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ABSTRACT

rox1 and rox2 are two non-coding RNAs found in male Drosophila melanogaster, which
can direct the MSL complex to bind to the X-chromosome to up-regulate all X-linked genes two-
fold. rox1 and rox2 RNAs lack similarity in their primary sequences, but they have functional
redundancy; that is, in the presence either one of them, males survive. The mechanism of this
redundancy is unclear. Here we have used comparative bioinformatics methods to predict an
double internal-loop structure near 3’-end of rox RNAs shared by rox1 and rox2; this structure
might contribute to the rox1 and rox2 RNA functional redundancy. rox1 and rox2 RNAs in other
Drosophila species have not been previously reported; we identify putative rox1 and rox2 RNAs

in Drosophila simulans, sechellia, yakuba and erecta.
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CHAPTER 1

INTRODUCTION AND LITERATURE REVIEW

INTRODUCTION

According to the central dogma of molecular biology, messenger RNA (mRNA), which is
transcribed from DNA, carries the genetic information and acts as a template in protein synthesis
by ribosome. In the past 20 years, RNA has been discovered to have many new functions besides
coding for proteins. The transcribed non-coding RNA (ncRNA) molecules can fold into stable

secondary and complicated tertiary structures, directly functioning as structural, catalytic, or
regulatory factors rather than produce protein products in the cells.
SOURCES OF NON-CODING RNAs

ncRNAs may come from three sources:

e Noncoding RNA genes encode ncRNAs. Examples are the non-coding rox1 and rox2
RNAs in male Drosophila melanogaster [ %], and the widely existing miRNAs. It has
been reported that 10% of the genomic genes in mammals are miRNA genes [ |. Most
ncRNAs are not polyadenylated.

¢ ncRNAs may derive from the introns of mRNAs coding proteins, for example,

snoRNAs [*],

e Several important regulatory motifs are found in untranslated regions (UTRs) of mature

eukaryotic mRNAs. Internal ribosome entry site (IRES) elements are found in the 5°-

[5

UTR region of picornavirus |° ! and some other viruses; some specific nRNAs can be

translated through IRES under stress conditions when cap-dependent translation is



blocked. Iron response elements (IRE) are found in both 5> UTR and 3’UTR to regulate
the metabolism of iron in the cells [ %71,
BIOLOGICAL FUNCTIONS OF ncRNAs
The functions of two classic ncRNAs (rRNA and tRNA) are well known. rRNAs
are part of the ribosomal complex mediating amino acids transfer and polypeptide chain
elongation. tRNAs play an important role in transporting amino acids to messenger RNA
during the translation process. Both of them participate in the translation process. In the last
20 years, many studies have uncovered new biological functions of ncRNA, which include
e Maturation of RNAs: A large number of ncRNAs are involved in the maturation of
RNAs. For example snRNAs, a component of spliceosome, play a key role in
mRNA maturation by recognition of the intron splicing sites |*); RNase P functions in
5’end maturation of tRNA !?J; guide RNAs (gRNAs) are involved in editing RNA
Precursors [ %1,
¢ RNA modification: In eukaryotes, the site-specific modification is directed by C/D
box or H/ACA box snoRNAs through base pairing with target RNAs. The function of
the C/D box RNAs is to methylate 2-O-ribose of target nucleotides, while H/ACA
box RNAs guide the conversion of specific uridine residues to pseudouridine [ ! 1.
e Regulation of gene expression and translation: The well known miRNAs, 21-23 nts
sequence, imperfectly base pair with the 3’-UTR of transcript mRNA of target gene to
inhibit its translation. Similarly, RNA1 (22 nts) causes targeted gene silence by perfectly

base pairing with mRNA to trigger its degradation ! '* *1.



e Regulating the fidelity of DNA replication: Telomerase RNA provides the template
for addition of the telomeric repeats to the ends of chromosomes ! '*.
e Regulation of dosage compensation: In female mammals, the 17 kb Xist (X- inactivate
specific transcript) ncRNA spreads along the x-chromosome to inactivate most gene
expression by a cis-acting mechanism ! ° 1. By contrast, the 3.7 kb rox1 and 1.2 kb rox2
RNAs found in male Drosophila melanogaster can direct MSL (male-specific- lethal)
complex spread along the whole X- chromosome to up-regulate the transcription rate of
X-linked genes about 2-fold [+ % 1 171
e Some ncRNAs are involved in epigenetic regulation of imprinted gene silencing, where
gene expression is restrained to the parental-specific alleles. The expression of the non-
coding Air RNA can inhibit three paternal protein-coding genes ( 1gf2r/Slc22a2/S1c22a3 )
expression in mice | '*1; the expression of H19 ncRNA gene found in human, mouse, rat
and rabbit is exclusive to maternal chromosomes, and the 2.3 kb transcripts may function
as a tumor suppressor | 1,
As the number of genome sequencing projects increases, the number of non-coding genes
found should also increase dramatically. The data from genomic projects reveals that the number
of protein coding genes is lower than was expected. In humans, only about 1.4 % of total RNAs

[20] Ynterest in

are translated to proteins; the functions of the rest of the RNAs are little known
studying ncRNA has been growing in the bioinformatics field. Several well-annotated ncRNA
databases have appeared, such as, the Rfam database with over 280,000 regions of 379 families

(211 the noncoding RNA database contains 109 “ transitional > classes and nine groups | **1; the

RNAdDb includes over 800 known mammalian ncRNAs, but excludes tRNAs, rRNAs and



of ncRNAs have been analyzed, and are summarized in Table 1.1 !

241

snRNAs [ 1 and the Arabidopsis small RNA project ( ASRP ). The functions of several classes

Table 1.1 Major classes of functional RNAs ( Bompflinewerer, et al., 2005 )

Class Size Function Phylogenetic
Distribution
tRNA 70-80 translation ubiquitous
rRNA
16S/18S 1.5k translation ubiquitous
28S+5.8S/23S 3k translation ubiquitous
5S 130 translation ubiquitous
RNase PP 220-440 tRNA maturation ubiquitous
MRP 250-350 endonuclease, 5.8S eukarya
rRNA maturation
snoRNA H/ACA ~130 pseudouridinylation | eukarya
in rRNAs
C/D 60-80 ribose 2'-O- eukarya, archaca
methylation in
rRNAs
telomerase 400-550 eukarya
snRNA 100-160 major spliceosome, eukarya
U1,U2,U4,U5,U6 mRNA maturation
130-140 minor spliceosome, eukarya
Ull,U12 mRNA maturation lower eukaryotes
~100 trans-splicing
SL
u7 ~65 histone mRNA eukaryotes
maturation
7SK ~300 transcriptional vertebrata
regulation
7SL/SRP 300-400 signal recognition ubiquitous
particle
vault 80-100 part of vault particle | vertebrate
Y 80-100 part of Ro particle metazoans
tmRNA 300-400 tags protein for bacteria,
proteolysis chloroplasts,
cyanoplasts
miRNA ~22 post-transcriptional multicellular
regulation organisms




RNA SECONDARY STRUCTURES

Single strand RNA molecules fold back on themselves to form different shapes. The
interactions between nucleotides in the molecule determine what kinds of structures can be
formed, such as stem-loops, internal loops or the more complicated pseudoknots. Figure 1.1

illustrates several RNA secondary structures [ William Liu, CS374 lecture Notes, available at

web http://ai.stanford.edu/~serafim/CS374 2004/ ].
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Figure 1.1 RNA secondary structure

BLAST searching and other kinds of gene finding algorithms and comparative genome
analysis have been successfully applied to identify protein coding genes, homologs and potential
functions, but these methods don’t work as well on ncRNA genes. The primary sequence of
ncRNAs varies over a relatively short evolution distance, making the use of BLAST difficult.
Even though some ncRNAs share similar functions, they may have varied sequence lengths or
nucleotide composition, and there are no ORFs. The known ncRNAs have a highly conserved
secondary structure over evolution. A stable structure by itself is not a significant signal of
function, since all single strand RNAs can easily form secondary structure with the canonical

base pairing system A-U, G-C and additional base pairing G-U. Thus, a reasonable way to


http://ai.stanford.edu/~serafim/CS374_2004/%5d

identify ncRNAs may be to combine sequence analysis and conserved secondary structure
analysis together in genomic searches.

Similarity searching is performed by dynamic programming algorithms based on both
sequence similarity and structural similarity; the alignment score comes from both sequence
conservation and structure conservation. Figure 1.2 is an example of how to identify structural

homologs [ William Liu, CS374 lecture Notes, http:/ai.stanford.edu/~serafim/CS374 2004/ ].

CA AA GA
G A G A G A
G-C C+G AxG
G+C C+G UxG
G-C U-A CxA
G-C A-U CxU
query RNA structure  A: structural homolog B: nonhomologous

primary sequence alignment scoring:

query: GGGGGCAACCCC query: GGGGGCAACCCC

XXXX | X ]| Xxxxx xxxx | x| |xxxx
A: AUCCGAAAGGAU B: CCUAGAAAGGAU
-6 -6

structure + sequence alignment scoring:

I [FTe— 1 [ 1 |
query: (?(IB.?(IB.GCAAI\CCCCE query: GGGGGC/?/?CCCC
X X XX
A: AUCCGAAAGGAU B: CCUAGAAAGGAU
+11 -6

Figure 1.2 Sequence alignment scoring vs structural alignment scoring

COMPUTATIONAL METHODS TO STUDY ncRNAs

Computational approaches to study RNA structure from primary sequence data involve
three problems: (1) structure prediction based on single RNA sequence; (2) two or multiple-

sequence common consensus structure prediction and alignment; and (3) structural homology

searching in databases or genomes.


http://ai.stanford.edu/~serafim/CS374_2004/

Section 1 : Structure Prediction

Free Energy Minimization (FEM) dynamic programming is the most widely used method
for predicting RNA secondary structure from a single sequence. It is motivated by the general
concept established by Anfinsen (23] that the three dimensional conformation of a macromolecule
forms based upon minimum free energy. A critical step in this line of research was the
development of “Mfold’ software for RNA folding by Zuker and Stiegler [*®). This program
predicts RNA secondary structure based on energy parameters determined
according to the nearest-neighbor model. Most of these thermodynamic parameters are
determined experimentally. This method cannot predict pseudoknots; also, Mfold produces
multiple structural predictions with similar free energies. Sometimes the results are not
completely reliable '*”). The Vienna RNA Package [**! is available at

http://www.tbi.univie.ac.at/~ivo/RNA/, RNAfold predicts secondary structures with minimum

energy and pair probabilities similar to Mfold; RNAcofold can predict a hybrid structure of two
sequences; RNAduplex can predict possible hybridization sites between two sequences;
RNAdistance can compare the similarity among secondary structures.

The main alternative algorithm is probabilistic modeling approaches using Stochastic
Context Free Grammars (SCFGs) [*°, which are capable of capturing the long range, nested,
pairwise correlations, such as those induced by base-pairing in non-pseudoknot RNA secondary
structures. An advantage of this method is that it is easy to combine with other sources of
statistical information to structure prediction, but at the price of greater complexity in memory
use and time. This algorithm requires a set of training data, and cannot model or profile the more
complex structural motif of pseudoknots. SCFG is a modified Chomsky Grammar [

http://en.wikipedia.org/wiki/Chomsky_hierarchy ]. Figure 1.3 [William Liu, CS374 lecture



http://www.tbi.univie.ac.at/~ivo/RNA/
http://www.tbi.univie.ac.at/~ivo/RNA/RNAfold.html
http://www.tbi.univie.ac.at/~ivo/RNA/RNAcofold.html
http://www.tbi.univie.ac.at/~ivo/RNA/RNAduplex.html
http://www.tbi.univie.ac.at/~ivo/RNA/RNAdistance.html
http://en.wikipedia.org/wiki/Chomsky_hierarchy

Notes, http://ai.stanford.edu/~seratim/CS374 2004/ ] describes the process of RNA folding based

on the information of sequence cgacccccucg with a SCFG. Let S be the non-terminal node, which
can be replaced by either non-terminal or terminal nodes. The structure of the sequence
cgacccccucg is modeled as shown on the right of the Figure 1.3 using three rules.

Let the production rules be:

S—>aSu|gSc|cSg|cceee CCC
c C
A-U
S—-cS
g G-C
- cgScg C-G
- cgaSucg

- cgacceceucy This base-pairing sequence can also be

described as: (c(g(a(cceec)u)e)g)

Figure 1.3 An example of RNA modeling by Stochastic Context Free Grammars
Section 2: Multiple-sequence consensus structure prediction

A structure prediction can be achieved by comparative sequence analysis and structure
conservation analysis. The dynamic programming algorithm formulated by Sankoff!**! can
produce a sequence alignment and minimize free energy folding simultaneously. This method
involves finding the optimal alignments with minimal cost and folding the common consensus
structure with minimum free energy; unfortunately, the method requires too much memory and
time to be practical. Modifications of this idea are widely applied in the several more recent
algorithms discussed later.

The Covariance Model ( CM ) developed by Eddy and Durbin !*'! employs a
probabilistic approach to find the common consensus structure. It describes both the RNA
secondary structure and the primary sequence consensus, and is the first optimal global algorithm

for RNA secondary structure prediction based on pairwise covariations. The covariance model is


http://ai.stanford.edu/~serafim/CS374_2004/

directly built from either aligned or unaligned RNA input sequences. The probabilities of
insertions, deletions, and mismatches are calculated according to observed RNA sequences. An
initial model is constructed based on the input sequences, then a new model is built by iteratively
re-estimating the probabilities of emission and state transition based on an Expectation
Maximization ( EM ) algorithm until the parameters converge. This cycle is repeated until both
the model structure and its parameters are not significantly changing; the optimal global structure
can be found by dynamic programming algorithm. Limitations of this method are that it can’t
detect non-pairwise interactions ( base triples ) or non-nested pairs ( pseudoknots ) structure.

