fx + g 

0.7307 0.60968 0.3677 0.9967 * 0.8925 * 0.4359 

y = axb 0.0114 0.091 0.1152 0.2615 0.0147 0.0192 
y= a (et 0.0272 0.094 0.1260 0.2513 0.0121 0.0095 

Table 7.3 : Regression analysis of AT% against% pairing. The R2 value was calculated from a trend line 
fitted to the data and indicates how well the trend equation fits the data (an r-value was not returned). A 
good fit has a value close to 1.0. 
• indicates that the equation allows for a negative percent of pairing. 
+ indicates a significant result. 

0.1673 
0.1949 
0.2527 
0.3295 
0.3604 
0.3609 

0.3825 

0.1819 
0.1548 

Corr 

0.0428 
0.0721 
0.2662 
0.3339 
0.3421 
0.3479 

0.3504 

0.0755 
0.0464 



length against ¾pairing 

Linear 
Logarithmic 
Polynomial order = 2 
Polynomial order = 3 
Polynomial order = 4 
Polynomial order = 5 

Polynomial order= 6 

Power 
Exponential 

equation R1 (goodness of fit) 
MRP and P Protein-coding mRNA Al I sequences 

Random Uncorr Corr Random Uncorr Random 
sequences sequences sequences 

y =ax+ b 0.0856 0.0017 0.3124 0.0352 0.5245 0.0251 
y = a ln(x) +b 0.0841 0.0074 0.3363 0.0339 0.5376 0.0249 
y = ax2 +bx+ c 0.0866 0.2083 0.3593 0.0360 0.5467 0.0252 
y = ax' + bx" + ex +d 0. 1562 0.3030 0.5575 0.1025 0.5583 0.0276 
y = ax4 + bxj + cx1 + dx + e 0.7836 0.4765 0.8145 0.7029 0.8302 0.0308 
y = ax' + bx4 + ex] + dx2 + 0.7916 0.5271 0.8366* 0.9960* 0.8698* 0.2439 
ex+ f 
y = axb + bx' + ex• + dx' + 0.8089* 0.79448 0.9399* 0.9967* 0.8925 8 0.2594 
ex2 + fx + g 
y = axb 0.0827 0.0063 0.3348 0.0300 0.5239 0.0219 
y= a (e) 0 0.0845 0.0014 0.3100 0.0318 0.5110 0.0225 

Table 7.4 : Regression analysis of length against % pairing. l11e R1 value indicates how well the trend 
equation fits the data. A good fit has a value close to 1.0. 
• indicates that the equation allows for a negative percent of pairing. 
indicates a significant result. 

Uncorr 

0.0143 
0.0168 
0.0252 
0.0254 
0.1055 
0.3680 

0.3700 

0.0201 
0.1810 

Corr 

0.0221 
0.0226 
0.0247 
0.0610 
0.0893 
0.5215 

0.5481 

0.0242 
0 .0243 
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The low amount of folding in the protein-coding sequences, when compared to their 

shuffled sequences is very different from the pRNA and rnrpRNA sequences. This does 

suggest that this is an identifying feature of these catalytic RNA sequences. It is interesting 

to note that the maize chloroplast pRNA sequence (Figure7.2) follows the same pattern as 

the pRNA and mrpRNA sequences. This is another piece of evidence for the maize 

chloroplast pRNA sequence to be an actual pRNAsequence. 

Many more catalytic and non-catalytic (protein-coding and random sequences) will 

need to be tested before this could be considered a standard characteristic of catalytic RNA 

If so then it is possible that a simple test for pairing characteristics could be used in 

searching procedures for new catalytic RNA sequences, especially when highly divergent 

sequences are being compared. 

Overall the data suggests that the AT content and the length of the RNA sequences 

have little effect on the amount of pairing present in pRNA, mrpRNA and protein-coding 

mRNA when using the RNAfold program. However, this does not rule out any other effects 

that AT content or length may have on the formation of RNA secondary structure, or any 

effects on the amount of pairing in other -folding programs. Initial results with the Mfold 

program (results not shown) indicated that the Mfold program had the same characteristics 

as the RNAfold program in regards to the amount of pairing, AT content and sequence 

length. The lack of any relationship found between the amount of pairing that a folded 

structure has, and either the AT content or length lends more credibility to the groupings 

formed by the analysis of folded structures in the previous chapters of this thesis. 
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Chapter 8 

Conclusions and future considerations 

This thesis looked at four main issues; the evolution of MRP and its relationship 

to P, the use of biological secondary structure in determining evolutionary relationships, 

the evaluation of the structural output from folding programs and the use of secondary 

structure in the characterisation of putative pRNA sequences from chloroplasts. 

Conclusions and issues relating to future work in these areas are discussed below. 

Evolution ofmrpRNA 

MRP has become a very interesting molecule. If it was a part of the RNA world 

then it is interesting that it has only been retained in the eukaryotic lineage. If, on the 

other hand, MRP evolved only in eukaryotes then it is interesting that it goes against the 

general rule that proteins took over the catalytic role from ribonucleoproteins as protein 

synthesis evolved. 

A major problem in looking at the evolution ofMRP is that there have been only 

eight species characterised. The relationship between MRP and P is not likely to be 

completely resolved until more eukaryotic P and MRP, (both the protein and RNA 

moieties) have been characterised. Especially helpful will be the characterisation of 

pRNA and possibly mrpRNA from lower eukaryotes such as Giardia (presently 

undenvay, M. Sogin Personal Communication) and Entamoeba. This will indicate 

whether the evolution of mrpRNA extends back further than the divergence of yeasts, 

plants and animals. 

The low homology between the eubacterial and eukaryotic pRNA sequences is 

an indication of how a catalytic RNA sequence can change while retaining the common 

function. It is possible that the eukaryotic P has functions additional to those shown by 

the prokaryotic P, which may account for some of the structural differences between the 

two. With such a difference in sequence and structural homology between the 

eukaryotic and eubacterial pRNA, it is not surprising to see a similar lack of homology 

between the eukaryotic pRNA and mrpRNA If these two molecules are related, then 

differences in their functions are also likely to account for the lack of homology shown 

here. Future functional studies of MRP may reveal the full extent of any complex 

associations between MRP and P, and may reveal a greater range of activities within the 

cell for these two molecules. 
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Comparison of biological secondary structures. 

