UNIVERSITAT ROVIRA I VIRGILI

COMPUTATIONAL INSIGHTS INTO INTERGENIC REGIONS AND OVERLAPPING GENES AMONG PROKARYOTE GENOMES
Albert Palleja Caro

ISBN:978-84-692-2150-1/DL:T-508-2009



UNIVERSITAT ROVIRA I VIRGILI

COMPUTATIONAL INSIGHTS INTO INTERGENIC REGIONS AND OVERLAPPING GENES AMONG PROKARYOTE GENOMES
Albert Palleja Caro

ISBN:978-84-692-2150-1/DL:T-508-2009

UNIVERSITAT

' ROVIRA 1 VIRGILI

La universitat pdblica de Tarragona

DEPARTAMENT DE BIOQUIMICA | BIOTECNOLOGIA

FACULTAT DE QUIMICA

COMPUTACIONAL INSIGHTS INTO INTERGENIC
REGIONS AND OVERLAPPING GENES AMONG
PROKARYOTE GENOMES

Memoria presentada per optar al Grau de
Doctor per la Universitat Rovira i Virgili
amb menci6 europea.

Vist i plau del Director de Tesi: Vist i plau de I'alumne:

DR ANTONI ROMEU FIGUEROLA ALBERT PALLEJA CARO

Tarragona, 10 de Desembre del 2008




UNIVERSITAT ROVIRA I VIRGILI

COMPUTATIONAL INSIGHTS INTO INTERGENIC REGIONS AND OVERLAPPING GENES AMONG PROKARYOTE GENOMES
Albert Palleja Caro

ISBN:978-84-692-2150-1/DL:T-508-2009

ALS MEUS PARES



UNIVERSITAT ROVIRA I VIRGILI

COMPUTATIONAL INSIGHTS INTO INTERGENIC REGIONS AND OVERLAPPING GENES AMONG PROKARYOTE GENOMES
Albert Palleja Caro

ISBN:978-84-692-2150-1/DL:T-508-2009

CONTENTS

PREFACE 1

BACKGROUND AND OBJECTIVES 5

CHAPTER 1. /N SiLicO PREDICTION OF THE ORIGIN OF REPLICATION
AMONG BACTERIA: A CASE STUDY OF BACTEROIDES
THETAIOTAOMICRON 21

CHAPTER 2. OVERLAPPING GENE STRUCTURES AMONG PROKARYOTE
GENOMES 49

CHAPTER 3. LARGE GENE OVERLAPS IN PROKARYOTIC GENOMES:
RESULT OF FUNCTIONAL CONSTRAINTS OR MISPREDICTIONS? 80

CHAPTER 4. ADAPTATION OF THE SHORT CO-DIRECTIONAL SPACERS
TO THE SHINE-DALGARNO MOTIF IN PROKARYOTE GENOMES 105

CHAPTER 5: PAIRWISE NEIGHBOURS DATABASE. OVERLAPS AND

SPACERS AMONG PROKARYOTE GENOMES 136
CONCLUSIONS 160
LIST OF PUBLICATIONS AND CONGRESS CONTRIBUTIONS 165

AGRAIMENTS / ACKNOWLEDGEMENTS 169




UNIVERSITAT ROVIRA I VIRGILI

COMPUTATIONAL INSIGHTS INTO INTERGENIC REGIONS AND OVERLAPPING GENES AMONG PROKARYOTE GENOMES
Albert Palleja Caro

ISBN:978-84-692-2150-1/DL:T-508-2009

ATGCGATAGGTACGCCAAAATGGCAGTAGCTAGCTT
ACGCACCGATCATACGACATACAGACAGCTGATAGG
ATGGATAGGTACGCGAAAATGGCAGTAGCTAGCTT
CCCGGCGCATGGTCAGGCAGCGCAGCATGGGAAAA
ATGGATAGGTACGCGAAAATGGCAGTAGCTAGCTT
GATCACATCGACAGATAGATAACCACAGAGACATG
CGCGCGCCACGCATCGATTCATCATCAGATGGGAT
ATGCGATAGGTACGCCAAAATGGCAGTAGCTAGCTT
CCCCATGATAAAGTGATTAGATAGATGGTGGCAT
ATGCGATAGGTACGCCAAATGGCACTAGCTAGCTTT
GAGACGATAGACAGATAGCATCGCGCTCCAGCCA
ATGCGATAGGTACGCCAAAATGGCAGTAGCTAGCTT
AACCGGCCAACCCUTGGCTTAGCATACATCATGCA
ATGCGATAGGTACGCCAAAATGGCAGTAGCTAGCTT
AAAGTGTGTGTCACACACAGTTCGATCATAGTACA
ATGCGATAGGTACGCCAAAATGGCAGTAGCTAGCTT
ACGCACGATGATAGAGATACAGACAGCTCATAGC
ATGCGATAGGTACGCCAAAATGGCAGTAGCTAGCTT
CGCGCACTCGCTCCAGCGCTAGCTCCATCGATCGA
"GCGCGCTCAAACGAGCGCTAGCTCCGATCCATCC
‘GGATAGGTACGCGAAAATGGCAGTAGCTAC
‘GATAGGTACGCGCATGAATGGCAGTAGA

PREFACE
SCAGCTGGGTGGTAGGACG
SATCGATCGATCGATCG
“TTGACAGACAGTTGA

JTACGCGAAAATGGCA
ZGCTCGAGCGCTAGCTCG,
GGTACGCGAAAATGGCAGT
TJTCGATCGATCGATCCGATCGCGL
ICAGCATGACACACACACATGAT
A\GTGCCAGGCAGCATAAAGCACACK
CCAGCAGCTCGGGTGGTAGCAGTGATG
CAGTGCCAGGCAGCATAAAGCAGACGA
ZACCAGCACGCTCGGGTGGTAGCAGTGATGTA




UNIVERSITAT ROVIRA I VIRGILI
COMPUTATIONAL INSIGHTS INTO INTERGENIC REGIONS AND OVERLAPPING GENES AMONG PROKARYOTE GENOMES

Albert Palleja Caro

ISBN:978-84-692-2150-1/DL:T-508-2009

| | - PREFACE -

In the last few decades, bioinformatics has become an important part of
research and development in the biomedical sciences [1]. Bioinformatics is the
application of tools of computation and analysis to the capture and interpretation
of biological data and has become essential for the management of data in
modern biology and medicine [2]. In the field of genomics or proteomics,
bioinformatics make it possible to connect all the different data formats gathered
by new high-throughput techniques such as systematic sequencing, proteomics,
expression arrays, yeast two-hybrid, and high throughput screenings [3].
Laboratories are employing local bioinformatics to study fundamental biological
questions. The contribution of bioinformatics is related to the development of
concepts in theoretical molecular biology, but also to the management and

representation of complex biological information.

The exponential growth in molecular sequence data started in the early
1980s when methods for DNA sequencing became widely available. A novel
strategy for random sequencing of the whole genome, the “shotgun technique”,
was used to sequence the bacterial genome of Haemophilus influenzae in 1995
[4]. This was the first genome of any free living organism to be sequenced. Soon
after, other bacterial genomes were fully sequenced such as Mycoplasma
genitalium [5] and Mycobacterium tuberculosis [6]. The sequence and
annotation of the first eukaryotic genome was in 1996, which was the genome of
the yeast Sacharomyces cerevisiae [7]. After the initial period of irregular growth
of sequenced genomes, the accumulation of fully sequenced genomes of
bacteria and archaea showed a remarkably good fit to exponential functions,
with a doubling time of 20 months for bacteria and 34 months for archaea [8].
On the other hand, the fully sequenced eukaryotic genomes have grown slower
due to their larger extension. However in 2001, the whole human genome was
sequenced as a result of the great efforts made by the worldwide human
genome project and a private genomic company [9,10]. This may be the biggest

scientific news, and a great achievement for the people working in
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bioinformatics, since the discovery of the double helix in DNA by Watson and
Crick [11]. Apart from all these sequencing projects mentioned above, many
other organisms have been completely sequenced. Handling this massive
amount of data requires powerful integrated bioinformatic systems. Therefore,
methods for the design, management and interpretation of the results are

required.

From the 80s the data were accumulated in databases such as
GenBank, EMBL (European Molecular Biology Laboratory nucleotide sequence
database), DDBJ (DNA Data Bank of Japan), PIR (Protein Information Resource
and SwissProt. Computational methods were developed for data retrieval and
analysis, including important algorithms for sequence similarity searches such
as BLAST [12] (based on mathematical statistics coupled with human intuition),
structural predictions and functional predictions. Bioinformatics in the 90s was
focused on the understanding of functions and utilities of individual genes or
proteins. Later Bioinformatics was dedicated to understanding functions and
utilities at the molecular, cellular and organism levels. Nowadays Bioinformatics
is trying to understand the basic principles of the higher complexity of biological

systems [1].

After finishing my degrees in Chemistry (2003) and Biochemistry (2004),
| started my thesis in the Bioinformatic field as a novice. Bioinformatics was born
as a tool to manage huge amounts of data and it became a wide research field
on its own. Nowadays a large number of Bioinformatics labs are working around
the world. People have joined this field from different disciplines such as
Biology, Chemistry, Mathematics or Statistics. Even now there are several
master degrees available to complete the knowledge of the scientists that are
working in this field. A background in computer studies and life sciences is
desirable, but also a fair amount of knowledge of statistics and mathematical
calculations is important. "A person needs to be a jack of all trades, and then he

or she can become master of bioinformatics," (Prof. K Kannan, dean, School of
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Biotechnology, Guru Gobind Singh Indraprastha University). | wanted to

comment this preface on the complex learning process to adapt my chemistry
and biochemistry background to the Bioinformatics field. This process has been
really long and | have to admit that | am still learning a lot every day. Learning
how to work in a linux system, learning perl programming language, learning
mySQL language and dealing with the huge amount of databases that are now
available on Internet have been some of my goals in terms of training. In fact,
after all these years spent doing my doctorate, | am ready to confess that | have
only just started. When | started my thesis | knew a bit, but now | realize how

much | still do not know.

“Life is a long lesson of humility” James Mathew Barrie (Scottish

Dramatist and Novelist best known as the creator of Peter Pan, 1860-1937).

In my opinion, a research thesis must not be reduced to the number of
papers that you have been able to write. For me the thesis is the sum of
competences that you have acquired during your thesis period. In the beginning
you do not know what to ask and which questions are scientifically important? In
the end you become an autonomous scientist that is able to do experiments on
his own and with a critical scientific point of view. In these five years | have
grown scientifically and personally. Otherwise, | would not be satisfied right now.
During these years | frequently got lost, but | was strong enough and | had the
willpower enough to carry on my research. This has helped me learn not only

about scientific concepts, but also about myself and life in general.

“Learn from yesterday, live for today, hope for tomorrow. The important

thing is not to stop questioning.” Albert Einstein (German Physic, 1879- 1955).
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JCTCGAGCGCTAGCTCG,
GTACGCCGAAAATGGCAGT.
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ZAGCATGACACACACACATGAT,
STGCCAGGCAGCATAAAGCACACC
_CAGCAGCTGGGTGGTAGCACGTGATG,
_AGTGCCAGGCAGCATAAAGCAGACGACL
_ACCAGCAGCTCGGTGGTAGCAGTGATGTAL
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This is a computational thesis which has been developed in the
Biochemistry and Biotechnology Department at the Rovira i Virgili University.
The director of this thesis has been Dr Antoni Romeu who is Professor of the
University and Head of research in the Biochemistry and Biotechnology
Department of the Rovira i Virgili University. Regarding me, | am a PhD student
in the same Department of the same University. | have degrees in Chemistry
(2004) and in Biochemistry (2005). During my Doctorate period | finished The
Nutrition and Metabolism Doctorate program (from 2003 to 2005). In addition, to
complete my formation in the Bioinformatics field | did some courses about Perl
programming language, Phylogenetics, MySQL language, Shell Scripting and

Linux Systems.

Our research group has been involved in the following research projects:

«  “Developing Bioinformatic Tools for the Characterization of
Prokaryote Genomes (Desarrollo de herramientas bioinformaticas
para la caracterizacion de genomas de procariotas) " funded by
Ministerio de Ciencia y tecnologia (BIO2003-07672)

« “Bioinformatic characterization of bacterial origin and terminus of
replication and its impact in genome evolution " funded by
Fundacion BBVA (Ref.: BIO 04)

« “Estudio de la posible regulacién epigenética e impronta de genes
humanos sometidos a un regulacién por la dieta " funded by
Ministerio de Educacion y Ciencia (AGL2007-65678/ALlI).

From all these projects | have mainly been working on the
characterization of the prokaryote genomes. Concretely, | focused in the

characterization of the Origin of replication, in the study of the intergenic regions
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between genes and in the analysis of the overlapping genes among prokaryote

genomes.

SIZE AND OVERALL ORGANIZATION OF THE PROKARYOTE GENOMES

The first bacterial genome was sequenced in 1995. Concretely it was
the pathogenic bacterium Haemophilus influenzae [1]. After the initial period of
irregular growth, the accumulation of sequenced genomes of bacteria and
archaea showed a remarkably good fit to exponential functions [2,3]. In the
middle of the next year (2009), probably, we will be reaching the 1,000 fully
sequenced genomes. Comparative analysis of the hundreds of sequenced
bacterial and dozens of archaeal genomes leads to several generalizations on
the principles of genome organization and evolution. Although the huge variety
of life styles, as well as metabolic and genomic complexity, bacterial and
archaeal genomes show common architectural principles [2]. In terms of
genome sizes and overall genome organization, bacteria do not qualitatively
differ from archaea, although the currently characterized archaea have smaller
and compact genomes. Bacteria show a clear-cut bimodal distribution of
genome sizes, with the highest peak at ~2 Mb and the second, smaller one at
~5 Mb [2]. Archaea are less diverse in genome size, from ~0.5 Mb in the
parasite Nanoarcheum equitans to ~5.8 Mb in the acetate-utilizing methanogen
Methanosarcina acetivorans, and show a sharp peak at ~2 Mb that coincides
with the highest bacterial peak, even though there are larger archaeal genomes
[2]. Comparing with eukaryotes, prokaryotes accommodate a rather narrow
range of variation in genome size [4]. Whereas eukaryote genomes vary in size
about four orders of magnitude, there is only one order of magnitude difference
across prokaryote genome sizes [5]. However, the difference in the ranges of
genome size in eukaryotes and prokaryotes is not reflected in corresponding
differences in gene number. The genome size variation in prokaryotes is almost
directly proportional to the biochemical, physiological and organismal complexity

[4]. For instance, Mycoplasma genitalium has 525 genes along its 580,076
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[
nucleotides [6], while Bacillus subtilis has 4225 genes along its 4,214,630

nucleotides [7]. In contrast, yeast and humans have genomes that differ almost
300-fold in size, although they have only a six-fold difference in gene content
[8,9,10].

INTERGENIC LENGTHS IN PROKARYOTE GENOMES

According to the genomic compactness that suffer the prokaryote
genomes, they have intergenic distances that are much shorter than the gene
lengths and are relatively short compared to those in eukaryote genomes [2].
The eukaryote genomes show a much larger range of genome sizes and
contain protein-coding genes that are typically, interrupted by introns, and have
longer intergenic regions. In contrast, prokaryote genomes are considered wall-
to-wall genomes, which consist largely of genes for proteins and structural
RNAs, with only a small fraction of the genomic DNA containing intergenic
regions, which are thought to typically contain regulatory signals [11]. There are
variations in percentage of non-coding DNA among the prokaryote genomes.
These variations do not depend on the genome size or the gene content,
whereas the latter variables strongly correlate [4]. The spacers between a pair of
genes were classified into three types according to their transcriptional direction:
i) unidirectional, ii) convergent and iii) divergent [11]. Here we decided to use co-
directional instead of unidirectional. These three classes of spacers differ in the
type of regulatory signals that they contain. The co-directional spacers may
contain an upstream gene terminator, a promoter and an operator for a
downstream gene. The convergent spacers may contain terminators for both
genes while the divergent ones have only promoters and other upstream
transcriptional signals. The different types of intergenic regions in prokaryotes,
including the convergent and divergent ones (all of them inter-operonic) and the
co-directional (largely intra-operonic), evolve under the same evolutionary
pressures. The principal evolutionary force is the selective pressure to minimize

the amount of non-functional DNA [11]. However, in prokaryotes, these
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intergenic regions must maintain a minimal extension to accommodate essential
regulatory signals [11] and the DNA replication sequences [12]. Therefore, in
general, short spacers between prokaryote genes are expected. However, there
are long intergenic distances between the transcription units due to special
regulation requirements, extensive movements of mobile elements or active
pseudogene formation. The pseudogenes in prokaryote genomes undergo
processes such as niche change, host specialization or weak selection strength
[13]. This process is extremely clear in certain intracellular parasitic bacteria,
such as Mycobacterium leprae and Rickettsia, which appear to be in the process

of extensive genome degradation via pseudogenization [14].

ORIGIN OF REPLICATION IN PROKARYOTES

As has been commented above, the origin and terminus of replication
usually is in the intergenic regions between the genes. The initiation of
chromosomal replication occurs only once during the prokaryote cell cycle. Most
of the prokaryote genomes contain a single, bidirectional replication origin site
[15]. This origin can affect the global genome architecture [16]. The bidirectional
origin is the switch point between the leading and lagging strand that in
prokaryotes are replicated in different modes, continuous and discontinuous,
respectively. The leading and lagging strands show substantial asymmetries in
nucleotide composition, gene orientation and gene content [17,18]. E. Chargaff
experimentally determined the approximated equimolarities A ~ T and C ~ G for
long, single stranded DNA molecules [19]. These equalities are observed in the
lack of bias between the two DNA strands for mutation and selection [20,21].
However, in prokaryotic genomes there are local and systematic deviations for
many reasons, even though the main reason appears to be the different
mutational pressure associated with the different mechanisms for replication
between leading and lagging strands [22,23,24,25]. This asymmetry generally
divides the chromosome into two regions with opposite signs for base

composition skews [26]. The skew parameter is the difference in base
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composition between leading and lagging strands. The switch in skew direction
generally occurs at the origin and terminus of replication [17,26,27,28,29].
Usually the GC or AT skew patterns in prokaryotes chromosomes are significant
enough to make a good prediction of the origin of replication. Actually the origins
of the uncharacterized genomes are often detected using the DNA
compositional asymmetry [27]. The leading and lagging strands also show
asymmetric distributions of genes, with greater density of genes in the leading
strand [30]. In addition, it is known that highly expressed genes such as
ribosomal proteins-coding genes or essential ones, are overrepresented in the
leading strand while alien genes are encoded mainly in the lagging strand
[31,32]. The initiation and end of the chromosomal replication seem to be really
important factor that determine the genome architecture. Therefore the

predictions of these sites must be very accurate.

OVERLAPPING GENES AMONG PROKARYOTE GENOMES

Another consistent phenomenon that is found in prokaryote genomes is
the gene overlaps [33]. Overlapping genes were originally discovered in viruses,
mitochondria and other extra chromosomal nuclear elements [34,35].
Nowadays, there are thousands of examples of overlapping genes in
bacteriophages, animal viruses and mitochondria genomes, as well as in all
bacterial and archaeal genomes sequenced to date [33,34,35,36,37].
Overlapping genes have been classified into three types according to their
transcriptional direction equally to the spacers between genes [36,38,39,40].
These are: i) co-directional (genes in the same strand overlapping an upstream
gene 3-end and a downstream gene 5’-end), ii) convergent (genes in opposite
strands overlapping the 3'-ends) and iii) divergent (genes in opposite strands
overlapping the 5’-ends) In prokaryotes, these overlaps have been hypothesized
to be involved (i) in compressing the maximum amount of genetic information as
a result of the evolutionary pressure to minimize genome size and increase the

density of genetic information [36,41,42,43,44] and (ii) to be a mechanism for




UNIVERSITAT ROVIRA I VIRGILI
COMPUTATIONAL INSIGHTS INTO INTERGENIC REGIONS AND OVERLAPPING GENES AMONG PROKARYOTE GENOMES

Albert Palleja Caro

ISBN:978-84-692-2150-1/DL:T-508-2009

| | - BACKGROUND AND OBJECTIVES -

regulating gene expression through translational coupling of functionally related
polypeptides [33,36,44,45,46]. The co-directional and convergent overlaps can
arise because of the loss of a stop codon in either gene, resulting in the
elongation of the 3’-end of the gene’s coding region. More specifically, the loss
of a stop codon may result of one from the following events: i) deletion of the
stop codon, ii) point mutation at the stop codon or iii) frameshift at the end of the
coding region [38]. The co-directional and divergent overlaps can simply arise
when the downstream gene adopts a new start codon within the upstream
coding sequence [47]. Genes follow the rules imposed by the genetic code to
overlap. Overlaps of one and four nucleotides are extremely common
[33,39,44,47], especially the 4 bps co-directional overlap which includes, in the
overlapping region, the start and the stop codon of both genes favoring
translational coupling [48]. The overlapping lengths tend to be short due to the
selective pressure against long overlaps. As longer is the overlap as higher is
the risk that a deleterious mutation can affect both genes. Because of such

mutation the cell could lose two proteins at the same time.