2.1 Algorithms for finding the common secondary structure between two RNA sequences

e Dynalign [**! is an algorithm to predict a common secondary structure with
minimum free energy for two RNA sequences, it doesn’t requires any identity in
the sequences. There are two parameter variants involved, gap penalty and a set of
thermodynamic parameters. Dynalign doesn’t predict pseudoknots and is limited to
sequence length less than 300 nucleotides.

e The Foldalign ! **!algorithm combines local alignment and maximum number of base-
pairs together to predict the structure for two sequences. Foldalign optimizes the
number of base pairs rather than minimizes free energy. Multibranch loop structures
are not allowed to form in Foldalign.

e CARNAC [**] is another algorithm for pairwise folding of two unaligned RNA
sequences. The program takes four steps to find the structure common to two RNA
sequences: ( 1) searching for the best candidate stems; ( 2 ) finding the regions of high
similarity between the two sequences, called anchor points; ( 3 ) performing a pairwise

selection of stems, taking into account the information of anchor points and



covariations ( 4 ) constructing the common structure based on energy minimization
from the set of pre-selected stems.

e Pair HMMs on Tree Structures (PHMMTSs): 1**! Pair Hidden Markov Models can
be used to find a structural pairwise alignment between an unfolded RNA sequence
and a RNA sequence of known secondary structure. An RNA secondary structure can
be represented by a tree, thus, a pair HMM on tree structures ( PHMMTSs ) is applied
to find a secondary structural alignment between the unfolded RNA sequence and the
tree of the known RNA secondary structure.

2.2 Algorithms for searching for the common consensus structure among multiple RNA
sequences

e MSARI implements a distribution-mixture approach to detect conserved common
stems. It is based on computing the statistical significance of short, contiguous
potential secondary structure base-paired regions that are conserved between
candidate orthologs and allows for small variations between alignments of
orthologous base pairs [*®7 .

e RNAalifold is designed for constructing the consensus structure among aligned
sequences; it considers both thermodynamic stability and sequence covariation, and it
also introduces a base-pairing probability matrix for RNA folding 7.

2.3 Algorithms for predicting and searching for pseudoknots
RNA pseudoknots are functionally important in several known RNAs. For example, RNA
pseudoknots are conserved in ribosomal RNAs, the catalytic core of group I introns,

RNase P RNAs and telomeras RNAs [3® ].

e PCSG ( parallel communicating system grammar) is an algorithm to model RNA

10



structures including pseudoknots [ **1. This approach can automatically generate a
pseudoknot prediction algorithm for each specified pseudoknot structure model.
A 5 x 5 probability matrix that describes the probability distribution of all possible
base pairs among the four nucleotides and gaps, as well as probabilities for the
production rules, are needed.

e PKNOT is an algorithm ( modified SCFG ) for predicting optimal RNA
secondary structure including pseudoknots 1. It is built based on the standard RNA
thermodynamic model with an augmented set of estimated pseudoknot weighting
parameters and coaxial stacking energy. This method can’t analyze sequences larger
than 130 nucleotides, as the computational time needed is great.

e The ILM (iterative loop matching ) algorithm combines thermodynamic stability and
mutual-information scores to produce a secondary structure including pseudoknots [*'!

This algorithm can be applied on both multiple aligned sequences and single sequence;

the length of each input sequence can be as long as 2000 nucleotides.
2.4 Other methods:

Some other algorithms were also developed for searching for specific classes of ncRNAs,
such as tRNAscan-SE, snoscan and snoGPS for detecting tRNAs, methylation-guide C/D box
snoRNAs and pseudouridylation-guide H/HAC box snoRNAs ! *1. The microinspector program
is used to identify the miRNA potential binding sites {*). A simple hidden Markov model with
two states (‘‘RNA’’ and ‘‘background genome’’) is applied and ncRNAs identified by screening
for GC-rich regions in the AT-rich Methanococcus jannaschii and Pyrococcus furiosus genomes !
1 In addition, some other methods that have been successfully applied to identify ncRNAs are

summarized in the Table 1.2 [ ],

11



Table 1.2 General Purpose algorithms for RNA Motif Detection

Program

organism

Comparative or single

Description

Approaches which search for instances of a motif

ERPIN

comparative

Input is a sequence alignment with consensus
structure. For each helix and single strand a
log-odds-score profile is defined which

describes the motif.

PATSearch

single

Motif is defined by a language inspired by

regular expressions.

fragrep

single

Detects patterns consisting of approximately
matched gapless blocks with constrained inter-

block distances.

Palingol

single

A constraint programming language
particularly adapted for secondary structures.
Allows both sequence and structure patterns,

including pseudo-knots.

RNAMotif

comparative

Description of structural motif in terms of
helices and sequence patterns. Putative hits are

ranked according to user defined rules.

infernal

comparative

Toolkit for constructing covariance models
and finding new members of a family. Input is
a multiple alignment with structural
annotation. With SCFGs a consensus model of
RNA structure shared by these sequences is
defined

Rsearch

single

Input is a single RNA sequence and its
structural information. Rsearch is a local
alignment algorithm which considers structural
and sequence constraints. A base pair and

single nucleotide substitution matrix for RNAs

12




(RIBO-SUM) defines alignment scores.

FastR

single

Like a pairwise alignment algorithm that
addresses structural and sequence
conservation. Running time is highly
decreased by preprocessing the target
sequences. Only those targets sharing similar
structural features with the query RNA are
aligned.

Approaches which search for motifs from scratch

SLASH

comparative

Inputs are unaligned sequences. foldalign
defines highest scoring local alignments of
these sequences according to sequence and
structure constraints. COVE creates a SCFG
model from those local alignments and does

database searches.

RNAProfile

comparative

Input is a set of unaligned sequences. Motif is
defined by the number of single hairpins it
may contain. Greedy heuristic to find
sequences in

the input set which share a common motif with

defined number of hairpins.

GPRM

comparative

Genetic programming approach to find
structural RNA motifs that discriminate a set
of input sequences from a set of randomized

sequences

HyPa and HyPaLib

single

A search engine and pattern library for hybrid
patterns", consisting of sequence and structure
elements. The language also includes
thermodynamic constraints. Currently,
however, HyPaLib contains only some 60

patterns.

13




Section 3: Searching for ncRNA structures in genomes

e QRNA [**]is used for searching ncRNAs given two aligned sequences. The key idea
is to test the pattern of substitutions observed in the pairwise alignment of two
homologous sequences using three different probabilistic models: a pair HMM for a
protein-coding RNA, a pair SCFG for non-coding RNAs, a pair HMM for non-
transcribed DNA.

e RNAZz %] classifies multiple sequence alignments as ncRNA sequence or non-
ncRNA based on two components: Z-score, which is the measure of RNA secondary
structure thermodynamic stability, and the structure conservation index ( SCI ), a
measure of the conservation of secondary structure constructed from the input
multiple alignment. The alignment is classified as ncRNA or not by a support vector
machine ( SVM). It is suitable for large-scale genomic annotation whenever alignments
can be obtained, but it requires the input as a structural aligned sequences protein-
coding RNA, a pair SCFG for non-coding RNAs, and a pair HMM for non-
transcribed DNA.

e  The Tree-Decomposition model developed by Yinglei Song and Chunmei Liu is a

novel RNA profile model, which can search for complex structures including

[471 A conformational graph of the consensus

those with pseudoknot structures
structure of a RNA family is specified based on a set of structurally aligned training
data set. Whether there is a significant hit is determined by the Z-score, which is
calculated from the log odds ratio of structural alignment scores to random sequences

with the same base composition. This algorithm has higher sensitivity and

specificity, and is much faster than the Covariance Model.

14



CHAPTER 2
COMPARATIVE BIOINFORMATIVE OF NON-CODING RNA ROX1 AND ROX2 IN
DROSOPHILA
INTRODUCTION
In some mammals and flies, dosage compensation is essential for males to equalize the

expression of X-linked genes between two sexes | **). In Drosophila, the male-specific lethal
complex ( MSL ), which can significantly increase histone H4 acetylation at lysine 16 and cause
chromatin remodeling [*! | spreads along the X-chromosome to up-regulate transcription rate of
X-linked genes about 2-fold [°°J. rox1 and rox2 are non-coding genes discovered in male
Drosophila melanogaster [°'; both of them are located on the X-chromosome with major
transcriptional products 3742 bps [**! and ~581 bps ! ], respectively. It is believed that un-
translated rox1 RNA and un-translated rox2 RNA provide a nucleation site for the MSL complex
to remodel the male’s x-chromosome by covalently modifying the histone H4 *°]. The rox
RNAs join the complex at their synthesis sites in cis [ **]. Deletions of either rox1 or rox2 RNA
produce viable males, but the double deletion leads to a 95% reduction in viability [*>**1. Both
rox1 and rox2 RNAs have several alternative transcribed products by using multiple 5’ and 3’

splicing sites between two exons 71,

rox RNAs are highly unstable unless they are co-localized with MSL proteins [ |
Although rox1 and rox2 lack similarity in their primary sequences, they have redundant functions
in dosage compensation. One possible explanation is that the interaction between the rox RNAs
and MSL complex is not due to simple binding of MSL proteins to the rox RNA sequences; it

may involve some more complicated unknown mechanism. It is possible that there is a core rox

RNA structural element shared by rox1 and rox2, which is important in association with MSL
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complex. Some studies suggest nascent transcripts of rox genes play an important role in

initializing the assembly of MSL complex to the X-chromosome

[59]

Stuckenholz et al [ %) discovered that deletions of 10% of the rox] RNA gene still can

have rox1 RNA function at nearly normal activity level. They also found that ~900 nts near the

5’-end of rox1 RNA is very important to its function; if this region was deleted, rox1 RNA would

completely lose its function. They found a stem-loop structure within the region of ~600 nts near

the 3’-end of the rox1 RNA, this structure is essential to dosage compensation, and showed that

mutations disrupting the stem-loop caused defects in its location and processing. Figure 2.1

describes the series of deletions they created in the rox] RNA gene.

roXi RNA
roX1¢20
roX1 AS
no Transgene
5'roX1

3 roX1
roX1a1
roX1A2
roX143
roX1A4
roX1A5
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n
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136/234
203/413
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70/355
340/522

Rescue Frequency
0% 20% 40% 60% 80%

Il L 1 l

Figure 2.1 Rescue by rox1 deletion constructs. ( Overview of the 5' and the 3' rox1

constructs and deletions rox1 1-rox1 30 ( Stuckenholz, et al., 2003 ). Where rox] RNA gene is

located on the X- chromosome of the position from 3752978 ~ 3756719; while rox1 RNA ¢20 is
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324 nts shorter than rox1 RNA from the 5’- end and located on the X- chromosome of the
position from 3756442 ~ 3756719. The rescue frequency was defined as the ratio of males to
their respective sisters when roX1™ roX2" females were crossed to males carrying a y+ X-
chromosome and a roX1 transgene balanced by either CyO or TM3, depending on whether the
insertion of the transgene was on the second or third chromosome.( For details see original paper

at http://www.genetics.org/cgi/reprint/164/3/1003 and supplements at

http://www.genetics.org/supplemental/ ).

It is a challenge to investigate the causes of redundant function of rox1 and rox2 RNAs.
Since their primary sequences are not homologous to each other, traditional comparative analysis
of sequence alignment doesn’t work well. Computational approaches have been successfully
used in classifying RNAs with the same or similar functions, where they do not have similarities
in their primary sequences, but they share some common conserved secondary structures. The
RNAz **1 and RNAalifold programs ' *’! are designed for constructing the consensus structure
among aligned sequences. They consider both thermodynamic stability and sequence covariation

The aim of this study is to explore the possible mechanism of functional redundancy
within the rox1 RNA gene, to see if there is a similar structure shared by rox1 and rox2 RNA:s,
using a bioinformatic approach. As part of this, we identify new members of the rox RNA gene
family in the other Drosophila species, simulans, erecta, yakuba, and sechellia.
MATERIALS AND METHODS

e Blast search for homologs of rox1 and rox2 genes in Drosophila other species
We used rox1(gi:1835653) with a sequence length of 3742 nts and rox2 ( gi:1835654 )

with sequence a length of 1293 nts ( downloaded from http:// www.ncbi.nlm.nih.gov ) as query
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sequences to perform blast searches against Drosophila and other sequences in flybase ( at http://
flybase.bio.indiana.edu ). The parameters used were the default parameters.
e Multiple sequence alignments
We selected candidate hits with p-value < 0.02 from simulans, erecta, yakuba, and
sechellia species, then used these hit sequences as inputs to perform multiple sequence
alignments by CLUSTAL W (1.83) program ( at

http://www.genebee.msu.ru/clustal/advanced.html ). Based on the initial results of alignments,

we expanded each hit region in both directions to get a longer conserved alignment , then
checked the alignments with the CLUSTAL W ( 1.83 ) program, identifying highly conserved
homologs of rox1 and rox2 gene. The default parameters were used in the CLUSTAL W ( 1.83)
program.
e RNA Structure Prediction
We selected candidate conserved 3’end sequences of rox1 and rox2, performed a
CLUSTAL W (1.83) alignment, then used the best alignment region ( ~200nts ) as an input file to

run the RNAalifold &7 program ( http://rna.tbi.univie.ac.at/cgi-bin/alifold.cgi ). The parameters

used were the default parameters.
RESULTS
1. The functional redundancy within rox1 RNA is not due to some sequence similarity
within rox1 RNA
According to Stuckenholz et al’s (2003) report that deletions of 10% of the rox]1 RNA
gene still can keep rox1 RNA function at nearly normal activity level and ~900 nts near the 5’-
end of rox] RNA is very important to its function, we looked for the possible reasons of

functional redundancy within rox1 RNA near 5’-end. We subdivided the 5’ end of alternative
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rox1 (gi:12657620) gene product with length about 900 nts into three sub-regions that
correspond to Stuckenholz.et al’s experimental analyses.

Sub-sequence-1: 7-271 (264 bps from 5’end of RNA )

Sub-sequence-2: 252-622 (377 bps from 5’end of RNA )

Sub-sequence-3: 586-908 (422 bps from 5’end of RNA )

First, to test whether there is a similar sequence or pattern existing among these three sub-
regions, two methods were applied: Pairwise Blast ( bl2seq ) and Multiple Sequence Alignment
CLUSTAL W ( 1.83). All the parameters used in the programs are default parameters. Both
programs give the same result that there is no significant sequential homology within the 5’-end
of rox1.