Comparison of mrpRNA and pRNA biological secondary structures have shown 

that a quantitative analysis of these structures can be used in determining evolutionary 

relationships between catalytic RNA Differences in the biological secondary structure 

due to the association of a single protein (prokaryotic pRNA) or multiple proteins 

(eukaryotic pRNA and mrpRNA) made little difference with the ability of this data to 

produce tree-like data. 

There is currently, a logistical problem associated with using RNAdistance to 

compare many biological secondary structures. The input of the structures into this 

program is required to be in bracket notation, but at present, the conversion of the 

biological secondary structures to bracket notation can only be done manually. A 

sophisticated program would be required to be able to scan in the structure and then 

convert to the bracket or any other notation. Alternatively, the RNAdistance program 

could be modified to give the required output format. 

Structures of different lengths (e.g. rRNA or intrans) may also require different 

parameter settings from those used here. A quantitative comparison between trees 

constructed from sequences, and the structural data available for the 16S rRNA, could 

be very informative. The length of the 16S rRNA genes (approx 1500 nucleotides) 

precluded this comparison in this study. Using 16S rRNA secondary structure data 

could enable comparisons of closely related species and subspecies to determine as to 

what level secondary structure data is useful. 

Trees constructed from the biological secondary structure data are not identical 

to the control subtrees constructed from 16S or 18S rRNA. For the comparison of 

secondary structure, this study used only the default settings of the RNAdistance 

program, which may account for some of the minor differences. Different matrices and 

conditions may be required to fine-tune the use of this program for comparing different 

groups of secondary structures. 

When aligning catalytic RNA sequences it should be noted that a change in the 

binding of a nucleotide might change the presence or absence of a helix and have a large 

effect on the secondary structure. For this reason it is advisable to compare trees 

constructed from secondary structure data to those constructed from sequence data, this 

will show up any similarity in sequence that is not accompanied by a similarity in 

structure. Alignment programs (such as 'Divide and Conquer' and 'Dialign') which 
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allow for individual sections of the sequences to be compared may be very useful in the 

future for aligning sequences with considering secondary structure. 

Folding algorithms. 

Folding programs produce sub-optimal structures as well as the optimal 

structure based on the energy required for folding. This study has used only the optimal 

structures except with the S. cerevisiae nuclear pRNA folded with RNAstructure (the 

suboptimal structure #4 was used instead). Further study may be required to understand 

more fully the distances between the sub-optimal structures and the optimal structures, 

and how these could be related to evolutionary studies. 

The largest problem found here with using thermodynanucally based folding 

programs is the inconsistency in the structure within the pRNA and mrpRNA groups of 

folded structures. The formation of circular structure caused a bias in the results that 

could not be completely overcome by forcing the pairing of the 5' and 3' ends. In order 

for folded structural characteristics to be useful in a searching strategy, this consistency 

problem needs to be overcome. A ' search and fold ' searching algorithm could be 

developed, but may require a great amount of study on the folding parameters used in 

the folding programs. It may also be possible that current thermodynamic folding 

programs are not suitable for this purpose and another type of folding program may be 

required. 

The identification of coarse structural motifs ( eg the fork and the can opener 

found in pRNA) may be a very useful characterisation technique. It would be 

interesting to see if the motifs found in the pRNA occur in any other catalytic RNA 

molecules. 

An interesting feature within the thermodynamically folded structures has been 

the amount of nucleotide pairing shown for both the catalytic RNA and protein coding 

mRNA sequences in this study. When the amount of pairing within a structure is 

compared to that shown in structures constructed from random sequences of the same 

length and AT content, this feature becomes a characteristic by which prospective 

catalytic RNA molecules may be identified. Further development is required but use 

of this characteristic in searching and identification procedures looks pronusing. 
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The putative maize chloroplast pRNA. 

The identification of the putative green plant chloroplast pRNA sequences 

shows that organellar genomes may harbour more catalytic RNA genes than originally 

thought. The high AT content does make finding and characterising putative catalytic 

RNA genes difficult. Searching individual genomes rather than whole databases seems 

to be more effective in these cases. The Ssearch program used here was a searching 

tool developed for searching small libraries of sequences. Faster programs such as 

BLAST (Altschul et al. 1990) have been used for searching within large genome 

databases (eg. with the S. cerevisiae genome database) and could possibly be adapted 

for small genomes. 

The search for other catalytic RNA genes may also extend to nuclear eukaryotic 

genomes. It has been shown that higher vertebrates may express multiple isoforms of 

pRNA with mice having three genes homologous to the mouse rnrpRNA gene (Li and 

Williams 1995). This suggests that other eukaryotes may have multiple genes for 

mrpRNA and possibly pRNA. The sequencing of more eukaryotic genomes will allow 

this to be examined and may uncover more information about MRP evolution. 

The closer examination of the putative maize chloroplast pRNA gene shows that 

it does have many characteristics that are also shown in known pRNA genes. Structures 

folded with folding programs from this sequence tend to group with other organellar 

pRNA genes, even when compared to sequences of the same length and AT content. 

The "acid test" for this sequence is whether it has the catalytic properties expected in a 

pRNA molecule determinable only by biochemical analysis. 

Final Remarks 

The use of folded secondary structures in evolutionary and characterisation 

studies is a relatively new field of research. The increasing investigation of the RNA 

world will require more tools for the analysis of catalytic RNA molecules especially in 

cases where conventional sequence alignments are unreliable. RNA secondary structure 

analysis still requires some development to be reliably used in evolutionary studies but 

results here are encouraging. 
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Appendix lA: Biological secondary structures of mrpRNA 
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Appendix lB: Biological secondary structures of pRNA 
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Appendix lC: RNAstructure (Mfold) secondary structures of mrpRNA 

Arabidopsis mrpRNA- mfold (RNAstructure) 

Human mrpRNA- mfold (RNAstructure) 
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Bovine mrpRNA - mfold (RNAstructure) 

Mouse mrpRNA - mfold (RNAstructure) 
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Rat mrpRNA - mfold (RNAstructure) 

Xenopus mrpRNA- mfold (RNAstructure) 



S1Jv.."1ur'L l OffR<if• -, u Swr~ WRP 
:;1,C 

' ' 
Saccharomyces cerevisiae mrpRNA - mfold (RNAstructure) 

,·-
·.::~ ~-

~-. ··~ 
;:;1~1/ ~~ .. -~ ... -·~; , 

~/', 

~-G'. 
-..... ~. 
~·-
..:~----

---- ,:;,~· 

-;:-.. -__ . 

