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Preface

The function of many noncoding RNAs (ncRNAs) depend on a ddfgecondary
structure. RNAz detects evolutionary conserved and théymamically stable RNA
secondary structures in multiple sequence alignmentshrarsdefficiently filters for
candidate ncRNAs.

There are two main goals of this document. First we want te givu detailed
technical advice on how to use RNAz. Second, we want to haelpty@et a well-
founded understanding of the results you get from RNAz. Wet\a assist in a
sensible interpretation of RNAz predictions — leading, a&shepe, to reasonable
conclusions for your application.

This document is largely based on a draft for a book chaptitasmithus organized
in an idiosyncratic way. Until there is more time to write ald@&ted tutorial and
manual we will keep this organization.

We start with a short introduction to the problemdsf novoprediction of ncRNAs
and the RNAz algorithm. In the next part, we explain how tdalldRNAz and all
necessary helper programs on your system. Next, we deratngte basic usage
of RNAz including the correct formatting of the input aligents. More advanced
techniques which require pre-processing steps of the algriments are discussed
afterwards. In the last section, we show you how to conducNARscreen of
a large number of automatically generated alignments oexheple of genome-
wide screen oSaccharomyces cerevisiae
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1 Introduction

1.1 Prediction of noncoding RNAs

In contrast to protein-gene finders which are routinely Usedenome annotation,
noncoding RNA (ncRNA) gene finders are still in their infand@jhe main reason
that hinders systematae novoprediction of ncRNAs is that there are no common
statistically significant features in primary sequenceg.(@pen reading frames or
codon bias) which could be exploited for efficient algorigim

It is even not clear what we define as “ncRNA". There is no ddbht indepen-
dent “RNA genes” with a defined molecular function such asABRNmicroRNAsS,
or snoRNAs should be called ncRNAs. But the situation is mwags that clear.
The transcriptional activity of at least mammalian genonsesiuch more com-
plex than anticipated [3]. We see mRNA-like ncRNAs, nonypdienylated RNAs
from both intronic and intergenic regions, overlappingseipts, extensive anti-
sense transcription, and transcribed protein-pseudsgelmeaddition, there is a
recent example of a noncoding transcript that only is exg@@go interfere with
and downregulate the transcription of a neighboring gendhmiproduced RNA
molecule itself does not have any obvious functian [9]. Ehiereven an example
of a functional RNA encoding a proteihl[1]. The spectrum oRNAs and their
mode of action is very heterogeneous. One can safely ashahéne full spec-
trum of functions is not yet discovered and that a generaN#Bene finder is an
unrealistic goal even in the long term.

However, there is a subclass of ncRNAs which — with the helgahparative
genomics — can be predicted with fair accurastructuralncRNAs have a defined
and evolutionary conserved secondary structure whichfisrattional importance.
Most of the well known “classical” ncRNAs, as for example tIRNRNA, RNAse
P, or SRP RNA, are of this class. Pioneering work in the ptemhoof structural
NcRNAs by comparative genomics was done by Rivas & Eddy. QRNAlicts
conserved RNA secondary structures on pairwise alignmesitg) a probabilistic
approach based on a stochastic context free grammar to rRobfektructure |11,
12,/10]. RNAz [16] takes a different approach. It is based ammum free energy
(MFE) structure prediction algorithms_[[1[7, 7]. It relies tre fact that structural
RNAs have two characteristic features: (i) unusual theynadic stability and
(ii) conservation of secondary structure. The followingtg® outlines the basic
principles of RNAz.
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1.2 The RNAz approach
1.2.1 Thermodynamic stability

It is easy to calculate the MFE as a measure of thermodynaatdity for a se-
qguence using e.g. RNAfold][7]. However, the MFE depends ernehgth and the
base composition of the sequence and is, therefore, diffwinterpret in absolute
terms. RNAz calculates a normalized measure of thermodimstability by com-
paring the MFEmn of a given (native) sequence to the MFEs of a large number of
random sequences of the same length and base compositiescdke is calculated
asz = (m—u)/o, wherey ando are the mean and standard deviations, resp., of the
MFEs of the random samples. Negati#scores indicate that a sequence is more
stable than expected by chance. RNAz does not actually sarauptiom sequences
but approximates-scores, which is much faster but of the same accuracy.

1.2.2 Structural conservation

RNAZz predicts a consensus secondary structure for an atighiny using the RNAal-
ifold approachl]5]. RNAalifold works almost exactly as degequence folding
algorithms (e.g. RNAfold), with the main difference tha¢ tbnergy model is aug-
mented by covariance information. Compensatory mutatjertgs a CG pair mu-
tates to a UA pair) and consistent mutations (e.g. AU mutat&dJ) give a “bonus”
energy while inconsistent mutations (e.g. CG mutates to Y&l a penalty. This
results in aconsensudIFE £,. RNAz compares this consensus MFE to &w
erageMFE of the individual sequences and calculates a structure conservation
index: SCl= E,/E. The SCI will be high if the sequences fold together equally
well as if folded individually. On the other hand, SCI will b@~v if no consensus
fold can be found.

1.2.3 Putting it together

The two independent diagnostic features of structural rs®N-score and SClI,
are finally used to classify an alignment as “structural RMA™other”. For this
purpose, RNAz uses a support vector machine (SVM) learrgayighm which is
trained an a large test set of well known ncRNAs.

Using RNAz, it is possible to efficiently screen alignmemtsfinctional RNA sec-
ondary structures. It is important to note that RNAz cannstirtjuish functional
RNA elements which are part of ncRNAs from elements whichciseegulatory
elements of MRNAs.
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1.3 General remarks and typographical conventions

There is no graphical user interface for RNAz. All steps aaeried out on a
command-line (terminal). Lines starting with a “#” are coarmds and you should
type them into your terminal window, followed by pressingura. The “#” sign
stands for your command line prompt and may look differenyour system. If a
command is too long for one line in this book it is separated bgckslash\” and
continues on the next line. Dwtinput the backslash, simply type in the command

on one line.

All programs are implemented as filters, i.e. they read frbwn $tandard input
and write to the standard output. Therefore, we make useeopitbe (1) and
redirection operators €”," >”").

You can get a online documentation on the usage of each pnolgyausing the
--help  option, e.qg.:

# RNAz --help

For the Perl programs you get more detailed manual pagesibyg tise --man
option. All manual pages are reproduced in Appeidix A in thaual.

Most command line options have a long (e<dhelp ) and a short (e.g:h ) form.
For didactic reasons, we use long option names throughsutiznual.

2 Materials

2.1 Hardware

RNAz is generally fast. Small to medium sized data sets, meXample the yeast
screen in section 3.6, can be analyzed within reasonabkdima single modern
desktop or even laptop computer.

2.2 Operating system

If available, we recommend to use a Linux/UNIX system for yaoalysis. Also
Mac OS X, in principle a full featured UNIX system, is an adaaig platform.

Alternatively, you can run RNAz also on Microsoft Windows okt of the methods
described in this manual can be carried out on Windows withoy modification.
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2.3 Perl

The RNAz program is bundled with a variety of helper progravhgch are written

in the Perl programming language. To run these programs ged to have installed
Perl on your system, which is most likely the case on all Lil&IX systems and

on Mac OS X.

Perlis not part of a standard Windows system. Windows usgrslownload it from
Wwww.activestate.com . Choose the latest ActivePerl MSI installer package
for Windows and simply follow the installation instructin Make sure that you
have selected the “Add Perl to the PATH environment variabiel “Create Perl
file extension association” options during installation.

2.4 RNAz

The RNAz program can be downloaded fromwvw.tbi.univie.ac.at/ ~wash/RNAZ.
For the examples in this manual, RNAz version 1.0 was usedLiRax/UNIX and

OS X, download the fil&RNAz-1.0.tar.gz . Windows user download the file
RNAz-1.0-win32.msi

2.5 Optional software

Some advanced analysis steps (sections]3.6.8 and13.6dljeradditional soft-
ware to be installed on your system.

To create HTML formatted output of the results as descrilmeseictio{3.618 you
will need to have installed the Vienna RNA packagew.tol.univie.ac.at/RNA )
and the postscript interpreter Ghostsctiyt://www.cs.wisc.edu/ ~ghost/ ).

To perform automatic database searches of predicted ncRINdidates you need
NCBI Blast {ftp://itp.ncbi.nih.gov/blast ).

2.6 Example files

Most of the example files used in this manual are part of the Rpckage. If you
want to reproduce thg. cerevisiaescreen described in sectibnl3.6 you can down-
load the data file fromwww.tbi.univie.ac.at/papers/SUPPLEMENTS/MIMB/


www.activestate.com
www.tbi.univie.ac.at/~wash/RNAz
www.tbi.univie.ac.at/RNA
http://www.cs.wisc.edu/~ghost/
ftp://ftp.ncbi.nih.gov/blast
www.tbi.univie.ac.at/papers/SUPPLEMENTS/MiMB/
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3 Methods

3.1 Installation of RNAz
3.1.1 Linux/UNIX and OS X

In the simplest case you can run the following series of comdado build and
install RNAz:

tar -xzf RNAz-1.0.tar.gz
cd RNAz-1.0
Jconfigure

make

Su

make install

HHHHHTHF

This requires root privileges and installs all files undex/tisr/local tree. The
RNAzexecutable is installed ifusr/local/bin and you should now be able
to run the program (trRNAz --version  on a terminal window). If you do not
have root privileges or experience other problems (g compiler not found)
see noté&4l1.