Second, we looked for some possible common secondary structures shared by these three

sub-regions. We ran the Mfold program ( http://bioweb.pasteur.fr/seqanal/interfaces/mfold-

simple.html ) for each of the three sub-sequences to investigate the possible functional structures
shared by them. All the parameters used in the programs were default parameters. Most of the
time, the Mfold program will produce multiple structures for a given sequence. For example,
Figure 2.2 displays 3 of the 8 candidate structures produced by Mfold for the sequence rox1-subl
( 7-271), the energy ranged from - 69.30 Kcal/mol to -72.60 Kcal/mol. We can see the energy of
the two structures in panel B and panel C in Figure 2.2 are close to each other, but their structures
were quite different. I picked the most similar structures among these three rox1-sub sequences
after removing overlapping parts, and show the results in Figure 2.3. The red box regions

indicate candidate common structure.
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A dG=-72.60 Kal /mol B dG =-69.50 Kal /mol C dG =-69.30 Kal /mol

Figure 2.2 Predicted structures of rox1-subl ( 7-271 ) by Mfold
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Figure 2.3 Predicted structures of three sub-regions of rox1 RNA from Mfold.

The boxes indicate similar structures

For the next step, we performed a similar experiment by running the RNAalifold

program ( http://rna.tbi.univie.ac.at/cgi-bin/alifold.cgi ) and RNAz algorithm to check if the

predicted common structure shared by these three regions of rox1 RNA is consistent with the
results from Mfold program. We used the default parameters. The RNAalifold program produces
one common structure for a set of aligned sequences. Figure 2.4 is the best alignment of these
three sub-regions from CLUSTAL W ( 1.83 ) obtained by removing overlapping parts among
these three regions. We used these aligned sequences as input sequence to run the RNAalifold

program and RNAz algorithm, and obtained the predicted structure shared by these three regions
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(rox1-subl: 7-271 ; rox1-sub2: 252-622 and rox1-sub3: 586-908 ) as displayed in the Figure
2.5. The red box region indicates a potential common structure shared by these three regions. It

seems that both Mfold and RNAalifold programs produced a similar stem-loop structure.

5 15 23 33 435 33 63 13

roxlsubl ACAGGETTTT CCTETCCGA- -AMAGTAATG TARCGAAAAC -GOTTEAGET G&G-—------ --------- A BATTC-T--G
roxl subZ AGARGCCATT TAGA----AT GCAGGCATCC AGGCARAAAC --CAGALAAC GTGCCTGETGE CAGCTGCAC- --TTCET--G
roxl sub3 AAATTCGACT TCAATTCAAT ACATGTGACC AGATAAACAC AGCTTCAAGC GUA---GTAC TCGCTCCATA GATTCATTAA
ClU.Stal CDnSBnS + % + + + % +t +% + + + tit #

T P I P AT PRI RU Pruvs BRI IR IETETS FRTTY ENTIY PRI R e

85 93 105 115 125 135 145 155

roxlsubl GOCGEAGCEA A----AGAGE CAA--ATGAA CCCAAAGOGT COGCTTETCE CCACTTGC-G TTTCGARALG ACGUETACGC
roxl subZ GOCTTEACGA GTCCOGACAE TAG--AMAAL CCCTGHGAAC CTAAC----- CCARATG--G CTTATAGGGE TTHEAC-TEG
roxl sub3 ACCTTAATGA ACACAAGAAL CACTCAAAAR GTAAGAGATT CCOGCC----- TEAGCTECAL TTCTTAAGGS TEECET-C--
Clustal CDnSBnS *% *k * + * * * * + * % * * * *

T P T S AT FET

165 175 185

roxlsubl ATACCTCTAT COGATGCATG TGECGETACG Co
roxl subZ Al=—mm———- T CAGETAGGCE AMG----TCC CC
roxl sub3 =T-==---- T CEAGGCATCE AMG----ACG CG
Clustal Conzens i @ @

Figure 2.4 Alignment of three sub-regions of rox1(rox1-subl: 7-271; rox1-sub2: 252-622; rox1-

sub3: 586-908) from CLUSTAL W ( 1.83).
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Figure 2.5 Common structure shared within 5’-end of rox1 RNA. ( Partial output from RNAz:
Sequences: 3 (number of input sequences ); Columns: 174 ( length of input sequences, including
gaps ); Consensus MFE: -2.38 Energy; Mean pairwise identity: 38.1 ( average of identity
between two sequences ); Structure conservation index: 0.05; Mean z-score: -1.53 ;

Mean single sequence MFE( average of minimum free energy for each sequence): -49.45; SVM
RNA-class probability: 0.282826 ( predicted probability of functional structure by RNAz ) where
the nucleotides in the circles mean non-conserved nucleotides.The box indicates potential
common conserved structure.

2. ldentify candidate members of rox RNAs family in other Drosophila species
It has been widely reported that non-coding rox1 and rox2 RNA are involved in dosage

compensation in male Drosophila melanogaster, but it hasn’t been reported if rox1 and rox2
RNAs also exist in other Drosophila species. Here, we applied comparative bioinformatic

methods to identify putative rox1 and rox2 RNAs in other Drosophila species as a prelude to

consensus structure prediction.
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We did a blast search for new members of the rox1 and rox2 RNA family in other

Drosophila species with query sequences of Drosophila melanogaster rox1(gi:1835653) and

rox2 (gi:1835654 ) in flybase (at http://flybase.net/blast/ ); we found some highly conserved

homologues of rox1 and rox2 RNAs, respectively, and estimated the length of candidate rox

RNAs according to the extent of conservation ( see Figure 2.6 and Figure 2.7 ). The boxes of

subl, sub2, sub3, sub4, sub5 and sub6 indicate the conserved regions of rox]1 RNA; the average

of the mean pairwise identity of these regions is 0.89 among Drosophila species. Similarly, the

subl and sub2 regions of rox2 RNAs have mean pairwise identity of 0.91 and 0.93 respectively.

The solid lines show the regions that have a lot of sequence variation and the dashed lines show

the rox1 RNA sequence with full length of 3742 nts and rox2 RNA sequence with length of 581

nts in Drosophila melangoster.

melanogaster
3742 nts

sechellia
3722 nts

erecta
3727 nts

simulans
4172 nts

yakuba
3692 nts

3742 nts
sub4
subl sub2 sub3 sub5 sub6
¥ X
H —1 Il [ I —

| — | Il I —
H — Il 11—
[l | I[ I[ H —

Figure 2.6 Candidate rox1 RNAs in Drosophila simulans, yakuba, sechelli, and erecta
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melanogaster
581 nts

sechellia I— | -

543 nts

simulans -
— —

524nts

yakuba
538 nts

Figure 2.7 Candidate rox2 RNAs in Drosophila simulans, yakuba, sechellia
3. There are some common conserved predicted structures of rox RNAs shared
among different Drosophila species

We picked the sub2 region of rox] RNA as described in Figure 2.6. The alignment was
performed by the program clustalw( 1.83 ) ( Figure 2.8 ).We used this set of aligned sequences to
run the RNAalifold and RNAz programs, and obtained a predicted common consensus structure
for this region.( Figure 2.9 ). Since the RNAz algorithm works better with input sequence length
less than 200 nts, we shortened the sequences by removing 130 nts from 3’-end and removing 20
nts from 5’-end from the alignment in the Figure 2.8, then re-ran Clustalw ( 1.83 ) to obtain the
alignment described in Figure 2.10. There is no significant difference between these two sets of
alignments except the length of aligned sequences. We used the alignment showed in Figure 2.10

to run RNAalifold program and obtained the predicted structure shown in Figure 2.11.

25



melanogaster-roxl- subZ
simulans-roxl-sub?
sechellia-roxl-sub?
erecta-roxl-subZ
yakuba-roxl-subl
Clustal Consensus

melanogaster-roxl- subZ
simulans-roxl-sub?
sechellia-roxl-sub?
erecta-roxl-subZ
yakuba-roxl-subl
Clustal Consensus

melanogaster-roxl- subZ
simulans-roxl-sub?
sechellia-roxl-sub?
erecta-roxl-subZ
yakuba-roxl-subl
Clustal Consensus

melanogaster-roxl- subZ
aimulans-roxl- subl
sechellia-roxl-sub?
erecta-roxl-subZ
yakuba-roxl-subl
Clustal Conzensus

melanogaster-roxl- subZ
aimulans-roxl- sub?
sechellia-roxl-sub?
erecta-roxl-subl
yakuba-roxl-subl
Clustal Conzensus

RN —_—

i
TCTGECAAGA
TAAGGCAAGE
TAAGGCAAGE
TAAGGCAAGE
TAAGGCAAGE

LR LT

.
4
AAGCCATTTA
AAGCCATTTA
AAGCCATTTA
AAGCCATTTA
AAGCCATTTA

LR R LR SR

-

145
TTEACGAAT
TTEACGAAT
TTEACGAAT
TTEGEACTC
TTEACGACTC

*hE kEE +F

P
213

B I R
13 23

TETAGCETCA AAAGAAMATT
TETAGCETCA AAAGAAMATT
TETAGCETCE AAAGAAMATT
TECAGCCTCT AAAGAAMATT
TETAGCCCCT TAAGAAMATT

LE NN 2] * LR LR L]

A I N
84 23

ed|
33
TATCARACGE
CATCGAACGE
CATCGAACGE
CATCGAAAGE
CATTGAACGE

+* L ]

-
105

.

45
CATTGCCATC
CACTGCCATC
CACTGCCATC
CATTGCCATC
CATTGCCATC

LR X R

R -
115

GAATGCAGGD ATCCAGGCAL AMACCAGAAA ACGTGCCTGT
GAATGCAGGD ATCCAGGCAL AMACCAGAAA ACGTGCCTGT
GAATGCAGGD ATCCAGGCAL AMACCAGAAA ACGTGCCTGT
GAATGCAGG. ATCCAGSCAL AMACCAGAAA ACGTGCCTGT
GAATGCAAGD ATCCAGSCAL AMACCAGAAA ACGTGCCTGT

ThEEEEE £F bEEEEEii L4

aooloooal ooooloooo)
133 1635
CEGACAGT AT AAAMACTCTG
CoGACAATAG AG--ACCCTG
CoGACAATAG AG--ACCCTG
CEGACAATAG AG--GLOCTG
CoGACAAGAS AG--ACICTG

ThELEE L LR L]

ann [oooal oooo|laooo)|
225 235

CAGGTAGGD: AAGTCCCCGA AAACCGAGHT
CAGGTAGGD: AAGTCCCG-A AAACCGAGHT
CAGGTAGGD: AAGTCCCG-A AAACCGAGHT
CAGGTAGGG ARGTCCCCGE AAACCGEAGHD
CAGGTAGGD: AAGTCCCCGA AAACCGAGAC

LR R LR SR

P
283

+ ki EEd * oktk i AEE 4

ann [oooal oooo|laooo)|
295 3035

LR R LR E]

aoalloaao]

175
FEAACCTAAC
FEAACCTAAC
FEAACCTCAC
FEAACCTAAC
FEAACCTAAC

thEELEE A4

aoalloaao|

245
TACATTCTTG
TACATTCTTG
TACATTCTTG
TACATTCTTG
TACATTCTTG

LR R LR E]

aoo|laoao|
Billy

FECEECATG: CTAAGTGGAY ACTTCTCGTA AGAAACTCTT
FECEECATG: CTAAGTGGAY ACTTCTCGTA AGAAACTCTT
FECEECATG: CTAAGTGGAY ACTTCTCGTA AGAAACTCTT
FECGECATEE CETAGTGEAL ACTTCTCGTA AGAAACTCAT
FECEECATG: CETAGTGGAY ACTTCTCGTA AGGAACTCTT

LR R LR SR

LR IR i ]

LR LR ]

LR LR EE]

Qooollooon

1335
CCAAATGGCT
CCAAGTGEECT
CCAAGTGEECT
CCAAATGECT
CCAAATGGCT

thtd L H

aoallooao|

2535
CCACCECTGE
CCACCECTGE
CCACCECTGE
CCACCEETGE
CCACCECTGE

LR LR EE]

aoallooao|

325
CCCEEAGGAG
CCCEEADGAG
CCCEEAGGAG
QO GEARGAG
CCCEAAGGAG

thtd L H

S I I
35 B3

ATCETGCAAC AATCCCAAAG
ATCG-CAGGE AATCCCAAAG
ATCG-CAGGE AATCCCAAAG
ACCG-CAGTC AATACCAAAG
ACTA-CAGAC AATTTCAAAG

+* * o+ ThEk i

R [ I P
1Z25 133
GECAGITGECA CTTCETGECC
GECAGITGECA GTTCETGECC
GECAGITGECA GTTCETGECC
AFCAGCTECA GTTCETGEECC
ACCAGCTGCA GTTCETGEECC

it EE A LR R EEE L]

ann|laaaal aooolaonn|
185 205

CATAGEGETT GEACTEGACT
TATAGFGETT GEACTEGACT
TATAGFGETT GEACTEGACT
TATAGFGETT GRACTHGACT
TATAGFGETT GEACTEGACT

ThEEdEEEE dEEd ki L bS

aoo | joooo | oooollaooe|
263 273
TAAATCGATC ATCAGTCTTT
TAMATCGATC ATCAGTCTTC
TAMATCGATC ATCAGTCTTC
TAAATCGATC ATCAGTCOSTC
TAAATCGATC ATCAGTCGTC

dhEd kb dd dEEE AL 4

= 3 =3 3 3 3

Figure 2.8 Sequence alignments of rox1-sub2 region among Drosophila Melanogaster, simulans,

sechellia, erecta, yakuba
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Figure 2.9 Predicted common consensus structure for rox1-sub2 region among Drosophila
melanogaster, simulans, sechellia, erecta, yakuba from the RNAz.