Schizosaccharomyces pombe mrpRNA - mfold (RNAstructure) 

169 



170 

Appendix 1D: RNAstructure (Mfold) secondary structures of pRNA 

Agrobacterium tumefaciens pRNA - mfold (RNAstructure) 
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Synechocystis pRNA - mfold (RNAstructure) 

Human nuclear pRNA - mfold (RNAstructure) 
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Mouse nuclear pRNA- mfold (RNAstructure) 

Saccharomyces cerevisiae nuclear pRNA- mfold (RNAstructure) 
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Zebrafish nuclear pRNA -
mfold (RNAstructure) 

Maize chloroplast P-like 
- mfold (RNAstructure) 
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Reclinomonas americana mitochondrial pRNA - mfold (RNAstructure) 
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Saccharomyces cerevisiae mitochondrial pRNA - mfold (RNAstructure) 
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Porphyra purpurea chloroplast pRNA - mfold (RNAstructure) 
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Appendix lE: ~~~raw (RNAfold) secondary structures of mrpRNA 
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Bovine mrpRNA - RNAfold 

Structu'"e.: 1 Energy-1'3.18 X11nOp.JS WRP 

Xenopus mrpRNA - RNAfold 



182 

·1 
. , 

.~-~\ 
c;, .l l'i '\ 

"'" •~§ ~-
~ t-

/ '\ 
I ·~ 
\ .l 

·.o ~, .,L ,.J/0 · -.-~ .... 
' ..,• 

Human mrpRNA - RNAfold 

Strucb.re: 1 Energy -~ ....:nan WRP 

Human mrpRNA - RNAfold 
5' - 3' corrected 



Mouse mrpRNA - RNAfold 

Mouse mrpRNA - RNAfold 
5' - 3' corrected 

·-· 

183 

~ ,";-, .. 
·----.. ..-,;-;¼,::, 



184 

:.,--.i,.., 
'% 

--,-.-

Rat mrpRNA - RNAfold 

c~-

••·-•-~--

. ; 

Rat mrpRNA - RNAfold 
5' - 3' corrected 



185 

Saccharomyces cerevisiae mrpRNA- RNAfold 
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Appendix lF: RNAdraw (RNAfold) secondary structures of pRNA 
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Rhodospirillum rubrum pRNA - RNAfold 
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Reclinomonas americana mitochondrial pRNA - RNAfold 

Reclinomonas americana mitochondrial pRNA - RNAfold 
5' - 3' corrected 
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Saccharomyces cerevisiae mitochondrial pRNA - RNAfold 

I 
I 

Saccharomyces cerevisiae mitochondrial pRNA - RNAfold 
5' - 3' corrected 



Porphyra purpurea chloroplast pRNA - RNAfold 

Porphyra purpurea chloroplast pRNA - RNAfold 
5' - 3' corrected 
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Maize chloroplast P-like - RNAfold 
5' - 3' corrected 
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·~· 
I Human nuclear pRNA - RNAfold I 

~ 1 t.lW'W ·1N..l.1 i.o.- ,. 

Mouse nuclear pRNA - RNAfold 
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Saccharomyces cerevisiae nuclear pRNA - RNAfold 

Zebrafish nuclear pRNA - RNAfold 
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Structure: 1 EnergyA 11.ft2 S pombe nuP 

Schizosaccharomyces pombe nuclear pRNA - RNAfold 
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Appendix 2: Bracket Notation 

Human mrpRNA 

GUUCGUGCUGAAGGCCUGUAUCCUAGGCUACACACUGAGGACUCUGUUCCUCCCCUUUCCGCCUAGGGGA 
AAGUCCCCGGACCUCGGGCAGAGAGUGCCACGUGCAUACGCACGUAGACAUUCCCCGCUUCCCACUCCAA 
AGUCCGCCAAGAAGCGUAUCCCGCUGAGCGGCGUGGCGCGGGGGCGUCAUCCGUCAGCUCCCUCUAGUUA 
CGCAGGCAGUGCGUGUCCGCGCACCAACCACACGGGGCUCAUUCUCAGCGCGGCU 

Biological secondary structure 

... ( ( ( ( .( ( ( ( .. ( ( ( ( ( ( .. ( ( ( ( ( ( ( ....... ( ( ( (( ( .... ))))) ) ........ ) ) ) ) ) ) ) ....... ( ( ( ( ........ ( ( ( ( ..... ) ) ) )( ( ( (( .... ) )) ) ) ... ( ( ( . 

. . (( ((( (. ... (( ( ....... (((( ..... (((..( (( ( ... ))) ) ... ) )) .. ))) ). ) )) .. ) )) ) )). )) ) ...................... )))))).(( (((( ...... ))) )) 
) ......... ))) ) ....... ) )) ). )))) ... . 

RNAstructure (Mfold) secondary structure 

.((((((((( .. ((((( .. (((.(((( ........ ((((( ...... ))))) ........ )))).((((( ... )))))))) ... ))))).((( ... ((((((((( .... )))))).(( 
( .. (( (((((. .. ( ( (( ...... (.( ((( ..... (((( ..... ) ))) .. ))) )) ) ))). ))) ))) ). ))) .. (((( .. (( ............. )).(( .. (((( ( ( .... ))))) ) .. . 
) ) .. ) )) ) ))) ... ) )) ) )) ))) )) ) .. 

RNAdraw (RNAfold) secondary structure 

.((( ( ... ) )))(( ( (( ( ..... )))))) ....... (( ( (( ...... )) ))) .. ( (( ( (.(( ((.( ( ((( ... ))))) ....... ) ))).) ))) ) .... ( (( ((( .... )) )) )).( 
(( .. ( (( ((( (. .. ( (( (. ......... (( ( .... ( ( (( ..... )) ) ) .... ) )) ) )) ). ) )))))). )) ) .................... ( (( ((( ..... )) )) ) ).( (( (( ( ..... ( 
( ..... )) ........... )))))) .. 