SHINE-DALGARNO SEQUENCE IN PROKARYOTES

Under this scenario of short spacers between genes and genes
overlapping, the regulatory signals may be compromised. One of such
regulatory signals is the Shine-Dalgarno (SD) sequence, which was discovered
by Shine and Dalgarno on 1974 [49], and plays a key role in the translation
initiation. Usually this SD sequence (5-GGAGGU-3’) is found at the 5 UTR
regions and binds a motif sequence (3'-CCUCCA-5") at the 16S rRNA tail [49].
The complementarity between the 3’ tail of 16S rRNA and the region 5’ of the
start codon on the mRNA is enough to create a stable, double-stranded
structure that could position the ribosome correctly on the mRNA during
translation initiation. The motif 5-GGAGGU-3' and variations on it, which are
also complementary to parts of the 3' 16S rRNA tail, have been referred as SD

sequence. This sequence was experimentally verified on 1987 by Hui and de
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Boer [50] and Jacob and co-workers [51]. Since Shine Dalgarn’s publication two
methods have benn used to identify and locate the SD sequence in prokaryotes:
sequence similarity and free energy calculations. Methods based on sequence
similarity include searching upstream from start codons for sub-strings of the SD
sequence of at least three nucleotides long [52]. However, there is not a
threshold of similarity that can clearly separate actual SD sequences from
spurious sites with a significant, but low, degree of similarity to the SD
sequence. The lack of certainty leads to separate the genes into two categories:
those with obvious SD sequence and those without. The inability of sequence
techniques to pinpoint the exact location of the SD sequence is a problem
because the SD location is believed to affect translation initiation [53,54,55,56].
The SD motif is mostly found between 7th and 12th base upstream of the strat
codons [55,57,58]. The free energy calculations method is based on
thermodynamic considerations of the proposed mechanism of 30S binding to
the mRNA and overcomes the limitations of sequence analysis. Here we used
the Starmer and co-workers method that to identify SD sequences calculating
the AG®° values for progressive alignments of the rRNA tail with the mRNA in the
region around the translation initiation (upstream and downstream of the start
codon) [59].The free energy calculations approaches can both identify the SD
and pinpoint its exact location as that having the minimal AG° value. However,
recently, more leaderless genes (short leader genes) or genes without SD
sequence have been detected among prokaryote genomes [60]. Three different
structures can be identified based on the existence of SD and leading
sequence: the genes led by SD, genes not led by SD and leaderless genes [61].
Several studies have examined SD sequence dispersion in various prokaryotes
including bacteria and archaea genomes [55,58,59,61]. Despite SD sequence is
widely found upstream of the bacteria and archaea genomes, these studies
have provided evidences that lead to question the common belief that most
bacteria and archaea genes have SD sequence [57]. For instance, the genomes

of Sulfolobus sulfataricus and Mycoplasma pneumoniae appear to do not have
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[
genes led by SD sequences [62,63]. The population of non SD led genes is

considerably larger than previously thought and the SD content varies widely in
different prokaryotes [61]. This suggests that alternative unknown mechanisms

may be involved in the translation initiation [62,64,65].

In prokaryotes, many co-directional genes are sufficiently close together
that the end of one gene may overlap with the SD or even the coding sequence
of the next gene. This constrains the end of the upstream gene and the stop
codon usage. The changes in composition at the end of genes are consistent
with selection against the formation of mRNA secondary structure around the
start codon of the next gene in the chromosome. A is likely to be the most
favored base in such regions since it only binds U weakly, whereas G is likely
the least favored base because it binds U weakly and C strongly [66]. The three
stop codons are used unequally in prokaryotes. TAA is used in preference to
TGA, which itself is used in preference to TAG [67]. TAA is the preferred stop
codon because of faster termination or lower levels of translational read-
through. It seems that the use of TGA and TAG increases when the stop codon
has other coding functions [68]. For instance the 4bps overlaps, which are
extremely common in prokaryotes, require TGA as stop codon. Also the three
stop codons may be part of the SD sequence [68]. Recently, in the fusellovirus
SSV4 a significantly part of the TGA stop codons analysed were part of a SD of
the next gene (GGTGA). As the prokaryote genomes are also highly compacted,
we could expect such SD sequence adopting the stop codon within its
sequence. Here we assess how the stop codon usage and the short intergenic

spacers adapt themselves to the SD location in prokaryote genes.

The analysis of intergenic regions and overlapping genes among
prokaryotes can be hampered by annotation errors [69]. These errors can be
incorrectly predicted genes, mispredicted start codons or loss of stop codons
due to sequencing errors. Therefore is worth studying the overlapping genes,

the origin and terminus of replication, the intergenic regions and the regulatory
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signals compromised within these regions in order to minimize the annotation

errors and find simple rules for improving the automatic annotation algorithms.

OBJECTIVES OVERVIEW

Because of the research lines of the research group, where | am
involved, and the available background of this topic, the objectives of this thesis

have been the following:

- In silico characterization of the Origin of replication of Bacteroides
thetaiotaomicron

Some origins of replication have been experimentally determined and
have led to the development of in silico approaches to find the origin of
replication among other prokaryotes. DNA base composition asymmetry is the
basis of numerous in silico methods used to detect the origin and terminus of
replication in prokaryotes. However the composition asymmetry does not allow
us to locate precisely the positions of the origin and terminus. Some genome
projects directly annotate the origin of replication around the region where the
skews switch polarity, close to the dnaA gene, without going beyond in the
study. Since DNA replication is a key step in the cell cycle it is important to
determine properly the origin and terminus regions. Therefore, the methods,
tools and databases for predicting the origins and terminuses of replication were
reviewed and some complementary analyses to reinforce these predictions were
proposed. These analyses include finding the dnaA gene and its binding sites;
making BLAST analyses of the intergenic sequences compared to related
species; studying the gene order around the origin sequence; and studying the
distribution of the genes encoded in the leading versus the lagging strand. All
these analyses we applied to correct the Bacteroides thetaiotaomicron origin
prediction. This is a clear case where the genome project of this bacterium did

not go in detail in the origin prediction and they gave a wrong origin prediction.
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They located the origin on the opposite site of the circular chromosome. This

subject is addressed in Chapter 1.

- Determination of the overlapping gene structures among prokaryote
genomes.

Overlapping genes are a conserved feature of prokaryote genomes.
Actually the overlapping pairs appear to be more conserved than the non-
overlapping genes. The proportion of non-degenerate sites is higher in
overlapping genes than in non-overlapping genes, thus reducing the proportion
of synonymous mutations out of the total nhumber of mutations. Therefore, a
mutation could affect two proteins at the same time resulting in the loss of two
functions in the cell. Generally, the overlapping lengths tend to be short because
of the selective pressure against long overlaps, as the existence of overlapping
reading frames increases the risk of deleterious mutations. The overlapping
genes have preferred and prohibited overlapping lengths and there are allowed
and not allowed overlapping phases. The overlaps seem to have a role in the
transcriptional and translational regulation of gene expression and can
potentially influence the evolution of genes. The significance and evolution of
this conserved feature among prokaryotes has been well studied. Here we
analyze that phenomenon in terms of genome organization and genome
structure, as well as the relationship between the overlaps with the SD
sequence presence and location. A good knowledge of the overlapping gene
structures and the SD locations can help to improve genome annotation and
may contribute to functional prediction. This subject is addressed in Chapter 2
and 5.

- Analysis of the reliability of large gene overlaps

The exponentially increasing amount of sequence information has
spurred the need for automated and accurate large-scale prediction and

functional annotation of genes. A new generation of technologies is speeding up
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the sequencing even more, but this comes at the price of some biases and an
increased error rate. Thus, it is important to investigate unexplained phenomena
for systematic errors. One such phenomenon is a large number of annotated
genes with long overlaps. While there is plenty of evidence that small gene
overlaps of several nucleotides enhance coordinated transcription of functionally
related genes, it is not known whether long overlaps are the product of special
functional constraints or simply of large-scale misannotations. A number of
previous studies of overlapping microbial genes suggested that annotation
errors such as misprediction of start codons, loss of termination codons as well
as the misidentification of the entire open reading frames (ORFs) can influence
the statistics of overlapping genes and hence their analysis. Nevertheless none
of the previous studies has attempted to quantify and characterize rigorously
these possible misannotations to be able to study gene overlaps more reliably.
In this thesis we analyse long overlaps between well-characterized genes to
discriminate true events from misannotations and to use this knowledge to
develop rules for improving gene annotation. This subject is addressed in
Chapter 3.

- Identification and location of the SD sequence.

As has been mentioned above, the SD sequence is a motif, 5-
GGAGGU-3', located in the 5’ of the initiation codons and is complementary of
the sequence, 3-CCUCCA-5', located at the 16S rRNAs tail. The prokaryote
species seem to have preferred distances between the SD and the start codon
and this distance varies among the species. The conservation of this distance is
important to assure an efficient translation initiation. It has been postulated that
when the SD resides within the 4 nucleotides from the initiation codon or when
is located as far as 13 nucleotides from the initiation codon, gene expression is
decreased drastically. Under the scenario of short intergenic distances and
overlaps between genes, which are extremely common in prokaryote genomes,

it is interesting asses the SD presence and location between genes. Since the
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SD sequence seems to not vary its strength and its distance to the start codon
because of the close proximity of the prokaryote genes, the intergenic regions
and the stop codon may adapt themselves to the presence of a SD motif. This

subject is addressed in Chapter 2, 4 and 5.

- Construction of a database to store and analyse the overlapping genes

and the spacers between genes among the prokaryote genomes.

Because of the huge amount of data extracted from the analysis of the
intergenic regions and the overlapping genes among prokaryote genomes we
thought in build a database in order to store all the data generated. On one
hand, the location of the SD can help to correct the gene annotations and could
influence the spacing length and the stop codon usage. Therefore, a database
dedicated to study the intergenic regions and their relationship with the SD

locations seems to be very useful.

On the other hand, across the fully sequenced microbial genomes there
are thousands of examples of overlapping genes. It is a consistent and worth
studying phenomenon among prokaryotes and is often studied by the scientific
community. The overlaps seem to have a role in the transcriptional and
translational regulation of gene expression and can potentially influence the
evolution of genes. Therefore, databases that can provide users with useful
information about overlapping genes appear to be desirable. This subject is
addressed in Chapter 5.




UNIVERSITAT ROVIRA I VIRGI

LI

COMPUTATIONAL INSIGHTS INTO INTERGENIC REGIONS AND OVERLAPPING GENES AMONG PROKARYOTE GENOMES

Albert Palleja Caro
ISBN:978-84-692-2150-1/DL:

T-508-2009

| | - BACKGROUND AND OBJECTIVES -

REFERENCES

1.

8.

9.

10

11

12

13

14.

15.

16.

17

18

Fleischmann R, Adams M, White O, Clayton R, Kirkness E, et al. (1995)
Whole-genome random sequencing and assembly of Haemophilus
influenzae Rd. Science 269: 496-512.

. Koonin E, Wolf Y (2008) Genomics of bacteria and archaea: the emerging

dynamic view of the prokaryotic world. Nucleic Acids Res.

. Guzman E, Romeu A, Garcia-Vallve S (2008) Completely sequenced

genomes of pathogenic bacteria: a review. Enferm Infecc Microbiol Clin
26: 88-98.

. Mira A, Ochman H, Moran NA (2001) Deletional bias and the evolution of

bacterial genomes. Trends Genet 17: 589-596.

. Casjens S (1998) The diverse and dynamic structure of bacterial genomes.

Annu Rev Genet 32: 339-377.

. Fraser C, Gocayne J, White O, Adams M, Clayton R, et al. (1995) The

minimal gene complement of Mycoplasma genitalium. Science 270:
397-403.

. Kunst F, Ogasawara N, Moszer |, Albertini A, Alloni G, et al. (1997) The

complete genome sequence of the gram-positive bacterium Bacillus
subtilis. Nature 390: 249-256.

Goffeau A, Barrell B, Bussey H, Davis R, Dujon B, et al. (1996) Life with 6000
genes. Science 274: 546, 563-547.

Lander E, Linton L, Birren B, Nusbaum C, Zody M, et al. (2001) Initial
sequencing and analysis of the human genome. Nature 409:; 860-921.

. Venter J, Adams M, Myers E, Li P, Mural R, et al. (2001) The sequence of
the human genome. Science 291: 1304-1351.

. Rogozin IB, Makarova KS, Natale DA, Spiridonov AN, Tatusov RL, et al.
(2002) Congruent evolution of different classes of non-coding DNA in
prokaryotic genomes. Nucleic Acids Res 30: 4264-4271.

. Frank AC, Lobry JR (2000) Oriloc: prediction of replication boundaries in
unannotated bacterial chromosomes. Bioinformatics 16: 560-561.

. Mira A, Pushker R (2005) The silencing of pseudogenes. Mol Biol Evol 22:

2135-2138.

Fuxelius H, Darby A, Cho N, Andersson S (2008) Visualization of
pseudogenes in intracellular bacteria reveals the different tracks to gene
destruction. Genome Biol 9: R42.

Marczynski GT, Shapiro L (1993) Bacterial chromosome origins of
replication. Curr Opin Genet Dev 3: 775-782.

Mott ML, Berger JM (2007) DNA replication initiation: mechanisms and
regulation in bacteria. Nat Rev Microbiol 5: 343-354.

. Rocha EP, Danchin A, Viari A (1999) Universal replication biases in bacteria.

Mol Microbiol 32: 11-16.

. Rocha E (2004) The replication-related organization of bacterial genomes.

Microbiology 150: 1609-1627.




UNIVERSITAT ROVIRA I VIRGILI
COMPUTATIONAL INSIGHTS INTO INTERGENIC REGIONS AND OVERLAPPING GENES AMONG PROKARYOTE GENOMES

Albert Palleja Caro

ISBN:978-84-692-2150-1/DL:T-508-2009

| | - BACKGROUND AND OBJECTIVES -

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Rudner R, Karkas JD, Chargaff E (1968) Separation of B. subtilis DNA into
complementary strands. 3. Direct analysis. Proc Natl Acad Sci U S A 60:
921-922.

Sueoka N (1995) Intrastrand parity rules of DNA base composition and
usage biases of synonymous codons. J Mol Evol 40: 318-325.

Lobry JR (1995) Properties of a general model of DNA evolution under no-
strand-bias conditions. J Mol Evol 40: 326-330.

Mrazek J, Karlin S (1998) Strand compositional asymmetry in bacterial and
large viral genomes. Proc Natl Acad Sci U S A 95: 3720-3725.

Frank AC, Lobry JR (1999) Asymmetric substitution patterns: a review of
possible underlying mutational or selective mechanisms. Gene 238: 65-
77.

Tillier ER, Collins RA (2000) The contributions of replication orientation,
gene direction, and signal sequences to base-composition asymmetries
in bacterial genomes. J Mol Evol 50: 249-257.

Kowalczuk M, Mackiewicz P, Mackiewicz D, Nowicka A, Dudkiewicz M, et al.
(2001) DNA asymmetry and the replicational mutational pressure. J
Appl Genet 42: 553-577.

Lobry JR (1996) Asymmetric substitution patterns in the two DNA strands of
bacteria. Mol Biol Evol 13: 660-665.

Grigoriev A (1998) Analyzing genomes with cumulative skew diagrams.
Nucleic Acids Res 26: 2286-2290.

Lobry JR (1996) Origin of replication of Mycoplasma genitalium. Science
272: 745-746.

Francino MP, Ochman H (1997) Strand asymmetries in DNA evolution.
Trends Genet 13: 240-245.

Brewer BJ (1988) When polymerases collide: replication and the
transcriptional organization of the E. coli chromosome. Cell 53: 679-686.

Karlin S (1999) Bacterial DNA strand compositional asymmetry. Trends
Microbiol 7: 305-308.

Puigho P, Romeu A, Garcia-Vallvé S (2008) HEG-DB: a database of
predicted highly expressed genes in prokaryotic complete genomes
under translational selection. Nucleic Acids Res 36: D524-527.

Johnson ZI, Chisholm SW (2004) Properties of overlapping genes are
conserved across microbial genomes. Genome Res 14: 2268-2272.
Barrell BG, Air GM, Hutchison CA, 3rd (1976) Overlapping genes in

bacteriophage phiX174. Nature 264: 34-41.

Sanger F, Air GM, Barrell BG, Brown NL, Coulson AR, et al. (1977)
Nucleotide sequence of bacteriophage phi X174 DNA. Nature 265: 687-
695.

Normark S, Bergstrom S, Edlund T, Grundstrom T, Jaurin B, et al. (1983)
Overlapping genes. Annu Rev Genet 17: 499-525.

Harrington ED, Singh AH, Doerks T, Letunic I, von Mering C, et al. (2007)
Quantitative assessment of protein function prediction from
metagenomics shotgun sequences. Proc Natl Acad Sci U S A 104
13913-13918.




UNIVERSITAT ROVIRA I VIRGILI
COMPUTATIONAL INSIGHTS INTO INTERGENIC REGIONS AND OVERLAPPING GENES AMONG PROKARYOTE GENOMES

Albert Palleja Caro

ISBN:978-84-692-2150-1/DL:T-508-2009

| | - BACKGROUND AND OBJECTIVES -

38.

39.

40.

41.

42.

43.

44,

45,

46.

47.

48.

49.

50.

51.

52.

53.

Fukuda Y, Washio T, Tomita M (1999) Comparative study of overlapping
genes in the genomes of Mycoplasma genitalium and Mycoplasma
pneumoniae. Nucleic Acids Res 27: 1847-1853.

Fukuda Y, Nakayama Y, Tomita M (2003) On dynamics of overlapping
genes in bacterial genomes. Gene 323: 181-187.

Rogozin IB, Spiridonov AN, Sorokin AV, Wolf YI, Jordan IK, et al. (2002)
Purifying and directional selection in overlapping prokaryotic genes.
Trends Genet 18: 228-232.

Sakharkar KR, Chow VT (2005) Strategies for genome reduction in microbial
genomes. Genome Inform 16: 69-75.

Krakauer DC (2000) Stability and evolution of overlapping genes. Evolution
54: 731-739.

Sakharkar KR, Sakharkar MK, Verma C, Chow VT (2005) Comparative
study of overlapping genes in bacteria, with special reference to
Rickettsia prowazekii and Rickettsia conorii. Int J Syst Evol Microbiol 55:
1205-1209.

Lillo F, Krakauer DC (2007) A statistical analysis of the three-fold evolution
of genomic compression through frame overlaps in prokaryotes. Biol
Direct 2: 22.

Chen SM, Takiff HE, Barber AM, Dubois GC, Bardwell JCA, et al. (1990)
Expression and characterization of RNAse-lll and Era proteins -
products of the rnc operon of Escherichia coli. Journal of Biological
Chemistry 265: 2888-2895.

Inokuchi Y, Hirashima A, Sekine Y, Janosi L, Kaji A (2000) Role of ribosome
recycling factor (RRF) in translational coupling. Embo Journal 19: 3788-
3798.

Cock PJ, Whitworth DE (2007) Evolution of gene overlaps: relative reading
frame bias in prokaryotic two-component system genes. J Mol Evol 64:
457-462.

McCarthy JE (1990) Post-transcriptional control in the polycistronic operon
environment: studies of the atp operon of Escherichia coli. Mol Microbiol
4: 1233-1240.

Shine J, Dalgarno L (1974) The 3'-terminal sequence of Escherichia coli 16S
ribosomal RNA: complementarity to nonsense triplets and ribosome
binding sites. Proc Natl Acad Sci U S A 71: 1342-1346.

Hui A, de Boer H (1987) Specialized ribosome system: preferential
translation of a single mRNA species by a subpopulation of mutated
ribosomes in Escherichia coli. Proc Natl Acad Sci U S A 84: 4762-4766.

Jacob W, Santer M, Dahlberg A (1987) A single base change in the Shine-
Dalgarno region of 16S rRNA of Escherichia coli affects translation of
many proteins. Proc Natl Acad Sci U S A 84: 4757-4761.

Stormo G, Schneider T, Gold L (1982) Characterization of translational
initiation sites in E. coli. Nucleic Acids Res 10: 2971-2996.

Chen H, Bjerknes M, Kumar R, Jay E (1994) Determination of the optimal
aligned spacing between the Shine-Dalgarno sequence and the




UNIVERSITAT ROVIRA I VIRGILI
COMPUTATIONAL INSIGHTS INTO INTERGENIC REGIONS AND OVERLAPPING GENES AMONG PROKARYOTE GENOMES

Albert Palleja Caro

ISBN:978-84-692-2150-1/DL:T-508-2009

| | - BACKGROUND AND OBJECTIVES -

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

translation initiation codon of Escherichia coli mMRNAs. Nucleic Acids
Res 22: 4953-4957.

Ringquist S, Shinedling S, Barrick D, Green L, Binkley J, et al. (1992)
Translation initiation in Escherichia coli: sequences within the ribosome-
binding site. Mol Microbiol 6: 1219-1229.

Ma J, Campbell A, Karlin S (2002) Correlations between Shine-Dalgarno
sequences and gene features such as predicted expression levels and
operon structures. J Bacteriol 184: 5733-5745.

Kozak M (1999) Initiation of translation in prokaryotes and eukaryotes. Gene
234: 187-208.

Schurr T, Nadir E, Margalit H (1993) Identification and characterization of
E.coli ribosomal binding sites by free energy computation. Nucleic Acids
Res 21: 4019-4023.

Osada Y, Saito R, Tomita M Analysis of base-pairing potentials between
16S rRNA and 5' UTR for translation initiation in various prokaryotes.
Bioinformatics 15: 578-581.

Starmer J, Stomp A, Vouk M, Bitzer D (2006) Predicting Shine-Dalgarno
sequence locations exposes genome annotation errors. PLoS Comput
Biol 2: e57.

Slupska M, King A, Fitz-Gibbon S, Besemer J, Borodovsky M, et al. (2001)
Leaderless transcripts of the crenarchaeal hyperthermophile
Pyrobaculum aerophilum. J Mol Biol 309: 347-360.

Chang B, Halgamuge S, Tang S (2006) Analysis of SD sequences in
completed microbial genomes: non-SD-led genes are as common as
SD-led genes. Gene 373: 90-99.

Tolstrup N, Sensen CW, Garrett RA, Clausen IG (2000) Two different and
highly organized mechanisms of translation initiation in the archaeon
Sulfolobus solfataricus. Extremophiles 4: 175-179.

Weiner J, 3rd, Herrmann R, Browning GF (2000) Transcription in
Mycoplasma pneumoniae. Nucleic Acids Res 28: 4488-4496.

Boni I, Artamonova V, Tzareva N, Dreyfus M (2001) Non-canonical
mechanism for translational control in bacteria: synthesis of ribosomal
protein S1. EMBO J 20: 4222-4232.