( Partial RNAz output: Sequences: 5; Columns: 331; Mean pairwise identity: 93.16; Mean single
sequence MFE: -106.46; Consensus MFE: -90.42 Energy; Mean z-score: -1.33; SVM RNA-
class probability: 0.6599 )
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Figure 2.10 Shortened sequence alignments of rox1-sub2 region among Drosophila

melanogaster, simulans, sechellia, erecta, yakuba
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Figure 2.11 Predicted common consensus structure for shortened rox1-sub2 region among
Drosophila melanogaster, simulans, sechellia, erecta, yakuba from the RNAz.

( Partial RNAz output: Sequences: 5;Columns: 181; Mean pairwise identity: 92.35;
Mean single sequence MFE: -49.39; Consensus MFE: -44.06; Mean z-score: -0.98;

SVM RNA-class probability: 0.267851)

4. We found there is potential small common consensus structure near the 3’end
shared by both rox1 and rox2 RNAs
Previous studies indicated that nascent synthesized rox RNAs play an important role in
initializing the MSL complex assembly and binding to the X-chromosome, so we proposed that
there could be a common structure shared by rox1 and rox2 RNAs. We aligned rox1 and rox2
RNAs near the 5’-end ( ~200 nts ) among several Drosophila species by running Clustalw (1.83)

program, but we failed to find significant homologues in their primary sequences. In addition,
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the 3’-ends of rox RNAs are also very important to their function, so we looked for a potential
common structure for rox1 and rox2 RNAs around this region. Similarly, we aligned the 3’-end
of rox] RNA and rox2 RNA ( ~100 nts ) among Drosophila species using the Clustalw ( 1.83)
program. We obtained two sets of alignments (see Figure 2.12 and Figure 2.13), the only
difference between these two sets of sequences is that the second set has three additional
sequences of rox1- erecta, rox1- sechellia and rox1- simulans; then we used these two sets of
aligned sequences to run RNAalifold and RNAz programs, obtaining a common structure
predicted to be shared by both rox1 and rox2 RNAs (Figure 2.14).

Although these two sets of sequences yielded the same structure, their RNAz outputs are
quiet different, especially the prediction probabilities were reduced from 0.920797 with 6

sequences to 0.6523 with 9 sequences.

5 15 éd 23 45 5 £

moxl-melanogaster TarbaCTT & CTEATCRACE TTCTACECAE TTCTT ARA2E FATGTTGARE THAACACAGC CAALGCALET
roxl-yakuba TarbACTT & CTEATCRACE TTCTACECAE TTCTT ARAAC ATGTT2AA24 THAATACAAC [AATGCALFT
Loxf-melanogaster CAACATTOT A CAARTCACAL TRCAZACT G2 AGTCTTAAAE GACKTGTA2& ATGTTRCAZA TTAARCAAALT
roxZ-sechell ia CAACATTGT & CAAGTCACAL THCAZACT G2 AGTCTTAARZE GACKTGT A2& ATGTTRCAZA TTRARCAALT
Loxi-erecta CAACATTGT & CAAGTCACAL THFAAZACT 2% AGTCTTAARE GACKTGT A2A ATGTTRCAZA TTAARCAALT
o ~yakuba CAACATTGT A CRAGTCACAL THAGRLACT 2% AGTCTTAAAE GACKTGT A2A ATGTTRCAZA TTAARCAAAT
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roxl-melanogaster 4Ah33----T CTGTGGA-a3 CETTATACEY: ATCTTCACCE A
roxl-yakuba 4A323----T GTRTGAA-A% CRTTATACRY: ATCTTCACCE &
moxi-melanogaster ATATATGLAT ATATGGRT A% CETTTTACGC GCCTTAACCE G
roxZ-sechell ia ATATATGLAT ATATGGRT A% TETTTTACGC GCCTTAACCE G
Ioxi-erecta ATATATGLAT ACATGGRTAL CETTTTACEC GCCTTAACCE G
roxi-yakuba ATATATGLAT ATATGGRT A% CETTTTACGC GCCTTAACCE G
Clustal Conman=us * * Tt T hTh bEEe TEE EEEE

Figure 2.12 Alignment of the 3’-end of rox1 and rox2 RNAs ( rox1-melanogaster, rox1-yakuba;

rox2-melanogaster, rox2-sechellia, rox2-erecta, rox2-yakuba)
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TALAAACTTG CTGATCAACG TTCTACGCAG TTCTTAARAL GATGTTGAAL TGAACACAGC CAAAGCAAGT
TasARACTTG CTGATCAACG TTCTACGCAG TTCTTAARAL GATGTTGAAL TGAACACAGC CAAAGCAAGT
TAAARACTTG CTGATCAACG TTCTACGCAG TTCTTAGAAL GATGTTGAAL TGAACACAGC CARAGCAAGT
TALAAACTTG CTAATCAACG TTCTACGCAG TTCTTAARAL GATGTTGAAL TGAACACAAC CAATGCAAGT
TAsARACTTG CTGATCAACG TTCTACGCAG TTCTTAARAC ATGTTAAAAL TGAATACAAC CAATGCAAGT
CAACATTGTA CAAGTCGCAR TGCAAACTGA AGTCTTAAAL GACGTGTAAL ATGTTGCAAE TTAAGCAAAT
CAACATTGTA CAAGTCGCAL TGCAAACTGA AGTCTTAAAL GACGTGTAAL ATGTTGCALE TTGAGCAAAT
CAACATTGTA CAAGTCGCAA TGAAAACTAA AGTCTTAAAM GACGTGTAAL ATGTTGCAAL TTAAGCAAAT
CAACATTGTA CGAGTCGCAL TGAGAACTAA AGTCTTAAAL GACGTGTAAL ATGTTGCALL TTAAGCAAAT

L * * %% * it * EELE I
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AbpAR----T GTETGEA-AA COTTATACGA ATCTTCACCA A
AAAAR----T GTOTGGA-AA COTTATACGA ATCTTCACCA A
AAMAR----T GTGTGEA-AA CETTATACGA ATCTTCACCA A
AhdAR----T GTETGEA-AA COTTATACGA ATCTTCACCA A
AAAAR----T GTOTGAA-AM COTTATACGA ATCTTCACCA A
ATATATGCAT ATATGEGTAA COTTTTACGC GCCTTAACCA &
ATATATGUAT ATATGGGTAA TETTTTACGC GCCTTAACCA &
ATATATGUAT ACATGGGTAA COTTTTACGC GCCTTAACCA G
ATATATGCAT ATATGEGTAA COTTTTACGC GCCTTAACCA &

L + % LR L ThE FEET

Figure 2.13 Alignment of 3’-end of rox1 and rox2 RNAs (rox1-melanogaster, rox1-simulans,

rox1-sechellia, rox1-erecta, rox1-yakuba; rox2- melanogaster, rox2-sechellia, rox2-erecta, rox2-

yakuba)
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Figure 2.14 Predicted common structure shared by 3’rox1 and rox2 RNAs.

( Partial RNAz output Sequences: 6; Columns: 112; Consensus MFE: -8.80 Energy;

Structure conservation index: 0.37; Mean pairwise identity: 73.14; Mean single sequence MFE: -
23.96; Mean z-score: -2.34; SVM RNA-class probability: 0.920797.Where the nucleotides in the

circles mean non-conserved nucleotides. The box indicates potential common conserved

structure)
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CHAPTER 3

CONCLUSIONS AND FUTURE STUDIES

In some mammals and flies, dosage compensation is essential for males to equalize the

L8] Tn Drosophila, the male-specific lethal

expression of X-linked genes between two sexes
complex ( MSL ) spreads along the X-chromosome to up-regulate transcription rate of X-linked
genes about 2-fold. It is believed that un-translated rox1 RNA and un-translated rox2 RNA
provide a nucleation site for the MSL complex to remodel the male’s X-chromosome by
covalently modifying the terminal tails of histone [*’) . The rox RNAs join the complex at their
synthesis sites in cis. Simultaneous mutation of both rox genes can cause a striking male-specific
reduction in viability.

In Stuckenholz et al’s study ( 2003 ), they deleted 10% of the rox] RNA gene and found
that rox1 RNA still can function at nearly normal activity level, but the mechanism is unknown.
We explored possible reasons for functional redundancy within rox1 RNA in the 900 nts near the
5’-end. The results from Pairwise Blast ( bl2seq ), Lalign [®") and multiple sequence alignment
by CLUSTAL W ( 1.83) all indicated that there is no significant sequential homology within the
5’-end of rox]1 RNA. We can conclude that the functional redundancy within rox1 RNA is not
due to some sequence similarity within rox]1 RNA. The RNAz program predicted there is a stem
loop structure shared by these three sub-regions ( see Figure 2.5 ). The redundant function of the
rox1 5’-end ~900 nts may be due to a stem loop structure with weak signal; the predicted
probability of the functional structure ( SVM RNA-class probability ) by RNAz is 0.282826. It

might be worth testing the function of this stem loop structure by changing base pairs to disrupt

the stem to check if rox1 RNA still can function normally.
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rox1 and rox2 RNAs show functional redundancy in dosage compensation although they
lack similarity in their primary sequences. This redundant function may be related to a potential
core rox RNA structural element shared by rox1 and rox2. Previous studies uncovered the
observation that nascent rox RNA transcripts play an important role in initializing the assembly
of MSL complex to the X-chromosome [**] We aligned rox1 and rox2 RNAs near the 5’-end (
~200 nts ) among several Drosophila species, but we failed to find significant homologies in
their primary sequence. In addition, the 3’-ends of rox RNAs are also very important to their
function, We aligned the 3’-end of rox1 RNA and rox2 RNA ( ~100 nts ) among Drosophila
species and obtained a predicted common structure ( see Figure 2.14 ), which is shared by both
rox1 and rox2 RNAs with high a probability of 0.920797. This common consensus structure ( a
double internal loop ) was produced by the RNAz program. We observed that the number of
input sequences had a big effect on the prediction probabilities, such as the SVM RNA-class
probabilities were reduced from 0.920797 with 6 sequences to 0.6523 with 9 sequence even
though the two sets of alignments are almost the same ( see Figure 2.12 and Figure 2.13 ). Thus,
a
limitation of this program is that RNAz works well for alignments with sequence less
than 6.

Although non-coding rox1 and rox2 RNA have been widely studied in Drosophila
melanogaster, it hasn’t been reported if rox1 and rox2 RNAs also exist in other Drosophila
species. Here, we identified putative rox1 and rox2 RNAs in other Drosophila species ( see
Figure 2.6 and Figure 2.7 ) . The conservation of nucleotides in their primary sequences is very
high among several Drosophila species. The average mean pairwise identity of sub1 (256 nts

described in Figure 2.7) and sub2 (187 nts described in Figure 2.7) of rox2 RNAs among
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Drosophila melanogaster, simulans, yakuba, sechellia is up to 0.92, and 443 nts out of a total
581 nts of the major product of rox2 RNA were very conserved. Similarly, we found that 3613
nts out of a total of 3742 nts of rox]1 RNA were conserved and the mean pairwise identity was as
high as 0.89 among Drosophila melanogaster, simulans, yakuba, sechelli and erecta.

Future experiments should include RT-PCR to confirm our prediction of these candidate
RNA members of rox RNA gene family in Drosophila species. The method would be applied as
described in Smith et al’s paper ( 2000) [ ®*1. A forward primer for rox2 RNA is 5’-
GGTAGCTCGGATGGCCATCGAAAGGGTA-3’, and a reverse primer is 5’-
GACTGGTTAAGGCGCGTAAAACGTTACC-3’. For the rox] RNA, we can use following
three pairs of primers: forward primers are 5’-
GGCTAAGTGGAAACTTCTCGTAAGAAACTC-3’; 5’-CCCAGAAGAAACTGCCACTGC-
3’; 5’- CCCAGAAGAAACTGCCACTGC-3’, and reverse primers are 5’-
TGAATCCCGGGTGGATACGATTGTAG-3’; 5’- AATGTCCCTTTTCGAGCG-3’; and 5°-
TCCGCGAGGCTCCAAGTTTCG-3’ respectively.

We ran the RNAalifold and RNAz programs for each conserved sub-region of rox RNAs
in Figure 2.6 and Figure 2.7, and we obtained the predicted the common conserved structures of
rox RNAs shared among different Drosophila species. We only listed the results of rox1-sub2
region here (see Figure 2.9 and Figure 2.11) because although most regions are very conserved,
there is still some variation within this region. We also noticed that the SVM RNA-class
probability was reduced from 0.6599 to 0.267851 as the same set of alignments shortened ( see
Figure 2.8 and Figure 2.10 ); the RNAalifold algorithm is sensitive to the length of the

alignments and usually works well with the sequences length less than 200 nts.
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It difficult to evaluate the prediction result of RNA secondary structure from various kinds
of software because the predicted structure is highly dependent on the length of the RNA
sequences and the base composition. The correct prediction rate of the widely applied Zuker’s
Mfold is still not high since there are not enough experimental thermostable parameters available
to build models. It is also difficult to choose among the multiple output predictions. To confirm
the results from the RNAalifold program, I also ran a similar program, the RNAz algorithm to
predict the common structures shared by several Drosophila species. The RNAz algorithms can
detect evolutionarily conserved and thermodynamically stable RNA secondary structures from
multiple sequence alignments. The results of the RNAz can be affected by several factors, so
how to determine a reliable conclusion based on the RNAz output is complex. From the results
described above, we can see the SVM-RNA class probability is very sensitive to the number of
sequences in an alignment and the length of an alignment. Here will discuss several factors that
influence the interpretation of if a set of aligned RNA sequences containing a common consensus
structure ( see RNAz Manual ).