Human nuclear pRNA 

AUGGGCGGAGGGAAGCUCAUCAGUGGGGCCACGAGCUGAGUGCGUCCUGUCACUCCACUCCCAUGUCCCU 
UGGGAAGGUCUGAGACUAGGGCCAGAGGCGGCCCUAACAGGGCUCUCCCUGAGCUUCAGGGAGGUGAGUU 
CCCAGAGAACGGGGCUCCGCGCGAGGUCAGACUGGGCAGGAGAUGCCGUGGACCCCGCCCUUCGGGGAGG 
GGCCCGGCGGAUGCCUCCUUUGCCGGAGCUUGGAACAGACUCACGGCCAGCGAAGUGAGUUCAAUGGCUG 
AGGUGAGGUACCCCGCAGGGGACCUCAUAACCCAAUUCAGACCACUCUCCUCCGCCCAUU 

Biological secondary structure 

( ( ( ( ( ( ( ( (( ( (. .( ( ( ( ( (. (. ( (( ( ( ( ....... ( ( ( ( ( ..... )))) ) ... ) ) ) ) ) ) ). ) ) ... ( ( ( ( ( ( ( ... ( ( ( ( ( .( ( (.( ( ( ( ( ( ( ...... )))) ) .......... ( ( 
( (( ...... ))))) ........ (((.( ( (. .......................... )) ). ) )) ......... ))))).)) )) ) .... (( (( ... )))) .... ( (( ( (.( ( ........ )). ))) 
)) ....... ) ) )).(((( ( (.( ( .... ) )) )))) ) ........ ) ) ))))) ..... ) ))) ) )))))) ). 

RNAstructure (Mfold) secondary structure 

((((((((((((.((( ((( ..... ((((( ... ((( .. (((( (( ..... ).) ))) ) .. )) ) .... ))))). )))) .. (((( (( ( ( .. ((( ((( ( ...... )) ) ))) ) ... (((.( ( 
((((((( ... )))))))))((((((.((( ........ (((((((.(((((( ....... ((((( ..... (((((.((.((((.(((. ... ))).))))))))))) .. ))))).))) 
) )))) )))))))) .... ) )) ) ))( ((( (( .. ((( ..... ))) .. ) ))))) .. ( (( ( (( (.((( ( ... ) )))))))) )) .. )) ) .. ) )) )) ))).) ). )))))))))))). 

RNAdraw (RNAfold) secondary structure 
( ( ( ( ( ( ( ( ( ( ( (. ( ( ( ( ( .... ( ( ... ) ) ... ) ) ) ) )( ( ( ( ( ........ ) ) ) ) ) ... ( ( ( ( ( ....... )))) ).( ( (( ( ( ( ( .... ( ( ( ( ( ... )) )( ( ( ( ( ( ... ))) )) )( ( 
((( (( (. .. ) ))) ))))( ( (( ((( ........... ( ((( ((( .. ((((( ( ... ((. .. ((((. .... ( (((. .((.(( ((.((( .... ) ) ). ) )) ). ))) ) )) .. )) ))) ) )) ) )) 
). ))))))) ...... )))))))((( (( .. ( (( ..... )) ) .. )))) )( .. ( ( ((( ((.( ((( ... ) ))) ) )) ) )) ) .. ))) .. )) ))) ) )) .... )) ))) ) ))) ))). 
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E.coli pRNA 

GAAGCUGACCAGACAGUCGCCGCUUCGU CGUCGUCCUCUUCGGGGGAGACGGGCGGAGGGGAGGAAAGUC 
CGGGCUCCAUAGGGCAGGGUGCCAGGUAACGCCUGGGGGGGAAACCCACGACCAGUGCAACAGAGAGCAA 
ACCGCCGAUGGCCCGCGCAAGCGGGAUCAGGUAAGGGUGAAAGGGUGCGGUAAGAGCGCACCGCGCGGCU 
GGUAACAGUCCGUGGCACGGUAAACUCCACCCGGAGCAAGGCCAAAUAGGGGUUCAUAAGGUACGGCCCG 
UACUGAACCCGGGUAGGCUGCUUGAGCCAGUGAGCGAUUGCUGGCCUAGAUGAAUGACUGUCCACGACAG 
AACCCGGCUUAUCGGUCAGUUUCACCU 

Biological secondary structure 

( ( ( (( ( ( ( (( ( ( ( ( ( ( ( (. ( ( ( ( ( ( ( ( ( ... ( ( ( .. .. )))))))))) )) ... . (( ( .( ( ( ( ( ( ( ( ( ... ...... ( ( ( (( ( ( ( ( ( .. ... . )))) )( ( ( ( ( .... ))) ). )( ( 
. .. ( ( .. ... .... ...... ( ( ( (( ( ( ( ( ... )))))) ) .. ) ) .. .... ( ( ( ( ( ( .... ... )) )) ) ). ( (( (( ( ( ( .. .. )))) )) ) ) . ... .. ... ) ) ) ) ) ) ) )) ) ) ) ) ... ( ( ( ( .. 
. . . . (( ( ( ( ( ( .. . (( ( ( ( ( (( .... )) ) ) ) ) ) ) .. . (( ( .. ... .. . )) ) . . ) ) )) ) )) ... .. ) ) ) ) .... .. ( (( ( (( ( ( .... )))))))) .... .. .... )))))) ) .. ( ( ( ( ( 
( ( .. .... ) )) ) ) ) ) .... .... . ) )) ) ) ) ) ) .. ) ) ) ) ) ) ) ) ) ) ) ... . 