Kolev V, Ivanov |, Berzal-Herranz A, Ivanov | (2003) Non-Shine-Dalgarno
initiators of translation selected from combinatorial DNA libraries. J Mol
Microbiol Biotechnol 5: 154-160.

Eyre-Walker A, Bulmer M (1993) Reduced synonymous substitution rate at
the start of enterobacterial genes. Nucleic Acids Res 21: 4599-4603.
Sharp P, Bulmer M (1988) Selective differences among translation

termination codons. Gene 63: 141-145,

Eyre-Walker A (1996) The close proximity of Escherichia coli genes:
consequences for stop codon and synonymous codon use. J Mol Evol
42: 73-78.

Natale DA, Galperin MY, Tatusov RL, Koonin EV (2000) Using the COG
database to improve gene recognition in complete genomes. Genetica
108: 9-17.

20



UNIVERSITAT ROVIRA I VIRGILI
COMPUTATIONAL INSIGHTS INTO INTERGENIC REGIONS AND OVERLAPPING GENES AMONG PROKARYOTE GENOMES

Albert Palleja Caro
ISBN:978-84-692-2150-1/DL:T-508-2009

ATGGATAGGTACGCGAAAATGGCAGTAGCTAGCTT
ACGCACGATGATAGAGATACAGACAGCTGATAGG
ATGGATAGGTACGCGAAAATGGCAGTAGCTAGCTT
CCCGGCGCGTGGTCAGGCAGCGCAGCATGGGAAAA
ATGGATAGGTACGCGAAAATGGCAGTAGCTAGCTT
GATCAGATGACAGATAGATAACCACAGAGACATG

CCCGATGATAHAGTGATTAGATAGATGGTGGGAT
ATGGATAGGTACGCGAAATGGCAGTAGCTAGCTTT
GAGAGATAGAGAGATAGGATCGCGCTCGAGCGA
ATGGATAGGTACGCGAAAATGGCAGTAGCTAGCTT
AACCGGCCAACCGGTGGPTTAGGATAGATGATGA
ATGGATAGGTACGCGAAAATGGCAGTAGCTAGCTT
AAAGTGTGTGTGACAGACAG TTGATGATAGTACA
ATGGATAGGTACGCGAAAATGGCAGTAGCTAGCTT
ACGCACGATGATAGAGATACAGAEAGCTGATAGC
ATGGATAGGTACGCGAAAATGGCAGTAGCTAGCT

TATAGCGTACCGCGAAAATGGCAGTAG4
A\TAGGTACCCGGATGAATGGCAGT,
"AGCATGACACACACACATG/
"CCAGGCAGCATAAAGCA
"AGCTGCGTCGTAGGAS
TCGATCGATCGATC

L

IN SILICO PREDICTI
AMONG BACTERIA: A CAS

W'TA TAOMIC. @N

-

ORIGIN OF REPLICATION
F BACTEROIDES

|

ACCGCCGAAAATCGCH
JATAGACATACACGAAL
JTACGCCGAAAATGGCAG!
CGCTCCAGCGCTAGCTCGAT
\GGTACGCGAAAATCGGCAGTAL
A\TCGATCCATCCGATCCGATCGCGCG
TCAGCATGACACACACACATGATAC
AGTGCCACGCGCAGCATAAAGCAGACGH
ACCAGCAGCTCGGTGGTAGCAGTGATGT,
GCAGTGCCAGGCAGCATAAAGCAGACGACC
SCACCAGCAGCTGGGTGGCTAGGAGTGATGTATC



UNIVERSITAT ROVIRA I VIRGILI

COMPUTATIONAL INSIGHTS INTO INTERGENIC REGIONS AND OVERLAPPING GENES AMONG PROKARYOTE GENOMES
Albert Palleja Caro

ISBN:978-84-692-2150-1/DL:T-508-2009

| | - CHAPTER 1 -

IN SILJICQ PREDICTION OF THE ORIGIN OF REPLICATION
ANTO/&QB\ACTER[AZ A CASE STUDY OF BACTEROIDES
a S THETAIOTAOMICRON

Albert Palleja*, Eduard Guzman, Santiago Garcia-Vallvé, Antoni Romeu

All the authors belong to the same affiliation and have the same address:
Evolutionary Genomics Group, Department of Biochemistry and Biotechnology,
Rovira i Virgili University, Tarragona, Catalunya, Spain

Rovira i Virgili University

Department of Biochemistry and Biotechnology
Campus Sescelades

C/ Marcel-li Domingo, s/n

E-43007 Tarragona

Catalunya — Spain

Telephone: 0034 977558486

Fax: 0034 977558232

Email addresses: albert.palleja@urv.cat (*corresponding author)
santi.garcia-vallve@urv.cat
eduardo.guzman@urv.cat

antoni.romeu@urv.cat

OMICS A Journal of Integrative Biology
Volume 12, Number 3, 2008

OMICS: A Journal of Integrative Biology 2008, 12, (3): 201-210
21



UNIVERSITAT ROVIRA I VIRGILI
COMPUTATIONAL INSIGHTS INTO INTERGENIC REGIONS AND OVERLAPPING GENES AMONG PROKARYOTE GENOMES

Albert Palleja Caro

ISBN:978-84-692-2150-1/DL:T-508-2009

| | - CHAPTER 1 -

© Mary Ann Liebert, Inc.
DOI: 10.1089/0mi.2008.0004

Keywords: origin of replication; termination of replication; DNA compositional

asymmetry; Bacteroides; origin predictions

Abstract

The initiation of chromosomal replication occurs only once during the
prokaryote cell cycle. Some origins of replication have been experimentally
determined and have led to the development of in silico approaches to find the
origin of replication among other prokaryotes. DNA base composition
asymmetry is the basis of numerous in silico methods used to detect the origin
and terminus of replication in prokaryotes. However the composition asymmetry
does not allow us to locate precisely the positions of the origin and terminus.
Since DNA replication is a key step in the cell cycle it is important to determine
properly the origin and terminus regions. Therefore, here we have reviewed the
methods, tools and databases for predicting the origins and terminuses of
replication and we have proposed some complementary analyses to reinforce
these predictions. These analyses include finding the dnaA gene and its binding
sites; making BLAST analyses of the intergenic sequences compared to related
species; studying the gene order around the origin sequence; and studying the

distribution of the genes encoded in the leading versus the lagging strand.

Introduction

Replication is the part of the DNA metabolism in which genetic
information is transmitted from one generation of cells to the next (Kornberg and
Baker 1991; Liberi and Foiani 2004). The entire genome must be replicated
precisely once for every cell division. Replication can start from one origin of

replication (ori) among bacteria and some archaea such as Pyrococcus abyssi

OMICS: A Journal of Integrative Biology 2008, 12, (3): 201-210
22



UNIVERSITAT ROVIRA I VIRGILI
COMPUTATIONAL INSIGHTS INTO INTERGENIC REGIONS AND OVERLAPPING GENES AMONG PROKARYOTE GENOMES

Albert Palleja Caro

ISBN:978-84-692-2150-1/DL:T-508-2009

| | - CHAPTER 1 -

[

(Matsunaga et al. 2001), from two oris among some other archaea such as
Sulfolobus solfataricus (Robinson et al. 2004) or from multiple oris like in
eukaryotes. In bacteria, the initiation of DNA replication is a complex process
that starts at a unique site only once per each cell division. This process
involves several regulated steps such as the binding of the DnaA protein
(initiator protein) to specific binding sites located within the ori sequence; the
unwinding of the DNA from an AT-rich region located at the beginning of the ori
sequence; and the binding of some helicases and other proteins required to
form the replication forks (Baker and Bell 1998; Kornberg and Baker 1991).
These replication forks start at the ori site, proceed bidirectionally (Marczynski
and Shapiro 1993) and move around the genome at approximately the same
speed to a meeting point. Some origins of replication have been experimentally
determined such as those of Escherichia coli (Oka et al. 1980), Bacillus subtilis
(Moriya et al. 1992), Mycobacterium smegmatis (Qin et al. 1997),
Mycobacterium tuberculosis (Salazar et al. 1996), Mycobacterium capricolum
(Fujita et al. 1992), Streptomyces coelicolor (Calcutt and Schmidt 1992),
Caulobacter crescentus (Brassinga and Marczynski 2001), Pseudomonas putida
(Yee and Smith 1990), Sinorhizobium meliloti (Sibley et al. 2006), Thermus
thermophilus (Schaper et al. 2000) and Thermotoga maritima (Lopez et al.
2000). These experimental determinations have led to the development of in
silico approaches to find the origin of replication among other species. In silico
methods are used to predict the location of the chromosomal origin of
replication, even though these do not allow for precise origin localization. Since
DNA replication is a key step in the cell cycle it is important to determine
properly the ori site among the sequenced genomes to date. Usually, the origin
of replication is used to annotate the first nucleotide of a bacterial circular
chromosome that sometimes leads to not enough accurate predictions (Worning
et al. 2006). The aim of this work is to review the available methods, tools and
databases associated with ori prediction, as well as to suggest some clues and
complementary analyses in order to provide a “standard procedure” for the
biologist that needs to locate the ori and ter on a genome sequence.
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DNA strand compositional asymmetry

DNA base composition asymmetry is the basis of numerous in silico
methods for detecting the origin and terminus of replication in prokaryotes
(Frank and Lobry 2000; Grigoriev 1998; Salzberg et al. 1998; Worning et al.
2006; Zhang and Zhang 2002). E. Chargaff experimentally determined the
approximated equimolarities A ~ T and C ~ G for long, single stranded DNA
molecules (Rudner et al. 1968). These equalities are observed in the lack of
bias between the two DNA strands for mutation and selection (Lobry 1995;
Sueoka 1995). However, in prokaryotic genomes there are local and systematic
deviations for many reasons, even though the main reason appears to be the
different mutational pressure associated with the different mechanisms for
replication between leading and lagging strands (Frank and Lobry 1999;
Kowalczuk et al. 2001; Mrazek and Karlin 1998; Tillier and Collins 2000). This
asymmetry generally divides the chromosome into two regions with opposite
signs for base composition skews (Lobry 1996a). The skew parameter is the
difference in base composition between leading and lagging strands. The switch
in skew direction generally occurs at the origin and terminus of replication
(Francino and Ochman 1997; Grigoriev 1998; Lobry 1996a, b; Rocha et al.
1999). In bacteria the leading strand for replication is enriched in keto (G or T)
bases while the lagging strand is enriched in amino bases (C or A) (Perriere et
al. 1996; Rocha et al. 1999). This compositional asymmetry has been widely
studied using DNA walks, mononucleotide skews and skewed oligomers. Lobry
adapted vectorial representations of sequences that were first introduced by
Mizraji and Ninio (Mizraji and Ninio 1985; Ninio and Mizraji 1995) to do a DNA
walk along the DNA sequence (Lobry 1995). This DNA walk was done by
reading the sequence in the third codon positions and walking into the plane
according to four directions defined as: C: North; G: South; A: West; T: East.
The ori is close to the reverse turn of the trajectory of the DNA walk. In circular

chromosomes there are two reverse turns, the second is the ter. The Oriloc
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program (Frank and Lobry 2000) is based on this method and it offers us both
the ori and ter position. However the switch in asymmetry does not always
exactly correspond to the position of a functional ori as is the case with the in
silico predicted ori of Helicobacter pylori (Zawilak et al. 2001). Another method
widely used by the authors is the mononucleotide skews that represent the
difference in nucleotides between leading and lagging strands. The different
skews are assessed in a given strand as: GC skew ((G-C)/(G + C)), AT skew
((A-T)/I(A + T)), purine skew ((G + A-T-C)/N), and keto skew (G + T-A-C)/N
(McLean et al. 1998). The keto and purine skews are correlated with each other
as well as with the GC and AT skew. The keto and purine skews can provide us
with better predictions than the single nucleotide skews (Freeman et al. 1998).
The sum of the skew parameter in adjacent sliding windows is the cumulative
skew which approximately changes the polarity at the origin and terminus of
replication. Such plots may not always be very illustrative due to visible
fluctuations in small windows, while larger windows may hide the precise
coordinates of polarity switches. Therefore we strongly recommend using
different window lengths and analysing the different plots obtained. While there
is a tendency for more G’s on the leading strand and for more C’s on the lagging
strand the AT skew direction varies between species and phyla. For instance the
B. subtilis has more G’s and A’s on the leading strand, whereas Bacteroides
thetaiotaomicron has more G's and T's on the leading strand. Therefore, for
both species the GC skew will have a negative minimum around the ori site.
Nevertheless, for B. subtilis the AT skew will have a negative minimum and for
B. thetaiotaomicron the AT skew will have a positive maximum. Some studies
have related the positive AT skew to the presence of two genes in a
chromosome which code for DNA polymerases alpha subunits (polC and dnaE)
(Worning et al. 2006). Nevertheless, a recent paper stated that the presence of
the polymerases alpha subunits is not enough to predict the sign of AT skew on
the leading strand (Necsulea and Lobry 2007). The information in the different
single nucleotide skews can be combined into a three-dimensional curve, the Z-

curve, which has been used to predict origins in both bacterial and archaeal
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chromosomes (Zhang and Zhang 2002). Going beyond mononucleotide skews,
a third method was created by Salzberg based on short oligomers whose
orientation is preferentially skewed around the origin (Salzberg et al. 1998).
These skewed seven-base or eight-base sequences occur much more often on
the leading strand than in the lagging strand and also are significantly
overrepresented among the chromosome. The point around which these
oligomers are skewed is the ori site. However, in a circular chromosome the
skew occurs at two points, the ori and ter. Since Salzberg’'s algorithm does not
distinguish between these two points, additional evidence such as dnaA gene
proximity and the distribution of DnaA boxes must be used to determine which
one is the ori. Worning et al. have developed a new method that, instead of
using nucleotide skews or eight-base oligomers, involves all the oligomers up to
eight nucleotides (Worning et al. 2006). This method is more sensitive than
existing ones and provides a quantitative measure for the difference between
the leading and the lagging strand. The results of applying this method to a large
group of chromosomes are available in The Genome Atlas database (Hallin and
Ussery 2004). Table 1 shows other tools and databases related to predicting the
replication origin in bacteria (Arakawa et al. 2003; Frank and Lobry 2000; Gao
and Zhang 2007; Hallin and Ussery 2004; Salzberg et al. 1998; Thomas et al.
2007).

Although compositional asymmetry methods do not allow us to establish
a precise position for the ori and ter sequences and also require exhaustive
human inspection, it brings us near to those sequences, which tend to be
intergenic (Frank and Lobry 2000), although there are some cases where the
ori, or more specifically, the DnaA boxes overlap a gene such as E. coli
chromosome (Salzberg et al. 1998). One thing that can help us make a
prediction is knowing beforehand the ori prediction of related species, and it is
even more helpful if that ori has been experimentally determined in these

species.
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Authors

‘Web adress

Program developed for the prediction of origins of

S}(ewed replication among prokaryotes based on find short http:/www.cbeb.umd.edu/~salzberg/ Salzberg et
oligomers . wh 3 S -0 al. 1998
08¢ Of is skewed around the origin.
Oriloc f":’gir am “:é?ﬁigf:ﬂpgﬁfxﬁ.mcw“ﬂ http://pbiluniv-lyonfr/software/Oriloc/oriloc. html E‘;’a;yk ;'(1)‘:)0
The Genome A _dz-}tabase that_contains s?_vera_al genot‘t_ne _features such ag - . )  Hallin and
Atlas database  OhgR z.md of plication p among a http://www.cbs.dtu.dk/services/ PPVOTgIn/  peor 2004
collection of
GraphDNA is an easy to use Java Web Start application
designed to display and compare DNA sequences Thomas et al
GraphDNA graphically using three availabl thods: DNA walks, http:/athena.bioc.uvic.ca/ 2007 .
cumulative purine/keto skews and cumulative dinucleotide
skews.
DoriC contains bacterial o7iCs that are identified based on
a systematic method comprising the Z-curve analysis for Gao and
DoriC datak leotide distribution 'y, DnaA box distribution, http://tubic.tju.edu.cn/doric/ Zh
: 134, 5 41 5 ang 2007
genes adjacent to oriCs and ph;
ionships.
G-language Genome Analysis Environment provides a
G-language greater variety of useful genome analysis tools, for P Arakawa et
system instance tools for predicting origin and terminus of hitp://www.g-language.ore/ al. 2003
replication.

Table 1. Useful tools for origin predictions

Genes related to replication origin and the DnaA boxes

DNA asymmetry is the most widespread method for identifying ori in
bacterial chromosomes, but it should be applied together with other methods in
order to make better predictions. Some genome projects directly annotate the
origin of replication around the region where the skews switch polarity, close to
the dnaA gene, without finding the DnaA sequence specific binding sites (DnaA
boxes). The ori sequence coordinates provided by these projects must be
revised, such as the genomes of Fusobacterium nucleatum and B.
thetaiotaomicron (Worning et al. 2006). Therefore, the second step is to check
whether the genes related to replication and to DnaA boxes are distributed close
to the region where the skews have changed the polarity. These genes are rnpA
(ribonuclease P), rmpH (ribosomal protein L34), dnaA (chromosome replication
initiator protein), dnaN (DNA polymerase Il beta), gyrB (DNA gyrase, subunit B),
gyrA (DNA gyrase, subunit A), and, in some cases, recF (recombination
protein). Furthermore, a significant number of DnaA boxes are present around

the center of this gene distribution. The genomes that follow this pattern are

OMICS: A Journal of Integrative Biology 2008, 12, (3): 201-210
27



UNIVERSITAT ROVIRA I VIRGILI
COMPUTATIONAL INSIGHTS INTO INTERGENIC REGIONS AND OVERLAPPING GENES AMONG PROKARYOTE GENOMES

Albert Palleja Caro

ISBN:978-84-692-2150-1/DL:T-508-2009

| | - CHAPTER 1 -

[
close to a classic progenitor origin region (Yoshikawa and Ogasawara 1991)
such as B. subtilis, Borrelia burgdorferi, Mycoplasma genitalium, Mycoplasma
pneumoniae and Treponema pallidum (Salzberg et al. 1998). Unlike these
genomes, Haemophilus influenzae and E. coli oris are associated with the
genes gidA (glucose inhibited protein A) surrounded by DnaA boxes. In E. coli
gidB (glucose inhibited protein B) is also present. In other genomes, such as H.
pylori, Synechocystis sp. and Methanobacterium thermoautotrophicum, the
genes associated with the ori are scattered throughout the chromosome.
Therefore, although the DnaA and its binding sites are well conserved
throughout the bacterial kingdom, the distribution of genes associated with the
ori along the chromosome can change depending on the species (Mott and
Berger 2007). Nevertheless, dnaA genes have not been found in
Wigglesworthia glossinidia and Blochmannia floridanus, although this reflects
the dependency of the host on these reduced-in-size endosymbionts (Gil et al.
2003). Although in most cases dnaA gene is close to the ori site, this gene is not
always adjacent to the ori region. In fact, the dnaA gene does not need to be
close to the ori sequence for it to function properly and we cannot rule out that
the replication may be initiated by a different protein in other species, such as
has been demonstrated in mutants of Synechocystis sp. with an inactivated
dnaA gene (Richter et al. 1998). However, the proximity of this gene to the ori
would permit the DnaA protein to associate with the ori as soon as it is
synthesized, as well as minimizing the possibility of disrupting the cooperation
between dnaA gene and ori region. In E. coli a long studied model system for
replication initiation, oriC is approximately 250 base pairs (bps) in length and
contains multiple DnaA boxes (Fuller and Kornberg 1983; Matsui et al. 1985;
Tabata et al. 1983). However replication origins from different species show
differences in the overall length, number and arrangements of DnaA boxes
(Zawilak-Pawlik et al. 2005). Each one of these DNA motifs (5-TTATCCACA-3’
as a DnaA box consensus sequence) can act as a DnaA binding site.
Accompanying these DnaA boxes we can find | sites which differ subtly from

DnaA boxes consensuses and are found interspersed among the DnaA boxes
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and AT-rich region elements composed of three 13 bps repeats. Both motif
sequences also bind to DnaA protein. The interactions of DnaA with the different
binding sites define how replication initiation progresses (Mott and Berger 2007).
Therefore, finding the DnaA boxes as well as these sequence motifs mentioned
above is a key factor for predicting the origin of replication. However, it must be
taken into account that the preferred DnaA box sequences of a given bacteria
can be slightly different from the E. coli perfect DnaA box. There are two
examples to illustrate this: i) in high GC content organisms such as
Mycobacterium, Streptomyces and Micrococcus the third position of the perfect
E. coli consensus DnaA box is substituted by G or C, ii) the affinity of the DnaA
protein from H. pylori with the TCATTCACA sequence is higher than with the E.
coli perfect DnaA box (Mackiewicz et al. 2004). Thus, the possibility of different
consensus sequences for the DnaA box should be considered, whilst searching
for the putative DnaA specific binding sites. However, bases in the second,
fourth, seventh, eighth and ninth positions are well conserved (Messer 2002;
Schaefer and Messer 1991).