( 1) The Structure Conservation Index ( SCI ) measures the structure conservation, which
is the ratio of consensus RNA structure Minimum Free Energy ( E4 ) to individual single RNA
structure Minimum Free Energy ( E ), SCI = Ea/E. SCI depends on the number of sequences in
the alignment and mean pairwise identity. The RNAz works well for an alignment limited to 6
sequences. When the SCI is above or close to the mean pairwise identity, this indicates a strong
signal that the structure is a conserved fold. For example, an RNAz output with the mean
pairwise identity of 0.95 and SCI of 0.80 doesn’t mean the structure is more conserved than a set
of alignment with same number of sequences with mean pairwise identity of 0.60 and SCI of

0.75. (2 ) The z-score of Minimum of Free Energy is not strictly normally distributed, but a z-
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score below -3 usually indicates a very stable structure. In the meanwhile, for a given z-score, the
higher the mean pairwise identity of the alignment is, the higher false positive will be. An
alignment with mean pairwise identity of 0.95 is more likely to obtain a z-score of - 4 by chance
than an alignment with mean pairwise identity of 0.70. ( 3 ) The SVM RNA-class classification
probability is also called the “decision-value”, this value is not a P-value since there is no
underlying statistical model applied. The RNAz program uses an ad hoc machine learning
machine to calculate this classification probability. It is hard to say a prediction with a SVM
RNA-class classification probability of 0.95 is more reliable than a prediction with a SVM RNA-
class classification probability of 0.90 without considering other factors. The limitations of
applying RNAz are that RNAz could produce reliable prediction of the RNA structure for a set of
alignment only when: the number of sequences in the alignment around 5 or 6, but no more than
6; the length of sequences is less than 200 nucleotides; the mean pairwise identity of the
alignments is around 0.80, but no less than 0.60.

Our prediction of the common structure shared by rox1 and rox2 near 3’-end , a double
internal loop structure, is a significantly statistical signal since the z-score is as low as -2.34,
mean pairwise identity is 0.73 and SVM RNA-class probability is 0.92 except the SCI is a little
low as 0.37. All these features suggest it might be worth doing an experiment to test this

63, 64 Iy
+ %1t confirm our prediction, where

structure. We could use the in-line probing assay method !
we will label the 5’-end of rox RNAs with > P and use RNase T, to digest the RNAs of
Drosophila species sequence, then run a gel to resolve the fragments.

My experience with these programs suggests the RN Aalifold and RNAz can produce

structural predictions that are worth performing lab experiments to test.
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APPENDICES

A. The alignment of subl- rox] RNAs among Drosophila Species Clustalw (1.83)
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C. The alignment of sub3- rox1 RNAs among Drosophila Species Clustalw (1.83)

roxl-sub3-melanogaster
roxl-sub3-simulans
roxl-sub3-sechellia
roxl-sub3-erecta
roxl-sub3-yakuba
Clustal Consensus

roxl-sub3-melanogaster
roxl-sub3-simulans
roxl-sub3-sechellia
roxl-sub3-erecta
roxl-sub3-yakuba
Cluztal Consensus

roxl-sub3-melanogaster
roxl-sub3-simulans
roxl-sub3-sechellia
roxl-sub3-erecta
roxl-sub3-yakuba
Zlustal Consensus

roxl-sub3-melanogaster
roxl-sub3-simulans
roxl-sub3-sechellia
roxl-sub3-erecta
roxl-sub3-yakuba
Clustal Consensus

roxl-sub3-melanogaster
roxl-sub3-simulans
roxl-sub3-sechellia
roxl-sub3-erecta
roxl-sub3-yakuba
Clustal Consensus

roxl-sub3-melanogaster
roxl-sub3-simulans
roxl-sub3-sechellia
roxl-sub3-erecta
roxl-sub3-yakuba
Clustal Consensus

roxl-sub3-melanogaster
roxl-sub3-simulans
roxl-sub3-sechellia
roxl-sub3-erecta
roxl-sub3-yakuba
Clustal Consensus

eeend
5
GCTACTSATA
GCTACAGATA
FOTACAGATA
FCTACAMCTA

GUTAGAGCTA
LR +*

o]
75
ACCCCA-——-
DECCEA-——~
TCCCCA————
TCOCCCAGCCC
TCCCCASCCC

ok o

ag] |
145
GCATTACTCE
CCAGTACTCE
CCAGTACTCE
GCAATACTCE

CCAATACTCG
£% kEE A d

| e |

215
CECCTEAGEET
CEZCTEAGEET
CECCTEAGCT
CACCTEAGCT
CACCTZAGCT

 FEFFEEL L

o L—
Z85
AAGTEETECE
AAGTEETECE
AAGTEETECE
AAGTEETECE

AAGTEETECE
R R

R

355
CAGACCTACAE
CAGACCTACA
CAGACCTACA
CAGACTTA-Z
CAGACTTACG

tEEEE £ &

e el |
4z5
GAAAACGCTT
GAAAACGCTT
GAAAACGCTT
GAAAACECTT
GAAAMCECTT

EEEEE RS EEE]

e
15
GEETGACCTA
GEGAGACCTA
HEEAGACCTA
HHZAGACCTA

GHEAGACATA
+hE ok kF ok

Sl
85
—ACCTTAAMA
—ACCTTALLA
—ACCTTALLL
CACCTTALLL
CACCTTALL A

LR EREEE ]

i, Fanaa
155
CTCCATAGAT
CTCCATAGAT
CTOCATAGAT
CTTCATAGRAA

CTCCATAGAA
+4 kAt A

o s

225
GUAATTCTTA
GUAATTCTTA
GUAATTCTT
GUALATTCTTC
GUAATTCTTC

*hkEEE rE E L

T p—
Z95
AGTGETGCAL
AGTGETECAL
AGTGETECAL
AGTGETECAL

AGFTEETECAL
thEEE b AT

R

365
ARGACCCTAT
AAEACCCTET
AAGACCCTET
GAGACCCTAT
ARGACCCTAT

LR ]

i |
435
GAGGETGEEGEE
GAGATGEGAMLL
GAGATGEGAMLAL
GAGATEEALL
GAGATGEALA

FEF O

et
25
ACGCARCAGT
ACGEARCAGT
ACGTAACAGD
ACGTAACCED

ACGCAACAGT
tkh HEE HF

e
95
ATTCEACT-——
ATCCEACT-——
ATCCEAECT——
ATCTEACTCC
ATCCETCTCC

& * k%

a2

165
TCATTAARCT
TCATTAARCC
TCATTAAACT
TCATTAAMACT

CCATTAAACC
[EE 2]

s

235
AFGET--GE0
T -0
CAATTCTEEC
CEEET- -0

CEEET- -GG
+ ok

| [ —|

305
CTTETECCAT
CTTETECCAD
CTTETECCAT
CTTETECCAT

CTTEAGCCAC
trdd kAt Ed

R T

375
GEOCCATARR
FFOCCATARR
FCAGATARR
GEOCCATARA
GEOCCATARS

& & *EE &

wrwa |G|

445
GTTCTEECCE
AGTCTEECCE
AGTCTEECCE
AGTCTEACTE
AGTCTEACTE

FEEE FE

48

el
35
AALCGASATST
AGCGASATST
AGCGEAGATET
ACCEAAACGET

ACCGAGATAT
+ okEkE o+ ok

e

105
TCAATTCA-T
TCAATTCAAT
TCALTTCAAT
TCALTTCAAT
TCAATTCAAT

kkEtkkrrr &

s i |

175
TTAATEZARCA
TTAATGARCT
TTAATEALCT
TTEATEALGD

TT A TEALGT
4+ kEE

sl el

245
FTCTTOEASS
FTOTTOA S
GTOTTCEAGS
GTOTTCEAGS
GTCTTOEAGS

LR ]

R | —

315
TECOCAGCEER
TEOCAGCEER
TEOCAGCEEN
TEOCAGCEEN

TEOCAGCEEA
IR R Y

A

385
GLOGEACAGS
T EA A
TS AR
T A SEEHFEE
TOCAGEEEE

% * *

| e |

455
GAACGARRGR
GAACGAARGR
GAACEAARGR
GAACGAALEA
GAACGAALGERA

EEEE R E R EE]

R
45
GCTCCATCGS
GOTCCATCGS
GOTOCATC
GTTCCAAC G

GTTCCATCGS
+ kkdE kA

s s

115
ACATETEACT
ACATETEACT

ACATGTEACT
ACATGOEACT

* *

s ingy

135
CAAGAA AT AT
CARGAA AT AT
CANGAAACAT
AANGAMANCCA

AARGTAACCE
+E+ ki E

| [

255
CATOEAAGAD
CATCEAAGAT
CATCEA AT
CATCEA AT
CATCGAAGRR

*rEEE AL L

S —

3E5
GTEEATEA G
GTEEATEA G
GTEEATEAGT
GFTEEATEACT

GTEGATGATT
IR

R T

395
G-——-TTTTCC
FAALATACTCC
FAAATACTCC
GOALTECTCC
GCAATACTCD

* * * &+

B Chd
BEAGCCUCAL

+* * £+

een
55
GCAGTEATAL
GCAGTEATAL
AT ZATAL
FCAGTZACAL

GUAGTGACAR
krt kb kA

e |

125
AGATAANCAT
AGATAAGCCTC
AEATAEAGCCC
AiEh A CACAC
AGA A CAECRT

o * *

e | i |
195
TEAALALGTA
TAAAMNACETA
TCAAAAMGTA
TCAAMNAMNGTA

TCARARRGTA
£ tEtd o+ ok

o

265
FOEECTATCC
FEEOTATCT
GFOGEEOTATCT
GFOGEECTETCT
GCGECTSTCT

tEEkrx 4

S | ——
335
CCCATATARR
CCCATATARR
CCCATATAMY
CCCATATAML

CCCATATARL
IR

T

405
TETCCEh AR L
CEIC0EAARL
QGO0 ARL
TEOCOEEAR R
CGCCDGEARL

* *** EE

e ||
475
ATGAACCC-A
ATGAACCC-A
ATGAACCC-A
AGEAGCCOCA
AGEAGCCCTA

* ++ *E+ &

et
65
CTTCTTEEEA
CTTCTTEEEA
CTTCT T A
CTTCT A

CTTCTEEECA
ththkk FEE A

s eEani

135
AGTTTCANT
AGTTTCANT
AGCTTOA AT
AGCTTOA AT
AGCTTCAMST

FhEEk rh kbt

et
Z05
AGAGATTCTT
AGAGATTCTT
AGAGATTCTT
AGAGATTCTT

AGAGATCCTC
EE L E LT X

relree

275
(AAGEAGTEA
(A AGATEA
A AGAGCEL
AL ATAGCEL
CAAAGAGOGA

*E+E L

N L —
345
CTEAACCTTS
CTEAACCTT S
CTEAACCTTE
ATGANCCTTE

ATAAACCTT
£ tkEtE it

R

415
GTAATGET AL
GTAATEA AT
GTAATEAALC
GTALGEE AL C
GTAAGERE AL

*E+ & * k£ &

]|
485
AAGCETCOEC
GAGCGTC O
GAGCGTCCGE
GAGCATTCGT
GEAGCATTCGC

*++ * *++



roxl-sub3-melanogaster
roxl-sub3-simulans
roxl-sub3-sechellia
roxl-subi-erecta
roxl-sub3-yakuba
Cluztal Consensus

roxl-sub3-melanogaster
roxl-sub3-simulans
roxl-sub3-sechellia
roxl-sub3-erecta
roxl-sub3-yakuba
Clustal Consensus

roxl-sub3-melanogaster
roxl-sub3-simulans
roxl-sub3-sechellia
roxl-sub3-erecta
roxl-sub3-yakuba
Clustal Consensus

roxl-sub3-melanogaster
roxl-sub3-simulans
roxl-sub3-sechellia
roxl-sub3-erecta
roxl-sub3-yakuba
Clustal Consensus

roxl-sub3-melanogaster
roxl-sub3-simulans
roxl-sub3-sechellia
roxl-sub3-erecta
roxl-sub3-yakuba
Cluztal Conszensus

roxl-sub3-melanogaster
roxl-sub3-simulans
roxl-sub3-sechellia
roxl-subi-erecta
roxl-sub3-yakuba
Clustal Consensus

roxl-sub3-melanogaster
roxl-sub3-simulans
roxl-sub3-sechellia
roxl-sub3-erecta
roxl-sub3-yakuba
Cluztal Consensus

roxl-sub3-melanogaster
roxl-sub3-simulans
roxl-sub3-sechellia
roxl-sub3-erecta
roxl-sub3-yakuba
Cluztal Consensus

A

455
TTETOEECAC
TTETOECCAC
TTETCEECAC
TTEEEEECAC

TTEECECCAC
dkE krh ki

|
565
GUGAGCGAGA
GOGAGCGASL
GCEAGCGAGA
GUFAGCGAGA
GOGAGCGAGS

R R s )

S| e
635
CCAGGCGETTT
CCAGECETTT
CCAGGCGTTT
CCAGGCETTT
CCAGGCETTT

dkk ok dkkokh

A —_—

705
GTAAAGCCAT
GTAAAGCCAT
GTAAAGTCAT
GTAAAGCTET
GTAAAGCTAT

XXX ] *

S —
15
TCEGALAGES
TCEGALAGCA
TCOFEALAGEA
TCEGALAGTA

TCETALAGTA
tkd krkkk

el

545
AGRAATECTC
GEAAATECTT
AGAAATGCTT
AGARAATECOTC
AGRAATECTE

kdkEk Akt

N

915
AACAGAMGTT
AACCEAATOT
AACCGEAATCT
AACCAARGOT

TATCAMAAGOT
* +E *

|

955
CACTTTTCAC
CACTCOTTCAC
CACTCTTCAC
CACTCOTTCAC

CACTCTTCAT
EE T

A

505
TTECETTTOE
TTECETTTOE
TTECETT T
CTECETTTOE

CTEIETTOCE
X T

EE el |
575
CAATEATACT
CAATGATACT
CAATEATACT
CAACAATACT
CAACGATACT

+tEE LR

S iy
645
GCATCGCAAG
GCATCECANG
GCATCGCAAG
GCATCGCAAG
GCATCGCAAG

dhkkhkkd kk

A —_—

715
ATAACCCCTA
ATAACCCCGA
ATAACCCCEA
ATAACACCEE
ATAACCCCGA

thEkhk ok *

PO I——
785
ALPAGTTCAG
AAGTGTTCAG
AMGTETTCAG
AMNGAGTTCAG

ALGAGTTCAG
+E kkFEE A

cleeat

855
GEOCAGEAGT
GEOCAGEAGT
GOCCAGEAGT
TEOCAGEAGD
GETTAGEAST

* * Ak Ak

s v

925
GACAL A GO
GACAA AL GOL
AT A AA GO
EACAL - GO

FACANA- GTA
+hEEkE hF

s e

995
ATTTCATCAS
ATTTCATCAM
ATTTCATCAR
ATTCCATCAS

ATTCCATCAL
+hE kkFEE A

R

515
DAL A OG0
AEAAEACECE
DAL A CECE
DAL A CECE

AGALRGACECE
L X"