The Perl programs are installed/tesr/local/share/RNAz/perl . To make
these programs available from other locations you can reétid this directory to
your PATHof executables environment variable or copy the Perl progreo an
existing directory already in yolRATH In case you are not familiar on how to run
Perl programs refer to nofe#.2.

3.1.2 Microsoft Windows

To install RNAz on Windows simply double click on tRNAz-1.0-win32.msi
and follow the instructions. Open a console window and ®pAz --version
to test your installation.

3.2 Installation of optional Software

We cannot cover in detail the installation procedure of thgomal software. We
just give an outline how to install the Vienna RNA package &eBI blast on a
standard Linux system. Together with an existing Ghogisarstallation, this will
allow you to run the examples in sectidns3.6.8 Bnd 316.10ndds and OS X
users see Nofe4.3.
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To install the Vienna RNA package, get the late#gnnaRNA-X.X.tar.gz

file from www.tbi.univie.ac.at/RNA . The package can be installed in ex-
actly the same way as RNAz, usingonfigure and make. Please refer to
the INSTALL document for detailed installation options. Make sure thatPerl
programs in théJtils  directory are in youPATHof executables.

To install NCBI Blast download thielast-2. = .tar.gz  -package matching your
platform fromitp://ftp.ncbi.nih.gov/blast/executables/LATEST/ |
Copy it to an installation directory of your choice and “uritd. The executables
are located in thein subdirectory which you should add to ydRATHvariable.

3.3 Installation of example files

Move the example filgeast-examples.tar.gz to a directory of your choice
and “untar” the file:

# tar -xzf yeast-examples.tar.gz

If you are using Windows, download the fjeast-examples.zip and unzip
it in a directory of your choice.

3.4 Basic usage of RNAz
3.4.1 Input alignment

RNAz takes a multiple sequence alignment as input. RNAz cmesalign se-
qguences, so you have to use other programs for creating jigameents. If you
prepare your alignments manually (in contrast to autonggicome-wide align-
ments as in sectidn_3.6) we recommend using Clustdl W [14% dh easy-to-use
and widely available tool which performs well on structuRMNAs [4]. For hints on
preparing the alignments see nbid 4.4.

RNAz can read two different alignment formats: Clustal Wg(EIA) and MAF
(Fig.[@B). The Clustal W format is a concise format which ipgorted by many
programs and thus suitable for every-day use.

For genomic screens, however, it is necessary to exactly gte genomic locations
of aligned sequences. For this purpose, the MAF format wasldeed which
requires six fields for each sequence entry:

1. a unique identifier of the source sequence,


www.tbi.univie.ac.at/RNA
ftp://ftp.ncbi.nih.gov/blast/executables/LATEST/
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2. the start position of the aligned subsequence with régpebis source se-
quence,

3. the length of the aligned subsequence without gaps,

4. “+” or “-” indicating if the sequence is in the same readufigection of the
source sequence or the reverse complement,

5. the sequence length of the complete source sequence,

6. the aligned subsequence with gaps.

The full specification of the format can be found hérep://genome.ucsc.edu/goldenPath/h
It should be noted that RNAz and all other helper programsadonmake use of field

5 and also ignore the value of thecbre= " field in the header line. So it is possi-

ble to simply fill these fields with O or any other arbitrary was, if the real values

are not easily available.

The RNAz package contains several example files which areebgutlt installed
to /usr/local/share/RNAz/examples . To run the following examples
change into this directory.

3.4.2 Running RNAz

As soon you have prepared your alignment you can immediatabye it with
RNAz. In the simplest case you type:

# RNAz tRNA.maf

The filetRNA.maf is that one shown in Fidl] 1B and the command gives you the
output shown in FidJ1C.

3.4.3 Understanding the output

As described in the introduction, RNAz calculates varioniglihg characteristics
to classify the alignment. These are displayed in the heseldion of the RNAz
output.

The mean single MFE is compared to the consensus MFE whialisés the SCI,
a measure for structural conservation (seclion1.2.2).himitleal example of a
tRNA, we observe a very high SCI of 0.97. The SCI depends omtéan pair-
wise identity and the number of sequences in the alignmemtit & not possible
interpret the significance of a SCl-value in absolute teris.a rule of thumb, a


http://genome.ucsc.edu/goldenPath/help/maf.html

3. Methods

CLUSTAL W (1.83) multiple sequence alignment

sacCerl GCCTTGTTGGCGCAATCGGTAGCGCGTATGACTCTTAATCATAAGGTTAGGGGTTCGAGC
sacBay GCCTTGTTGGCGCAATCGGTAGCGCGTATGACTCTTAATCATAAGGTTAGGGGTTCGAGC
sacKlu GCCTTGTTGGCGCAATCGGTAGCGCGTATGACTCTTAATCATAAGGCTAGGGGTTCGAGC
/\ sacCas GCTTCAGTAGCTCAGTCGGAAGAGCGTCAGTCTCATAATCTGAAGGTCGAGAGTTCGAAC
Hok Kk kk skok skokokk kk kokokk ok kokok kskokokok kokokok *kkokkokk K
sacCerl CCCCTACAGGGCT
sacBay CCCCTACAGGGCT
sacKlu CCCCTACAGGGCT
sacCas CTCCCCTGGAGCA
* Kk * Kk

##matr version=1
a score=119673.000000

E3 s sacCerl.chrd 1352453 73 - 1531914 GCCTTGTTGGCGCAATCGGTAGCGCGTATGACTCTT. ..
s sacBay.contig_465 14962 73 - 57401 GCCTTGTTGGCGCAATCGGTAGCGCGTATGACTCTT...
s sacKlu.Contigl1694 137 73 + 4878 GCCTTGTTGGCGCAATCGGTAGCGCGTATGACTCTT. ..
s sacCas.Contigl28 2568 73 + 663 GCTTCAGTAGCTCAGTCGGAAGAGCGTCAGTCTCAT. ..
RNAz 0.1.1

Sequences: 4
Columns: 73
Reading direction: forward
Mean pairwise identity: 80.82
Mean single sequence MFE: -27.20
(: Consensus MFE: -26.50

Energy contribution: -23.62
Covariance contribution: -2.88
Combinations/Pair: 1.43
Mean z-score: -2.18
Structure conservation index: 0.97
SVM decision value: 2.39
SVM RNA-class probability: 0.993311
Prediction: RNA

>sacCerl.chrd4 1352453 73 - 1531914
GCCUUGUUGGCGCAAUCGGUAGCGCGUAUGACUCUUAAUCAUAAGGUUAGGGGUUCGAGCCCCCUACAGGGCU
CCCCCCC e 2200 CCCCCCCC 020900000 (CCCC. . .2))))))2))))))) . ( -29.20)
>sacBay.contig_465 14962 73 - 57401
GCCUUGUUGGCGCAAUCGGUAGCGCGUAUGACUCUUAAUCAUAAGGUUAGGGGUUCGAGCCCCCUACAGGGCU
CCCCCCC e 2200 CCCC CCCC 2020900000 (CCCC. . .2)))))).))))))) . ( -29.20)
>sacKlu.Contigl694 137 73 + 4878
GCCUUGUUGGCGCAAUCGGUAGCGCGUAUGACUCUUAAUCAUAAGGCUAGGGGUUCGAGCCCCCUACAGGGCU
CCCCCCC Qe 20 (e DDDDD IS CCCCC+22339))00)0)) . ( -27.20)
>sacCas.Contigl28 258 73 + 663
GCUUCAGUAGCUCAGUCGGAAGAGCGUCAGUCUCAUAAUCUGAAGGUCGAGAGUUCGAACCUCCCCUGGAGCA
CCCCCCC . (e DD DI (( I ) (CCCCCennnn ))0)))..0))))) . ( -23.20)
>consensus
GCCUUGUUGGCGCAAUCGGUAGCGCGUAUGACUCUUAAUCAUAAGGUUAGGGGUUCGAGCCCCCUACAGGGCU
CCCCCCC . ot DRDD I (C (G G DDDDD IR o )30 .

(-26.50 = -23.62 + -2.88)

Fig. 1. Supported alignment formats and RNAz output. (A) Clustal W format,
(B) MAF format (sequences have been shortened due to space restrictions), (C)
Output of RNAz on the MAF file shown in (B).
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SCI near or even above the mean pairwise identity is “good!’ mght indicate
structural conservation. For example, given an alignmatit five sequences and
a mean pairwise identity of 60%, a SCI of 0.75 can be regardedrang hint for
a conserved fold. On the other hand, on a pairwise alignmé&ht30% identity,
SCI=0.75 does not indicate a conserved fold at all.