Complementary analysis

Once the ori sequence position is predicted in the chromosome, we
could make another complementary analysis to validate and reinforce our
prediction. To do this we could use the following means: i) by studying the gene
order adjacent to the ori sequence, that means checking if the genes around the
ori sequence are conserved across the related species. Evidently the
conservation of the intergenic sequences and gene order across the related
species is not a random process. Furthermore, it has been reported that
genomic rearrangements rarely occur close to the ori site (Kelman and Kelman
2003). However, this first complementary analysis must be taking into account if
in the intergenic region, putative to be the ori, we have found the DnaA boxes,
because evidently, if one compares closely related species there will find other

regions with conserved gene order; ii) by making a BLAST analysis (Altschul et
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al. 1990) of the intergenic sequences of the chromosome against all the
intergenic sequences of a related species’ chromosome. This analysis, which
could be made at the beginning of our prediction, could provide us with
candidates which have the right length and are similar enough to be the ori
sequence. This is even more useful if one of the species with which you
compare your intergenic sequence has already had its ori sequences predicted,;
iii) by checking if our prediction corresponds to an expected distribution of genes
encoded in the leading or lagging strand. In fact, once the location of the ori and
ter position have been determined by Oriloc (Frank and Lobry 2000), the
program computes the percentage of coding sequences on the leading strand. If
the percentage is less than 50% the prediction is probably incorrect because, in
bacteria, there is selective pressure to concentrate the coding sequences on the
leading strand (Brewer 1988). The DNA replication mechanism is an essential
factor in the organization of prokaryotic genomes. In bacterial circular
chromosomes, both the ori and the ter location determine whether the semicircle
of a given strand is a leading or a lagging strand. In addition, it is known that
highly expressed genes are overrepresented in the leading strand while alien
genes are encoded mainly in the lagging strand (Karlin 1999). Therefore if our
prediction is correct we can expect a higher presence of genes in leading
strand, especially among highly expressed genes. Evidently, to calculate the
genes distributed in leading versus lagging strands we need to know both the
prediction of the ori position and the prediction of the ter position. A ter region
was described in a model organism E. coli (Masters and Broda 1971) where
replication forks appeared to terminate in a region corresponding to ~5% of the
chromosome (de Massy et al. 1987) located opposite the ori. However,
termination does not seem to depend solely on the two replication forks arriving
coincidentally at the same time at the meeting point. Some studies focused on
this identified the ter sites (Hill et al. 1987; Hill et al. 1988; Pelletier et al. 1988)
as the sequence elements which can stall replication forks only when Tus
protein is bound there (Hidaka et al. 1989; Kobayashi et al. 1989). A model (Hill
1992) was proposed whereby the ‘inner-most’ ter sites act as a replication trap,

OMICS: A Journal of Integrative Biology 2008, 12, (3): 201-210
30



UNIVERSITAT ROVIRA I VIRGILI
COMPUTATIONAL INSIGHTS INTO INTERGENIC REGIONS AND OVERLAPPING GENES AMONG PROKARYOTE GENOMES

Albert Palleja Caro

ISBN:978-84-692-2150-1/DL:T-508-2009

| | - CHAPTER 1 -

where forks could enter but not leave. However, in E. coli, deleting the ter
sequences or mutational inactivation of Tus has no apparent effect (Hill 1992;
Roecklein et al. 1991; Skokotas et al. 1994). Furthermore, the Tus protein is not
conserved across species, only in relatives of E. coli. On the other hand,
replication forks are arrested by an analogous but not structurally homologous
system, which is the ter site/rtp protein system on B. subtilis chromosome
(Bussiere and Bastia 1999; Wake 1997). This system is also restricted
phylogenetically. Recently, some authors have proposed that ter sites
participate in halting replication forks originating from DNA repair events and not
those originating at the chromosomal ori (Hendrickson and Lawrence 2007).
They also found that the ter position is most likely to be at or near the dif site in
gamma-proteobacteria and Firmicutes and they provided us with a consensus
sequence for the dif site in each taxonomic group. The XerCD recombinase is
the protein which acts at the dif site to resolve chromosome catemers following
replication termination. Thus when predicting the ter position we can use the
change in the skew polarity opposite to the ori sequence, the ter sites that may
be involved in halting the replication forks, and the dif site that seems to be
close to the termination of the replication. However, it is difficult to predict the ter
position among prokaryotic chromosomes due to the variability of the consensus
sequences (ter sites or dif sites) across species.

Finally it should not be forgotten that we will never be absolutely
confident that we have found the ori sequence until we have experimental

confirmation.

The Bacteroides thetaiotaomicron origin prediction case

In order to illustrate how to predict the origin of replication we have
chosen to study the origin of replication in B. thetaiotaomicron, a human gut
organism involved in numerous metabolic activities due to its high percentage of
carbohydrate active enzymes (CAZY) (http://afmb.cnrs-mrs.fr/CAZY/) (Coutinho

and Henrissat 1999). The B. thetaiotaomicron genome was sequenced by Xu et
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al. (Xu et al. 2003) and they predicted the origin by using only the skew
diagrams around 1100000 base pairs (bps). Later Mackiewicz et al. (Mackiewicz
et al. 2004) as well as Worning et al. (Worning et al. 2006) predicted the origin of
replication on the opposite site of the circular chromosome of this bacterium at
around a little more than 4000000 bps. Examining the cumulative diagrams of B.
thetaiotaomicron we can see that there are two points where there is a change
in the DNA compositional asymmetry which are around 1050000 and 4000000
bps (Figure 1). Since the skew switches polarity near the origin and terminus of
replication, the genome regions around those points of the circular chromosome
are candidates for the ori or ter of replication. Thus we have two regions which
may be the origin of replication and we have to check which one contains the ori

sequence and then, locate precisely its coordinates in the chromosome.
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FIG. 1. Cumulative skew plots of B. thetaiotaomicron VPI-5482 (A), B. fragilis YCH46 (B),
and B. fragilis NCTC 9343 (C).These diagrams were built taking windows of 100 kb and
sliding 50 kb along the chromosome. The thinnest line represents the cumulative keto
excess, the medium line represents the cumulative AT skew, and the thickest line

represents the cumulative GC skew.
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In this case we are helped by the fact that Bacteroides fragilis has
already been predicted in The Genome Atlas Database. They have predicted
that the origin of replication in B. fragilis YCH46 is around the position 5277274
bp, within the intergenic sequence located between the end of the last
annotated gene and the beginning of the first annotated gene (Hallin and Ussery
2004). Around this region is approximately where we can see a GC skew
minimum (Figure 1). The origin of B. fragilis YCH46 was used as a query in a
BLAST search against all the completed sequenced genomes. The only
retrieved sequences were the previously described origin of replication in other
B. fragilis NCTC 9343 and one intergenic sequence of B. thetaiotaomicron. This
B. thetaiotaomicron intergenic sequence is located between 4035393 and
4035883 bps of the chromosome, where there was approximately one change in
skew polarity. Therefore it seems that B. thetaiotaomicron ori sequence could be
located in this intergenic sequence, but it is necessary to go beyond and check
both the presence of the dnaA gene and genes related with replication around
this intergenic region, as well as the presence of DnaA boxes along the
intergenic sequence.

We observed five DnaA boxes with several changes from those of E.
coli in the pairwise alignment between the origin of replication of the two strains
of B. fragilis and the B. thetaiotaomicron intergenic sequence (Figure 2). Three
of the DnaA boxes found differed by only one position from the E. coli DnaA
boxes respectively, whereas two of them differed by two positions. Therefore,
like the E. coli origin, the Bacteroides’ origins also contain DnaA binding sites
which are a key factor for initiating chromosomal DNA replication (Bramhill and
Kornberg 1988; Matsui et al. 1985). Furthermore the 13 bps sequences found in
E. coli origin could be related to the 5’-extreme conserved regions in
Bacteroides origins. These 5’-regions are enriched in AT where, in the
replication, the DNA should start to unwind. However, a significant difference
between the origins of replication in Bacteroides and E. coli is that in E. coli
fourteen GATC palindromic sequences are located in the oriC and neighbouring

regions, instead of the one or two expected in a 300 bps interval. GATC is a
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methylation site from Dam methylase enzyme, where adenine is the methylated
base. In contrast, Bacteroides origins do not show any GATC dam methylation
site, even though two CCGG sequences (another palindromic DNA methylation
site) have been observed. On the other hand the dnaA gene is not close to the
intergenic sequence candidate to be the ori sequence. The other E. coli genes
related to replication are also not found around this intergenic region. However,
assuming a 360° chromosomal map in the three Bacteroides genomes, the
distances, expressed in degrees, are conserved between the genes involved in
replicating to the predicted origin. Although in B. thetaiotaomicron as well as in
B. fragilis strains the genes related to replication are neither close nor adjacent
to the ori sequence, it seems that the positions on the circular chromosome of
these genes are conserved across the Bacteroides genomes. Therefore in these
genomes the switch in the skew polarity and the DnaA boxes are close but the
dnaA gene has been transferred to another region of the chromosome such as
happens in the Rickettsia prowazekii Madrid E chromosome (Mackiewicz et al.
2004).
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FIG. 2. Pairwise alignment of the putative origin region of B. thetaiotaomicron VPI-5482
(ori_bthtvPI5482) and both predicted origin regions of B. fragilis YCH46
(ori_bfragYCH46) and B. fragilis NCTC9343 (ori_bfragNCTC9343). Coordinates of the
sequences in the chromosome are denoted in bps. Identities are marked with an asterisk.
DnaA boxes are in bold. Sequence. DnaA box (r1-r4) orientations are indicated by an
arrow. Below the boxes is the E. coli DnaA box sequence (nucleotide differences are

denoted in bold). Methylation sites (CCGG) are denoted in gray.

In terms of gene topology, Bacteroides’ ori sequences are located in a
conserved chromosomal region (Figure 3). On one hand, the upstream gene is

a quinolinate synthetase A with 88% similarity between B. thetaiotaomicron and
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[
B. fragilis YCH46, and these genes in both genomes are located in the lagging
DNA strand. On the other hand, the downstream gene is a tRNA/fRNA
methyltransferase with 96% similarity, located in the leading DNA strand. Thus
the ori sequence appears to be within a conserved region among Bacteroides

species.

Bacteroides fragilis YCH46

5275585 5275860 : 5275892 5276884 67 5041 749 2218
BF4590 BF0001
e
Hypothetical Quinolinate tRNA/rRNA Outer membrane
protein synthetase A methyltransferase protein TolC
4032274 4034298 | 4034454 4035392 4035884 4036411 4036794 4037366
J t BT3164 BT3165 T—#—
[
Putative a- tRNA/FRNA Conserved

Quinolinate synthetase

glucosidase methyltransferase hypothetical protein

Bacteroides thetaiotaomicron VPI-5482

FIG. 3. Topology of the chromosome fragments of B. fragilis YCH46 and B.
thetaiotaomicron VPI-5482 where the origins of replication are located.

A local BLAST between all the intergenic regions of B. fragilis YCH46
against all the intergenic regions of B. thetaiotaomicron confirmed the BLAST
results above regarding the ori position. Furthermore, it indicated a B.
thetaiotaomicron intergenic region between 1041337 and 1041592 bps that
matches with a remarkably low E-value with a B. fragilis YCH46 intergenic
region located between 2726093 and 2726571 bps. Both intergenic sequences
were located in the regions of the respective chromosomes, where there were
switches of polarity in the cumulative skew diagrams. This suggests that these
intergenic regions in both species opposite to the ori sequence coordinates
could be involved in the terminus of replication, therefore it could be the region

where approximately the DNA polymerases meet and the replication is halted.
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Although, the sequence alignments (data not shown) between these intergenic
regions reveal a high sequence similarity, they do not show any pattern related
to the terminus mechanisms, such as the classical ter sites of E. coli or the dif
sites patterns for gamma-proteobacteria, Firmicutes or Actinobacteria. In
addition, the XerCD protein found in these taxonomic groups is not found within
Bacteroides genomes and neither is the FtsK translocase found within
Bacteroides. This protein activates and delivers the XerCD protein. On the other
hand, in the high conserved intergenic regions among Bacteroides, repetitions
of 47 bps that are probably old fragments of DNA coding for Proline tRNAs were
observed. These repetitions are present not only in Bacteroides but in a large
number of prokaryotic genomes.

Finally once the ori has been predicted (between 4035393 and 4035883
bps) and assuming that the ter may be around the second switch in the skew
polarity where similarity has been observed between Bacteroides sequences
(between 1041337 and 1041592 bps), it is possible to check in B.
thetaiotaomicron if the distribution of the genes between leading versus lagging
strands agrees with the prediction. In the B. thetaiotaomicron, 58.1% of the total
genes are encoded by the leading strand. We specifically analysed the DNA
strand distribution of highly expressed genes (Puigbo et al. 2008), gene coding
for ribosomal proteins and carbohydrate active enzymes (genes
overrepresented among Bacteroides). In all groups a clearly higher percentage
of genes encoded in the leading strand (69%, 87%, and 62% respectively) was
observed. Therefore, this prediction agrees with the strand distribution of the
genes in leading versus lagging strands. In conclusion, this reinforces this
prediction and confirms the fact that the ori in B. thetaiotaomicron is not where it
was indicated to be in the published sequence (Xu et al. 2003), it is where
Worning et al., who used a more accurate in silico method, determined it to be
(Worning et al. 2006). Actually, in this case, simply a more accurate analysis of
the nucleotide skew plots had been enough to give a correct prediction for this
genome. Especially if one looks at the direction of the GC skew as well as the

distribution of the genes on the leading strand. Thus, this is one example that
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illustrates the importance of going beyond predictions made from the skew
diagrams or at least analyse it properly, especially in genomes which are not
close to species whose origin of replication has been experimentally

determined.
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Abstract

Overlapping genes are genes that share either a part of or the whole
coding sequence. Overlapping genes are a conserved feature of prokaryote
genomes and represent the 17% of the gene pairs in these genomes. In this
paper we analyze, in terms of genome organization and genome structure, the
overlapping lengths, the preferred and prohibited phases, the permitted and
non-permitted patterns as well as the presence and location of the Shine-
Dalgarno (SD) sequence among the overlapping genes from 678 prokaryote
genomes. The overlaps among the three transcriptional orientations (co-
directional, convergent, and divergent) have preferred and prohibited lengths
due to the restrictions imposed by the genetic code. The preferred lengths are
overlaps of 1 and 4 bps among co-directional overlaps, 4 bps among convergent
overlaps and 2 bps among divergent overlaps. Some of the overlapping
patterns, such as ATGA in co-directional overlaps, are extremely common, but
some of them are the result of wrong annotation, ribosomal frameshifting, or
truncated genes. The frequency of the overlaps has a phase bias in all the three
orientations and there is even a prohibited phase (phase 0) among the co-
directional overlaps. Although in the co-directional and divergent overlapping
genes the SD motif should be found within the coding sequence, a high
percentage of overlapping genes indicate the presence of SD. Even in the
divergent overlaps, the high SD presence indicates functional relevance. A good
knowledge of the overlapping gene structures and the SD locations could help

to improve genome annotation and may contribute to functional prediction.

Keywords: overlapping genes, overlapping lengths, overlapping phases,

overlapping constraints, genome organization, Shine-Dalgarno location
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1. Introduction

Overlapping genes were originally discovered in the late seventies in
viruses, mitochondria and other extra chromosomal nuclear elements (Barrell et
al., 1976; Sanger et al., 1977). Nowadays, they are a well-known and accepted
feature of bacteriophages, animal viruses and mitochondria genomes, as well as
being found in all prokaryotic genomes sequenced to date (Barrell et al., 1976;
Sanger et al.,, 1977; Normark et al., 1983; Johnson and Chisholm, 2004).
Overlapping genes have been classified into three types according to their
transcriptional direction (Normark et al., 1983; Fukuda et al., 1999; Rogozin et
al., 2002; Fukuda et al., 2003). These are: i) co-directional (genes in the same
strand overlapping an upstream gene tail and a downstream gene head), ii)
convergent (genes in opposite strands overlapping the gene tails) and iii)
divergent (genes in opposite strands overlapping the gene heads). The co-
directional and convergent overlaps can be caused by the loss of a stop codon
in either gene, resulting in the elongation of the 3'-end of the gene’s coding
region. More specifically, the loss of a stop codon may result of one from the
following events: i) deletion of the stop codon, ii) point mutation at the stop
codon or iii) frameshift at the end of the coding region (Fukuda et al., 1999). The
co-directional and divergent overlaps could arise when the downstream gene
adopts a new start codon within the upstream coding sequence (Cock and
Whitworth, 2007). The overlapping phenomena implies that among the co-
directional and divergent overlapping genes, the regulatory signals such as the
Shine-Dalgarno (SD) sequence (Shine and Dalgarno, 1974), which are needed
for efficient translation among prokaryotes (Hui and de Boer, 1987; Jacob et al.,
1987), must be within the coding region of the upstream gene (Eyre-Walker,
1996). Although this can hardly constrain the end coding regions of the co-
directional overlapping genes, Ma and coworkers (2002) demonstrated that co-
directional genes in close proximity to upstream genes are significantly higher in
SD presence (Ma et al., 2002).
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It has been hypothesized that overlapping genes, as a conserved
feature among the prokaryote genomes, are (i) involved in compressing the
maximum amount of genetic information because of evolutionary pressure to
minimize genome size and increase the density of genetic information (Normark
et al., 1983; Krakauer, 2000; Sakharkar and Chow, 2005; Sakharkar et al.,
2005; Lillo and Krakauer, 2007); and (ii) are a mechanism for regulating gene
expression through the translational coupling of functionally related polypeptides
(Normark et al., 1983; Chen et al., 1990; Inokuchi et al., 2000; Johnson and
Chisholm, 2004; Lillo and Krakauer, 2007). In fact, the number of genes that
overlap in an organism clearly correlates to the number of ORFs in the
chromosome (Fukuda et al., 2003; Johnson and Chisholm, 2004). Therefore,
overlapping genes are maintained at a uniform rate across the species (Fukuda
et al., 2003). In addition, the pairs of genes that overlap are better conserved
across the species than the genes that do not overlap (Rogozin et al., 2002).
The proportion of non-degenerate sites is higher in overlapping genes than in
non-overlapping genes, thus reducing the proportion of synonymous mutations
out of the total number of mutations (Rogozin et al.,, 2002). Therefore, a
mutation could affect two proteins at the same time resulting in the loss of two
functions in the cell. The significance and evolution of this conserved feature
among prokaryotes has been well studied (Rogozin et al., 2002; Johnson and
Chisholm, 2004; Cock and Whitworth, 2007; Kingsford et al., 2007; Lillo and
Krakauer, 2007; Sabath et al., 2008). Here we analyze this phenomenon in
terms of genome organization and genome structure. Therefore, the aim of this
paper is to analyze the overlapping lengths, the preferred and prohibited
phases, the permitted and non-permitted patterns as well as the presence and

location of SD among the overlapping genes.

2. Materials and Methods

2.1 Determining the overlaps and their features
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The complete genome sequences of 678 prokaryote genomes were
downloaded from the NCBI ftp site (ftp://ftp.ncbi.nim.nih.gov/genomes/). Scripts
in Perl language were implemented to extract and analyze the overlaps between
adjacent genes. We decided to work with all the genes without excluding the
ones that code for hypothetical proteins. This was because we observed the
tendencies described here equally well independently of whether we removed
the hypothetical ones or not. Furthermore, we found it interesting to take into
account the hypothetical ones in some of our analyses. Also, we decided to
include genomes with different genetic codes (Bacteria and Plant Plastic Code
and Mycoplasma’s code). This enriched the discussion because it enabled us to
compare the overlapping patterns used with genomes that use different genetic
codes.

The overlapping length distributions were represented graphically in
their three possible orientations. The overlapping patterns were tabulated and
examined manually. In order to study the phase bias in overlapping genes, as
other authors have previously done (Cock and Whitworth, 2007; Kingsford et al.,
2007; Lillo and Krakauer, 2007), we defined three overlapping phases: (i) phase
0 where the downstream gene is in the same reading frame with the upstream
gene (lengths n = ..., -12, -9, -6, -3), (ii) phase 1 where the downstream gene is
in the reading frame +1 relative to the upstream gene frame (lengths n = ..., -11,
-8, -5, -2) and (iii) phase 2 where the downstream gene is in the reading frame
+2 relative to the upstream gene frame (lengths n = ..., -10, -7, -4, -1). Also, we
used Perl scripting to obtain the frequencies of codons at the gene heads (from
1 to 10 codons) and at the gene tails (from -10 to -1 codons) of the non-
overlapping genes. We focused our attention specifically on the pattern NTT,
NTC, NCT followed by an ANN codon (N being any nucleotide) that causes a

stop codon in the opposite strand.

2.2 Locating the SD sequences and determining their strength
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We extracted the 16S rRNA sequences of the 678 prokaryote genomes
analyzed from the NCBI ftp site (ftp://ftp.ncbi.nlm.nih.gov/genomes/). Then for
each organism we looked at the 5’ direction to find the first instance of the three
letter motif, 5-GAT-3’, which has been consistently found at the 5’-end of all the
16S rRNA sequences. The location of this motif was used to define the 3’ tail of
the 16S rRNA of each organism. All the 16S rRNA tails of the 678 organisms
were examined manually. If the different tails from one species did not follow a
consensus, then we used the most frequent 16S rRNA tail. Following the
method described by Starmer and co-workers (2006), we used free energy
calculations to determine the best bindings between the 16S rRNA tails and the
mRNA of the overlapping genes in order to identify and locate SD sequences.
The scripts for calculating the energies were downloaded from
http://sourceforge.net/projects/freetobind and were included in our programs.
We located the SD sequence by the position of the lowest AG° value, which was
calculated from 30 bps upstream from the initiation codon to 20 bps downstream
from the initiation codon. The gene was assumed not to have a SD sequence if
AG° > -3.4535 Kcal/mol. This threshold is based on the work of Ma and
coworkers (2002). We defined as strong binding SD when between the mRNA
and the 3’ 16S rRNA tail the AG° < -8.4 Kcal/mol. This is the value obtained from
the optimal base-pairing between the rRNA and the SD consensus sequence 5'-
GGAGGU-3' (Starmer et al., 2006). For this analysis we only considered genes
with a COG definition (Tatusov et al., 2000) taken from genomes that have at
least 100 genes with a COG definition. Therefore we determined the SD of

90,870 overlapping pairs from 388 prokaryotic genomes.

3. Results and Discussion

3.1 Overlaps between genes
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Seventeen per cent of the 1,956,294 gene pairs in the 678 genomes
analyzed were overlapping. Some of the overlaps may be because the gene
ends were not correctly annotated (Natale et al., 2000), particularly the long
overlaps (Palleja et al., 2008). In order to minimize the effect of annotation
errors, hypothetical proteins tend to be excluded when overlapping genes are
analyzed. However, if we remove these genes, we observe the same
tendencies shown here. Therefore, the annotation errors are only responsible
for some of the overlaps between genes, although overlaps are a consistent
feature of prokaryote genomes.