RN Astructure (Mfold) secondary structure 
( ( ( (( ( ( ( ((. ( ( .. . ) ).( (. ( ( ( ( ( ( ( (( (. ( ( ( ( ( .. .. )) )) ) ) ) ). ) ) ) ) ) ) ). ) ). ((. ( ( (. ( ( ( ( (. .( ( ( ( .. (( ( .( (. ( ( ( ... ( ( .. . ( ( ( ( ( (. ( ( ( ... . 
) ) ) .... ) ) ) ). ) ). ) ) ... .. ) ) ) .. ) ) ) ) ). ) ) ) )(( ( ( ( ... . )) ) )).( ( (( ( ( .. ( ( ( ( ( .. . ( ( ( ( ( ( ( .... ... )) )( ( ( ( (( ( (( ( ( ( .... ))).)))) ) ... ) ) ) 
) . . ) ) )) ) )) ) ) .. ( ( ( ... ( ( ( .. .... ( ( ( ( ( ( ... . ( ( ( ( ( ( . . . ))))))))))) ). ) ) ) .. ) ) ) ) ) )) ) )( ( ( ( ( ( ( ( .. .. ) )) ) ) ) )) . ( ( ..... . ) ). ( ( ( ( ( .. . 
) ) ) ) ) .. ) )) ))) ) ) . ) ) ) ) ) )) ) )) ) ) .... 

RNAdraw (RNAfold) secondary structure 

( ( ( (( ( ( ( ( .... .. )))) .. )))) ). ( ( ( ((. ( ( (( ( ... )))) ). ) )) ) ) . ........... .. .. ( ( ( ( ( ( ( ... ... . ( ( ( ( ... ))) ) ....... ) ) ) ) ) ) )( ( ( .. .. )) ) .. 
. . . . . . (( ( .. .. .... ) )). ( (( ... ( ( ( .. ( ( ( ( ( ... . )))))))) .) )) .. ( ( ( ( ( ( ( .. ( ( ( ( (( .... ... ))))) ).(( (.( ( ( ( ( (. . ( ( ( ( ( ( ( ( ( ( .......... . )) 
) ) .. ) ))( (( .. ( ( ( .... .. ( ( ( ( ( ( ( ... . ( ( ( ( ( . .. ))))))))))) ) .. ... ) ) ) ) ) ) ) ) ) . ) ) ) ) ) ) .. ) ) ) .. . ( ( ( ( ( ( ( .. (( ( ( ( .... ( ( ( ( ( .. . ))))) ... . 
. ... ))))))))))))))))))) 
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Appendix 3: Input matrices for Neighbor 

The Neighbor program has been developed for use with sequence alignment 

data, especially that developed with other programs in the Phylip package, such as 

DNAdist. It was found that the matrix output from the RNAdistance program gave 

strange results when directly input into the Neighbor program. Often taxa would be 

missing and some taxa had extremely short branch lengths when the data suggested 

otherwise. A modification of the RNAdistance matrices was required for consistent 

Neighbor results. 

An example is given below for the mrpRNA sequences and biological secondary 

structures. 

Matrix output from DNA dist program 

8 
Humanmrp 
Bovinemrp 0.2264 
Mousemrp 0.2161 0.2096 
Ratmrp 0.2018 0.2105 0.0650 
Xenopmrp 0.2264 0.0000 0. 2096 0.2105 
Arabrnrp 1.2195 1.1386 1. 1723 1.1570 
Scerernrp 1.1629 1. 0571 1. 2?.55 1.1575 
Spornbemrp 1.2866 1.1028 1.2444 1. 1748 

Original matrix output from RNAdistance 

> f 8 

42 
40 34 
45 31 9 
35 61 51 56 
94 100 92 97 101 
110 140 132 139 117 148 
159 151 167 160 154 193 205 

Modified matrix output from RNAdistance 
8 

HumanMRP 
0.41 
0.39 
0.44 
0.34 
0.93 
1.11 

0.34 
0.31 
0.61 
1.00 
1. 40 

0.09 
0.51 0.56 
0.92 0.97 1.01 
1.32 1. 39 1.17 1.48 

1.1386 
1. 0571 
1. 1028 

BovineMRP 
MouseMRP 
RatMRP 
XenopusMRP 
ArabMRP 
ScereMRP 
SpornbeMRP 1. 58 1.51 1. 67 1.60 1. 54 1. 93 2.05 

1.3947 
1. 6714 1.1826 
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Divide and Conquer 
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Divide-and-Conquer Multiple Sequence Alignment (DCA) is a program for 

producing fast, high quality simultaneous multiple sequence alignments . The general 

idea of DCA is that each sequence is cut in two, behind a suitable cut position 

somewhere close to its midpoint. This way, the problem of aligning one family of 

(long) sequences is divided into the two problems of aligning two families of (shorter) 

sequences, the prefix and the suffix sequences. This procedure is re-iterated until the 

sequences are sufficiently short - say, shorter than a pregiven stop size L, so that they 

can be aligned optimally. Finally, the resulting short alignments are concatenated, 

yielding a multiple alignment of the original sequences. 

Parameters: 

Substitution matrix: The matrix used in this study was the following called 'RN A' 

which was optimised for working with the pRNA and mrpRNA sequences. 

6 
0 

A A 0 
G G 0 
u u 0 
C C 0 
- A 2 
- G '.! 
- u 2 
- C 2 
AG 1 
A U 2 
AC 2 
G u 2 
G C 2 
u C 1 

Gap parameters: The cost of a gap is computed by the formula where is the "gap 

initiation cost" and is the "gap extension cost" . The default settings were used in his 

study. 

Free shift: DCA by default does not penalise gaps at either end of the sequences to 

make the compensation of differences in the length of the sequences free of charge. 

This free shift option can be deactivated as was in this study. 

Approximate cut positions/FDCA : The most time consuming phase of the search for cut 

positions can be deactivated so that the sequences are cut at approximate slicing 

positions, which generally yields slightly less accurate but often much faster alignments. 

The optimal splicing sites were used for this study. 
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Recurs;on stop sfre: The recursion stop size can be set to any number. Too large an L 

can result in very long running times and very big memory usage. Too small can result 

in empty subsequences at the end of the iteration which may lead to bad alignments. 

The stopsize was set to 20 for this study. 

The program is available from: http//bibiserv TechFakUni-Bielefeld.DE/dca/ 

References for this program: 

Dress. A W.M Filllen G., Perrey S. W. (1995) A Divide and Conquer Approach to Multiple Alignment. 

Proceedings of the Third International Conference on Intelligent Systems for Molecular Biology (ISMB 

95), AAAl Press, Menlo Park, CA, USA, 107-113. 

Tonges, U. Perrey, S. W. Stoye, J. Dress A W.M. (1996) A General Method for Fast Multiple Sequence 

Alignment Gene 172:GC33-GC41. 