The second characteristic is thermodynamic stability,clwhs expressed as the
meanz-score of the sequences in the alignment (see setfion .1.2-4¢ores of
MFEs are not exactly normal distributed, so you cannot tiyegive a statistical
significance for youe-score. However, meantscores below-3 or —4 generally
indicate very stable structures, that should arise onlaia cases by chance. Also
here, one has to consider the overall sequence divergeribe alignment. On a
pairwise alignment with 90% identity ascore of—4 is much more likely to occur
by chance than on an alignment of six sequences with only 6@iity.

Apart from SCI andz-score, there are a few other values displayed in the RNAz
output. If you are wondering what they mean, see ofé 4.5.

RNAz assists you in the final classification by providing areral “RNA-class
probability”, or “P-value”. It is important to know that this isot a P-value in

a strict statistical sense, simply because there is no lymoigrstatistical model.
Instead, RNAz uses a rathad hocmachine learning technique to calculate this
value. If P >0.5, the alignment is classified as “RNA". The false positigte at
this cutoff was found to be: 4%, i.e. we expect 4 positive hits in 100 random
alignments. For many applications it is useful to set a maénegent cutoff of
P=0.9 with an associated false positive ratex01%. Reasons why estimations of
false positives must always be taken with caution are ginewate[4.6.

It turned out to be a useful practice to uBe=0.5 andP =0.9 as two main levels
of significance. A more sophisticated interpretation of fhegalue without consid-
ering the other values is generally not useful. In most cgsasannot say that, for
example, a hit with? =0.97 is more reliable than a hit with =0.95. See Note 4.7
on how to assess the reliability of a hit based on other citer

In the lower part of the RNAz output you explicitely see thegicted structures
for your sequences. You get structure predictions for eaujlessequence and a
consensus structure prediction for the whole alignmente piedicted structures
are given below the sequences in a “dot-bracket” notaticeichBbase-pair in the
secondary structure is indicated by a pair of brackdtsahd “) ”. Unpaired bases
are shown as dot:..*. Next to the structure you see the MFE in kcal/Mol. You can
get a graphical output by using RNAalifold of the ViennaRN&ckage.
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3.5 Advanced usage of RNAz
3.5.1 Analyzing forward and reverse strand

For a given alignment, a putative RNA can either be read ifidiveard direction or

in the reverse complementary direction. Therefore, batklirgy directions should
be scanned. By default, only the forward direction is scobed you can use the
--forwmard , --reverse  and--both-strands flags to explicitely specify
the reading direction.

If you have a strong RNA signal in one strand you can observeany cases also
a signal in the reverse complement. Usually the signals,(S6tore, consensus
MFE) are stronger in the “correct” direction. In most cases &lso goes along with
a betterP value. That is not always the case and, therefore, RNAz useparate

SVM decision model to predict the correct strand. Please,rbat in version 1.0

this is still an experimental feature. With the followingnemand you can analyze
both strands of the tRNA and, in addition, activate the stiarediction:

# RNAz --both-strands --predict-strand tRNA.maf

In this example, the signal from both strands are almosstimdjuishable and also
the P-values are almost the same (0.993 and 0.999). RNAZz stitjesstg the correct
(forward) strand and displays a “strand class probability”

# Strand winner: forward (0.88)

3.5.2 Scoring alignments with more than six sequences

RNAz is currently limited to alignments with not more thar sequences. If you
have more than six sequences in your alignment, you haveltmeghe number ei-
ther manually or use thmazSelectSeqgs.pl program to filter your alignment
before you put it into RNAz:

# rnazSelectSeqgs.pl miRNA.maf | RNAz

The filemiRNA.maf contains 12 aligned microRNAs. With default parameters,
rnazSelectSeqs.pl selects a subset of six sequences trying to reach an opti-
mal mean pairwise identity around 80%.

The default behaviour can be customized in various ways-the¢p  for details).
The following command, for example, samples three diffeadignments with four
sequences each.
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# rnazSelectSeqgs.pl --num-seqs=4 --num-samples=3 mIiRNA. maf | RNAz

By default, the first sequence in the alignment is always eng#t of selected se-
guences. This is the desired behaviour for genomic scredrese one usually likes
to retain a reference sequence.

3.5.3 Scoring long alignments

RNAZz cannot score alignments longer than 400 columns. IctioR it is generally
advisable that you score long alignments, s&p0 columns, in shorter, overlapping
windows. For general purpose screens we recommend a windewfs120. This
window size appears large enough to detect local seconttaistiges within long
ncRNAs and, on the other hand, small enough to find short siecgrstructures
without loosing the signal in a much too long window.

The fileunknown.aln  contains a noncoding region conserved in vertebrates. You
can scan it for RNA secondary structures by typing:

# rnazWindow.pl --window=120 --slide=40 unknown.aln \
| RNAz --both

If you look trough the results you see that RNAz does not ptedi RNA in this re-
gion. On UNIX like system you can addl ‘grep Prediction " to get a quick
overview on the results. Th@azWindow.pl  program has numerous additional
functions and will be used again in sect[onl 3.6.

3.6 Large scale genomic screens
3.6.1 Overview

An analysis pipeline suitable for scanning a large numbgeoomic alignments is
outlined in Fig[2. In the following, we demonstrate the wsaq this pipeline on
the example of a genomic screenS#ccharomyces cerevisid@é/e want to describe
the method as general as possible and we will focus here ynamtechnical de-
tails. A paper describing the results of a comprehensive Rbdikeen in yeast is in
preparation[[13].

3.6.2 Choosing raw input alignments

Choosing a reasonable set of input alignments is one of tret mmportant steps
during the analysis. There are a variety of different proggavailable to gen-
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rnazWindow.pl

1.

Processed alignments [« Raw alignments

RNAz

RNAZ output

~
~
D
rnazCluster.pl 3. .

rnazindex.pl .
A 4 .

Tab delimited results file 5 .

4,

1
BED | GFF | HTMLindex !
1

rnazFilter.pl rnazBEDstats.pl

rnazSort.pl
rnazAnnotate.pl
rnazBlast.pl

Fig. 2. Analyzing pipeline illustrating the use of RNAz and the helper programs.
(1) rnazWindow.pl  slices the input alignments in overlapping windows and per-
forms a variety of filtering and pre-processing steps. (2) The processed align-
ments can be scored with the RNAz program (3) Overlapping hits are merged
with rnazCluster.pl . In addition, all relevant data is extracted from the raw
output and stored in a tabulator delimited data file. Using the --html  option,
rnazCluster.pl generates a tree of HTML pages with illustrations of the pre-
dicted structures. You need additional software for this step to work. (4) The
results can be filtered, sorted and annotated in various ways. All programs read
a tab-delimited file and write a tab-delimited file. (5) Using rnazindex.pl , the
tab-delimited data files can be exported to standard formats as GFF and BED. It is
also possible to create a HTML formatted index file for the optional HTML output
created in step 3.
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erate genome-wide alignments. Here, we use Multiz alignsnehup to seven
Saccharomycespecies which can be downloaded from the UCSC genome browser
(genome.ucsc.edu ). In principle, we could usall alignments covering the
complete genome. The biggest problem in large genomicissisg@robably speci-
ficity. We have a relatively constant background signal Hefgositives. The more
sequences we put into the screen, the more false positivgeteeit. It is, therefore,
a good idea to choose the input set as small as possiblegtnginto discard any
interesting regions of course). In our case, we only analyeentergenic regions,
i.e. we discard any coding regions and all other annotatetlifes (pseudogenes,
repeats, ARS elements, ...). We retain known ncRNAs asipesiontrol in the
set. The selection was easily accomplished using the “Tataeser” feature of
the genome browser. We finally obtained a MAF alignmempit.maf ) with
10,822 alignment blocks, covering 983,947 bases of therger{eee sectidn 3.6111
how to get these numbers out of a MAF file.).

3.6.3 Pre-processing raw alignments

As described in sectidn 3.5.3, it is necessary to score lbgigraents in overlapping
windows. Given the partly poor quality of automatically gested genome-wide
alignments additional pre-processing steps are requorigitelr out gap-rich regions,
dubious aligned fragments or low complexity regions. A#4qprocessing is done by
thernazWindow.pl  program which, per default, performs the following steps:

[ —

. Slice alignments in overlapping windows of size 120 andksiO.

2. Check each pairwise alignment of the reference sequenties{ sequence)
to all other sequences and, after removing common gapsrdisequences
with more than 25% gaps in this pairwise alignment.

3. Discard any sequences which are outside the definitiagerahRNAz (e.g.
<50 nucleotides, GC content0.75).

4. Discard the complete alignment if either the referengaeisece was discarded
in a previous step or only the reference sequence is left fiuenber of se-
guences<?)