Among the overlaps, most of them are co-directional in orientation
(87%), while fewer are convergent (11%) or divergent in orientation (3%). This
shows that the most common gene orientation is co-directional because of the
tendency of bacteria genes to be grouped on the same strand in operons
(Normark et al., 1983; Dandekar et al., 1998; Overbeek et al., 1999; Salgado et
al., 2000) . In addition, the divergent orientation for an overlap is the most
constrained because the regulatory sequences of both genes are overlapping
(Rogozin et al., 2002; Fukuda et al., 2003). As we have mentioned above, co-
directional overlaps can arise through 3'-end extensions as well as 5-end
extensions. The 3’-end extension needs a mutation that disrupts the stop codon,
whereas the 5’-end extension can occur without any mutation, and only needs
the downstream gene to adopt an upstream start codon in frame. Therefore, the
change in the 5-end extensions is a simpler mechanism that could gradually
occur through evolution (Cock and Whitworth, 2007) and which also contributes
to the fact that the co-directional overlaps are the most frequent. Convergent
overlaps can only arise through a 3'-end extension, which is a more complex
mechanism. Divergent orientation potentially places the SD sequences and the
start codons of both genes in the overlapping region. This is highly constraining
for the divergent overlaps and thus these overlaps occur least frequently.

Figure 1 shows the distribution of overlapping lengths in the three
transcriptional orientations. As a general trend, the number of overlaps

decreases as the overlapping length increases, according to the selective
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pressure against long overlaps. It is also worth mentioning, as other authors
have previously noted (Fukuda et al., 2003; Johnson and Chisholm, 2004; Cock
and Whitworth, 2007; Lillo and Krakauer, 2007), that overlaps of one and four
nucleotides are extremely common, especially the 4 bps co-directional overlap
which includes, in the overlapping region, the start and the stop codon of both

genes favoring translational coupling (McCarthy, 1990).
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Fig. 1. Overlapping lengths distribution
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Overlapping lengths distribution in each orientation: (A) Co-directional, (B) Convergent,
(C) Divergent.

3.1.1 Co-directional overlaps

Fig. 1A shows the distribution of co-directional overlapping lengths.
These overlaps are the most affected by annotation errors because they are
associated with the misprediction of the start codons at the 5’-ends (Rogozin et
al., 2002; Kingsford et al., 2007; Lillo and Krakauer, 2007; Palleja et al., 2008).
In fact, excluding hypothetical or putative genes from an analysis does not
guarantee that the gene starts have been correctly predicted (Palleja et al.,
2008). Thus, we obtained a similar distribution (data not shown) when we only
analyzed genes with a predicted function, i.e. genes with a KEGG id (Kanehisa
et al., 2006). Among co-directional overlaps there is a spike at 4 bps (Fig. 1A).
This overlap is the most frequent and most likely to arise through random
mutations, leading to the formation of a 4 bps overlap which includes the
downstream gene start and the upstream gene stop codon (Johnson and
Chisholm, 2004; Lillo and Krakauer, 2007). Thus, a ribosomal frame shifting is
then required for the transcription of the downstream gene (Lillo and Krakauer,
2007).

3.1.1.1 Analysis of co-directional overlapping lengths and patterns

The most common overlapping pattern for 4 bps is ATGA (Fig. 2). This
overlapping pattern has few constraints because a) it allows the penultimate
amino acid in the upstream sequence to be one of the following 12 amino acids:
L,S,P,Q R, I, T,K, V, A Eand G and b) because it allows the second amino
acid in the downstream sequence to be one of the following seven amino acids:
I, M, T, N, K, S and R (Kozlov, 2000). Figure 2 shows other 4 bps overlapping
patterns such as GTGA and TTGA. These patterns include the GTG and TTG
initiation codons, which are the most frequent non-canonical start codons
(Kozak, 1983; Fotheringham et al., 1986; Golderer et al., 1995; Nolling et al.,
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1995; Sazuka and Ohara, 1996; Blattner et al., 1997; Genser et al., 1998; Wang
et al.,, 2003). Other 4 bps overlapping patterns are CTGA, ATAA and ATAG
(Figure 2). These patterns require NTG or ATN as their initiation codon, which
are allowed in Archaea and Bacteria (Polard et al., 1991; Liveris et al., 1993;
Sazuka and Ohara, 1996; Binns and Masters, 2002). Rare initiation codons
might be used by low translated genes or in ribosomal frameshifting translations.
Therefore, the use of non-canonical initiation codons could be related to the
regulation of gene expression (Ma et al., 2002; Starmer et al., 2006). Some of
the 4 bps overlapping patterns (TTAA, CTAA, ATAG and TTAG) are used
mainly by Mycoplasmas because these species are able to use other codons as
start codons. Other unexpected 4 bps overlapping patterns are AAGG, GTAA
and GTAG. These patterns are extremely uncommon and correspond to
fragments of genes and doubtful coding sequences (in gene pairs
NC_006513.ebD66 & NC_006513.ebD67, NC_003116.NMA160la &
NC_003116.NMA1601b, NC_002952.SAR1930 & NC_002952.SAR1930a,
respectively). We can not be sure without experimental data whether these
genes have rare initiation or stop codons or are merely the product of annotation

errors.
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Fig. 2. Co-directional overlapping patterns
Co-directional overlapping patterns observed in genes from prokaryote species. For each
overlapping length up to 11 bps, the figure shows the overlapping pattern schemas, the

overlapping lengths, the numbers of pairs that overlap that length, the overlapping
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phases, the overlapping constraints of that overlap and the real overlapping patterns.
Notice that the overlaps which are not allowed have their overlapping lengths and the
overlapping phases highlighted in red.

The 1 bps overlap is the second most frequent co-directional overlap
(Fig. 1A). For this overlap, only 2 patterns (A or G) seem to be allowed. The
most frequent one is A, the upstream gene stop codon being either TGA
(TGJA]JTG) or TAA (TA[A]TG) and the downstream gene start codon being the
canonical one (ATG). In the second most frequent pattern, the stop codon of the
upstream gene can only be TAG (TA[G]TG) and the downstream gene start
codon must be GTG, which is much less used than the canonical one. This
explains the lesser frequency of the G pattern. Surprisingly, we found one case
of 1 bps overlap with the T pattern (CC[T]TT). This case corresponds to two
fragments of hypothetical genes (NC_006513.ebD57 & NC_006513.ebD58)
found in Aromatoleum aromaticum EbN1.

According to Cock and Whitworth (2007), overlaps of either 2 or 5 bps
are not permitted because of the structure of the genetic code. However, we
found some 2 and 5 bps overlaps (Fig. 2). On one hand, among the 2 bps
overlaps, one or both overlapping genes are truncated, hypothetical fragments
of a whole gene or genes participating in frameshifts (NC_003116.NMA0344 &
NC_003116.NMA0344A, NC_003116.NMA0644 & NC_003116.NMA0644a,
NC_003116.NMA1907A & NC_003116.NMA1907B, NC_006513.ebD55 &
NC_006513.ebD56, NC_003888.SC02680 & NC_003888.SC02681,
NC_009482.SynRCC307_1935 & NC_009482.SynRCC307_1936 and
NC_009482.SynRCC307_2248 & NC_009482.SynRCC307_2249). These 2 bps
overlapping genes are only found in the genomes of Neisseria meningitidis
Z2491, Aromatoleum aromaticum EbN1, Streptomyces coelicolor A3(2) and
Synechococcus sp. RCC307. On the other hand, among the 5 bps overlaps, we
found 2 overlapping patterns such as ATTGA and ATTAG which are mainly

used by Mycoplasma species that can use ATT as a start codon. We also found
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2 patterns such as ATGGG and GCGCA which correspond to the overlapping
pairs NC_003295.RSc0869 & NC_003295.RSc0870 and NC_003116.NMA1775
& NC_003116.NMA1776 from Ralstonia solanacearum GMI1000 and Neisseria
meningitidis Z2491 respectively, with very rare stop codons in both and one rare
start codon in the N. meningitidis Z2491 pair. Both pairs could also be truncated
genes or the product of annotation errors.

In summary, we observed the expected overlapping patterns, taking into
account the constraints of the genetic codes (i.e. bacterial, plant plastic and
Mycoplasma codes). However, other overlapping patterns are found in gene
pairs that could be wrongly annotated, could be participating in frameshifting
translations or could be small fragments of a whole gene. The genomes that
have rarer overlapping patterns are Neisseria meningitidis 22491, Aromatoleum

aromaticum EbN1 and Synechococcus sp. RCC307.

3.1.1.2 Analysis of co-directional overlapping phases

There are only 2 reading frames (phase 1 and 2) where co-directional
gene pairs can overlap (Fig. 1A and Fig. 2). There are no 3 bps or multiples of 3
bps co-directional overlaps. In fact, a 3 bps overlap between a co-directional
gene pair does not make sense because the upstream stop codon cannot work
as a downstream start codon. Short overlaps of a multiple of 3 bps would
generate downstream peptides which would be too small and without any known
function or would require an evolutionarily unstable stop codon read-through
(Keese and Gibbs, 1992; Krakauer, 2000). Long overlaps of a multiple of 3 bps
would correspond to a redundant gene prediction, i.e. they are embedded
genes. These observations suggest that phase 0 is not allowed between co-
directional overlapping genes. Regarding the other two phases, recent studies
have demonstrated that for long overlaps (7 bps or longer) overlapping pairs are
more frequent in phase 1 than in phase 2 (Johnson and Chisholm, 2004; Cock
and Whitworth, 2007; Sabath et al., 2008) although it has been predicted that
there is no phase preference for co-directional overlaps (Krakauer, 2000). Our

data agrees with this phase bias (Table 1) because phase 1 is more prevalent
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than phase 2 by a factor of almost 4 if we only take into account overlaps no
longer than 60 bps. For long overlaps, in phase 2 we observe one restriction
more than in phase 1. The overlapping fourth base could not be an adenine (see
the overlaps of 7 and 10 bps in Fig. 2). This could help us to understand the
phase bias towards phase 1. Sabath and coworkers (2008) have shown recently
that there is a higher frequency of alternative start codons in phase 1 than in
phase 2. This higher frequency of alternative start codons explains the
preference for long overlaps in phase 1, if we take into account that there are
more co-directional overlaps originated by 5’-end extensions. Since there is a
selective pressure against long overlaps, the low frequency of start codons in
phase 2 constrains the number of overlaps created in that phase, leading to the
phase bias (Sabath et al., 2008).

Another fact worth mentioning is that within the phase 1 we found long
overlaps such as 8 or 11 bps that were quite common and have fewer
constraints than the short overlaps (1 and 4 bps overlaps) found in phase 2.
Furthermore the 1 and 4 bps overlaps have constraints related to the either the
start or the stop codon that long overlaps do not have (Figure 2). However, the 8
and 11 bps overlaps are less represented probably due to both the easier
formation of 1 and 4 bps by neutral point mutations and the selective pressure

against long overlaps.

3.1.2 Convergent overlaps

3.1.2.1 Analysis of convergent overlapping lengths and patterns

Convergent overlaps, as with co-directional overlaps, show a spike in 4
bps overlaps (Fig. 1B). The tetramers CTAG, TTAA, TTAG and CTAA are the
most frequent among the convergent overlapping patterns (Fig. 3). In contrast
with the most frequent co-directional overlapping tetramers, the convergent
overlapping tetramers do not include the stop codon TGA. Instead, the 4 bps
convergent overlapping genes use the TAA and TAG stop codons, in addition to

either a C or a T to generate patterns that contain a stop codon for both
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overlapping genes. The patterns TTAA and CTAG are the most abundant and

curiously generate palindromic sequences. As in the co-directional overlaps,
several convergent short overlaps, for example 1, 2, 3 and 5 bps, are not
allowed because of the constraints imposed by the structure of the genetic code.
In such overlaps there is an incompatibility between the forward stop codons
(TAA, TAG and TGA) and their reverse complementary sequences (TTA, CTA
and TCA) which do not form any stop codon (Fig. 3). Among the 1, 2, 3 and 5
bps overlaps, we found only one convergent 1 bp overlap
(NC_003143.YPO4025 & NC_003143.YPO4026) that overlapped the A
nucleotide. One of the genes of that pair is a gene remnant carrying the rare
stop codon CCT. We found fewer cases of disallowed patterns among
convergent than among co-directional overlaps because stop codon usage (only
TAA, TAG and TGA) is stricter than the start codon usage among prokaryotes.
Also, this might be because the misprediction of start codons occurs more easily

than the misprediction of stop codons (Rogozin et al., 2002).
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Convergent overlapping pattern Overlapping lengths Number of pairs Phases Overlapping constraints Actual Overrlapplng patterns and
schemas (bps) number of pairs of each
Not allowed
The last nucleotide of the stop
. codon in the upstream gene does .
1 1 2 ‘overlap of a gene remnant
not provide a proper stop codon in
the opposite strand. R: A or G and
Y:CorT
Not allowed
The last two nucleotides of the
stop codon in the upstream gene
2 0 1 does not provide a proper stop -
codon in the opposite strand. Y: C
GTA orT
—
" P
Not allowed
STOP3 None stop codon in the upstream
3 0 0 gene causes a stop codon in the -
downstream gene. Y: Cor T
F——GTA
—
3 5
r<_—- N Only one stop codon is not CTAG (3,557)
° STQP allowed (TGA). R: Aor G; Y: C or TTAA (3,316)
ATG —\TAR 4 11,367 z T TTAG (2,279)
RATYGTA CTAA (2,245)
STOP
¥ s Not allowed
The first nucleotide of the stop
codon in the upstream gene does
5 0 1 -
not provide a proper stop codon in
the opposite strand. Y: C or T
TTATAA (116)
TTATGA (73)
6 571 0 Small constraints. R: Aor G; Y: C TCATGA (73)
orT;X:P,LorS CTATAG (67)
TCATAA (51)
3 5
CTACTGA (84)
S 3 TTACTGA (80)
5 X_STOP3 . 601 ) Small ccnstra\nts.TR AorG;Y:C TCAGTAG (72)
ATG—IVYANTRR X H°a oy TCAGTGA (60)
REIRANYTGTA & TCACTGA (57)
STOP X
3 s
TCAGCTGA (77)
: TTAAATAA (40)
s “%ﬁﬁ“ 2 1029 ’ Small constraints. R: A or G; Y: C TTATTTAA (33)
ATG —YYANNI . ’ orT; XM, I, T,N, K SorR TCAAGTAG (26
RRINNAYYH—GTA TOAGTTGA ((26;
STOP X
¥ 5 §
TCAGGCTGA (15)
m 3 Small constraints. R: Aor G; Y: C Egﬁigﬁlfﬁ(q:))
ATG —YYANNNTRR 9 611 0 or T; X: all the aminoacids; X': P, L TTATTTTAA (11
RRINNNAYY—GTA orS tn
STOPX X TCAGCCTGA (10)
3 s
TCAGGCCTGA (15)
s X X STOP ¥ Small constraints. R: Aor G; Y: C Tﬁ&%%%g;%/;((;)
ATG —1:{\ :\\\NT ‘:?*(;T‘.\ 10 459 2 orT; X:all (hzag\rlr;oamds‘ X H, TTATTTATAA (9)
S X ! CTATATCTGA (9)
—— .
3 s
TCAGCGGCTGA (9)
s SLOP ¥ Small constraints. R: Aor G; Y: C fg:ggggéxgﬁ;(g)
ATG —YYANNNANTRR 1 1,267 1 or T; X: all the aminoacids; X': M,
RRTINNNNNAYY GTA TN or TCAGCCCTTGA (9)
STOPX X o CTATTTATTAA (8)
3 s

Fig. 3. Convergent overlapping patterns

Convergent overlapping patterns observed among genes from prokaryote species. For
each overlapping length up to 11 bps, the figure shows the overlapping pattern schemas,
the overlapping lengths, the numbers of pairs that overlap that length, the overlapping

phases, the overlapping constraints of that overlap and the real overlapping patterns.
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Notice that the overlaps which are not allowed have both their overlapping lengths and
their overlapping phases highlighted in red. The features of one of the overlapping genes

are represented in green to highlight that the genes are in the opposite strand.

3.1.2.2 Analysis of convergent overlapping phases

Another difference between convergent and co-directional overlaps is
that convergent overlaps can overlap in the three different phases. However, as
we can see in Fig. 3 and Table 1, there is also a phase bias. Among the short
overlaps (no longer than 7 bps) phase 2 is more prevalent than phase 1
because the 4 bps overlaps belong to phase 2. Phase 0 is allowed in
convergent overlaps because no forward-stop codon generates a stop codon, in
frame, in the reverse strand. Although phase 0 is used by short and long
overlaps, it is the least preferred phase. Among the long overlaps (lengths = 7
bps) phase 1 is more prevalent than phase 2, which in turn is more prevalent
than phase 0 (Kingsford et al.,, 2007). It has been suggested that the
overlapping lengths and the phase bhias in convergent orientation may be
explained by the frequency of the stop codons (Kingsford et al., 2007). Similarly,
as with the different distribution of start codons within the phases in the co-
directional overlaps, since there is a purifying selection against long overlaps,
the long overlaps would be more likely to accumulate in those phases where
start codons are more frequent and therefore more likely to be closer, after a
mutation in the stop codon (Kingsford et al., 2007). However, the overlapping
lengths and the phase bias among the convergent overlaps can also be
explained by selection, as proposed by Rogozin and coworkers (2002). They
explained the prevalence of phase 1 because the second codon positions, in
which all mutations lead to amino acid replacements, are located opposite to the
degenerate third codon positions of the complementary coding region (123:132).
This ensures the most independent evolution of the two coding sequences
(Rogozin et al., 2002). Both explanations would help to explain the phase 1 >

phase 2 > phase 0 bias observed among long convergent overlaps (Table 1).
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Co-directional overlaps Phase 0 Phasel Phase?2 Total
Overlapping lengths < 7 bps 0 35 182,661 182,696
Overlapping lengths 27 bps 0 74,054 19,945 93,999

Total 0 74,089 202,606 276,695
Convergent overlaps Phase 0 Phasel1l Phase?2 Total
Overlapping lengths < 7 bps 571 0 11,398 11,969
Overlapping lengths 2 7 bps 4,655 10,282 5,395 20,332
Total 5,226 10,282 16,793 32,301
Divergent overlaps Phase 0 Phasel1l Phase?2 Total
Overlapping lengths < 7 bps 188 1,585 277 2,050
Overlapping lengths 2 7 bps 2,095 2,308 1,322 5,725
Total 2,283 3,893 1,599 7,775

Table 1. Distribution of the co-directional, convergent and divergent overlaps
among the phases

Number of overlapping pairs < or = 7 bps found in phases 1 and 2 among the co-
directional, convergent and divergent overlaps. For the overlaps = 7 bps we considered
the overlaps up to 60 bps.

Interestingly, within phase 1, the overlaps of 11 and 14 bps are more
frequent than those of 8 bps, and this is an issue that remains unsolved
(Kingsford et al., 2007; Lillo and Krakauer, 2007). To solve it, we analyzed the
frequency of the codon combinations between NTT or NTC or NCT and ANN (N
being any of the 4 nucleotides ACTG) at the tail of non-overlapping genes
(Table 2). These are the combinations at the end of a gene tail that generate a
stop codon on the reverse strand in phase 1. Table 2 shows that these codon
combinations occur less frequently at codons -3 & -2 (the forward stop codon
corresponds to position -1) than at codons -4 & -3, -5 & -4 and -6 & -5. The
highest frequency of the codon combinations that generates a stop codon on the
reverse strand occurs at codons -4 &-3 and to a lesser extent at codons -5 & -4
(Table 2). This explains why the convergent overlaps of 11 and 14 bps are more
frequent than those of 8 bps (Table 2). Beyond 14 bps overlaps, the number of
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overlaps decreases due to both the selective pressure against long overlaps
and to the decrease in the frequency of the codon combinations that generate a

stop codon in the reverse strand in phase 1.

Number
of
patterns
Codon Codon Codon Codon Codon Codon Codon | Overlapping which
-7 -6 -5 -4 -3 -2 -1 length (bps) may
generate
stop
codons
NTT TAA
NNN NNN NNN NNN NTC ANN TGA 8 68,887
NCT TAG
NTT TAA
NNN NNN NNN NTC ANN NNN TGA 11 82,939
NCT TAG
NTT TAA
NNN NNN NTC ANN NNN NNN TGA 14 70,484
NCT TAG
NTT TAA
NNN NTC ANN NNN NNN NNN TGA 17 69,570
NCT TAG
NTT TAA
NTC ANN NNN NNN NNN NNN TGA 20 62,125
NCT TAG

Table 2. Distribution of the pattern NTT or NTC or NCT and ANN at the gene tails

Distribution of the pattern NTT or NTC or NCT and ANN among the codons of the gene
tails that not overlap. We only counted the patterns that could generate a stop codon in
the opposite strand in case of overlap (NTT or NTC or NCT and ANN). Codon -1

represents the stop codon.