T |

285
GTAGACAAGE
GTAGACALGS
GTAGACAAGG
GTAGACAAGE
GTAGACALGS

(XL E X Rt

e |

655
CEEETEAGTE
CEETGEASTE
CEETTGASTG
CEEETEAGTE
CEEETEASTE

EX ) * okt k

e —_—

TZ5
TAAGCAATAN
TAAARCAATAR
TAAACAATAR
TAAGCAATAN
TAAGCAATAR

ke k hhkkd ok

] —
795
ACCGCACTCA
ACCGCACTCA
ACCGCACTCA
ACCGCACTCA

ACCGCACTCA
e R X"

celeat

865
T AGAA T
CTAEAS T
CTAGAATCGC
T AGAA T
GTAGAATOAC

ket E btk

e Trasennt|

935
AEAGCTATEE
AEAGCTATEE
DEAGCTAT GO
AEAGCTATEE

AGAGCTATED
Ekdkrbk bt bk

s |

100
AGTCCATTTC
AETCCATTTC
AETCCATTTC
AGTCCATTTC

AGTCCATTTC
R

49

el

525
TACECATACC
TACGECATACC
TACECATACC
TACECATACC

TACGCATACT
I

s e |

535
AGAGACGGECT
AGAGACGECT
AGAGACGGCT
AGAGACGGECT
AGAGACGECT

XX RS Y]

S e |

665
AGACGEOCAT
AGACGECCAT
AGACGGECCAT
AGAT GECCAT
AGACGECCAT

kkk ke kdkd

A ——_—

735
ACEACGCATC
TCEACACATC
TCEACACATC
TCEACEHCATC
TCEACGCATC

dhkkE dkkdk

R v |
805
CEAATACCGC
CEAATACCGC
CEAATACCGES
CEAATACCGC

CEAATACTGD
s

celeentl

875
C— AT AL TECA
COAT AL TR
C-ATAATGCL
A-ATAMRGOA

C-ATALAGCA
dhkE ke h

-

945
GOTCTATTAR
GOTCTATTARS
GCTCTATTAR
GOTCTATTAR

GCTCTATTTA
X T

|

101
TEET COET
TEET TOETE
Tz T T T
TEETCCCTAC

TEET CCETAC
LR B

A P

535
TCTATC AT
TCTATCEAAD
TCT T A AT
TCTATC T

TCTATC ST
+kE kk+

seas] bavasy
605
CCCTCTIT O
CCCTCToT ol
CCCTCTCTCC
CCCTCTIT O
CCCTCToT ol

trEFEE A EE

s Pasaiy
675
AGGECGEACT
AGGECEEACT
AGGECGEACT
AGGECGEACT
AGHECEEACT

dkkkhh okt

A
745
GAMAGTTECS
GARAGATGCS
GAAAGATECG
GAMAGATECE
GAACGAGGECS

EE I * ok

L] —
815
TCCECTCTGE
TCCGCTCTGA
TCCGECTCT EA
TCCGECTCTGA

TCCGECTOT AL
I

T

885
GTAAACEACT
GTALACEECT
GTAARCGACT
GTAAACALCT
GTATACAACT

*kE EE Ak ok

s s ]

955
AGTCACAMTA
AGTCOA- -2k
AGTCACAM MY
AGOCARAGEL

AGTCACAGAL
& kE +

o

10z
AAAGOAGT AL
TAAGCAGTAT
TALGCTETAT
AAAGCAGTAT

AAAGCAGTAT
EE T

R T

545
GUATETEECE
GUATETEEDE
GUATETEEC G
GUATETEECE

FCATETEECE
k]

T Ere |
615
ATCACTCTCT
ATCACTCTCT
ATCACTCTCT
ATCACTCTCT
ATCACTCTCT

R X )

f |
685
GUAASTCCOCG
GOAAGTCOCE
GCAAGTCCCG
GUAAGGICOCG
GUAASGICCG

dhkkEkd kdkE

el
753
TATAACGECA
TATAACG-CA
TATAACG-CA
TATAACA-CA

TATAACA-CA
trdkktd Ak

o f——
BZ3
AMLGACCGGEC
AMALGACCGGEC
AALGACCETC
AAGGEACCGEEC

AAGEACCEEC
£+ kEkEF ok

el

895
GUALAAGOAG
GUALLAGCUAG
GUARAAGCAG
GOCALAGOAG
GUCCAAGCAG

+ 4+ EEEER

s mnen |

965
AGTETCATCG
AGTETCATCS
AGTETCATC S
AGTETCATCS

AGTETCATCE
trh kb E Ak

s |

103
TETAGASATT
TEAAGAGATT
TEAAEAGATT
TETAGASETT

TETAALAGSTT
£+ & k4 Ak

R

555
GTACGOEEAT
CTACGOEEAT
CTACGOGEAT
GTACGOEEAT

GFTACGCEGAT
T

e |
(]
GTCGEECTEE
GIOELECTEE
GTCGCECTEE
GTCGECECTEE
GIOGCECTEE

*EtF FEEEF

st B |
635
AbAGARAGCG
AAAGAGAGTE
AMRGAGAGCE
AbAGARAGCA
AMHGARAGCE

dkkkk kb

A —_—

765
TEEECATCOC
TEEGECATCCC
TEFECATCOC
CEEECATCOC
CEEGCATCCC

T Y X )

T | —,
835
CAAATCTGTA
CAAATCTGTA
CHAATCTETA
CAAACCAGRA

CTAATCTGOA
+ & ok ok &

el

905
CTATAACTCA
CTATALCTCL
CTATAACTCT
CALTAACTCA
CTATALCTCE

* kA k A

sesllavi|

975
TaACETTCAC
T2ACETTCAC
TaACETTCAC
T2ACETTCAC

TAACGETT CAC
EE ST R

i s

104
CTETTTCATT
ATETTTCATT
ATETTTCATT
CTTTTCTATT

ATCTTCCAST
EE



roxl-sub3-melanogaster
roxl-sub3-simulans
roxl-sub3-sechellia
roxl-sub3-erecta
roxl-sub3-yakuba
Clustal Consensus

roxl-sub3-melanogaster
roxl-sub3-simulans
roxl-sub3-sechellia
roxl-sub3-erecta
roxl-sub3-yakuba
Clustal Consensus

roxl-sub3-melanogaster
roxl-sub3-simulans
roxl-sub3-sechellia
roxl-sub3-erecta
roxl-sub3-yakuba
Clustal Consensus

roxl-sub3-melanogaster
roxl-sub3-simulans
roxl-sub3-sechellia
roxl-sub3-erecta
roxl-sub3-yakuba
Clustal Consensus

roxl-sub3-melanogaster
roxl-sub3-simalans
roxl-sub3-sechellia
roxl-sub3-erecta
roxl-sub3-yakuba
Clustal Consensus

roxl-sub3-melanogaster
roxl-sub3-simulans
roxl-sub3-sechellia
roxl-sub3-erecta
roxl-sub3-yakuba
Clustal Consensus

roxl-sub3-melanogaster
roxl-sub3-simulans
roxl-sub3-sechellia
roxl-sub3-erecta
roxl-sub3-yakuba
Clustal Consensus

roxl-sub3-melanogaster
roxl-sub3-simulans
roxl-sub3-sechellia
roxl-sub3-erecta
roxl-sub3-yakuba
Clustal Consensus

roxl-sub3-melanogaster
roxl-sub3-simulans
roxl-sub3-sechellia
roxl-sub3-erecta
roxl-sub3-yakuba
Clustal Consensus

TETTTTATAT

TETEETACAT
+ %

e el |
112
GTATTTETTT
GTATTTETTA
GTATTTETTA
GTETTTETTA
GTETTTETTA

ok kkkk ok

S ey |
112
GOC AL G AT
GOC AL GAAGC
GOC AL GAAGC
GOC AL GRAMAGC

GOCGAGA ARG
thEt kEEEEE

P
1z 6
AAATESETTAT
AAATEGCTAT
AAATEGCTAT
AAATESETTAT

A2ALTEATTAT
kAt k&

S, —
133
TCAGECTAGS
TCAASCTAGS
TCAAGCTAGS
TCAAGCTAGS

TCALAGCTAGE
ekt khEEEE

e |arand]

140
TCAGTCTAGC
TCAGTCTAGC
TCAGTCTAGC
TCAGTTTAGC
TCAGTCTAGC

thEEkE ok kk

e el |
147
ACATTTTEAT
ACATTTTTAT
ACATTTTTAT
ACATTTTEAT
ACATTTTEAT

thE At kE

S ey |
154
TCAGTTTATT
TCAGTTTATT
TCAGTTTATT
TCAGTTTATT

TCAGTT-ATT
ekt kL L kEE

P
161
AACGETTEAST
AACGETTEAST
AACGETTEAST
AACGETTEAGT
AACGETTEAST

hE bk

s |
10&
AATTETTEET
AATTETTEET
AATTETTEET
AGTTETTEET
ATTTETTEET

* kkk okt hE ok

]
113
TEAGSEALTT
TEAGSEACTT
TEAGSEACTT
TEAAGAACTT
TEAGEAACAT

*dkE o+ * +

o Pt |
120
TACACCCAGA
TACACCCAGA
TACACCCAGA
TACEICCAGA
TACGICCAGA

*dkt khkErEE

o -
127
CCACCAACT
CCACCEACT
CCACCEACT
CCACCEACTA
CCACCAACT G

*dkkkd

i FA— |
134
CCACTAAMCG
CCACTAAMCG
CCACTAAMCG
CCACGAALCG
CCACAMAMCG

*dkk ok okt kk ok

il s |
141
CTATTTTTTC
TTACTTTT-C
TTATTTTT-C
TCATCTE-——
TCATCTETTC

+* +

]
148
TTTECTT TiEA
TTTECTT TiEA
TTTECTT TiEA
TTTECTTTAT

TTT I TTT- —
dkdkhhkk

o Pt |
155
ARCTEAMMLA
ARCTEAMML R
ARCTEAAMMR
AGCTEAMLMR
AGCTEAMLL A

* kkk okt hEk

o -
162
AGEEECCCAN
ASEEECCCAM
AGEEECCCAM
AGSEEECCCAN
AGTEECCCAN

*d kbt kE ok

T |
1075
TATCACTECC
TATCACTECC
TATCACTECC
TATCACTECC
TATCACTECC

R R k3

1145
AL GCCAGA

1215
A ACTECC
AR ACTECC
AL ACTECC
AL ACTECC
AL ACTECC

khk Ak kk btk

R |
1285
AAGECCATCG
AAGECCATCE
AAGECCATCS
CAGEECATCT
AAGEECATCT

tEkE kkd

AATTCATCEA

*

it |
1425
TTCTECTTTA
TATTECTTTE
TATTECTT TG
CACTCCTT-—

CATTEZTT -
* ok

14595
TTTTEFTECCT
TTTTETECCT
TTTTETECCT
TTATETECTT

——ATETE2CT
EE T

1585
GCCCTTAAAT
GOCCTTAAAT
GCCCTTAAAT
GOCCTTAAAT
GCCCTTALAT

khk Ak kk btk

R |
1625
CTAAAGGL AR
CTAAMGGL AN
CTAAAGGE AN
CTAGAGGL AN
CTAGAGGL AN

kA kk ok

50

T LT |
i0g
CTAGEAMCTC
CTAGEAMCTC
CTAGEAMCTC
C- AGEAMCTC
CTAGEAMCTC

+ kdkkk kA

s wmes |
115
AGATTTAGAA
AGFALTTAGEA
AGFALTTAGEA
AEALTTAGEA
AGALTTAGEA

hkE krkkE

S |
1z2
ACTECATAGA
GCTECATAGN
GCTECATAGN
ACTECATAGA
GCTECATAGN

hE kb

R ——

1z2
AATCTATTAR
AAACTATCAS
AAACTTTTAS
AACCTATTAA
AAACTATTAT

O

SR —

136
ATTCATCACA
ATTCATCACA
ATTCATCACA
ATTCATCACA
ATTCATTATA

EEE

wow iy

143
CCATTTGAAC
CCATTTTAAC
CCATTTTAAC
==—=DETANC
CEATTTTEAC

+ *

s v |
150
TAGTTTTTCA
TAGTTTTE—A
TAGTTTTE—A
TAGTTTCGE—A

TAGTTTTE—2A
ko E *

S |
157
TAACTSCCAS
TAACTECCAS
TAACTECCAS
TAACTECCAS
TAACTSECAS

thkkdkd kA

R ——

1led
TAGECCAGAC
TAGECCAGAC
TAGECCAGAC
AAGEACAGGEC
CAGECCAGSC

hkE kkE

i e
109
ATCAATTTTT
ATCAATTTAT
ATCAATTTAT
ATCAATTTTT
ACCAATTTTT

* kkEkE At ok

B

11a
GOCATGECCE
GOCATGECCEE
GOCATGECCEE
GOCATGECCEE
GOCATGECCEE

hkkkEE btk

i |adngas
123
TTCTTEALAT
TTCTTAALAT
TTCTTAALAT
TTCTTEALGST

GTTTTATCCA
ATTTTATCCG
ATTTTATCCG
ACTTAATG-A
GTTTAATCCA

4 ko

PN —
137
AARGOCTCAC
AAR MO —— AT
AAR MO =GO
AAR GO —— AC

AARGOC—— AR
EE TR

o] |
144
AAGTACTC-—
AAATACTC-—
AAGTACTC-—
AAGTACTCAG

AAGTACTC-—
dk kkk ok

e

151
ACTAMICAMA
ACTAMICAMA
ACTAMICAMA
ACTAAMICAMA
ACTAMICAMA

hkkkEE btk

i |adngas
158
GAGETEASTT
GAGETEASTT
GAGETEASTT
GAGGETEASTT
GAGETEASTT

*hkkkhkEk btk

. —
165
AAAGOCTET
AAAGOCTET
AAAGOCTET
AAAGOCTET
AAAGOCTET

*hkkkkd kk ok

T e |
1105
ET-—GATTAT
ET——GATTAT
ET——GATTAT
TTTEZATTAT
T GEATTAT

EE R

117
CECTTAMGTA
CECTTAMCTA
CECTTAMCTA
CECTTAMCTA
CECTTAMCTA

tEEEE Ak k

124
GAGCAMNGA A
GAGCAMAMMA
GAGCAMANNA
GAGCAMGAMA
GAGAMATAMA

) + &

131
CETTAGZACT
CETTAGCZACT
CETTAGCZACT
AGACAGTACC
AGTCAGCZATT

* *hE

138
ACAAMATATT
ACAAMATATT
ACAAMATATT
AACARATATT

Ab—-AAATATC
+ dkkk ok

145
—AGAMATOEC
—AGAMATOEC
—AGAMATOEC
CAGAMATCAC

—AGARATCEC
*kEk ottt o+

152
ATATTGCTTA
ATATTGCTTE
ATATTGCTTE
ATATTGCTTE
ATTTTECTTT

+Ek kk ket

159
TTTETCTTCE
TTTETCTTCE
TTTETCTTCE
TTTETCTTC
TTTETCTTT &

tEE kLA k

i Faaaa ]