5. If the number of sequences:is, choose a subset of 6 sequences with mean
pairwise identity optimized to a target value of 80%.

6. Remove all sequences which are 100% identical. Neververthe reference
sequence and if all sequences are identical retain onlyravigaialignment.

All these steps can be customized with the appropriate caordrhiae parameters.
Here we use the default settings. We define, however, a mmimumber of four


genome.ucsc.edu
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sequences in the alignment retaining only regions whictwaleconserved across
several species:

# rnazWindow.pl --min-seqs=4 input.maf > windows.maf

This command will take a few minutes.

3.6.4 Running RNAz

The file windows.maf is now ready for being scored with RNAz. We use the
--both-strands parameter to score both the forward and the reverse comple-
ment strand. We also setshow-gaps which means that the output is shown
including the gaps. With this option it is possible to reau¥® complete alignment
from the RNAz output file which is useful in later steps of thpghine. Finally,

we set aP value cutoff of 0.5, meaning that only positive predictiare stored
resulting in a much smaller output file.

# RNAz --both-strands --show-gaps --cutoff=0.5 windows.m af > rnaz.out

This will take approximately one hour on a modern desktoppmater but may vary
depending on your system.

3.6.5 Clustering the results

The filernaz.out  now holds all windows that have a positive RNAz signal with
P >0.5. Itis possible that several windows cover the same genaygion. Over-
lapping windows are therefore clusteredani:

# rnazCluster.pl rnaz.out > results.dat

This command assigns each window a consecutively numbe&viediow ID” and
each group of overlapping windows a “locus ID”. For each vanvdand each locus
all relevant data (usehelp for details) is stored in a tabulator separated text file.

Inspecting the filgesults.dat , we see that we have 1104 windows which can
be grouped in 454 loci.

It is important to note that the term “locus” musdt be understood in the sense of
a genetic unit. It is, of course, possible that several |bou procedure cover one
long ncRNA gene.
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At this point we also want to add that we are painfully awarehef fact that the
process of first slicing the alignments and the re-clustmtis not optimal. Ideally
one would like to predict conserved RNA structutesally without sliding win-
dows. Although this should be possiblé [8] and we are working local version
of RNAz, the sliding window approach is currently the onlgsenable protocol.

3.6.6 Filtering and sorting the results

The data file now contains the raw data of all hits. In the feitgy analysis steps,
one usually wants to filter and sort candidates by variousr@i For this purpose
you can use the programsazFilter.pl andrnazSort.pl . For example,

# rnazFilter.pl "P>0.9" results.dat

lists all windows that have &-value higher than 0.9. For hints on how to formulate
more complex filtering expressions see Noié 4.8. With-theunt option you
can count the hits. We have 670 Windows in 303 loci on #¥0.9 significance
level. In addition, we can sort the hits:

# rnazFilter.pl "P>0.9" results.dat | rnazSort.pl combPer Pair

This sorts the output by the “Combinations/Pair” value, bg compensatory mu-
tations supporting the structure (explained in Nofé 4.5).

3.6.7 Exporting the results to standard annotation formats

Using different combinations ahazFilter.pl andrnazSort.pl you can

create various sub-selections of the complete data fesults.dat . You al-

ways get a tabulator delimited data-file. The prograazindex.pl helps you

to convert these kind of data files into the standard anmotébirmats GFF€gff )

or BED (--bed ). GFF http://www.sanger.ac.uk/Sottware/formats/GFF/ )

is awidely used format supported by many programs. Eiftp(//genome.ucsc.edu/FAQ/FAQT
is the native annotation format for the UCSC genome browseistgenerally use-

ful because of its simplicity (in its simplest form it is atlisf genomic locations:
sequencelD start stop ).

The following command creates a GFF file from all results:

# rnazindex.pl --gff results.dat > results.gff


http://www.sanger.ac.uk/Software/formats/GFF/
http://genome.ucsc.edu/FAQ/FAQformat
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3.6.8 Visualizing the results on a website

It is often insightful to manually check individual predans, for example by ana-
lyzing different illustrations of consensus structurese(dlotd 417). The creation of
the necessary files is a tedious task which, however, caly é@sautomatized. If
you run the cluster command from section 3.6.5 with the optibtml|

# rnazCluster.pl --html rnaz.out > results.dat

the program generates image files for all hits. For-thaml  option to work, you
need to have installed the Vienna RNA package (includind#rt programs of the
Utils directory) and the program Ghostscript, see se€fidnr@dzCluster.pl

creates a subdirectory callessults , which, in turn, has a subdirectolgcusN

for each locus. In thiocusN directories you find the image files together with an
index.html  which arranges the images for each locus on a web-page. You ca
open the index files using your favorite web-browser.

To get an HTML formatted table of all hits linking to the subges for each locus,
you can usenazindex.pl with the--html  option:

# rnazindex.pl --html results.dat > results/results.html

3.6.9 Comparing hits to known annotation

Once you have a list of predicted RNAs, you may want to addtewhdil annotations
to your predictions. You can simply add additional fieldshte tabulator separated
data file at your convenience. Here we demonstrate this byadng our prediction
with the known ncRNA annotation from ttf&accharomycegenome database. The
programrnazAnnotate.pl checks each predicted locus for overlap with an
annotation file in BED format:

# rnazAnnotate.pl --bed ../sgdRNA.bed results.dat > annot ated.dat

We find that out of 454 predicted loci, 280 overlap with knowsRNAs (of the
303 loci with P > 0.9, 215 are known ncRNAs). We detect all sorts of different
NCRNA classes (tRNAs, rRNA, snRNAs, snoRNAs, RUFES [10], atiter ncRNAS
like telomerase RNA or RNAseP,...) Most of the known 373 néRNh yeast are
tRNAs (275), which are partly difficult to detect in this senebecause most of them
are~ 100% conserved (i.e. no covariance information).

Without providing a detailed sensitivity analysis for tlsigecific yeast screen, we
want to add that sensitivity highly depends on the ncRNAslddicroRNAs, for
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example are easy to detect because of the high thermodystabitty of the hair-
pin precursor. On the other hand, C/D type snoRNAs for exarapé generally
difficult to detect because they lack a pronounced seconstangture. We miss
completely ncRNAs which do not depend on a secondary steiétw their func-
tion, as for example the yeaSER3regulating RNA [9] which, as expected, does
not show up in this screen.

3.6.10 Annotating hits with database search

Another possibility to annotate predicted ncRNAs is to campthe sequences to
databases of known ncRNAs. In the following we match theipted loci against
the Rfam databasé&l[5] using a simple Blast sequence seartbrnatively, one
could use more sensitive methods which also incorporatensieey structural infor-
mation (e.g. Infernal]2]). To run this example, you need$heerevisiasequence
files, the Rfam database file and a working NCBI Blast indialfa

First change into the directorfam and run:
# formatdb -t rfam -i rfam -p F

This command creates the index files for the fflm , which is a Fasta formatted
file with all entries of the database. You now can run:

# rnazBlast.pl --database rfam --seq-dir=seq \
--blast-dir=rfam results.dat >annotated.dat

This program takes th®. cerevisiageference sequence for each locus and runs a
Blast search against the Rfam database. If there is a hitamitbxpectation value
below some cutoff (defaultt? < 10-%), the name of the matching database query
is added as a new field to the data file. Please note that youtbamecify the
locations of the sequence data files and the blast index filélseocommand line.

3.6.11 Estimating false positives and gathering statistic s

To get an impression of the false-positive rate of a speaifieen it is useful to do
a control screen on randomized alignments. The command

# rnazRandomizeAln.pl input.maf > random-input.maf

will produce a randomized version of the input alignmentsshyffling the posi-
tions in the alignments. The program aims to remove any latioes arising from
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Tab. 1. Statistics of the yeast example screen

P05 P¢0.9
Predicted loci 454 303
Known ncRNAs 280 215
Loci without annotation 174 88
Predicted bases 60,834 44,082
Fraction of input alignments (%) 10.6 7.7
Predicted loci random 102 39
Predicted bases random 12,823 6,017
Fraction of input alignments random (%) 2.2 1.0

a natural secondary structure while preserving importaghment and sequence
characteristics as for example mean pairwise identity se li@mposition [15].

We repeated the complete analysis with the randomizedrabgis and we get 102
and 39 loci, on theé® >0.5 andP >0.9 level, respectively.

Table[l summarizes all results of this example screen. Térere few programs
which help you to gather statistics on your data. For example

# rnazindex.pl --bed results.dat \
| rnazBEDsort.pl | rnazBEDstats.pl

gives you detailed information on the predicted loci, imthg the covered genomic
region in nucleotides. This command first exports the readtBED file, sorts the

results by the genomic location and, finally, evaluates trerdinates in the BED

file. If you want to get statistics on your input alignmentsuycan use a command
like this:

# rnazMAF2BED.pl --seg-id=sacCer windows.maf \
| rnazBEDsort.pl | rnazBEDstats.pl

rnazMAF2BED.pl converts a MAF formatted alignment file to coordinates in
BED format. With--seg-id  you specify which sequence is used as reference.