3.1.3 Divergent overlaps

In contrast to the distribution of the co-directional and convergent
overlapping lengths, the most common divergent overlap is 2 bps (Fig. 1C), the
dinucleotide AT being the most frequent divergent overlapping pattern. This
pattern provides the beginning of the canonical start codon (ATG) in both

strands (Fig. 4). The 3, 4 and 5 bps divergent overlaps are not allowed because
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of the structure of the genetic code. In these overlaps, there is an incompatibility
between the forward start codons (ATG, GTG, and TTG) and their reverse
complementary sequences (CAT, CAC and CAA), which do not form any start
codon (Figure 4). Only two cases of 4 bps overlaps were found with the rare
overlapping patterns ATAT and CCAC. One was found in Rickettsia massiliae
MTUS5 (NC_009900.RMA_1363 & NC_009900.RMA_1364) and the other in
Mycobacterium tuberculosis H37Rv (NC_000962.Rv2810c &
NC_000962.Rv2811), where one of the genes is probably a fragment of a
transposase. The second most frequent divergent overlap is 1 bps, A or T being
the most frequent patterns. These patterns provide the beginning of the start
codons ATG or TTG in both strands. However we found 4 cases which
overlapped the nucleotide G in the species Methanopyrus kandleri AV19
(NC_003551.MK0975 & NC_003551.MK0976), Synechococcus sp. WH 8102
(NC_005070.SYNW2161 & NC_005070.SYNW2162), Mycobacterium avium
subsp. paratuberculosis K-10 (NC_002944.MAP3621c &
NC_002944.MAP3622) and Mycobacterium tuberculosis F11
(NC_009565.TBFG_12824 & NC_009565.TBFG_12825). This overlap is

extremely rare because it generates the uncommon start codon CTG.
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Actual Overlapping patterns and

Divergent overlapping pattemn Overlapping lengths Number of cases Phases Overlapping constraints number of pairs of each
schemas (bps)
Small constraints. Only one start (150)
3 Pty 1 275 2 codon is not allowed (GTG). W: A
. G1 T T(121)
AGT | ] or
¢ H;u;'* GTA
AV
H 3
Small constraints. However, only
the canonical start codon (ATG) is
3 5 2 1585 1 AT (1585)
o— - allowed
ATGE— TGA
M
5 3
Not allowed
None start codon in the upstream
3 0 0 gene provides a start codon in the -
opposite strand. H: A, Cor T
Not allowed
The last two nucleotides of the
start codon in the upstream gene  *overlaps of a fragment of a gene
4 2* 2 do not provide a proper start and a gene coding for an
codon in the opposite strand. D:A, hypothetical protein
TorG H:A CorT
Not allowed
The last nucleotide of the start
codon in the upstream gene does
5 0 1 not provide a proper start codon in
the opposite strand. D:A, T or G;
H:A CorT
ATGCAT (53)
TTGCAT (31)
6 188 0 Small constraints. D: A, T or G; H. ATGCAA (29)
ACorT,X:HorQ GTGCAT (23)
ATGCAC (20)
ATGGCAT (13)
Small constraints. D: A, T or G; H ATGCCAT (12)
7 159 2 A CorT.X SPTorA ATGTCAT (11)
ATGACAC (10)
TTGCCAT (10)
—_— Small constraints. D: A, Tor G; H: TTGTTCAT (13)
N 1 5 ATGAGCAT (7)
: IACNRGIR. AoaTX ATGGACAT (7)
AGT —[iACNNGTG 8 204 1 FSYCLP H.R(.;I.T N.SVAD or ATGGCCAT (7)
RENNEN— r6a ATGTCCAT (7)
M_ X
s 3 TTGTTCCAT (6)
Small constraints. D: A, T or G; H. QTFGQA;\?C:; (j:)
9 188 0 A, Cor T; X: all the aminoacids GAATCAT (
" ' X" HorQ ' ATGGCGCAT (4)
ATGGAACAT (4)
ATGCCATCAT (10)
Small constraints. D: A, T or G; H. ATGATAGCAC (8)
10 151 > A, Cor T, X: all the aminoacids; ATGATGGCAT (6)
X:SPTorA ATGACCACAT (4)
ATGCAGACAT (4)
T e ATGACTAACAA (5)
3 naneReh Small constraints. D: A, T or G; H: ATGTTATTCAT (5)
AGT ——[HACNNNNNGTG 1 104 1 A, Cor T; X: all the aminoacids; ATGAAAAACAT (2)
Ib\&'\\\\:\fiuli TGA X:FSYCLPHRITNSVAD ATGAAAGCCAA (2)
I ' orG ATGATGAGCAA (2
I
5 3

Fig. 4. Divergent overlapping patterns

Divergent overlapping patterns observed among genes from prokaryote species. For
each overlapping length up to 11 bps, the figure shows the overlapping pattern schemas,
the overlapping lengths, the numbers of pairs that overlap that length, the overlapping

phases, the overlapping constraints of that overlap and the real overlapping patterns.
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Notice that the overlaps which are not allowed have both their overlapping lengths and
their overlapping phases highlighted in red. The features of one of the overlapping genes

are represented in green to highlight that the genes are in the opposite strand.

The phase bias in divergent overlaps is slightly different than in co-
directional or convergent overlaps. In the short (no longer than 7 bps) overlaps,
phase 1 is more prevalent than phases 0 and 2 (Table 1). This is because the
most frequent divergent overlap is the 2 bps overlap belonging to phase 1.
Nevertheless, in the co-directional and convergent overlaps, phase 1 was
prohibited (or was allowed in only co-directional overlaps of some species that
use the Mycoplasma’s genetic code). Long overlaps show the following bias:
phase 1 > phase 0 > phase 2. According to the hypothesis of Sabath and
coworkers (2008), the frequency of start codons could also explain the phase
bias for the divergent overlaps. Since the divergent overlaps arise by 5’-end
extensions and there is a selective pressure against long overlaps, the long
overlaps would be more likely to accumulate in those phases where start codons
are more frequent and therefore more likely to be closer. Therefore, it could be
hypothesized that the start codon frequency follows the bias phase 1 > phase 0

> phase 2.

3.2 Location and presence of Shine-Dalgarno (SD) sequences

Both co-directional and divergent overlapping genes must have their
regulatory sequences within the overlapping region. The SD sequence must be
at the end of the upstream gene in co-directional overlapping genes, whereas it
must be at the beginning of the upstream gene in divergent overlapping genes
(Eyre-Walker, 1996; Ma et al., 2002). The convergent overlapping genes are not
constrained by the SD presence because they overlap at their 3'-ends. Table 3
shows that overlapping genes tend to keep their SD sequences. Almost 73 % of
co-directional overlapping genes with a short overlap (overlapping length < 60

bps) have a predicted SD sequence. Usually these SD sequences are, as
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expected, upstream from the initiation codon of the downstream gene. However,
26.8 % of the co-directional overlapping genes have a predicted SD sequence
downstream from the initiation codon. This unexpected location is probably due
to a mis-annotation of the initiation codon (Starmer et al., 2006). Among the long
co-directional overlaps (overlapping lengths > 60 bps), which are even more
likely to result from mis-annotations because of the selective pressure against
long overlaps (Palleja et al., 2008), the SD presence decreases to around ~4 %
compared to the short overlaps. Again, a possible explanation for this decrease
is that many of the genes with a long overlap are incorrectly annotated (Ma et
al., 2002). Indeed, we observed that among the long overlaps, the overlapping
genes that keep their SD sequence upstream to the initiation codon decrease,
while those that keep their SD sequence downstream from the initiation codon
increase substantively to around 15 % (Table 3). Therefore, although the
genome annotation errors can affect both the short and the long co-directional
overlaps, there are more mispredictions of the initiation codons among the long
overlaps. Also, it was worth studying whether the SD strength was compromised
because it was in a coding region. We observed that among the co-directional
overlapping genes (short and long overlaps) with a predicted SD, ~18 % of
genes show a strong SD (Table 3). This percentage is similar to the percentage
of non-overlapping genes that have a strong SD. Therefore, the strength of the
SD does not depend on overlapping or the overlapping lengths. These results
agree with the finding that both the SD strength and its relative position to the
initiation codon are not affected by the fact that SD are located within a coding
region (Eyre-Walker, 1996).
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Co-directional overlaps

SD presence

Short overlaps (<= 60 Long overlaps (> 60 bps)

bps)

SD sequence 72.8 % 69.2 %
Upstream SD 73.2% 58.3 %
Downstream SD 26.8 % 41.7 %
Strong SD 17.7% 18.4 %

No SD sequence 27.2% 30.8%

Divergent overlaps

SD presence % of TRX structure

None gene with SD 155% 3.0%
One gene with SD 419 % 7.3%
Both genes with SD 42.6 % 10.8 %

Table 3. SD presence among the co-directional and divergent overlaps
A percentage of the SD presence among the short co-directional (lengths < 60bps) and

the long co-directional overlaps (longer than 60 bps). The upstream SD category is the
percentage of genes whose SD sequence is predicted upstream from the initiation codon,
whereas the downstream SD category is the percentage of genes whose SD sequence is
predicted downstream from the initiation codon. The second part of the table shows the
percentages of overlapping pairs that conserve none, one or both SD sequences among
the divergent overlaps. Also there is a column dedicated to the percentage of TRX
structures (in which one gene encodes a transcriptional regulator, TR, and the other
gene, X, encodes any other class of protein) among the three gene sets of divergent

overlaps described above.

Divergent overlaps have more constraints imposed by regulatory signals
such as the SD sequences. Therefore we would expect a low frequency of SD
sequences among these overlaps. However, among the divergent overlapping
pairs, 42.6 % of them have a predicted SD sequence in both genes and a 41.9
% have a predicted SD sequence in at least one of the genes of the pair (Table
3). Therefore, SD must be present in divergent overlapping genes, even in the
high constraints they show. In an analogy with operons, coregulation is an

evolutionary constraint that could maintain divergent gene pairs (Korbel et al.,
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2004). Therefore, within divergent gene pairs, there is a strong enrichment of
pairs in which one gene encodes a transcriptional regulator (TR) and the other
gene (X) encodes any other class of protein (Korbel et al., 2004). This TRX
structure is found in a high percentage of the divergent overlaps, particularly in
overlaps where both genes show a SD sequence (10.8 %) and the overlaps
where only one gene of the pair shows a SD sequence (7.8 %) (Table 3). In
contrast, the TRX structure is very rare among the co-directional overlaps, only
0.1 % of them show this structure. This strong evolutionary conservation of
divergently transcribed gene pairs, which is also evident in the divergent

overlaps, implies biological relevance.

4. Conclusions

Gene overlaps arise in all the three transcriptional orientations with
extremely common and prohibited overlapping lengths resulting from the
structure of the genetic code and strong selective pressure against long
overlaps. The majority of the overlapping patterns can be properly explained by
the restrictions of the genetic code of bacteria or Mycoplasma. However some
overlapping patterns seem to be the product of mispredicting gene ends, genes
participating in frameshifts, truncated genes or possible fragments of genes.
Both the correct and non-correct overlapping patterns should be taken into
account for subsequent genome annotations. Overlaps may have preferred or
prohibited phases, such as phase 0 in co-directional overlaps. The phase bias
seems to result from the frequencies of initiation and termination codons within
the three phases (Kingsford et al., 2007; Sabath et al., 2008), even though
selection also influences the phase bias (Krakauer, 2000; Rogozin et al., 2002;
Lillo and Krakauer, 2007). Here we have tried to explain some of the constraints
imposed by the structure of the genetic code as well as the codon usage of the
gene flanks.

The overlapping genes have predicted SD sequences just as the non-

overlapping ones do. In addition, a relevant percentage of overlapping genes
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are predicted to have a strong SD. This means that genes may overlap
regardless of their expression level. The long co-directional overlaps show an
overall decrease in the SD presence. However, they show an increase in SD
prediction downstream from the initiation codon. This means that the long
overlaps may be caused by annotation errors as we have previously pointed out
(Palleja et al., 2008). These annotation errors are exposed by the SD
predictions (Starmer et al., 2006). A high proportion of the divergent overlapping
genes have predicted SD sequences, even though these genes are the most
constrained because of the location of the regulatory sequences within a coding
region. Within divergent overlaps, the gene structure in which one gene encodes
a transcriptional regulator (TR) and the other gene (X) encodes any other class
of protein, is overrepresented. Therefore, instead of a rare genome feature,
divergent gene pair overlaps may be conserved structures of coregulated genes
where a transcriptional regulator regulates their overlapping gene.
Understanding the overlapping phase bias, the preferred and prohibited
overlapping patterns and lengths could be a powerful tool for functional

prediction as well as for improving genome annotation.
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Abstract
Background: Across the fully sequenced microbial genomes there are
thousands of examples of overlapping genes. Many of these are only a few
nucleotides long and are thought to function by permitting the coordinated
regulation of gene expression. However, there should also be selective pressure
against long overlaps, as the existence of overlapping reading frames increases
the risk of deleterious mutations. Here we examine the longest overlaps and
assess whether they are the product of special functional constraints or of
erroneous annotation.
Results: We analysed the genes that overlap by 60 bps or more among 338
fully-sequenced prokaryotic genomes. The likely functional significance of an
overlap was determined by comparing each of the genes to its respective
orthologs. If a gene showed a significantly different length from its orthologs it
was considered unlikely to be functional and therefore the result of an error
either in sequencing or gene prediction. Focusing on 715 co-directional overlaps
longer than 60 bps, we classified the erroneous ones into five categories: i) 5'-
end extension of the downstream gene due to either a mispredicted start codon
or a frameshift at 5'-end of the gene (409 overlaps), ii) fragmentation of a gene
caused by a frameshift (163), iii) 3’-end extension of the upstream gene due to
either a frameshift at 3'-end of a gene or point mutation at the stop codon (68),
iv) Redundant gene predictions (4), v) 5 & 3-end extension which is a
combination of i) and iii) (71). We also studied 75 divergent overlaps that could
be classified as misannotations of group i). Nevertheless we found some
convergent long overlaps (54) that might be true overlaps, although an important
part of convergent overlaps could be classified as group iii) (124).
Conclusions: Among the 968 overlaps larger than 60 bps which we analysed,
we did not find a single real one among the co-directional and divergent
orientations and concluded that there had been an excessive number of
misannotations. Only convergent orientation seems to permit some long

overlaps, although convergent overlaps are also hampered by misannotations.
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We propose a simple rule to flag these erroneous gene length predictions to

facilitate automatic annotation.

Background

The exponentially increasing amount of sequence information has
spurred the need for automated and accurate large-scale prediction and
functional annotation of genes. A new generation of technologies is speeding up
the sequencing even more, but this comes at the price of some biases and an
increased error rate [1, 2]. Thus, it is important to investigate unexplained
phenomena for systematic errors. One such phenomenon is a large number of
annotated genes with long overlaps. Overlapping genes are frequently observed
in microbial chromosomes. Although they were initially found in the genomes of
bacteriophages, animal viruses and mitochondria [3-5], they currently represent
an important part of the genes in the fully sequenced prokaryotic genomes [6].
Furthermore, it is already known that overlapping pairs are conserved across
species [7], and it is likely they have more homologs than genes that do not
overlap. This makes the overlapping gene pairs highly valuable as a tool for
function prediction as other structural prokaryotic features such as well-
conserved operons, conserved distances between adjacent genes, COG groups
or KEGG pathways have been used to infer functions in genomic and
metagenomic data [8, 9]. However, they still remain strongly affected by
sequencing and annotating errors [10]. Among the fully sequenced microbial
genomes, thousands of overlapping gene pairs have been predicted in all three
transcriptional directional classes (co-directional (->->), convergent (-><-) and
divergent (<-->) [5, 11, 12]. The overlaps can arise when the 3'-end of one of the
genes in a pair is extended because a stop codon has been deleted, or because
the stop codon has been disrupted by a point mutation or a frameshift mutation
[7, 11, 13]. However, the overlaps can also arise through the elongation of the
5'-end of a gene because an alternative upstream start codon has been used

[13-15]. While there is plenty of evidence that small gene overlaps of several
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nucleotides enhance coordinated transcription of functionally related genes [6-8,
11, 13, 15], it is not known whether long overlaps are the product of special
functional constraints or simply of large-scale misannotations. For bacterial
genomes it has been reported that overlaps longer than 20 bps have a reduced
Shine-Dalgarno (SD) prediction percentage [16]. This regulatory motif appears
to work in concert with the start codons as part of an elaborate regulatory
system for gene expression. Therefore, one possible explanation for this low
percentage is that many of these genes are incorrectly annotated.

A number of previous studies of overlapping microbial genes suggested
that annotation errors such as misprediction of start codons, loss of termination
codons as well as the misidentification of the entire open reading frames (ORFs)
can influence the statistics of overlapping genes and hence their analysis [6, 7,
11-15] (Table 1). These studies used to exclude from their analysis both the
genes coding for hypothetical proteins and the genes whose start codons have
been assigned differently by the annotation programs and have therefore been
deposited with different coordinates in the databases. On the other hand, the
authors tend to accept the gene pairs that are conserved in the COG database
[17]. Only Rogozin et al. [14] have tried to find out how the overlapping genes
evolve and have examined some long convergent overlaps. Nevertheless none
of the previous studies has attempted to quantify and characterize rigorously
these possible misannotations to be able to study gene overlaps more reliably.
Here we analyse long overlaps between well-characterized genes to
discriminate true events from misannotations and to use this knowledge to

develop rules for improving gene annotation.

o Annotation errors
Reference Objective Excluded genes Accepted gene set
suggested

Fukuda et al., Comparison study of Homologous genes whose Authentic ORFs, thus Misprediction of the

BMC Genomics 2008, 9: 335
84



UNIVERSITAT ROVIRA I VIRGILI

COMPUTATIONAL INSIGHTS INTO INTERGENIC REGIONS AND OVERLAPPING GENES AMONG PROKARYOTE GENOMES

Albert Palleja Caro

ISBN:978-84-692-2150-1/DL:T-508-2009

- CHAPTER 3 -

1999 [11]
Fukuda et al.,
2003 [7]

overlapping genes in two
Mycoplasma genomes.
Study of overlapping
genes in bacterial

genomes

start codons was assigned
differently and genes coding
for hypothetical or putative

proteins

genes not annotated as
hypothetical or putative
proteins and conserved in
COG database

start codons

Rogozin et al.,
2002 [12]

Study of non-coding DNA

in prokaryotic genomes

Genes coding for
hypothetical proteins and
overlapping more than 90

bps

Gene pairs not annotated

as hypothetical or putative

proteins and conserved in
COG database

Misprediction of start
codons, falsely
predicted genes and
missed genes,

frameshifts

Rogozin et al.,
2002 [14

Analysis of the purifying
and directional selection
in overlapping prokaryotic

genes

Genes not conserved in COG
database and neither co-
directional nor divergent

overlapping pairs nor
overlapping gene pairs not
conserved in two or more

species

Convergent overlapping

genes conserved in both

the COG database and in
two or more than two

genomes

Misprediction of start
codons (affecting co-
directional and
divergent overlaps)
and loss of termination
codons (affecting co-
directional and

convergent overlaps)

Johnson and
Chisholm,
2004 [6]

Study of the properties of
the overlapping genes in

microbial genomes

Genes coding for
hypothetical proteins

Gene pairs not annotated
as hypothetical or putative

proteins

Misidentification of
coding sequences

Sakharkar et
al., 2005 [13]

Comparison study of
overlapping genes in two
Rickettsia genomes

Genes coding for

hypothetical proteins

Gene pairs not annotated
as hypothetical or
unknown proteins

Incorrectly annotated
ORFs

Cock and
Withworth,
2007 [15]

Study of the relative
reading frame bias in
Prokaryotic Two-
component system genes
which use to overlap

Genes with ambiguous
locations

Two component system
gene pairs well located in

the chromosome

Invalid bacterial start
codons or premature

stop codons

Table | - Analysing previous overlapping genes reports

Comparison of previous overlapping genes studies. Columns referring to the authors, the
authors’ objectives, the genes excluded from their study, the genes accepted for their
study,

and the misannotations which they suggest are present in prokaryotic

chromosomes.

Results and Discussion

Usually, adjacent genes in prokaryotic chromosomes tend to be
separated by a short intergenic distance or overlap by some base pairs in a
preferred phase [6, 12, 14, 15]. Particularly common are overlaps where the
stop codon of the upstream gene is overlapping with the start codon of the
downstream gene (overlaps of 1 or 4 bps) [6, 7, 11, 14, 15, 18]. Overlapping
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genes among prokaryotes represented around 17% (173,663 overlapping pairs)
out of the total gene pairs contained in 338 microbial genomes (1,016,129 gene
pairs). Although it is lower percentage than some authors have reported before
[6], those overlapping genes are a consistent feature of the prokaryotic
chromosomes and are worthy of study. Of these 173,663 overlaps we selected
42,055 where both genes were well-characterized for our study. Among the
prokaryotic overlaps, those with co-directional overlaps were clearly the most
frequent, reflecting the fact that this is the most common orientation of two
adjacent prokaryotic genes [18]. Furthermore, the genes in the prokaryotic
chromosomes tend to be grouped into operons of functionally related genes and
usually, those genes of a given operon are on the same strand [19-24]. In fact,
co-directional overlaps represented around 92% (38,563 overlaps) of the well-
characterized overlaps considered here, while convergent overlaps represented
7% (3,035) and divergent overlaps 1% (457). Of these overlaps, we chose a set
of 968 overlaps longer than 60 bps that had consistent coordinates in three

different databases.

Types of misannotation

We were looking for functional overlaps among the 968 overlaps longer
than 60 bps. Every gene of the overlapping pairs was compared with its
orthologs. If there is a difference in gene length between the gene and its
orthologs the overlap is probably unreal and caused by a sequencing or
annotation error in one of the genes of the overlap. This difference in gene
length could also mean that the overlap is real though unconserved and
therefore, not functional. Although we can not definitively distinguish between
these two facts, by categorizing the long overlaps manually, we can notice
patterns that provide us with hints. For a list of all the overlaps manually
analysed here see Additional file 1.