Perrey, S. W. and Stoye J. (May 1996) Fast Awfox.imation to the NP-hard Problem of Multiple Sequence 

Alignment. Information and Mathematical Sciences Reports. Series B: 96/06 (ISSN 1171-7637). 

Stoye, J. Perrey, S. W. Dress A W.M (1997) Improving the Divide-and-Conquer Approach to Surn-of­

Pairs Multiple Sequence Alignment. Appl. Math. Lett. 10 67-73. 

Stoye, J. (l 997) Di,ide-and-Conquer Multiple Sequence Alignment Dissertation Thesis. Universitat 

Bielefeld, Forschungsbericht der Technischen Fakultat, Abteilung lnformationstec~ Report 97-02. 

(ISSN 0946-7831 ). 

Dialign 

DIALIGN is a novel alignment method developed by Burkhard Morgenstern et 

al. ( 1996). While standard alignment methods rely on comparing single residues and 

imposing gap penalties, DIALIGN constructs alignments by comparing whole segments 

of the sequences. No gap penalty is employed. This point of view is especially 

adequate if sequences are not globally related but share only local similarities as is the 

case in genomic DNA sequences and in many protein families and what was shown 

with the mrpRNA sequences. Burkhard Morgenstern using the default parameters for 

this program kindly did the alignments. 

This program is available at: 

http//bibiserv Techf ak Uni-Bielefeld.DE/dialicrn 
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Reference for this program: 

Morgenstern, B. Dress, A. and Werner. T. (1996) Multiple DNA and protein sequence alignment based 

on segment-to-segment comparison. Proc. Natl. Acad. Sci. USA 93: 12098 - 12103 

ClustaIX (vl.64b) 

ClustalX is a new windows interface for the ClustalW multiple sequence 

alignment program. It provides an integrated environment for performing multiple 

sequence and profile alignments, and analysing the results . A distance is calculated 

between every pair of sequences and these are used to construct the phylogenetic tree 

that guides the final multiple alignment. The scores are calculated from separate 

pairwise alignments. These can be calculated using two methods: dynamic 

programming (slow but accurate) or by the method of Wilbur and Lipman (extremely 

fast but approximate) . The dynamic programming option was used in this study. All 

parameters were used at the default settings: 

Th.is program can be accessed from: 

http:/ /\vw.v. hq mp . rnrc. ac. uk/Menu/Help/clu stal x. html#T 

Reference for this program: 

Thompson, J. D .. Gibson. T. J. , Plewniak, F., Jeanmougin. F. and Higgins. D. G. (I 997) The ClustalX 

windows interface: flexible strategies for multiple sequence alignment aided by quality analysis tools. 

Nucleic Acids Research. 24:4876-4882. 

Phylip package (DNAdist and Neighbor) 

This is a free package of programs for inferring phylogenies and carrying out 

certain related tasks. At present it contains 30 programs, which carry out different 

algorithms on different kinds of data. ( c) Copyright 1986-1995 by Joseph F el sen stein 

and the University of Washington. 

DNADIST. Computes four different distances between species from nucleic acid 

sequences. The distances can then be used in the distance matrix programs. The 

distances used in this study are the Jukes-Cantor formula, and one based on Kimura's 2-

parameter method. 
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NEIGHBOR. An implementation by Mary Kuhner and John Yamato of Saitou and 

Nei's "Neighbor Joining Method," and of the UPGMA (Average Linkage clustering) 

method. Neighbor Joining is a distance matrix method producing an unrooted tree 

without the assumption of a clock. The neighbor-joining method only was used with 

the default settings. 

The Vienna RNA package 

The Vienna RNA Package consists of a code library and several stand-alone 

programs for the prediction and comparison of RNA secondary structures. 

This package can be downloaded from: 

Http//www.tbiunivieac.at/ 

RNAfold: 

RNAfold reads RNA sequences and calculates their minimum free energy (mfe) 

structure, partition function (pf) and base pairing probability matrix. It returns the mfe 

structure in bracket notation, its energy, the free energy of the thermodynamic ensemble 

and the frequency of the mfe structure in the ensemble to stdout The calculation of mfe 

structures is based on dynamic programming algorithm originally developed by M. 

Zuker and P. Stiegler. The partition function algorithm is based on work by J.S. 

McCaskill. 

Parameters: 

-Ttemp Rescale energy parameters to a temperature of temp C. The default 1s 37C 

which was used in this study. 

References for this program: 

LL. Hofacker, W. Fontana, P.F. Stadler, S. Bonhoeffer, M Tacker, P. Schuster (1994), Fast Folding and 

Comparison of RNA Secondary Structures, Monatshefte f. Chemie 125: 167-188. 

M. Zuker, P. Stiegler (1981) Optimal computer folding of large RNA sequences using thermodynamic 

and auxiliary information, Nucl. Acid Res 9: l 3 3-148. 

RNAdistance: 

RNAdistance reads RNA secondary structures and calculates one or more 

measures for their dissimilarity, based on tree editing or string alignment. This study 

only used the tree editing option. It accepts structures in bracket format, where 
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matching brackets symbolise base pairs and unpaired bases are represented by a dot '.', 

or coarse grained representations where hairpins, interior loops, bulges, multiloops, 

stacks and external bases are represented by (H), (I), (B), (M), (S), and (E), respectively. 

These can be optionally weighted. Full structures can be represented in the same 

fashion using the identifiers (U) and (P) for unpaired and paired bases, respectively. We 

call this the HIT representation (Homeomorphically irreducible tree). For example the 

following structure consists of two hairpins joined by a multiloop: 

. (( .. ( ( ( ... ))) .. (( .. ) ))). 
(U)((U2)((U3)P3)(U2)((U2)P2)P2) 
((H)(H)M) or ((((H)S)((H)S)M)S) 
(((((H3)S3X(H2)S2)M4)S2)E2) 

Parameters: 

full structure (usual format) ; 
HIT structure; 
coarse grained structure; 
weighted coarse grained . 

The aligned structures are written to file, if specified. 

-D[fhwcFHWC] use the full , HIT, weighted coarse, or coarse representation to calculate 

the distance. Capital letters indicate string alignment otherwise tree editing is used. Any 

combination of distances can be specified . The default if 'f' . 