Using these tools, you find for example that in the randomrob®t0% of the input
sequences are predicted as RNA on the>0.9 level. This is exactly the false
positive rate as expected (sectlon 3.4.3). The absolutébauwnf false positives,
however, strongly depends on your specific screen. In thasnpke we have 88
hits P >0.9 without RNA annotation and find that 39 hits should be etgx by
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chance. So we must expect that roughly half of our predisteme false positives.
On the other hand, this implies that the other half of the joted loci should be
real functional RNA structures, either as part of a ncRNA®regulatory element
of a mMRNA. However, one always have to bear in mind possibbetsbmings of

this kind of random control, see Ndfe ¥.6.

4 Notes

4.1 Custom installation of RNAz

The installation process usingonfigure andmake should work on all UNIX-
like systems. If you get error messages it may be necessatrydh install addi-
tional “developer packages”. On some Linux distributidosexample, there is no
C-compiler installed by default. Also on OS X itis necesgagt you have installed
the “XCode” tools.

If you do not have root privileges or want to install RNAz iraodifferent loca-
tion than/usr/local/ (e.g. your home directory) you can use the following
command:

# ./configure --prefix=/home/stefan --datadir=/home/st efan/share

This installs the executable thome/stefan/bin and the example files, Perl
programs and other data fmome/stefan/share/RNAz . Please note that the
bin directory must be in youPATHof executables if you want to call tHeNAz
executable without specifying the complete path.

4.2 Running the Perl programs

Since different people usually like to have their scriptgifierent locations, the

Perl programs areot installed to/usr/local/bin by default. They are in-
stalled to
/usr/local/share/RNAz/perl . To make them available from other loca-

tions, copy all files from this directory to a directory whighincluded in your
PATHof executables, e.qg.:

# cp /lusr/local/share/RNAz/perl/ * [usr/local/bin

Alternatively, you can add the directory with the Perl pieogs to youlPATHvari-
able by editing yourbashrc or.cshrc file in your home directory.
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In any case, it is important that the Perl module RIRAz.pm resides in the same
directory as the Perl programs.pl ). All the Perl programs depend on this module
file.

Another important point is, that the Perl programs expeatitttie path of the Perl ex-
ecutable igusr/bin/perl . Thisis the standard location on almost all Linux/UNIX
systems and OS X. If your Perl installation is different yavé to customize the
first line of all the Perl programs according to the locatibgaur perl executable.

On a Windows system the Perl programs should work if you haswiled Perl as
described in sectidn 2.3 and set thath variable as described in section311.2.

4.3 Optional software on Windows on OS X

To install the necessary software for the programs in segfi6.8 anf3.6.10 might
be a bit tricky on Windows and OS X.

You can install the Vienna RNA package and NCBI Blast withouatblems on OS
X by following the instructions in sectidn-3.2. However, ikelon a Linux system,
Ghostscript is not installed per default. You can try to gptexcompiled package
from fink.sourceforge.net or/darwinports.opendarwin.org . Al-
ternatively, you can download the source frottp://www.ghostscript.com/

and build the package witlconfigure andmake.

On Windows you can install Ghostscript through a simpleaithst file which you
can download fronhttp://www.ghostscript.com/ . Follow the installa-
tion instructions. Locate the newly installed fiswin32c.exe  and copy it to
a folder which is in youlPath (e.g. the folder, where theNAz.exe executable
resides). Rename the file §3.exe .

Windows users do not have to install the Vienna RNA packade r€élevant pro-
grams are part of the RNAz windows installer.

To install NCBI blast on windows, create a new folder (&g\Program Files \blast )
and download thblast-2.  *-win32.exe file fromfitp://ttp.ncbi.nih.gov/blast

Within the new folder, double click on thadast-2.  *-win32.exe file which
extracts the programs and data. Add ke subdirectory to youPath : Right-

click My Computer then click Properties SelectAdvancedEnvironment vari-
ablegNew Add the complete path of the blasin directory to the variabl®ath,

use ;" as separator.


fink.sourceforge.net
darwinports.opendarwin.org
http://www.ghostscript.com/
http://www.ghostscript.com/
ftp://ftp.ncbi.nih.gov/blast
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4.4 Creating the input alignments

RNAz can only detect a conserved structure if this struasisecurately reflected
in the alignment. Therefore, the quality of the alignmertiscial for the success of
the analysis. In practice, we found that if your alignmers Aanean pairwise iden-
tity above appr. 60% simple sequence based progressiimlglignment methods
yield reasonable results and there is not much differenbedam methods. One
of the best programs for aligning RNAs is Clustal W. For geremide alignments
we have only experience with Multiz alignments. Also thelsgnanents are of rea-
sonable quality and there is generally no need for re-al@mmWe suppose that
also other genome-wide alignment methods produce suitdigjements as long
the aligned regions are of sufficient similarity (mean p&endentity somewhere
around60% or above). In cases with sequences below 60% identity, siragt
guence based methods usually do not find an optstnatturalalignment. Altough
in principle structural enhanced alignments could helghthis alternative is not
relevant in practice. First, there are hardly any strut¢tomaitiple sequence align-
ment programs available. Second, current approaches ark toa slow to use
them for every-day analysis. Third, RNAz is not trained anicural alignments.
In contrast to pure sequence based alignment, you wouldrgetual high SCls.
This could confuse the decision model and you would get uhgtable results.

4.5 Additional output values

The consensus MFE which is calculated by the RNAalifold athm (see sec-
tion[L.Z.2) can be split in two terms. One is the “energy dbation”, which is the
folding energy from the standard energy model. The “coveeacontribution” is
the part which comes from the additional “bonus” or “penadtiyergies for compen-
satory/consistent and inconsistent mutations, respagtiif the covariance term is
negative, there are more compensatory mutations thansrstent mutations.

RNAz also calculates another value quantifying compemgatonsistent mutations:
“Combinations/Pair”. This is the number differentbase pair combinations in the
consensus structure divided by the number of pairs in theesmus structure. Both
the covariance contribution of the consensus MFE and thel@leations/Pair” are

mainly useful for final sorting a set of equally good predio8 with have been

filtered using other criteria (e.d? or z-scores).

RNAz uses a SVM algorithm for classification. The raw outputhe SVM is the
so-called “decision-value”. This real-valued number isipee if the prediction is
“RNA" and negative otherwise. From this value we calculdte more intuitive
“RNA class probability” or “P-value” which is 0.5 for a decision value of 0. In
some cases, the raw decision value can be more conveniarthig value (e.g. if
you want to plot the distribution of RNAz results).
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4.6 Estimating false positives

The RNAZz classification model is trained on a test set cangisif natural RNAs as
positive examples and randomly shuffled alignments as megatamples. Thus,
any signal reported by RNAz is relative to artificial background. Although this
null model of shuffled sequences is probably the most sensiinice possible, one
cannot assume that it behaves exactly likertatural background of real sequence
data. Also the estimation of false positive rates is baseshoiffled sequences. We
want to stress that, therefore, such an estimation of falseipes must be regarded
as a lower bond since one cannot rule out the possibilityrtbatrandom patterns
in natural sequences cause a higher rate of false positigesone observes in syn-
thetic random sequences. In particular, thecore calculation might be affected
by such effects. For example di-nucleotide content couds ltihe MFE structure
prediction. As an opposite effect one must consider theipiigsthat the shuffling
procedure cannot remove all secondary structure signdlthaisoverestimates the
real false positive rate. If you shuffle an alignment with jmanmpensatory mu-
tations, the number of “compatible columns” stays the sat@ying for compen-
satory mutations also in the shuffled alignment.

4.7 Manual inspection of candidates

If you have a hit withP >0.9, you have approximately a chance of 1 in 100, that
this arises through pure chance (but see als Nate 4.6). lesnsénse to critically
look at a hit. Sometimes the signal only comes from a lescore of borderline
significance and there is no evidence for structural coaserv. Sometimes the
complete alignment looks pathological (weird gap pattdovs complexity regions
etc.) which suggests that this is not a relevant structures useful to analyze a
predicted structure with RNAalifold and its visualizatiorethods. Visual inspec-
tion of a color coded alignment and the consensus structues gou an idea about
compensatory mutations supporting the structure and sistamt mutations which
do not support the structure. It must be noted that many nc&iNAeal life-data are
not supported by compensatory mutations, still they candieated based on the
stability and/or the SCI. The SCI implicitely also consgléne mutational pattern
outside of stems. To conclude, tlievalue efficiently filters your data for candi-
dates, but only the complete picture can help you in yourdi@eion the relevance
of a hit.