First of all, we manually analyzed 715 co-directional overlaps longer

than 60 bps. Surprisingly all of them fell into the following categories (Figure 1):
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i) 5’-end extension of the downstream gene due to either a mispredicted
start codon or a frameshift at 5’-end of the gene. The upstream gene had the
same length as its orthologs, while the downstream gene was longer than its
orthologs at the 5-end. Furthermore, in all the 409 cases classified, the
downstream gene had alternative start codons which were downstream of the
predicted initial codon, which could produce a product with a similar or even an
equal length to its orthologs. These cases represented around 57% of the co-
directional overlaps longer than 60 bps analysed. Therefore this suggests that
the most important cause of long overlaps is a misprediction of the start codon
of a gene;

i) Fragmentation of a gene caused by a frameshift. In these cases the
upstream gene was longer than its orthologs at the 3'-end and the downstream
gene was clearly shorter than its orthologs. Furthermore, in these 163 cases
both members of the overlapping pair could be mapped to a single gene in a
closely related species, suggesting that a frameshift mutation/sequencing error
fragmented one gene into an overlapping pair. These cases represented
around 23% of the co-directional overlaps longer than 60 bps analysed and
therefore, this is the second most important group of misannotations.

iii) 3™-end extension of the upstream gene due to either a frameshift at
3-end of gene or point mutation at the stop codon. The upstream gene was
longer than its orthologs at the 3'-end, whereas the downstream gene had a
similar length to its orthologs. Either a frameshift at the 3’-end or a point
mutation at the stop codon may cause the loss of the stop codon, thus
extending the reading frame to the next in-frame stop codon. We found 68
cases (9,5% of the co-directional overlaps analysed) that showed this pattern.

iv) Redundant gene prediction where the genes overlap entirely or
almost entirely and are in the same reading frame. This is a really strange case
and actually we only found 4 gene pairs (0,5%), most of them labelled as
putative genes.

v) 5 & 3-end extension which is a combination of i) and iii). The

upstream gene is longer than its orthologs at the 3-end as well as the
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downstream gene being longer than its orthologs at the 5-end. We classified in
this group 71 overlaps (10%).

Regarding the overlapping lengths, the overlapping mean length of the
5, 3" and 5’ & 3’-end extension groups was 104, 121 and 106 bps respectively.
Nevertheless, the overlapping mean length of the fragmentation type was 162
bps, therefore this type of misannotations appears to cause longer overlaps. In
order to know what type of misannotations causes the longest overlaps, we did
not take into account the lengths of the overlaps caused by redundant gene
prediction, because the gene pair is overlapping entirely or almost entirely and
actually this type of misannotations occurs very rarely.

Although we extensively focused on the co-directional orientation, we
also examined the long overlaps in the other orientations, specifically, 75
divergent overlaps and 178 convergent overlaps longer than 60 bps. All the
divergent long overlaps belonged to group i), which means that all of them were
misannotations due to a 5’-end extension of one or both genes of the divergent
overlap. However, among the convergent overlaps we found putative true
overlaps. Actually, as other authors have reported before [14], conserved
convergent overlaps are affected by annotation errors to a lesser extent
because they are not affected by the high rate of misannotated start codons.
However, we could classify 124 convergent overlaps into group iii) as
misannotations. Therefore, the misannotations are also affecting convergent
overlaps, particularly those misannotations caused by a 3’-end extension in one
or both genes of the pair. The other 54 convergent overlaps might be real,
although most of them are only conserved in very close species.

Thus, we can now suggest ways to correct 914 gene pairs and clear the
respective overlaps that are the result of misannotations. These overlaps
caused by misannotations represent around the 2 % of the overlaps of well
characterized genes (42,055). Therefore, this is worth taking into account in the

annotation processes.
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Co-directional overlaps
Gene a
Gene b
1) 5’-end extension 409 pairs = 57%
a
b
2) Fragmentation 163 pairs 2> 23%
a b
X EEEEEEEEE X
y EEEEEEEER y
Z EEEEEEEEE Z
X Gene in closely
y related species
z
a EEm
HE R e— b
3) ¥’-end extension 68 pairs 2 9,5%
a -
o —
4) Redundant gene prediction 4 pairs = 0,5%
a
b
5) 5’ & 3’-end extension 71 pairs > 10%
a

BMC Genomics 2008, 9: 335
89



UNIVERSITAT ROVIRA I VIRGILI
COMPUTATIONAL INSIGHTS INTO INTERGENIC REGIONS AND OVERLAPPING GENES AMONG PROKARYOTE GENOMES

Albert Palleja Caro

ISBN:978-84-692-2150-1/DL:T-508-2009

| | - CHAPTER 3 -

Figure 1 - Types of misannotation

Schema of the five categories of putative misannotations. Both the number and the
percentage of co-directional overlapping pairs longer than 60 bps classified in each group
is shown. Gene a represents the upstream gene, while gene b represents the
downstream gene. In Fragmentation type gene X, y and z represent the orthologs of gene

aand b.

Misannotations in prokaryotic genomes

As expected, the number of overlaps decreases with an increasing
overlap length (Figure 2). Equally expected is the avoidance of multiples of 3
bps overlaps for adjacent co-directional genes [6, 14, 15]. Although Figure 2
shows multiples of 3 bps convergent and divergent overlaps, none co-directional
overlap was found with an overlapping length of multiple of 3 bps. We also
studied in co-directional overlaps whether some particular genomes stood out in
terms of overlaps because of their annotation protocols. Indeed, in some
genomes large overlaps are more abundant with Brucella melitensis 16M
leading with 38 likely misannotated events. Interestingly, 25 of those pairs were
due to fragmentations [see Additional file 2]. Second in the list is Rhodopirellula
baltica SH1, which has a really strange genome. It contains 28 misannotated
overlaps, 26 of them are due to 5’ or 5’ & 3’-end extensions and it is the genome
which has more divergent overlaps misannotated. Also we have observed that
Xanthomonas genomes accumulated a high number of misannotations.
Probably, the initial mispredictions in the first Xanthomonas genomes
sequenced were propagated within this taxon due to the high sequence
similarity among their genomes. For a list of 27 genomes with high number of
overlaps see Additional file 3.

We tried to further identify reasons that might cause frameshifts and
misannotations in the genome projects [see Additional file 3]. The genomes that
accumulate a high number of errors are not the longest in size or the highest in
gene content. For instance, the Brucella melitensis 16M chromosome has

3294931 nucleotides and 3198 predicted genes and accumulated 38
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misannotations, whereas the Vibrio vulnificus YJ016 chromosome has 5211578
nucleotides and 5098 predicted genes but accumulated only 12 annotation
errors. A high AT content could be related to a high number of mispredictions of
start codons. However, no correlation between a high number of misannotations
and a high percentage of AT was observed. We also did not observe any clear
bias to any sequencing or annotation method, though 6 out of the 28 genomes
worst annotated were done by Glimmer predictor [25] exclusively. However, the
use of a determined gene predictor or a combination of different gene
predictors, does not assure us that we will avoid the types of misannotations
described here. The number of misannotations could also be related to the
sequencing date. On one hand, an early sequencing date could be related to a
high number of misannotations because less maturated technologies and tools
were used. On the other hand, a recent sequencing date could be related to a
high number of misannotations due to lower coverage and a higher degree of
automation. However, no trend was observed in the number of misannotations

regarding the sequencing date.

Brucella melitensis 16M = 38 overlaps
Rhirodopirellula baltica SH1 = 28 overlaps
0 Burkholderia thailandensis E264 = 27 overlaps
300 - Bradyrhizobium japonicum USDA 110 = 26 overlaps

250 - Escherichia coli CFT073 = 23 overlaps

T

200

150

Number of pairs

100 + 914 overlaps

50 -

PERLRP S LL S EP PO L0 P PP E P RL LD L HPS

Overlapping lengths (bps)

Figure 2 - Distribution of the overlapping pairs with respect to the overlapping

length

BMC Genomics 2008, 9: 335
91



UNIVERSITAT ROVIRA I VIRGILI
COMPUTATIONAL INSIGHTS INTO INTERGENIC REGIONS AND OVERLAPPING GENES AMONG PROKARYOTE GENOMES

Albert Palleja Caro

ISBN:978-84-692-2150-1/DL:T-508-2009

| | - CHAPTER 3 -

The longest overlaps selected for manual analysis are indicated by the red box. Several
species contribute a disproportionate number of overlapping pairs to the misannotations.

In the figure we can see the 5 species that accumulate more misannotations.

Mispredicted start codons

5-end extensions clearly have the highest number of misannotations
because of mispredictions of start codons or upstream frameshifts whereby the
former is clearly dominant (data not shown). Therefore we can say that the main
problem in the annotation of real genes is the misprediction of start codons.
Most genes tend to start with AUG while the alternatives GUG and UUG are
used sparingly [16]. AUG is a more potent initiator than GUG or UUG [26], which
are considered weak start codons. To quantify the observed effect regarding
start codon usage, we compared the start codons of potentially misannotated
genes with those from randomly chosen microbial genes. The genes which have
putative mispredicted start codons (the genes with a 5-end extension from
wrong categories i), v) and from misannotated divergent overlaps group) had
alternative start codons (AUG, GUG or UUG) downstream in the sequence. This
could indicate that a gene with a mispredicted start codon has an additional
correct one nearby. Furthermore, we observed statistical differences (P <
0.0001, Chi square analysis) which were extremely significant among the start
codon usage between genes with a putative mispredicted start codon and a
random set of genes. It seems that the use of the weak start codons (GUG,
UUG) is overrepresented among the genes with putative mispredicted start
codons [see Additional file 4]. We found that from the 579 genes, which
potentially could have a mispredicted start codon, 270 start with AUG, whereas
172 and 133 with GUG and UUG respectively. In contrast, among the random
sets of genes around ~462 start with AUG, whereas only around ~77 and ~38
with GUG and UUG respectively. Therefore, long overlaps, in conjunction with
the use of weak start codons could be a sign that the 5-end of an ORF has

been mispredicted and must be taken into account by the annotation algorithms.
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In fact, some previous SD studies agreed with this finding. Starmer et al.
explained genome annotation errors with a bias in the start codon prediction
towards the usage of GUG instead of AUG [27], whereas a previous study
performed by Ma et al. [16] found in E. coli K12 a significant group of genes
which started with GUG or UUG and which do not have an SD sequence and

hence were erroneously annotated as putative or hypothetical proteins.

The longest real co-directional overlap

When studying co-directional overlaps below 60 bps, the longest real
one we could identify was caused by two co-directional genes coding for the
DNA polymerase psi subunit (holD) and an alanine acetyltransferase (riml).
Figure 3 shows the alignment of the C-terminal end of the DNA polymerase psi
subunit and the N-terminal end of the alanine acetyltransferase as well as an
arrangement of overlapping regions and amino acid conservation within the
overlap among three representative Enterobacteria species. This figure
highlights the high similarity among the Enterobacteria orthologs at the C-
terminal end of the protein encoded in holD gene, at the N-terminal end of the
protein encoded in riml gene and within the overlapping region at the level of
nucleotide sequence. This overlap was previously reported to be 32 bps long in
Escherichia coli [28] which would correspond to around 10 overlapping amino
acids; however orthologs gene pairs in the Yersinia and Salmonella genomes
reached 56 bps, which would correspond to overlaps of about 18 amino acids.
Although the exact gene length seems genus specific, this particular overlap is
well conserved among Enterobacteria, and therefore unlikely to be due to a

misannotation reported here.
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Figure 3 - Aligning a co-directional true overlap

Overlap between the holD (coding for a DNA polymerase psi subunit) and riml (coding for an alanine
acetyltransferase) genes among Enterobacteria. A) Multiple alignment of the C-terminal of the DNA
polymerase psi subunit and the N-terminal of the alanine acetyltransferase protein among
Enterobacteria species. The grey boxes indicate the fragments that are encoded in the overlapping
region between holD and riml genes. The alignments of Escherichia & Shigella, Salmonella and
Yersinia are marked. B) Arrangement of overlapping regions and amino acid conservation within the
overlap among Escherichia coli K12, Salmonella enterica Ty2 and Yersinia pestis CO92. The
nucleotide consensus shows an asterisk for the conserved nucleotides and a dot for the not
conserved. Although we chose one species of each group marked in part A (Escherichia & Shigella,
Salmonella and Yersinia) we can observe the high similarity at the level of sample nucleotide

seguences too.

Conclusions

Misannotation of real genes leading to artificial extensions of genes
seems to be more frequent than previously anticipated and can lead to frequent
gene overlaps. We could show here that all co-directional and divergent

overlaps extending 60 bps are artificial due to misannotations that can be
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classified into five categories. This clear-cut result enables us to propose a
simple rule that can flag many thousand erroneous gene length predictions to
facilitate automatic annotation. On the other hand, convergent orientation seems
to allow longer overlaps than the other two orientations, although convergent
long overlaps are also affected by misannotations.

The most common misannotation is the 5’-end extension, mostly caused
by the misprediction of start codons. The respective genes carrying putative
mispredictions of the start codon show an overrepresentation of weak start
codons use. Thus genes with a 5’-end extension involved in long overlaps with
predicted weak start codons must be checked by the annotation algorithms.

Although several species seemed to have a higher number of such
potential misannotations, no correlation was found with genome size, gene
content, GC content, sequencing or ORF prediction method, annotation team or
sequencing date. Therefore these imprecise gene predictions have the potential

to affect any microbial genome annotation process.

Methods

Overlapping genes were retrieved from the 338 microbial genomes in
the STRING database release 7.0 [29]. As has been mentioned above, analysis
of the overlapping genes is hampered by sequencing and annotation errors
present in genomes [10]. Because of this concern, only well-characterized
genes were analysed. We defined as well-characterized genes only those gene
pairs where both members could be assigned to a KEGG pathway [30]. This
means that only 42,055 overlaps out of the 173,663 overlapping gene pairs
observed among 338 prokaryotic genomes were considered in our study. Of
these, 38,563 were in the co-directional orientation, whereas 3,035 were in
convergent orientation and 457 were in divergent orientation. We focused on
long overlaps to identify unusual differences in length. In order to avoid work
with overlaps originated by inconsistent data among the databases, we checked

whether their coordinates were consistent in STRING database release 7.0,
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Genome Reviews and RefSeq. We started analysing the longer overlaps and
we stopped at 60 bps length because we observed conserved overlaps just
below this cut-off.

After the application of all these restrictions commented on above, we
eventually had 715 co-directional overlaps with overlapping lengths longer than
60 bps, which were examined manually. Each protein of these overlaps was
compared to its corresponding orthologs, analogous to the consistency check
used in the HAMAP project [31] for the SWISS-PROT protein validation.
Therefore, for each member of an overlapping pair a multiple sequence
alignment was constructed from the gene itself and its orthologs (as defined in
the STRING [29] database) using Muscle [32]. These alignments were analysed
by eye and if the overlapping genes showed significant differences in length,
relative to their respective orthologs, we concluded that it was a misannotation.
Then, these overlaps were placed into one of five categories based on putative
sequencing or annotation errors that might have caused the artificial overlap.
The convergent (178) and divergent (75) overlaps longer than 60 bps were also
analysed manually. These overlaps were also placed into the categories
previously defined with the exception of some of the convergent long overlaps.

We also examined whether certain species were associated with higher
numbers of overlapping genes. In addition, we analyzed the correlation between
the number of gene overlaps with genome size, gene content, GC content,
sequencing or ORF prediction method, annotation team or sequencing date. We
also analysed the misprediction of start codons using the genes that show 5'-
end extensions among the groups 5-end extension, 5’ & 3’-end extension and
the misannotated divergent overlaps, totalling 579 genes. The alternative start
codons considered were AUG, GUG or UUG. The genes of genomes which use
a different start codon to these three or a bacterial code different to the bacterial
and plant plastic genetic code were classified as ‘others’ in the start codons
table [see Additional file 4]. We checked the start codon in each case and how
many times each of the three alternative start codons was used up to one third

of the length of the gene. The figures were compared to normal gene sets
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randomly selected with two restrictions (random set I, I, and 1ll). In the first one,
the normal genes had to have gene lengths similar to the misannotation gene
set (around 1400 bps). In the second one, the number of genes in each set had
to be the same (that is, 579 genes in each set). We took well-characterized non-
overlapping genes randomly selected as our normal genes. Furthermore, a Chi
square analysis was performed comparing the start codon usage of one normal
gene set with the mispredicted gene set. Where necessary we used Perl
programming language in all the steps of this work as well as PostgreSQL to
communicate with the STRING [29] database.
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Additional files

Additional file 1. The 968 overlaps manually analysed

The co-directional, convergent and divergent overlaps analysed. They are separated
depending on the orientation of the pair. The genes identification is made joining the
Taxonomy ID of the species which contains the gene and the gene name separated by a
dot. The columns are the upstream and the downstream gene ids, the functions of the
protein encoded in the genes, the orientation, the overlapping length and the type of
misannotation. Notice that the types of misannotations are described at the end of each

of the lists.

Because of its size this figure is not in the book. It can be downloaded following this link:
http://www.biomedcentral.com/1471-2164/9/335/additional/

Additional file 2. Number of misannotations per genome in each category
Summary of the mispredicted overlaps found within the genome of each species sorted

by categories.

Because of its size this figure is not in the book. It can be downloaded following this link:
http://www.biomedcentral.com/1471-2164/9/335/additional/

BMC Genomics 2008, 9: 335
102



UNIVERSITAT ROVIRA I VIRGILI

COMPUTATIONAL INSIGHTS INTO INTERGENIC REGIONS AND OVERLAPPING GENES AMONG PROKARYOTE GENOMES

Caro

Jja
978-84-692-2150-1/DL

Albert Palle

ISBN

T-508-2009

- CHAPTER 3 -

1007 01 S

£002" 61 By

G002 T Ler

0009 PO

1007 87 AN
50071260
1661711780
1007 01 3
007 6 Aen

0020871
#0079} By

007 €7 10

7002 61 By

1007 € B0

£007 6 PO
200276 e

7002 G AN

9002 8¢ " ver

9007 Lty

5000 % P
5007 € 10
000797 %q
2007 6 260
2007 LC%8q
500211 %q
20078

L00Z €1 MON
ajequolesiy

HIUNND

ainpainid Buuanbas wopue Bwouab-alogag

saauanbas Bupod jenuand
10 UDeU{UAEI0 3L LI HASN SeA LJRIaUas) pUE JauW9
"eau—5 Wesfind Buppow auak sz 1o uneuiowas

caueig) unfoys auoual-aoy

SISEOEEN LOUdSEIMS PLe

TENZHUEEURD) SNsJaA dL 519 AU} 0} UDDIRE Ul 'saserElep
5900 PUE WOO0Hd 311500 'y d Jsuiefie sayueas
UGnGIL ANLE W P313aTSU 313k SUDIEIDLLE |1y AIEAY0S
0943 UM UOEI0ULY 40T Uik LDRIIPAI S4H0) Ienul

S3LIEIG| PIUSDD
pue pruserd fuisn yaecidde unfijoys awoual-o oy

X158 PUE 1518 PUE 7077 BWLIY

Miapens unfoys Builnug,
3L} U UOTEIGLI0) U1 poLpRU LnBipus 3uaual ajoum

JRUILID TUE HEEUa0

salfiojonouia w unfauys

31I0Ja0eUe Y [LE LBDEUEY,

Afanes unboug auiouafi ajoym

OILIHI PuE L ugauag

BINAI010 QUIUaND=s LIDUE) SUI0US0-SI0A

afzA0e0 HIAAH PUE YNNI

nougaw Buiauanbas wopues auouaf ajoum

500} SIPRUUIUI0I 0DxE AU S|L0LaS) paiJBapl|

Fuauanbas unbious awoual-ajy pm

00} 093 3l BUISN U0D Se 4 UDREJOLLE P dODYA
Buisn paus)iwozae sem uonapaid ausf jequ|

palansUa 213w savei) UnBys eiasss

SNIHHO 'WOILIHO "HIWAIO

Afiage.s unBious 2 woual S|ogs.