-Xm calculate the distance matrix between all structures. The output is formatted as a 

lower triangle matrix. 

-B [file] Print an "alignment" with gaps of the structures, to show matching 

substructures. 

References for this program: 

Shapiro B A, (1988) An algorithm for comparing multiple RNA secondary structures, CABJOS 4, 381-

393 

Shapiro B A, Zhang K (1990) Comparing multiple RNA secondary structures using tree comparison. 

CABIOS 6: 309-318. 

Fontana W, Konings D AM, Stadler PF, Schuster P, (1993) Statistics of RNA secondary structures, 

Biopolymers 33:1389-1404. 

I.L. Hofacker, W. Fontana, P.F. Stadler, S Bonhoeffer, M Tacker, P. Schuster (1994) Fast Folding and 

Comparison of RNA Secondary Structures. Monatshefte f. Chemie 125: 167-188. 

TreeView(Win32) (vl.40) 

TreeView is a simple program for displaying phylogenies on Apple Macintosh 

and Windows PCs. TreeView allows you to create publication quality trees from PAUP 

files, either directly, or by generating graphics files for editing by other programs. The 

program currently reads trees with up to 500 taxa. 
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TreeView comes in four versions, one for standard Macs, one for Power Macs 

and two for Windows (16 and 32 bit). The Windows versions require either Windows 

3.1 or later (Winl6) or Windows 95 or Windows NT (Win32). TreeView is free, but 

please register your copy. 

The program is available at: 

http• //taxonomv .zooloav. ala.ac. uk/rod/treeview. html 

Reference for this program: 

Page, RD. M. (19%) TREEVIEW: An application to display phylogenetic trees on personal computers. 

Computer Applications in the Biosciences 12: 357-358. 

RNAstructure and Mfold 

RNAstructure was written by David H. Mathews and Mark E. Burkard for Isis 

Pharmaceuticals and is made available for the RNA community by Isis. 

It is available on the Turner Lab Homepage at: http.I/ma chem.rochester edu. 

The other modern implementation of the algorithm is mfold, available on the World 

Wide Web at Michael Zuker's homepage at: http://www.ibc.wustl.edu/-zuker. The 

parameters described below are exactly the same when using the Mfold program. 

RNAstructure 

RNAstructure uses the Zuker algorithm (Zuker 1989) for predicting RNA 

secondary structure. This is based on free energy minimisation using the nearest 

neighbor parameters of Doug Turner and coworkers derived largely from optical 

melting experiments. 

Predicting a structure 1s a two-step process. The first step is a recursive 

algorithm that generates an optimal structure and a series of structures that are called 

sub-optimal structures (because their free energy is not as favourable as the free energy 

of the optimal structure). The number of sub-optimal structures generated is controlled 

by two parameters entered by the user, maximum structures and percentage sort. A 

third parameter entered is Window Size 

The second step is a re-ordering of the favourability of the structures. The 

energy of each structure is re-calculated using an energy function that includes coaxial 
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stacking of helixes and a Jacobson-Stockmayer function for determining the free energy 

of large loops. The output is then sorted according to the recalculated free energy. 

Parameters: 

Max % Energy Difference: Sets the percent deviation from the lowest free energy allowed 

for the structures output. For example if the lowest-free energy (DG037) structure is -

100 kcal/mo 1, and the Max % Energy Difference is 10, any structures with an energy of 

-90 kcal/mo! or greater is rejected (greater means less negative). 

The max energy difference for this study was set at 10. 

Max number of structures: Sets an absolute upper limit on the number of structures that can 

be generated. A maximum of 1000 structures can be generated, if you choose a larger 

value, 1000 will be used. The max No of structures for this study was set at 5. 

Window size: This parameter controls how different the sub-optimal structures must be 

from each other. A small window size allows very similar structures to be generated 

while a larger window size requires them to be more different. The window size for this 

project was set at 7. 

The temperature was set at the default of 3 T'C for this study. 

Output from these programs is in the form of ' ct ' files, which can be drawn into 

diagrammatic representations of the structures. 

References for this program: 

Jaeger, J. A Turner D. H. and Zuker M . (1989) Improved Predictions of Secondary Structures for RNA 

Proc. Natl. Acad Sci. USA, Biochemistry, 86 :7706-7710. 

Mathews, D . H. Andre, T. C. Kirn, J. Twner, D . H. and Zuker M (1997b). An Updated Recursive 

Algorithm for RNA Secondary Structure Prediction with Improved Free Energy Parameters In Press. 

Zuker M (1989) On Finding All Suboptimal Foldings of an RNA Molecule. Science, 244: 48-52. 

RNAdraw VI.lb 

The optimal structure/basepair-probability matrix/heat curve calculation 

algorithms were all ported directly from the Vienna RNA package VI .1 (I). 

Temperature is set at default of 37°C for this study. The pf-scale variable is used to 

scale the floating-point values generated during matrix calculation. If you get a 

floating-point error during calculation, you can try to raise/lower this value. Otherwise, 
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the value should be left at the default of 1.04. Setting this value too high/low will cause 

a calculation error. This and the other parameters are set at default settings. 

The latest information about RNAdraw is available at the RNAdraw homepage, located 
at: http :1mam!.o mefki ser ole/rnadraw/rnadraw.html 

References for this program: 

I.L. Hofacker, W. Fontana, P.F. Stadler, S. Bonhoeffer, M Tacker, P. Schuster (1994) Fast Folding and 

Comparison of RNA Secondary Structures. Monatshefte f Chemie 125: 167-188. 

Snfold 

Developed by R. F. Pointon to combine a sequence shuffie routine with the Mfold 

folding program. 

The input is as follows 

Number of shuffles 

Sequence 

Program is as follows: 

echo shuffleNfold program 

echo -n "Enter number of times to shuffle:" 

set number-$< 

echo "Enter the sequence (one line of input, no spaces):" 
shuffle -n $number >shuffie.dat 
echo "file shuffle.dat generated" 

echo "removing old results.b file - new results will be here" 
echo> results.b 

@Iine=l 
while ( $line<= $number ) 

12rnfold $line shuille.dat >infile 
rnfold SEQ=infile T=25 MAX=l 
ct2bracket infile.ct >>results.b 
rm -f infile* 

0 [7m--More-(88%)0 [rn 
rm -f log-infile 

echo "Done " $line "/" $number 
@line++ 

end 

The output file contains the number of random structures required with one structure per 
line. This file can be directly used in the RNAdistance program. 
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Rsnfold 

Developed by R. F. Pointon to combine a sequence shuffle routine with the RNAfold 

folding program (from the Vienna RNA package) . 