4.8 Advanced filtering

Filtering the tab-delimited data files using standard UNbXl$ likegrep or awk
is difficult because of the special window/locus groupingha data. You can use
the rnazFilter.pl program. The filter statement uses the field names (e.g.
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z,SCl,combPerPair  , see--help  for a complete list) and standard logical
operators as used in the Perl languagégreater than) (smaller thank= (equals
numerically),eq (equals string)not , and, or , =~ /regex/  (pattern match). In
addition you can use brackets to group and combine statemEnt example the
following statement gives you all windows with > 0.9 andz < —3 on chromo-
some 13:

# rnazFilter.pl "P>0.9 and z<-3 and seqlD="/chrl13/" result s.dat

It is important thatverythingyou put in the filter statement is evaluated by the Perl
interpreter. This can be potentially harmful, so take care.
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A Manual pages

A.l RNAz

Detecting stable and conserved RNA secondary structurasiliiple sequence alignments.

SYNOPSIS

RNAz [options] [file]

OPTIONS

-f, —forward
-r, —reverse

-b, —both-strands

Scores the forward direction, the reverse complement dr. bBy default only the
forward direction as given in the input alignment is scored.

-0 NAME, —outfile=NAME
Stores the output in a file. By default the output is printethiostandard output.

-w START-STOP, —window=START-STOP
Scores a sub-region of the alignment starting with columAFRSIT up to column
STOP.

-p X, —cutoff=X
Only show results with RNA class probability>P X. (Default: 0.5)

-g, —show-gaps
Print the output including gaps. Useful if the alignment tgato be recovered from
the RNAz output. (Default: off)

-s X, —predict-strand=X
Experimental feature which scores both strands and gives guess which direction
is more likely to encode a structural RNA. (Default: off)

-V, —version

Prints version information and exits.

-h, —help
Prints a brief help message and exits.
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DESCRIPTION

RNAzdetects stable and conserved RNA secondary structuresliipimsequence align-
ments. It calculates two independent scores for structmaservation (the structure con-
servation index SCI) and for thermodynamical stabilitye(fascore). High structural con-
servation (high SCI) and thermodynamical stability (negat-scores) are typical features
of functional RNAs (e.g. noncoding RNAs or cis-acting regaly elements). RNAz uses
both scores to classify a given alignment as functional RNAai. It uses a support vector
machine classification procedure which estimates a cladgsapility which can be used as
convenient overall-score.

RNAzreads one or more alignments in CLUSTAL W or MAF format froml@ dir standard
input and prints the results to the standard output.

Please refer to the files README and manual.pdf for full doeuatation.

AUTHORS

Stefan Washietkwash@tbi.univie.ac.at
Ivo Hofacker<ivo@tbi.univie.ac.at

Kristin Missal <missal@izbi.uni-leipzig.de
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A.2 rnazWindow.pl

Slice alignments in overlapping windows and process/falegnment windows in various
ways.

SYNOPSIS

rnazWindow.pl [options] [file]

OPTIONS

-w, —window
Size of the window (Default120)

-s, —slide
Step size (Default40)

—max-gap=X
Maximum fraction of gaps. If a reference sequence is used-{no-reference
is not set), each sequence is compared to the referencensecu® if in the pairwise
comparison the fraction of columns with gaps is higher thath&sequence is dis-
carded. If no reference sequence is used, all sequencea Wwabtion of gaps higher
than X are discarded. (Defauld:25

—max-masked=X

Maximum fraction of masked (=lowercase letters) in a seqaeAll sequences with
a fraction of more than X lowercase letters are discardeds iBhusually used for
excluding repeat sequences markedR®peatMasker but any other information
can be encoded by using lowercase letters. (Defaul):

—min-id=X
Discard alignment windows with an overall mean pairwisentitg smaller than X%.
(Default: 50)

—min-seqs=N
Minimum number of sequences in an alignment. Discard angewirs with less than
N sequences (Defaul).

—max-seqs=N
Maximum number of sequences in an alignment. If the numbeseqgfiences in a
window is higher than N, a subset of sequences is used witltlg®dhsequences. The
greedy algorithm of the programmazSelectSeqs.pl is used which optimizes
for a user specified mean pairwise identity (sept-id ). (Default: 6)
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—min-length=N
Minimum number of columns of an alignment slice. After renmgvsequences from
the alignment, “all-gap” columns are removed. If the raagltalignment has fewer
than N columns, the complete alignment is discarded.

—opt-id=X
If the number of sequences has to be reduced {seax-seqs ) a subset of se-
guences is chosen which is optimized for this value of meanvse identity. (In
percent, default80)

—max-id=X
One sequence from pairs with pairwise identity higher tha¥ ¥is is removed (de-
fault: 99, i.e. only almost identical sequences are remoWd) IMPLEMENTED

—forward

—reverse

—both-strands

Output forward, reverse complement or both of the sequeindes windows. Please
note: RNAz has the same options, so if you us@azWindow.pl  for an RNAz
screen, we recommend to set the option directiRMAzand leave the default here.
(Default: —forward)

—no-reference

By default the first sequence is interpreted as referenceeseg. This means, for
example, that if the reference sequence is removed durtagrii) steps the complete
alignment is discarded. Also, if there are too many sequeirtéhe alignment, the
reference sequence is never removed when choosing an appgsubset. Having a
reference sequence is crucial if you are doing screens afgierregions. For some
other applications it might not be necessary and in suchscase can change the
default behaviour by setting this option.
-V, —version

Prints version information and exits.
-h, —help
Prints a short help message and exits.

—man

Prints a detailed manual page and exits.
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DESCRIPTION

In many cases it is necessary to slice, pre-process anddiitgrments to get the optimal
input for RNAz. This can be a tedious task if you have a largelper of alignments to
analyze. This program performs the most common pre-privaeasd filtering steps.

Basically it slices the input alignment€l(USTAL W r MAFformat) in overlapping win-
dows. The resulting alignments windows are further praagssid only “reasonable” align-
ment windows are finally printed out, i.e. not too much gagsats, not too few or too
many sequences...

EXAMPLES

# rnazWindow.pl --min-seqs=4 some.aln

Slices the alignmentsome.aln in overlapping windows of size 120, slide 40 and filters
the windows for an optimal input to RNAz (=default behavijoudnly alignments with at
least four sequences are printed.

AUTHORS

Stefan Washietkwash@tbi.univie.ac.at
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A.3

rnazCluster.pl

Cluster RNAZz hits and print a summary of the results.

SYNOPSIS

rnazCluster.pl [options] [file]

OPTIONS

-c X, —cutoff=X

Only consider hits with RNAz class probablility>FX (Default:0.5)

-w, —windows

-1, —loci

Set these flags to print information for “windows” and/or c¢ibin the output. By
default, both single windows and combined loci are printed.

-d, —header

—html

Print a header explaining the fields of the output (see betma fletailed description
of the fields).

Generates HTML formatted output of the results in the s@otiryresults . For
this option to work you need to have installed ghostscrigt ariew programs from
the ViennaRNA package. More precisely you need the follgvwgrecutables in your
PATH: gs, RNAalifold , colorrna.pl , coloraln.pl . Alternatively you can
adjust the locations of these programs directly in thazCluster.pl script.
Please note that if you use this option the program will\gey slow because the
figures have to be generated. It is also important that yoe haw RNAz with the
--show-gaps option!

-V, —vVersion

Prints version information and exits.

-h, —help

—man

Prints a short help message and exits.

Prints a detailed manual page and exits.
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DESCRIPTION

rnazCluster.pl reads RNAz output files and combines hits in overlapping aivilto
“loci”. It prints a summary of the windows and/or loci as au&ior delimited text to the
standard output. An explanation of the fields can be founovbebee the user manual for a
more detailed meaning of these values.

To work properly, your RNAz output file needs to contain positinformation. This means
there must have been genomic locations in your originahalignts you scored with RNAz
(i.e. MAF files with a reference sequence). Moreover, thgioal input alignments have to
beordered by the genomic location of the reference sequence

If you want HTML output please see the notes for tHeml option above.

FIELDS

"Window” lines

1. windowlID

Consecutive numbered ID for each window

2. locusID
The locus which this window belongs to

3. sequencelD
Identifier of the sequence (e.g. human.chrl or contig42)

4. start
Start position of the reference sequence in the window

5. end
End position of the reference sequence in the window

6. strand
Indicates if the reference sequence is from the positiveegative strand
7. N

Number of sequences in the alignment

8. columns
Number of columns in the alignment

9. identity
Mean pairwise identity of the alignment
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10. meanMFE

Mean minimum free energy of the single sequences as cadulat the RNAfold
algorithm

11. consensusMFE
“consensus MFE” for the alignment as calculated by the RNaldlalgorithm

12. energyTerm

Contribution to the consensus MFE which comes from the gnaagt of the RNAal-
ifold algorithm

13. covarianceTerm

Contribution to the consensus MFE which comes from the ¢awee part of the
RNAalifold algorithm

14. combPerPair

Number of different base combinations per predicted paihéconsensus seconary
structure

15. z

Mean z-score of the sequences in the alignment

16. SCI

Structure conservation index for the alignment

17. decValue

Support vector machine decision value

18. P
RNA class probability as calculated by the SVM

"Loci” lines

1. locusID
Consecutive numbered ID for each locus

2. sequencelD
Identifier of the sequence (e.g. human.chrl or contig42)

3. start
Start position of the reference sequence in the window

4. end
End position of the reference sequence in the window
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5. strand
Indicates if the reference sequence is from the positiveegative strand

6. maxN
Maximum number of sequences in the alignments of this locus

7. maxldentity
Maximum mean pairwise indentity in the alignments of thisue

8. maxP
Maximum RNA class probability in the alignments of this Iscu

9. minZ
Minimum z-score in the alignments of this locus.