111
AGTEACT GAR
AGTEACGEAR
AGTEACTAARR
ACGEACT GAR
ACGEACTGAT

+ +k ok *

der [ER |
118
AGETCTAMMR
AGETCTAMMA
AGETCTAMMA
AGETCCAMMA
AGETCCAMMA

dhkEk okt ok Ak

SO ey |
125
ATCTAANCTS
G- CTEAAMCTG
G- CTEACCTE
G- CTEAAMCTG
G- CTEANCTA

k& kE

P .

132
GTTCAAMATC
GTTCAAMATC
GTTCAAMATC
TTTCAAMNACC
GTTCAAMATC

th Atk A+

P | p— |

1392
CATTCAT AR
AATTCAT AR
CATTCAT AR
FACTCANGAR
GACTCANGAR

+ ok k Ak

i Faaa ]

146
TOGALANGEE
TOGALANGEE
TOGALANGEE
TOGALANGEE
TOGALANMGE

o

e I |
153
CAGANATTAR
CAGELATTAR
CAGAELATTAR
CAGALATTAR
CAGALATTAR

EEE R

SO ey |
1&0
ATTCTTEEAR
ATTCTTEEAR
ATTCTTEEAR
ATTCTTGEAR
ATTCTTGEAR

dhEk kb kA Ak ok



D. The alignment of sub4- rox1 RNAs among Drosophila Species Clustalw (1.83)
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E. The alignment of sub5-

roxl-subS-melanogast
roxl-subhS- simulans
rowl-subh5-sechellia
roxl-subi-erecta
roxl-subi-yakuba
Clustal Consensus

roxl-subS-melanogast
roxl-subhS- simulans
rowl-subh5-sechellia
roxl-subi-erecta
roxl-subi-yakuba
Clustal Consensus

roxl-subhi-melanogast
roxl-subhS-zimulans
roxl-subhS-sechellia
roxl-subi-erecta
roxl-sub5-yakuba
Clustal Consensus

roxl-subhi-melanogast
roxl-sukhS-zimulans
rowl-subhS-sechellia
roxl-subi-erecta
roxl-sub5-yakuba
Clustal Consensus

roxl-subi-melanogast
roxl-subS-simalans
roxl-suhi-sechellia
roxl-subi-erecta
roxl-sub5-yakuba
Clustal Consensus

roxl-subi-melanogast
roxl-subS-simalans
roxl-subhS-sechellia
roxl-subi-erecta
roxl-sub5-yakuba
Clustal Consensus

roxl-subS-melanogast
roxl-subS-simalans
roxl-subhS-sechellia
roxl-subS-erecta
roxl-sub5-yakuba
Clustal Consensus

sl |
i3]
———TTARAAT
———TTAACAT
———TTAACAT
ATATTCGCTT

15
TECETATCCA
TECETTTCCA
TECETTTCCA
TECGETTTTCA
TECETTTACA

A

e |

145
TETETETTCT
TET=TETTCT
TETETATTCT
TETETETTCT

TETETETTCT
dhEkEk ke kd

el

215
GEATTTTTETT
GAETTTTTETT
EATTTTTETT
STTTTTTSTT

EATTTTT--T
+ kEkEEE

R P

285
CATTZACTEE
CATTAGCCEA
CATT A
CATTCGCT
CATTTZCT S

LR ] + o+

] |
335
AGCTTGARAC
AGCTTGALAC
AGCTTGAAAC
AGAT-GARAC

AGCT-GAATC
++ + kE+

e [ |
4zZ5
GAGEALMCCCT
[EEREE LYV b bl
GAGGEAAMCCC
AGGEAAACCC
AAGEAAACCC

th Ak kkEE

rox1 RNAs among Drosophila Species Clustalw (1.83)

s [l
15
AbA——— ARAT
AAA——— ARAT
AbA-—— ARAT
AAACTTATGT
AAACTTTAGT

*d *

HJ| T |
a5
CCCGEEATTC
CCCEEGATTC
CCCEEEATTC
CCCGEGATTT
CCCGEGATTT

Ak kdbdkd

Sl |

155
TTCAGATGAS
TTC AL TZAS
TTCAGATGAS
TTCAGATGAS

TTCARATEAS
Ak krt bk

el

225
TTTALTTCCC
TTTALTTCC
TTTALTTECC
TTTALTTZCC

TTTAACTECC
dhkkE £ k*

R

295
CTAATTCOTTS
CTAATTCOTTE
CTAATTOTTS
CTTATTCTTE
CTAATTCOTTS

*E kEEtE

a i e
365
ATTETGCCAL
ATTETECCAM
ATTETGCCAA
ATTETGCCAR
ATTETGCCTA

tEE kLt +E &

e ez

435
ATTACAGACT
ATTACAGACT
ATTACAGACT
ATTACAGECT
ATTACAGEAT

*hE L EE* *

el
25
ARAXAATTTT
ARARAATTA—
ARARAATTA-
CAAAGCTTET
CAAAGCT TET

*4+ * &

s |
a5
AAGCAAN MG
AASCAAAMGC
AAGCAAN MG
AAGCAALAGC
AASCAAAMGC

T

| s |

165
TTTTGALCAS
TTTTEALCAS
TTTTGAACAS
TTTTGAACAS

TTTTEALCAG
thkdr ko

A

235
CATATTC A
TETATTC G
TETATTC ZAS
TETATTC A

TETACTCGAG
o kEkkEE

R

305
AAECCTCAGTT
AACCTAMATT
AACCTAALATT
AATCTEASTT
AATCTCAATT

tE +E & £k

s
375
GAATTTTTTT
GAATTTTTT—
GAATTTTTT-
GTATTTTTT-

GTAATTTTC -
£ o+ rEE

st | e
445
TETECTTTCT
TETEETTTCT
TETECTTTCT
TEFECTTTCT
TETECTTTCT

Tk FEEEEEE

52

s |

105
TATTATTCTA
TATTATTCTA
TATTATTCTA
TATTAGTCTA
TATTAGTCTA

EEE R )

sl s

175
AGACGAAACT
DA CoAL AT
AGACGAAACT
AGACGAAACT

AEACEAMATT
dhkhkk okt bd

et

245
TOFATTTOCC
TOGATTTCCA
TOSATTTCCA
TOFATTTOCA

TCEATTTCTA
IR TR

R

315
TTCATTCARS
TOCATTCAMM
TOCATTOARS
TOCATTCAR L
TCOCATTCARL

* Akt EE bt E

T TR |
385
CTETTCAATT
CTETTCAATT
CTETTCAATT
CTETTCAATT
CTETTCAATT

T RS X

e e |

455
CCTEAATETE
TCT GAATETE
CCTGAATGETE
TCT EAATETE
CCTGAATET G

thEEkEkE Ltk

sz |
45
TAAARATATC
TATARATATC
TAAARATATC
AAG-———ATC
GAAGAACATC

* R

i | |

115
TTHFCCTTEA
TTEECCTTGA
TTHFCCTTEA
TTEECCTTGA
TTETCTTAL

*h Ak kkd &

sl |

185
TEEAGICTCE
TEEAGCCTCG
TEEAGCCTCS
TEGAGCCTCE

TEEAGCCTCE
kA ktbEE

el

255
GCAGTCTTTC
TTALTTTTCC
TTALTTTTCC
GACCCTTTC

GCAMCCTTTC
+ ++ &

e

325
AGTCATCTTT
AGTCATCTTT
AGTCATCTTT
AATCATCTTT
AGTCATATTT

* kkEE kA

sl |
355
GAACCTTTTC
EAACCTTTTC
GARACCTTTTC
A ACTTTATC
GAACCTTTTC

*EEE *F+ k

ek e |
455
ATATGCZAAGC
ATATGZAAGC
ATATGCAAGC
ATATGCZAAGC
ATATGCAAGC

Fh Ak kEEEE K

s e el |
55
CTTACACT GG
CTTACACT 53
CTTACACC GG
CTTCOTACT 33
CTTATACT G

*4+ *E k4

Ee el |

125
TTATTAACAT
TTATTAACAT
TTATTAACAT
TTATTAACCT
TTATTAACCT

ek kdEkEE &

e | o |

195
CEGAGOCARL
CEEAGCCA L
CEGAGOCART
CECAGOCARL

CEEAGCCANE
thkk kb E

ATTTAATTAL
ATTTAATTAL
AT ———— AG

EX *

A

335
TCTTCOSETT =
TCTTOETT &=
TCTTOETT >
TETTOETT G
TCTTOETT &>

thEr Atk Ak L L

P |
405
TETGCALATG
TETECALATS
TCTGCAAATG
CETECALATG
TETECTAATS

*+ 4 FE

Enng| e
475
AGETETALCA
AGETETALCA
AGSTGTAACA
AGETETALTA
AGSTGTAATA

khkE Ak EE K

R |
&5
GUACCTACAA
GUACCTACALA
GUACCTACAA
GUACCBACGA
GUGCCTACAL

o

s
135
ATTTCTETEC
ATTTCTATGC
ATTTCTATEC
ATTTCTATGEC
ATTTCTATGC

EE

el

205
GTTTTAALTT
GTTTTCALTT
FTTTTCALTT
GTTTTCALTT
GTTTTEAATT

dkdkkdk kd ok

et

275
TTTTCTTAAR
TATTCOTTA RS
TATTCTTALR
TTTTCTTAAR

TTTACTTTAR
+ o kkE ok

R T

345
TCCCTECTTE
TCCCTECTTE
TCCCTECTTE
ToEETECTTE
TCCCTECTTE

*+ LR X R ]

vl o]
415
TCCTGCAGAR
TCCTCCAGAR
TCCTGCAGAR
TCCTECAGEE
TCCTACASGE

R E NN

e At |

485
AAGFCCTATGA
AAGCCTATGA
AAGCCTATGA
AAFCCTATGA
AAGCCTATGA

tEEEAELE EF



roxl-subS-melanogast
roxl-sub5-simulans
roxl-sub5-sechellia
roxl-subS-erecta
roxl-subS-yakuba
Clustal Consensus

roxl-subi-melanogast
roxl-sub5-simulans
roxl-sub5-sechellia
roxl-subS-erecta
roxl-subi-yakuba
Clustal Consensus

roxl-subS-melanogast
roxl-sub5-simulans
roxl-sub5-sechellia
roxl-subhS-erecta
roxl-subS-yakuba
Clustal Consensus

roxl-subS-melanogast
roxl-subS-simulans
roxl-sub5-sechellia
roxl-subS-erecta
roxl-subi-yakuba
Clustal Consgensus

roxl-subi-melanogast
roxl-subS-simulans
roxl-sub5-sechellia
roxl-subS-erecta
roxl-subi-yakuba
Clustal Consgensus

roxl-subS-melanogast
roxl-sub5-simulans
roxl-sub5-sechellia
roxl-subS-erecta
roxl-subS-yakuba
Clustal Consensus

roxl-subS-melanogast
roxl-subS- simulans
roxl-sub5-sechellia
roxl-subS-erecta
roxl-sub5S-yakuba
Clustal Consensus

495
AATCCEETCC
AATCCEETCC
AATCCEETCC
AATCCAGTCC
AATTCGEATCC

o * ok

wn| |
363
CAGTTTGECTA
CSTATTGECTA
CAGATTGCTA
CAGATTGCTA

CAGATTECTA
+ tEEt kDt

st ]

635
GUACCTOETC
GUACCTOETC
GUACCTOETC
GATTCTOETC
GOTTCTOETC

+* tEEE At

sl sl

705
TETATTTTA-
TETATTTTA-
TETATTTTA-
TTTTTTTTAL

——TTTTTTAA
* kkdE 4

P L ——
T3
CCACOCELAAT
CCATTC GAAT
CAATTC L AT
CCATTCAGAT

CCATTTAAAT
+ + %

R

845
GTAATTTTAR
GUAATTTTAS
GEAATTTTAA
GTALTT TAGA
GTAGTTTT A

* ok kkk *

i

915
ATGEALCEET
ATGEALCEET
ATGEAACEET
ATTGAACGET
ATGEAACEET

*+ FEkEkEE A

505
AACCOCACAT
TACCCCACAT
TACCCCACAT
TACCCCACAT
TACCCCACAT

R TR

i [
375
TCTTTCAGAT
TCTTTCAGAT
TCTTTCAGAT
TCTTTCAGAT

TCTTTCAGAT
IR

e

645
AATTETTCAT
LAATTETTCTA
LAATTETTCTA
AGTTETTCTC
AGTTETTCTC

* thkEE ok

S ]