The input is as follows 

Number of shu.ffles 

Sequence 

Program is as follows: 

echo RNAfold shufileNfold program 

echo -n "Enter number of times to shufile:" 
set number=$< 

echo "Enter the sequence (one line of input. no spaces):" 
shufile -n $number >shuflle.dat 
echo "file shufile.dat generated" 

echo "removing old results.b file - new results \.\ill be here" 
echo > results.b 

RNAfold -T 25 <shuflle.dat >output.n.1 

rm -fma.ps 

@ line=! 
@ pos=2 
while ( $line <= $number ) 

tail +$pos output.tx1 I head -1 >temp.txt 
awk '{ print $1 }' temp.txt » results.b 
rm -ftemp.txt 
@ line++ 
@ pos+=2 

end 

rm -f output.n.1 

echo "Finished" 

The output file contains the number of random structures required with one structure per 
line. This file can be directly used in the RNAdistance program. 

Pairs 

Developed by R. F. Pointon to calculate the percentage of pairing within a secondary 

structure. The input of the structure is in the bracket notation with one structure per 

line. The output shows the percentage of pairing per line of structure. 

The program is written in C code and is as follows : 

- reads lines from "stdin" (thats either the console or files redirected by 
"<", etc) 
- calls "getseq" which checks if a line is a valid sequence of .)( 
characters. 
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- walks along the sequence determines length and number of brackets. 
- calculates the percentage and prints the result. 

--CUT "pairs.c"­
#include <stdio.h> 
#include "read.h" 

#define maxstr l 000 

int len,cnt,line; 
char buff[ max.str ]: 
char *seq; 

main() 
{ line=O; 

while(fgets(buff,maxstr,stdin)) 
{ line++; 

seq=getseq(bufl); 
if(seq[0l==0) 
{ fprintf(stderr, "ERROR - bad input on line %d\n%s\n".line,bufl); 
exit(- I): 

} 
for(len=0,cnt=0;;) 
{ switch(seq[len]} 

} 

{ case'(': 
case')': 

cnt++; 
case '. 1

: 

len++; 
continue; 

case '\O': 
case '\n': 
break 

} 
break; 

} 
printf("%d\n",( l 00*cnt)/len); 

} 

--CUT---

here is the C code from "read.h" & "read.c" 
- it just checks that there are no illegal characters and that the brackets 
balance. 

--CUT "read.h"--­
#ifudef _read_ header_ 
#define _read_ header_ 

char *getseq(char *s): 

#endif 
-CUT "read.c"­
char *getseq(char *s) 
{ int i,j.start.finish; 

i=0; 
start=-1; 
finish=-1: 

while( start==-I) 



S\\itch(s[il) 
{case '.': 
case'(' : 
case')' : 
case '\O': 

start=i; 
break; 

default: 
i++; 

while(finish=-1) 
switch(s[i]) 
{ case'.': 
case'(' : 
case')' : 

i++; 
break; 

default: 
finish=i: 

} 

j=O; 
for( i=start:i <finish:i++) 

switch(s[i]) 
{case'.' : 

break 
case'(' : 
j++: 
break; 

case')': 
j - : 
if(j<O) 
j=20000: 

} 
if(j !=O) 

rewrn "": 

s[finish]='\O'; 
return &s[start] ; 

} 
-CUT-

(to actually compile the code into a program you could run, you would type 
gee -o pairs pairs.c readc 
which produces the program "pairs") 

Ssearch from the F ASTA package 

211 

This program scans a protein or DNA sequence library for similar sequences 

using the rigorous Smith-Waterman algorithm (Smith and Watennan, l Mo!. Biol. 

(1983) 147: 195-197. The sequence to be searched for is designated the query sequence. 

This program was used to search organellar genomes for potential pRNA sequences. 

Ssearch was run in the interactive mode, which prompts for the file names of the query 

sequence and the library. The FAST A programs, including Ssearch use a standard text 
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format sequence file. Lines beginning with '>' or ';' are considered comments and 

ignored; sequences can be upper or lower case, blanks, tabs and unrecognisable 

characters are ignored. 

Penalty for the first residue in a gap (-12 by default). 

Penalty for additional residues in a gap (-2 by default). 

This package was written by Bill Pearson. wrp(mvirginia.EDll 

Ct2bracket 

This program was written by R. F. Pointon at Massey University to convert the "ct" 

output files from the RNA folding programs into bracket notation for input into 

RNAdistance. 

The ct files are as follows usmg the first 46 nucleotides from the Saccharomyces 

cerevisiae nuclear pR.c~A as an example: 

58 ~ n 

G 

l6 C 

3.5 65 34 

59 

56 

Converted to bracket notation . 

. ( ( ( ( ( ( ( ( ( ( ( ( (. ( ( ( ( ( ( ( ( ( ( ( (. ( ( ( ( ( ( ( ( ( ( ( (. ( ( 

.. ( ( •••• )) .• )).)) l)))))) l. l I •. i l ii l ••.•• l l) 
) ) ) ) .. ( ( ( ( ( ( ........ ( ( (. ( ( (. ( ( ( ( ( ( .. ( ( ( ( ( ( ( 

( ( ( ( ...... ))))))))))). ( ( (. ( ( ( ( .. ( ( ( ( ( ..... . 
( ( ( ( .... ))))))))) ... ( ( ( .... ))).)))) ... ( ( ( ( ( 

( ( ( ( ( ( ( ( ( ( .... ))))))))))).)))) ... ))). ( ( ( ( ( ( 

( ( .. ( ( ... ( ( ( ( ( .. ( ( (. ( ( ( .... ))) ... ))) ... )))) 
) ... ) ) ... ) ) ) ) ) ) ) ) ) ) ) ) ) ) ........ ) ) ) .... ) ) ) . ) 
))))) .... ))))))))))))) .. 