EXAMPLES

# rnazCluster.pl rnaz.out

Parses and clusters the hits in the fil@z.out  and prints loci and cluster information to
the standard output.

# rnazCluster.pl -c 0.9 --html rnaz.out > results90.out

Clusters all hits from the filenaz.out  with P>0.9, writes the tab-delimited output to the
file results90.out and, at the same time, generates a website in a subdirectied c
results

AUTHORS

Stefan Washietkwash@tbi.univie.ac.at
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A.4 rnazSelectSegs.pl

Select subsets of sequences from an alignment.

SYNOPSIS

rnazSelectSeqs.pl [options] [file]

OPTIONS

-n N, —num-seqs=N
Number of sequences in the output alignment(s). (Defjult:
-a N, —num-samples=N
Number of output alignments (Default)
-i X, —opt-id=X
The resulting alignment(s) is (are) optimized for this wa@i mean pairwise identity
(in percent, default80)
—max-id=X
Sequences from pairs with pairwise identity higher than X&ramoved (default:
99, i.e. only almost identical sequences are removed)
-X, —ho-reference
By default the first sequence (=reference sequence) is alyasent in the output
alignment(s). If you do not care having it removed, set tlaig.fl
-V, —version
Prints version information and exits.
-h, —help
Prints a short help message and exits.
—man
Prints a detailed manual page and exits.

DESCRIPTION

rnazSelectSeqs.pl reads a multiple sequence alignmenCiistal W  or MAFfor-
mat and returns an alignment in the same format with a useifiggenumber of sequences.
The subset is greedily optimized for a user specified meawis&i identity. There are op-
tions to removes sequences which are too similar. It is alssiple to sample more than
one alignment. The program uses a simple heuristic to adisimtpat.
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EXAMPLES

# rnazSelectSeqgs.pl -n 4 -a 3 miRNA.maf

Samples three subsets of four sequences from the aligmmBMiNA.maf .

# rnazSelectSeqgs.pl -n 5 -i 70 miRNA.maf

Selects a subset of five sequences optimized to a mean paideistity of 70%.

AUTHORS

Stefan Washietkwash@tbi.univie.ac.at

Ivo Hofacker<ivo@tbi.univie.ac.at
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A.5 rnazFilter.pl

Filter output files fronrnazCluster.pl by different criteria.

SYNOPSIS

rnazFilter.pl [options] "filter" [file]

OPTIONS

-c, —count

Count the windows/loci instead of printing them.
-v, —version

Prints version information and exits.
-h, —help

Print a short help message and exits.

—man

Prints a detailed manual page and exits.

DESCRIPTION

rnazFilter.pl reads tab-delimited data files as generatethby Cluster.pl . For
each window a filter is applied and if the filter is passed thedeiv and the corresponding
locus are printed out. Thus, you get all loci with at least wiredow that fulfills your filter
criteria.

The mandatory filter statement is given within double qu@tésand can contain compar-
ison/logical statements and field identifiers as listedvelo

Technically, the statement is directly interpreted by Psol you can use anything which
works in Perl. The same caveats apply, for example: If youtwampare numbers you
must use==, if you compare strings you have to usg.

Please noteeverythingyou put in the filter statement is evaluated by Perl. This can b
potentially harmful, so take care.

FIELDS

1. windowID
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Consecutive numbered ID for each window

2. locusID
The locus which this window belongs to

3. seqlD
Identifier of the sequence (e.g. human.chrl or contig42)

4. start
Start position of the reference sequence in the window

5. end
End position of the reference sequence in the window

6. strand
Indicates if the reference sequence is from the positiveegative strand

7. N
Number of sequences in the alignment

8. columns
Number of columns in the alignment

9. identity
Mean pairwise identity of the alignment

10. meanMFE
Mean minimum free energy of the single sequences as cadulat the RNAfold
algorithm

11. consensusMFE
“Consensus MFE” for the alignment as calculated by the RNa&ldlalgorithm

12. energyTerm
Contribution to the consensus MFE which comes from the gnaagt of the RNAal-
ifold algorithm

13. covarianceTerm
Contribution to the consensus MFE which comes from the cawee part of the
RNAalifold algorithm

14. combPerPair
Number of different base combinations per predicted paihéconsensus seconary
structure

15. z
Mean z-score of the sequences in the alignment
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16. SCI
Structure conservation index for the alignment

17. decValue
Support vector machine decision value

18. P
RNA class probability as calculated by the SVM

OPERATORS

<>
Less than, greater than

Equals numerically

€q
Equals (strings)

=" [regex/
Matches regular expression.

(,), and, or, not
Logical operators and grouping

EXAMPLES

# rnazFilter.pl "P>0.9 and z<-3 and seqID =/chrl3/" result

Gives you all clusters with windows with30.9 and z-3 on chromosome 13.

# rnazFilter.pl -c "P>0.9" results.dat

Counts all windows/loci with B0.9.

AUTHOR

Stefan Washietkwash@tbi.univie.ac.at

s.dat
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A.6 rnazSort.pl

Sorts output files fromnazCluster.pl by different criteria

SYNOPSIS

rnazSort.pl [options] key [file]

OPTIONS

-r, —reverse
Sort in reverse order.

—no-loci

Do not preserve the locus grouping but simply sort the wirglow

-V, —Version
Prints version information and exits.

-h, —help
Prints a short help message and exits.

—man
Prints a detailed manual page and exits.

DESCRIPTION

rnazSort.pl reads tab-delimited data files as generatednazCluster.pl . The
files are sorted according to a key which is given at the condmrime as a mandatory
argument. See below for a list of possible keys. By defaudittds” hits are listed first
(e.g. lower z-score or higher P). This can be changed by ubmgreverse  option.
By default, the grouping in loci is preserved during sortirfgor example if you sort by
Z-score, you get first the locus first whicht contains the wimdvith the lowest z-score. If
you simply want all windows sorted without considering theuping use the-no-loci
option.

FIELDS

1. windowID

Consecutive numbered ID for each window. BUG: currentlydenv10 comes before
window?9 because it is sorted alphabetically.
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2. locusID

The locus which this window belongs to. BUG: currently lobdiomes before lo-
cus9 because it is sorted alphabetically.

3. seqlD
Identifier of the sequence (e.g. human.chrl or contig42)

4. start
Start position of the reference sequence in the window

5. end
End position of the reference sequence in the window

6. strand
Indicates if the reference seqgeunce is from the positiveegative strand

7. N
Number of sequences in the alignment

8. columns
Number of columns in the alignment

9. identity
Mean pairwise identity of the alignment

10. meanMFE
Mean minimum free energy of the single sequences as cadulat the RNAfold
algorithm

11. consensusMFE
“Consensus MFE” for the alignment as calculated by RNA&ifdgorithm

12. energyTerm
Contribution to the consensus MFE which comes from the gneagt of the RNAal-
ifold algorithm

13. covarianceTerm
Contribution to the consensus MFE which comes from the ¢awee part of the
RNAalifold algorithm

14. combPerPair
Number of different base combinations per predicted paihénconsensus seconary
structure

15. z
Mean z-score of the sequences in the alignment
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16. SCI

Structure conservation index for the alignment

17. decValue
Support vector machine decision value

18. P
RNA class probability as calculated by the SVM

EXAMPLES

# rnazSort.pl combPerPair results.dat

Sort by “combinations per pair” value, i.e. gives you thes hiith the most compensatory
mutations.

AUTHOR

Stefan Washietkwash@tbi.univie.ac.at
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A.7 rnazAnnotate.pl

Compare tab-delimited data file as generatedniazCluster  to a BED annotation file.

SYNOPSIS

rnazAnnotate.pl [options] [file]

OPTIONS

-b, —bed
Set the annotation BED file with this option.

DESCRIPTION

This simple programs reads a tab-delimited data file as getebyrnazCluster.pl

It compares the genomic region of each predicted locus tarthetations of a BED file. If
there is some overlap, the description field of the annatdiine in the BED file is added in
double quotes as the last field to the locus line.

EXAMPLES

# rnazAnnotate.pl -b annotation.bed results.dat

Annotates the loci imesults.dat with annotations irmannotation.bed

AUTHORS

Stefan Washietkwash@tbi.univie.ac.at
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A.8 rnazBlast.pl

Compares predicted loci from data files as generatethagCluster.pl to a sequence
database using BLAST.