715
COCARTCOCC
COCARTCOCC
COCABACCOC
COGAGTCOCC

AACCAACCAT
CACCAACCAT
CACCAACCAT
CACCAAACAT

CACCALATAT
+EEkEE kk

R T

B55
ATCETTTTCC
ATOETTTTCC
ATOETTTTCC
ATOETTTTCC
ATOETTTTCC

R TR

st oo

925
ATTGAAAGCC
ATTGAAAGDD
ATTEAAAGDC
ATTGAARGTC
ATTGAARGCC

L T R

515
CAGFSCCATAG
CAGSCCATAG
CAGSCCATAG
CASFSCCACAG
CAGSCCACAG

dhkkkkEd ok

v T wwtasar ||
583
CCEACCAGAR
CCEACCAGAT
CCEACCAGAT
CCEECCCGAA

CTEACCAGAS
+ ok tE kE

s |

655
ALATTETTCCT
ALATETTTCT
ALATTETTTCT
ALTOETTTCT
ALATOETTTAT

+* + 4 +*

sl e |

725
TTCCTTGACT
TT----GACT
TT----GACT
TTCCTATACT

ACTATTCTTA
ACTATTATTE
ACTATTATTE
ACTTTTCTTA

ACTTTTCCTA
+hE k%

S

865
SAAATGEAL
GAAATGZEAL
GAAATGZEAL
GAAATGZEAL
EAAMT GEEAL

e

st [t |

o35
TATECATTCA
TACECTTTCA
TACECTTTCA
TACGCTTTCA
TAAGCTTTCA

+* HE kA

53

525
CrAAGAAGCT
CCAAGAAGCT
CCAAGAAGCT
CrAAGAAGCT
CCATEAAGCT

dhdk kkkhdd

i el
3535
GTAGATCGTG
GTAGATCATA
GTAGATCATA
GTAGATCCTG

GrAGATCOT &
+EEEEEE

sl e

665
TTTATTTTAT
TTTATSTTAT
TTTATSTTAT
TTTATET———

TTTETET———
+EE o+ &

cos| |

735
TTCTAATALT
TTCTATTAAT
TTCTATTAAT
TECTSTTTAT
TECTATTCAT

* * % * * &

FERSRR
203
TATALG-——=—
TOT ARG ===
TOT ARG ===
COTARGCTAG

COTAAGCTAG
Ak

. A

875
TCACATTTAR
TCAAGTATAA
TCAAATATAA
TCAALGATAEA
TCAMATATAA

* ok *k ok

sl ey

945
TTACGETTCA
TTACGETTCT
TTACGETTCT
TTACGETTCA
TTACGETTCA

*hkhd kb k

535
CCGCCTAATA
CCGCCTAATA
CCGZCTAATA
CCGCCTAATA
CCGZCTAATA

N

it [ |
505
TTCTGTEAAC
TTCTGTEAAC
TTCTGTEAAC
TTCTA-GAAC

TTCTATEAAS
I

vty |

675
GTTETETT-—
GTTETETTET
GTTETETTET
—=TETATT-—

—-ETETTTT- -
+EE

il |

745
TTTCCATETT
TTTCCATSTT
TTTCCATSTT
TTTCTATETT

TTTZT-TCTT
kkEk £k

st |
213

I TCETETTT
ST TCETETTT
ST TCETETTT
ATTTGETATTT

FTTCETETTT
o

A T

885
ACAATATTTT
GOCATATTTT
GOCATATTTT
GOALATATTTT
GOAMTATTTT

* kdkkkkd ok

cr e |

955
AGAAGTATAR
AGAAGTATAR
AGAAGTATAR
TEAAGTATAL
AAMAGTATAR

TR

545
CAAGAGANGA
CAAGAGANGE
CAAGAGANGE
CAAGAGANGE
CAAGAGANGA

ek ok kkkkhkd

v s |
&15
T--AACCCCT
T--AACCCCT
T--AACCC-T
T--AACCCCT

TCTAACCTCT
+ ktdEd %

ey

685
=AM ARATT
GTTATCTALS
GTTATCTALS
———ACCCALS

———ACCCAAG
+ ok

ekl

755
TTEACAGATC
TTAACATATC
TTAACATATC
TTAACATAAC
TTALCATAAC

*+ FEE o+ &

RS —
BE3
CrGA LA ACGD
CrGA LA ACGD
CrGALAACGD
CEGALAACGD

CiEi A ATGD
I s

.

895
EAACTEOETA
FAACTEOETA
FAACTEOETA
EAACTEOETA
EAACTEOETA

ek ok kkkkhkd

CT
CT
CT
CT
CT

*+

555
TTATACTALS
TTATACTANS
TTATACTAL
TTATACTAAT
TTATACTAAT

dkdkkd ok kd ok

gl |
G25
TCAGTSTTCA
TCTETSTTCA
TCTETSTTCA
TCTGETTTACA

TCTETTTTCA
& k3t * E+

e |

695
TALCTTCCST
TATCTTCEET
CATCTTCEET
TALECTTCALT

vl

765
CTTTTTTGTC
-~ TTCETGTC
~—TTCETGTC
——TACGTATC

--TCCETATC
+ + k%

R —
235
ATTARRAGED
TCTARAAGGC
TCTARAAGGC
ACCARRAGED

ACTARM AT
IR T

R D

505
LAACEAAT AL
AAACEAAT AL
AAACEAAT AL
AAATEAATEL
AAMCERAATAN

dkdk ek kdk ok



F. The alignment of sub6- rox1 RNAs among Drosophila Species Clustalw (1.83)
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115 125 135
TTATACGAAT CTTCACCAAG TGCCC
TTATACGAAT CTTCACCAAG TGCCC
TTATACGAAT CTTCACCAAG TGCCC
TTATACGAAT CTTCACCAAC TGCCC
TTATACGAAT CTTCACCAAG TGCCC
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G. The alignment of rox1 RNA among Drosophila species between subl and sub2

between- subl-subZ- roxl-melanog
between- subl-subZ-roxl-simulan
between- subl-subZ-roxl-sechell
between- subl-subZ-roxl-erecta
between- subl-subZ- roxl-yakuba
Clustal Consensus

hetween- subl-subZ- roxl-melanog
between- subl-subZ-roxl-simulan
between- subl-subZ-roxl-aechell
between- subl-subZ-roxl-erecta
hetween- subl-subi- roxl-yakuba
Clustal Consensus

hetween- subl-subZ- roxl-melanog
between- subl-subZ-roxl-simulan
between- subl-subZ-roxl-aechell
between- subl-subz-roxl-erecta
between- subl-subZ- roxl-yakuba
Clustal Consensus

sl EEuEla] el S e e | S B |
145 155 165 175

—————————— —TEAAAAALS AATGACCAAR AMATCGARAT CT-------- ——-——-
TTAAATTTAL ATTGAGGAAL AATTACCTAL -CATCCAA-T CTTCGEATAT TTCAT
_______________ GEhAA AATCACCTAA ACATCOCRART CTTOSEATAT TTCAT
_________________ AbA AATTACTTAL ACATCAAAAT GATCGGTTAT TTCAT
____________ TEAAGGAY AATTACTTAA ACATCCAAAT TETCGGCTAT TTCAT
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H. The alignment of rox1 RNA among Drosophila species between sub2 and sub3

betweer subZ-sub3-roxl-melanog
hetween- subd-sub3-roxl-zechell
hetween- subl-sub3-roxl-erecta
hetweer subZ-sub3-roxl-simulan
hetweern- subZ- sub3-roxl-yakuba
Clustal Conzensus

betweer subZ-sub3-roxl-melanog
hetween- subd-sub3-roxl-zechell
hetween- subZ-aub3-roxl-erects
hetweer- subZ-sub3-roxl-simuilan
hetweern subZ-sub3d-roxl-yakuba
Clustal Conzensus

TGCCAAGTET
TTACTAGTET
TECCAAGTET
TTTTTEETET
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~GEAATTTTT GTTAAATTTT TTTTAAASTG C-ATTTTTTT T---AAGGTG AAATTAGCTA
G@AA--TTTT TGTTATATTT TTTTAAAGTG C--GTTTTTT TTTAAAGETG AAATTAG---
~ACA--TTTT TTTAAAATTT TTTTAAASTG ACATTTTTTT T---AAGGTG ASATTAGCTA
G@AA--TTTT TGTTATATTT TTTTAAAGTG C--GTTTTTT T--AbAGETG AAATTAG---
TATAATTTTT TTTTTTTITTT ATTAAAAGTG A---TTTTTT T---AAGGTG AMATTAGCTA
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13
GAGTETETAC
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I. The alignment of subl- rox2 RNAs among Drosophila Species Clustalw (1.83)

roxZ-subl-melanogaster
roxZ-subl-sechellia
roxf-subl-erecta
roxZ-subl-yakuba
Clustal Consensus

roxi-subl-melanogaster
roxZ-subl-sechellia
roxf-subl-erecta
roxZ-subl-yakuba
Clustal Consensus

roxZ-subl-melanogaster
roxZ-subl-sechellia
roxf-subl-erecta
roxZ-subl-yakuba
Clustal Consensus

roxZ-subl-melanogaster
roxZ-subl-sechellia
roxf-subl-erecta
roxi-subl-yakubha
Clustal Consensus
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[EXEIE 2]
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J. The alignment of sub2- rox2 RNAs among Drosophila Species Clustalw (1.83)

3 15 25 35 45 35 63
roxZ-subZ-melano TCTTHGEAACG CAACATTGTA CAAGTCGCAL TGCAAACTGA AGTCTTAAAA GACGTGTAAA ATGTTGCAAL
roxZ-subZ- sechellia TCTTEGAACG CRACATTGTA CAAGTCGCALA TGCAAACTGA AGTCTTAAAA GACGTGTAAA ATGTTGCAMAL
roxZ-3ubZ-erecta -TTTAGAACG CRACATTGTA CAAGTCGCAL TGAAAACTAA AGTCTTAAAL GACGTGTAAA ATGTTGCARA
roxl-subZ-yakuba TCTATGAAGG CAACATTGTA CGAGTCGCAA TGAGAACTAA AGTCTTAAAL GACGTOTAAA ATGTTGCALA
clustal Consensus EOREE b RAREEAREE b REEEEREE BE RREE b REREREEARE BEEERERERE KREEEEEEES

73 83 935 105 115 125 135
roxZ-subZ-melano TTAAGCAAAT ATATATGCAT ATATGGGETAA CGTTTTACGC GCCTTAACCA GTCAARATAC AAAATAAATT
roxZ-subZ-sechellia TTEAFCAAAT ATATATGCAT ATATGGGETAL TGTTTTACGC GCCTTAACCA GTCAARATAC TAAATAAATT
roxZ-subZ-erecta TTAAGCAAAT ATATATGCAT ACATGGGTAL CGTTTTACGC GCCTTAACCA GTCAARATAC TAAA--AATG
roxZ-subZ-yakuba TTAASCAALT ATATATGCAT ATATGHGETAL CETTTTACGC GCCTTAACCA GTCAAARCAC TAAATAAATT
rflustal Consensus B L I LR L o T S g S T T I T3

R O I I I I BT I I

145 155 143 175 185
roxZ-subZ-melano GETAAATTTC ATATAACTAG TGAAATGTTA TACGAAACTT AACAATT
roxZ-subZ-sechellia GETAAATTTC ATATAACTAG TGAAATGTTA TACGAAACTT AACAATT
roxi-subZ-erecta TATARATTTC ATATAACTAG TEARATGITG TACGAAACTT AGCAATT
roxl-subZ- yakuba GECARATTTC ATATAACTAG TEARATGTTA TACGAAACTT GCCAATT
clustal Consensus FEAERRE RARARAREE RRAEAEERE  REEERREEEE R4R44
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K. The alignment of rox2 RNA among Drosophila species before subl

rofZ-before-subl-melanogaster
rofZ-hefore-subl-sechellia
rofZ-before-subl-erects
rofZ-before-subl-yakuba
Clustal Consensus

rofZ-before-subl-melanogaster
rofZ-hefore-subl-sechellia
rofZ-before-subl-erects
rofi-before-subl-yakuba
Clustal Consenaus

AN P R U BN N R RN (VU DR IS RN RSN SR
5 15 25 35 45 55 65
————— TEITE CGECATTCG CG-60-CTGE TCACACTAAG CTAGEGOTAC TTTTTATATC ATAAGTCGAG
--TTGAATTA GATTATCCGA CACGITECGD TCACGACRAT CCTAATTCCA TCCTCTICTC TTICGT----
CCTAATTCCA CAG-ATGGE- CGCGT-GIGE GAGAAGCGTC CTTGGG--AC TGGCEACGEA TT--GTGGAG
-- BAGABATA CAATACAARA AGCARATCTA TGAAGGCAAC ATTGTACGAG TCGCAATGAG A---ACTAA-

+ +
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L. The alignment of rox2 RNA among Drosophila species between subl and sub2

] 15 25 35 45 55
hetween- subl-subZ-roxi-melang  TATACRATAT ACAATATACA ATATGCAATA CAATACRATA CAAGACAA-A AARATGTG
hetween- subl-subl-roxZ-sechel ---------- ---- AATACA ATACACAATA CTATATAATA CAAGACAAGA AAAATGTA
betmeen-subl-subl-roxl-erecta  --------m- mmmmmmmomm oo GAAATA CAATACAAGA -AAMATAT-- ---ATTT-
between- subl-sube-roxd-yakuba  ---------- - oo GAAATA CAATACAA-- -RAAGCAA-- ---ATC--

i+t £ it 4 it + ++

Clustal Consensus
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	2.3 Algorithms for predicting and searching for pseudoknots
	RNA pseudoknots are functionally important in several known 
	RNase P RNAs and telomeras RNAs [ 38 ].