SYNOPSIS

rnazBlast.pl [options] [file]

OPTIONS

-b name, —blast-dir=name
The directory with your BLAST database. If not set, the vdiwen the BLASTDB
environment variable is used.

-d name, —database=name
Name of the BLAST database to compare with. Must exist in thectbry set with
--blast-dir or in the directory set bBLASTDB

-Ss name, —seq-dir=name
Directory with sequence files. For each sequence identifigolr input file you need
to have a corresponding FASTA formatted file. The files shdagdhamed with the
sequence identifier and the extensifan or.fasta . If your identifier in your input
file is for examplecontigl00 then you should have a file nameaintig100.fa
(If your identifier is of the form “assembly.chromosome” &g &xample used by
UCSC alignments, it is also possible to name the de22.fa  for a sequence
identifierhgl7.chr22 ).

-e X, —e-value=X
E-value cutoff. All hits with E< X are reported. (Default: 1e-06)

-V, —Version

Prints version information and exits.
-h —help

Prints a brief help message and exits.

—man
Prints the manual page and exits.
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DESCRIPTION

rnazBlast.pl is a simple program to compare your hits to a sequence datalsasy
BLAST. To use it you need (i) a sequence database (ii) theesmgufiles to which the
coordinates in your results file refer (iii) a NCBI BLAST iadiaition, i.e. ablastall
executable somewhere.

First you have to create a BLAST index file for your sequendalzise. You should have
a FASTA formatted file of your database. Assume for exam@etthe filerfam contains
all sequences of the Rfam database. Run the following codman

# formatdb -t rfam -i rfam -p F

Make sure that you have the sequence files available and neonredtly (see notes for the
--seq-dir option). In this example we assume that the files are in thdisedioryseq

You can run the following command to compare each locus iffildneesults.dat with
the newly createdfam database (which is in the subdirectafgm ):

# rnazBlast.pl --database=rfam --seq-dir=seq \
--blast-dir=rfam --e-value=1e-06 \
results.dat > annotated.dat

If there is a hit better than E=1e-06 the name of the matchétogiesnce and the E-value is
added in double quotes as additional field to the locus line.

AUTHORS

Stefan Washietkwash@tbi.univie.ac.at
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A.9 rnazindex.pl

Convert data files as generatedrbpzCluster.pl to different formats.

SYNOPSIS

rnazindex.pl [options] [file]

OPTIONS

-9, —off

Generate GFF formatted output.
-b, —bed

Generate BED formatted output.

—UucscC

In UCSC MAF alignment files it is common to use sequence ifiendilike for ex-
ample “hgl7.chr22”. However, in BED are usually specificdagiven assembly and
therefore only “chr22” is used in the BED files. With this aptiyou change any
identifier of the form “X.Y” into “Y”. Moreover, the scores armultiplied by 1000
and rounded to integers since the UCSC genome browser exgmmies between 0
and 1000.

-l, —loci
Use the locus information to generate the lines for the GEFBED files. This is the
default.

-w, —windows
Print the "windows” and not the "loci”. Probably, rarely ustinction.

—html

With this option you get a HTML table which links to the the HTMages which you
can create by using thehtml option inrnazCluster.pl . Redirect the output
to some file which resides in tmesults  directory created bynazCluster.pl
and open the file with your favourite web-browser.

-h, —help
Prints a short help message and exits.

—man

Prints a detailed manual page and exits.
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DESCRIPTION

rnazindex.pl reads tab-delimited data files as generatednagzCluster.pl and
converts them to GFF, BED or HTML formatted files.

GFF is the most widely used annotation file format and suppdsy many programs and
systems (http://www.sanger.ac.uk/Software/format&/\GF

BED is the native annotation file format used by the UCSC genbrawser (http://genome.ucsc.edu).

EXAMPLES

# rnazindex.pl --gff results.dat > results.gff

Converts theesults.dat file to GFF format.

# rnazindex.pl --ucsc --bed results.dat > results.bed

Create UCSC style BED format.

# rnazindex.pl --html results.dat > results/index.html

Generates HTML formatted table.

AUTHOR

Stefan Washietkwash@tbi.univie.ac.at
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A.10 rnazBEDsort.pl

Sorts a BED annotation file.

SYNOPSIS

rnazBEDsort.pl [options] [file]

OPTIONS

-V, —Version
Prints version information and exits.

-h, —help
Prints a short help message and exits.

—man
Prints a detailed manual page and exits.

DESCRIPTION

rnazBEDsort.pl reads a BED formatted annotation file and sorts the lines tpyesece
identifier and genomic location. Note: this simple scriph@ very memory efficient so
you could run into problems if you try to sort really large BED

EXAMPLES

# rnazBEDsort.pl some.bed

Sorts the filessome.bed and prints the results to standard out.

AUTHORS

Stefan Washietkwash@tbi.univie.ac.at
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A.11 rnazBEDstats.pl
Reports some statistics on a BED annotation file.
SYNOPSIS
rnazBEDstats.pl [options] [file]
OPTIONS
-v, —version
Prints version information and exits.
-h, —help
Prints a short help message and exits.
—man
Prints a detailed manual page and exits.
DESCRIPTION
rnazBEDstats.pl reads a BED formatted annotation file and prints some bagiis-st

tics. It counts the single annotations (“items”) but alse bases covered by these items.

“Item bases” means the number of bases that are covered hitethe (overlapping re-

gions are not counted). “Item total” is simply the sum of &#hias (overlapping regions are
counted). Important: The BED filmust be sortedfor this program to work. You can use

rnazBEDsort.pl for this task.

EXAMPLES

# rnazBEDstats.pl some.bed

Sorts the filesome.bed and prints statistics for it.

AUTHORS

Stefan Washietkwash@tbi.univie.ac.at
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A.12 rnazMAF2BED.pl

Convert sequence information from MAF formatted multipdggence alignment to a BED
style annotation format.

SYNOPSIS

rnazMAF2BED.pl [options] [file]

OPTIONS

-s, —seq-id

Specify the sequence identifier of the sequence which shmildsed as a reference
to create the output. Use for examplgl? if you want to get all sequences con-
taininghgl7 in the idenitfier (e.ghgl7.chrl0 ,hgl7.chr22 ,...). This option is
mandatory.

-V, —Version

Prints version information and exits.

-h, —help
Prints a short help message and exits.

—man

Prints a detailed manual page and exits.

DESCRIPTION

This simple programs extracts the position informationd@iven sequence out of a MAF
alignment and outputs it in a BED style annotation format.

EXAMPLES

# rmazMAF2BED.pl -s hgl7 some.maf

Get the regions of the hgl7 sequences in the alignseme.maf .

AUTHORS

Stefan Washietkwash@tbi.univie.ac.at
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A.13 rnazRandomizeAln.pl

Randomize alignments by shuffling the columns.

SYNOPSIS

rnazRandomizeAln.pl [options] [file]

OPTIONS

-w N, -window=N

-s N, —slide=N

Long alignment blocks should be shuffled locally in order taimtain local charac-
teristics of the alignment. Therefore alignments can bdflglauin windows. You
can specify here the size of a window and the offset. Defaréswindow=120
and slide=120, i.e. the alignments are shuffled in non-aperhg windows of 120
columns.

-I' N, —level=N

The shuffling algorithm tries to mantain local conservatiaiterns, i.e. it shuffles
only columns of the same degree of conservation. This besdiméing if you have

many sequences in your alignment. Therfore you can choaséetel of “coarse
graining” with this option.

To decide which columns have the same degree of conseryétienmean pairwise
identity (MPI) of each column is calculated and finally onlgiumns of the same
value are shuffled. You can adjust the rounding of the MPI 4 the “coarse
graining” level with this option. If you have two columns Wwisay 0.52 and 0.48 MPI
you get:

level 0: 1and O
level 1: 50 and 50
level 2: 52 and 48

So on level 0 you only have “conserved” (MBI0.5) and “non-conserved” (MRL
0.5) columns while on level 2 you need almost exactly the shtireto shuffle two
columns.

Default value is 2.
-V, —Version

Prints version information and exits.
-h —help

Prints a brief help message and exits.
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—man

Prints the manual page and exits.

DESCRIPTION

rnazRandomizeAln.pl reads a multiple sequence alignment in Clustal W or MAF for-
mat and returns a randomized version in the same format. Muegm uses the algorithm
described in Washietl & Hofacker, J. Mol. Biol. 342(1):1D(®). It generates alignments
of the same length, the same base composition, the same gamp#he same overall
conservation and the same local conservation patternais@eption-leve).

EXAMPLES

# rnazRandomizeAln.pl -I 1 some.maf > random.maf

Randomizes the filsome.maf using a less stringent parameter for maintaining conserva-
tion patterns.

AUTHORS

Stefan Washietkwash@tbi.univie.ac.at
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