WIILIHD
U Jawiwe) Buisn saausnbas pajLIRsse: AUt uo paidde:
se i ABajens unnaipadd aual pauigwoa e Alaug 07 gauss

furauanbas awausf-aum

KLSYISRUE 415718 207 B9

nowaLw, Unfioys Buipug,
U} L pauig W0 Afaeds unfious awouafi-ajoum

ey
LIk UDTUIEIOD ULSNOR 0 s s1oainicy pnscHy Jequae
-y ey 8 sawAzua Aeaed 2 00ga L pUE sawouaE
10 saceqeien aguanbas uiyleas Ay paulouad sem uoneliuuy

SUIEB0ITUONAIP3 1T 3USD JUILIIS LE HEEWAED

pasuantas
DUE S3UEIG) BW0SD DA (2L [23}0e] pUE Epguie|
prutsoa Buisn A paddew pue pauoj sem awouEi au

S3LIEI0]| LUNBIOLE SUIDUBE-SI0UM

993N UE 1573 8IS fUE HEWALED

salfin|ppoa W unBious

6211010 2evaudn
"0 PUE ZEDE ) DOLY el ) i uosleduind

pagiaw Lnfjous

SaEUID 0N
(093 PUE $/WaUaS patedla] pUE BIRLD BWWD

Buauanbas Lnfoys awouaf ajouysm

29003 1sUfE 158 L BlBUDWIES PUE 11093 18UEBE
L5178 LM S YIWINTO PUE SNTHAHO "YOLLIMO Buwlg

sauelq)| unfjous awoual 2oy

1BV1G PLE JBWID 'SIdOVI

Afiage.s unBious 2 woual S|ogs.

paysianddn

paysondun

d1SY78 U JBwuo

unfioys fuBpug uym Budigwod unBious awoual-aiouy)

1519 PUE JBWWID ‘IIdIvI

Afanes unboug auiouafi ajoym

X158 PUE 1518 PUE 7077 BWLIY

unfijoys Bubpug
3} Y pauigwod Afais unfious auous ajoui

10JdSs g pue'y|d 1daduag
"jUe3Uas) Ul LUDSLEL Wad pUe 41518 g

POy unfjoys wopuel

d1SY78 U JBwuo

unfioys fuBpug uym Budigwod unBious awoual-aiouy)

8900 WY 4d asuld
Y154 '5100] SINEULIOJUIOIG 093 PUE $aIL0UAS) paje.fal|

5|00} UolEjoLLY

Afanes unfoue awiouaf ajoym

paouanbag

%l

50065

%l8

hCY

%G9
%G9
%05 8
%05 %
%e

%09
%l

%G9

o

%9e

%059
gt

%Y

bl

%05

%0
%Ee

%e
%05
gt

%Ee
%e

Sl

acel

6150

2

£ee0
Az
(184
9ErT
3007
6161
€EET

p0ce

ity

LT

1167

8608
ey

0C0e
681E

A0S

618G
1789

£FL9
612G
188

PE9G
£FL9
3618

500881

8Ivrere

ellenr

6106597

8819105
8l 166t
00v8LIC
FOrECy
52088l

920657
£88EC5E

99r8LlS

L9860

radeirs

8l5L 15
Pe5GaLG

0604F1€

0086L1E

LF1G305

8IvLels
1080¢L

1109201
awLers
8785016

TI6ETLY

1109201

. eBFECE

WejU03 98 JUIM0d 3u3g  LyBua]

BUSIIE]

BUSIEq

BLIBJE(]

BUSIIE]

BLIBJE(]
BLIBJE(]
Bgellle
BLIBJE(]
BLIBJE(]

BUSIIE]

BUSIIE]

BLIBJE(]

BUSIIE]

BEROIE

BUSIIE]
BUSIIE]

BlIBJIE]

BUSIIE]

BLIBJE(]

BUSIIE]
BLIBJE(]
BLIBJE(]
BLIBJE(]

BUSIIE]
BLIBJE(]
BLIBJE(]

Blale]
wopBury

» o ®

>

ol
%
%

4%
143

vl

L

6l

[44
[44

£
£
9%

1

8

8t

SESH euiiieU eBojouLIRY]

2018 HM ds Snazosoymauls

HiZ9 suep/xo ajoegouosn

1294 00d Sna38[0iA 134026020])

ELBEE DL NS SpIsattugd Al SpaSeded SeUoWoUMEX
-Gy winatauew unyty dsoreuleyy
94-0A snpifiny sngojfooetioly
LOBILN 35 Jojje JeA0iq L O BeIR|OYD OLIGIA
0ZSY i Seuafiold snadoedojeds
024, bty SEU22 Linticpeguoidol

peAST Bjiydoiyafsd eajejojnsag

0468 38 BUOTeDISOA Ad SLI}SEdk i

}+dg SmieBuioja sna2020y Jaufsouiay

Cd SNOLIEIBHI0S SNYOjOJiNG

9LOTA SNOUINA OUIA
90€ 43S 14112 *Ad S{podouoxe seuowoyIuEY

PLE-SA Stiajojye wniieioegeudiod

g5 snajydogipioe snydosuls

68110 1j02 Bt 253

JEE0L00YY eezfio nd aezlio seuowoLLEy
40324 fejjeuiopnesd euteprouying
B60£0EvEY o) winigoZitifoseyy
££0142 1109 Eloiey2s3
044 Ygsn wnaiodef wnigoziyfpeig
V973 Sisuepueled euepiaLying
| HS eojed ejnjjaqdopoyy

19} Sisueijeti ejfeanig

SlWeUxe |

PLTERT

98518

£29067

1eelse

81061
S0LIPE
Seerce
LITEVT
£6501€

AR
6EvLLL

£4791€

1eci6l

180812

009961
987061

791961

(8.9

90LF9E

|EEL6T
TLR0TE

522992
012661
L67ie

88l 1T

0BOEVE

PIErTE

335

BMC Genomics 2008, 9

103



UNIVERSITAT ROVIRA I VIRGILI

COMPUTATIONAL INSIGHTS INTO INTERGENIC REGIONS AND OVERLAPPING GENES AMONG PROKARYOTE GENOMES

Albert Palleja Caro
ISBN:978-84-692-2150-1/DL:T-508-2009

- CHAPTER 3 -

Additional file 3. Misannotations related to some genome features

Table summarizing the genomes with more misannotations and some features of the

genome such as genome length, gene content, GC content, sequencing method,
annotating method and sequence date.

codons usage

pred ea
anao ao ao e
a 0do
number of 579 579 579 579
genes
AUG usage 270 470 466 452
GUG usage 172 76 68 86
UUG usage 133 31 44 40
other start
codons usage & 2 £ .
% AUG usage 46,6 81,2 80,5 78,1
% GUG usage 29,7 13,1 11,7 14,8
% UUG usage 23,0 54 7,6 6,9
0,
0% other start 0.7 03 0.2 0.2

Additional file 4 . Start codons analysis

Study of the start codons usage found among the three normal gene sets (random set |,

II'and 1), which contains well-characterized non-overlapping genes randomly selected,

and within the mispredicted start codon gene set. The usage and percentage of usage of

each alternative start codon considered (AUG, GUG, UUG, other) is shown in the rows.

BMC Genomics 2008, 9: 335
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ATGGATAGGTACGCGAAAATGGCAGTAGCTAGCTT
ACGCACGATGATAGAGATACAGACAGCTGATAGG
ATGGATAGGTACGCGAAAATGGCAGTAGCTAGCTT
CCCGGCGCGTGGTCAGGCAGCGCAGCATGGGAAAA
ATGGATAGGTACGCGAAAATGGCAGTAGCTAGCTT
GATCAGATGACAGATAGATAACCACAGAGACATG
CGCGCGCGACGCATGATTGATGATCAGATGGGAT
CCCGATGATAHAGTGATTAGATAGATGGTGGGAT
ATGGATAGGTACGCGAAATGGCAGTAGCTAGCTTT
GAGAGATAGAGAGATAGGATCGCGCTCGAGCGA
ATGGATAGGTACGCGAAAATGGCAGTAGCTAGCTT
AACCGGCCAACCGGTGGPTTAGGATAGATGATGA
ATGGATAGGTACGCGAAAATGGCAGTAGCTAGCTT
AAAGTGTGTGTGACAGACAG TTGATGATAGTACA
ATGGATAGGTACGCGAAAATGGCAGTAGCTAGCTT
ACGCACGATGATAGAGATACAGAEAGCTGATAG!
ATGGATAGGTACGCGAAAATGGCAGTAGCTAGC
"CGCGCTCAAACGAGCGCTAGCTCGATCGA”
"GATAGGTACGCGAAAATGGCAGTAG
"ATAGGTACGCGGATGAATGGCAG

“AGCATGACACACACACATC
JCCAGGCAGCATAAAGLY
“AGCTGGCTGGTAGGA
ATCGATCGATCGAT

ACGCGAAAATGGCH
GATAGAGATACAGAAL
JGTACGCGAAAATGGCAG!
[CGCTCCAGCGCTAGCTCGAN
AGGTACGCCAAAATGGCAGTAL
JATCCATCGATCCATCCGATCGCGCG
ATCAGCATGACACACACACATGATAL
CAGTGCCACGGCAGCATAAAGCACACGY
-ACCAGCAGCTGGGTGGTAGGAGTCATCTA
_GCAGTGCCAGGCAGCATAAAGCAGACCACCL
_GCACCAGCAGCTGGGTGGTAGGAGTGATGTATC
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Abstract
Background
In prokaryote genomes most of the co-directional genes are in close proximity.
Even the coding sequence or the stop codon of a gene can overlap with the
Shine-Dalgarno (SD) sequence of the downstream co-directional gene. Here we
analyze how the SD presence may influence the stop codon usage or the

spacing lengths between co-directional genes.

Methodology/Principal Findings

The SD sequences for 530 prokaryote genomes have been predicted using
computer calculations of the base pairing free energy between translation
initiation regions and the 16S rRNA 3’ tail. Genomes with a large number of
genes with the SD sequence concentrate such a regulatory motif from 4 to 12
bps before the start codon. However, not all genes seem to have the SD
sequence. Genes separated from 1 to 4 bps from a co-directional upstream
gene show a high SD presence, although this regulatory signal is located
towards the 3’ end of the coding sequence of the upstream gene. Genes
separated from 9 to 15 bps show the highest SD presence as they
accommodate the SD sequence within an intergenic region. However, genes
separated from around 5 to 8 bps have a lower percentage of SD presence and
when the SD is present, the stop codon usage of the upstream gene changes to

accommodate the overlap between the SD sequence and the stop codon.

Conclusions/Significance

When the SD sequence overlaps with the upstream coding sequence or stop
codon, its strength and relative distance to the downstream start codon do not
vary significantly. However, the SD presence may make the intergenic lengths

from 5 to 8 bps less favored and cause an adaptation of the stop codon usage.

Submitted to PLoS ONE
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Introduction

Prokaryote genomes are considered compacted genomes with only a small
fraction of the genomic DNA containing intergenic regions, which are thought to
typically contain regulatory signals [1]. There are variations in percentage of
non-coding DNA among the prokaryote genomes. These variations do not
depend on the genome size nor the gene content, whereas the latter variables
strongly correlate [2]. The spacers between a pair of genes were classified into
three types according to their transcriptional direction: i) unidirectional, ii)
convergent and iii) divergent [1]. Here we decided to use a co-directional instead
of a unidirectional term. These three classes of spacers differ in the type of
regulatory signals that they contain. The co-directional spacers may contain an
upstream gene terminator, a promoter and an operator for a downstream gene.
The convergent spacers may contain terminators for both genes while the
divergent ones have only promoters and other upstream transcriptional signals.
The different types of intergenic regions in prokaryotes, including the convergent
and divergent ones (all of them inter-operonic) and the co-directional ones
(largely intra-operonic), evolve under the same evolutionary pressures. The
principal evolutionary force is the selective pressure to minimize the amount of
non-functional DNA [1,2]. However, in prokaryotes, these intergenic regions
must maintain a minimal extension to accommodate essential regulatory signals
[1] and the DNA replication sequences [3,4]. According to the genomic
compactness, prokaryote genomes have intergenic distances that are much
shorter than the gene lengths and are relatively short compared to those in
eukaryote genomes [5]. The eukaryote genomes show a much larger range of
genome sizes and contain protein-coding genes that are typically, interrupted by
introns, and have longer intergenic regions.

One of the regulatory sequences that are compromised by the short distances
between prokaryote genes is the Shine-Dalgarno (SD) sequence. In 1974,
Shine and Dalgarno found a sequence (5-GGAGGU-3’) at the 5’ of the initiation

codons in several messenger RNAs (mRNAs) of Escherichia coli that was

Submitted to PLoS ONE
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complementary to the sequence 3'-CCUCCA-5’ located at the tail of the 3'-end
of the 16S ribosomal RNA (rRNA) [6]. Although it is not mandatory in translation
initiation, it has been suggested that a strong SD sequence may compensate for
a weak start codon and counteract mMRNA secondary structures that hinder
access to the start [7,8]. Several studies have addressed the SD presence in
prokaryotes [9,10,11,12]. Although the genes with SD sequence are widely
found in prokaryote genomes, these studies also reflected that there is a
significantly and previously underestimated population of genes without SD
sequence. Furthermore, the exponential increase of the fully sequenced
genomes has provided us with thousands of examples of leaderless genes or
genes without SD sequence in the prokaryote genomes [13]. It has been
suggested that the leaderless genes could use an independent pathway in their
gene translation, while leader genes without SD sequence must use alternative
unknown mechanisms in their translation initiation [14,15].

Among the genes that have the SD sequence, the ribosome does not need a
perfect distance between the SD and the initiation codon for the initiation of
translation. In spite of this, when the SD is located within four nucleotides from
the initiation codon or when it is located as far as 13 nucleotides from the
initiation codon, the gene expression is decreased drastically [16,17,18].
Therefore, there are apparently structural constraints that require an optimal
space between the SD motif and the start codon. This sequence has been found
mostly from 7 to 12 nucleotides upstream of the start codon [9,10,19]. Taking
this into account the intergenic distances are an important feature of the
prokaryote genomes that might correlate with the SD presence [10]. Many
genes are sufficiently close together that the end of one gene can be
overlapping either the SD or the coding sequence of the next gene. Eyre-Walker
and Bulmer pointed out that there is a change in composition at the end of
genes, which is consistent with selection against the formation of mMRNA
secondary structures around the SD sequence [20]. In addition, Eyre-Walker
demonstrated that the strength and the SD location do not vary significantly

because of the close proximity of the prokaryote genes [21]. Therefore it seems
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that the spacing lengths and the stop codon usage would adapt themselves to
the SD presence. Recently, in viruses which have compactly organized
genomes, there has been found a preference for the TGA stop codon in the
genes that overlap their stop codon with the SD sequence of the next gene,
forming the pattern GGTGA as the SD motif [22]. In prokaryotes, it seems that
there are some intergenic distances that would be less favored because of the
SD location. Then a determined stop codon usage is required to form the SD
motifs, as it has been previously described in viruses. The aim of this paper is to
assess how the SD presence affects the spacing lengths between adjacent
genes and the adaptation of the stop codon usage to the SD presence among

prokaryotes.

Results and Discussion

Spacing lengths between prokaryote genes

The distribution of the spacing lengths among the three gene orientations is
different, probably due to the different gene structures found in each orientation
(Figure 1). The co-directional number of pairs found in each spacing length
decreases as the spacing lengths increases, even though a long spacing length
tail is observed (Figure 1A). The average spacing lengths among co-directional
pairs is the lowest (163 bps) and the modal spacing length is 2 bps. The short
modal spacing length reflects that the co-directional gene pairs tend to be
grouped in operons and separated by short distances [23]. However, the long
tail distances and the average spacing lengths of the co-directional pairs
suggest that among the prokaryote genomes there is also a small minority of co-
directional pairs that might be non-operonic. We have noticed that some
prokaryote genomes have long intergenic regions that may be the result of
pseudogenes accumulated in prokaryote genomes undergoing processes such
as niche change, host specialization or weak selection strength [24]. The
longest spacing lengths are found in Mycobacterium leprae and in the Rickettsia

genomes, which appear to be in an extensive process of extensive genome

Submitted to PLoS ONE
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Figure 1. Distribution of the spacing lengths

Distribution of the spacing lengths between genes in co-directional (A), convergent (B)
and divergent (C) orientation. A representation for each transcriptional orientation is
shown. A distribution of the short spacing lengths between co-directional genes is
showed in detail (A).

degradation via pseudogenization [25]. The convergent number of pairs found in
each spacing length decreases as the spacing lengths increase as happens in
the co-directional spacing lengths, but with a much longer tail for long distances
(Figure 1B). However, there is a remarkable increase of number of pairs at
around 30 bps spacing length, but the explanation of this increase is not
addressed in this paper. Although the modal spacing length is similar to the co-
directional distribution (0 bps), the higher mean of the convergent spacing
lengths (195 bps) indicates that the convergent spacing lengths tend to be
longer than the co-directional ones, probably due to the fact that the convergent
gene pairs are basically inter-operonics. In contrast, the distribution of the
divergent spacing lengths is totally different. The divergent number of pairs
increases gradually up to around 100 bps and remains high up to 175 bps, and
then it decreases gradually with a long tail for long distances between genes
(Figure 1C). The divergent distribution shows the highest mean of the spacing
lengths (273 bps) and had a modal spacing length of 135 bps. These results
indicate that the divergent gene pairs are basically inter-operonics, like the
convergent ones. However, they require a longer space between them than the
convergent and co-directional pairs, probably because of the accommodation of
several upstream regulatory signals for both genes of the pair [26]. Therefore,
maintaining of the upstream regulatory signals seems to constrain the
compression of the DNA more than the operon structures or the termination
signals. Also it is worth commenting that the convergent spacing lengths
appeared to follow a phase bias, at least among the short spacing lengths (up to

30 bps) (Figure 1B). This phase bias is the result of the continuous creation and
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elimination of overlaps that is reflected among the closely spaced genes. This
uneven distribution of small separation distances arises from the non-uniform
distribution of reverse-complement stop codons [27]. Phase 0 (x =0, 3,6, 9, ...)
which is prevalent, is the one that has more concentration of stop codons.

Neither co-directional nor divergent pairs show any phase bias.

Insights into the short co-directional spacing lengths

We focused our attention in the fluctuations observed within the short co-
directional spacing lengths (up to 15 bps). Apparently there is a decrease of the
co-directional gene pairs separated by spacing lengths from around 5 to 8 bps
(Figure 1A). In order to confirm such fluctuations we fit a smoothed decay
function of the form

Pobs(X) = be™

to the observed distribution of co-directional spacing lengths x. We obtained
values a = 15,301.406 and b = -0.0288 for the parameters by fitting a least-
squares regression line to the logarithm of the values in the histogram of
observed spacing lengths over the range x = 0...50. We used a function of this
form because an exponential drop-off was expected due to primarily, the
expectance of a great amount of short spacing lengths between co-directional
genes (due to the operon structures presence [23]) and secondly, the selective
pressure to reduce the non-coding DNA content [1,2]. Both facts combined may
contribute to an exponential distribution of the spacing lengths, with a peak
around short spacers and an exponential decay. Comparing the expected
number of pairs and the observed number of pairs in every spacing length three
areas of the Figure 2 were worth studying and could give us relevant biological
information. The spacing length ranges from 1 to 4 bps and from 9 to 15 bps
spacers showed overrepresentation of number of pairs, while in the range from
5 to 8 bps the number of pairs dropped off. Beyond 15 bps the number of pairs
observed for every spacing length was more similar to the expected number. In
order to investigate such fluctuations we studied these three areas mentioned

above and we included two more in order to make a good comparison. These
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additional areas were the spacing lengths beyond 15 bps and the whole spacing
lengths. Although the tendency towards the reduction of non-coding DNA, the
genomes must maintain a space between genes long enough to accommodate
the regulatory signals such as the SD sequence, which is needed for an efficient
translation of the gene. Therefore, SD presence may influence the length of the
spacers because usually, it is located between the upstream gene stop codon
and the downstream gene start codon of the pair, maintaining a proper distance

between the SD sequence and the downstream gene start codon [10].

22000 -
20000 -
18000 -
16000 -
14000 -
12000 -

10000

number of pairs

8000
6000
4000
2000

0
0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46 48 50

Spacing lengths

Figure 2. Observed vs. expected co-directional spacing lengths
Red bars show the expected number of gene pairs separated by each spacing length
while blue bars show the observed number of gene pairs separated by each spacing

length up to 50 bps long, among the co-directional spacing lengths.

SD presence within the prokaryote genomes
In order to detect the presence and the location of the SD sequence we used a
free energy calculations approach described in the methods section [11]. The

genomes that have more genes with the SD sequence are the ones belonging
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to Firmicutes phylum, specially the Bacillales class. Interestingly, the genome
that shows more genes with the SD sequence predictions is Listeria innocua
Clip11262 with ~93% of the genes with the regulatory motif. In contrast, the
genomes that have fewer genes with SD predictions are the genomes that the
16S rRNA tail is short and not very well defined (Table S1), being the
Mycobacterium avium 104 the genome with less genes with SD sequence
(0.59%). Apart from this one, the genomes with less percentage of SD
presence, but with a conserved 16S rRNA tail, are two genomes of the
Bacteroidetes phylum, the Gramella forseti KT0803 (6.34%) and
Flavobacterium psychrophilum JIP02/86 (3.07%). The fact that the number of
genes with SD sequence varies from 0.59% to 93% implies that the populations
of genes without SD or leaderless genes are really significant as other authors
have pointed out [12]. Furthermore, from the 530 prokaryote genomes analysed
here, there are 248 prokaryote genomes that less than 50 % of their genes do
not have SD sequence and there are around 40 genomes with fewer than 20 %
of the genes with SD sequence (Table S1). This might indicate that there are
prokaryote genomes using alternative translation initiation processes to translate
their genes, and there are even genomes that do not use the SD sequence to
bind the ribosome in the translation initiation process. Finding the alternative
processes to the SD guided one is an issue that remains still opened.

The genomes with a large number of genes with SD sequence seem to
concentrate such a regulatory motif in a distance range from 4 to 12 bps before
the start codon in the majority of the 530 prokaryote genomes analyzed (Table
S1). This distance range that we have obtained is slightly different from the
previously defined one (from 7 to 12 bps) [9,10,12]. The difference may be
explained by the fact that we are calculating the distance from the base that
binds the 5’A of the 16S rRNA tail sequence 3'-CCUCCA-5’ to the first base of
the start codon [11]. Other authors calculate the difference from the core of the
SD sequence to the start codon and then they obtain longer distances. As the
percentage of genes with SD decrease the distance range between the SD and

the start codon becomes more scattered, particularly in the genomes with very
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low percentages of genes with SD sequence. Also as the percentage of genes
with SD sequence decreases, the number of possible mispredicted start codons
or downstream start codon reflections (see Materials and Methods) increases,
although the correlation is very bad (R2 = 0.255). Therefore, it appears that the
prokaryote genomes, whose translation initiation process is mainly guided by
the SD binding the ribosome, have an optimal space conserved between the SD

motif and the start codon, which can vary slightly depending on the species [10].

SD presence within the co-directional short spacers

We analyzed the SD presence within the spacing lengths from O up to 50 bps
among the prokaryote genomes (Figure 3). The percentage of genes with SD
decreases gradually from 60% to 50% in the genes with a spacer from 0 to 4
bps before it. The percentage of genes with SD is within the percentages range
from 40% to 47% in the genes that have a spacer from 5 to 8 bps. The
percentage of genes with SD sequence rises 60% in the genes with a spacer
from 9 to 15 bps with a maximum at 12 bps (69%). Surprisingly the genes
separated from 0 to 4 bps have a high SD presence, although these SD
sequences overlap the previous coding sequence. The genes that have more
SD presence are the ones that are separated from 9 to 15 bps probably due to
the fact that these genes have a previous space long enough to accommodate
the SD sequence properly. As the spacing lengths increase the proportion of
genes with SD divided by genes without SD sequence is closer to 1, although
the proportion of genes with SD sequence is frequently slightly higher. Beyond
50 bps the percentage of genes with SD sequence is close to the number of
genes without SD sequence. After 44 bps we can find some spacing lengths
with a percentage of genes without SD sequence higher than the percentage of
genes with SD sequence. Distances between co-directional genes shorter than
40 bps are associated to genes belonging to the same operon structure [28].
Then we can say that within an operon there are more genes with SD than
without SD sequence. Actually, Ma and co-workers pointed out that the SD

sequence prevalence is significantly in genes within operons [10].
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Figure 3. SD presence along the short co-directional spacers
Proportion of genes with SD sequence (blue color), with a mispredicted start codon or a
downstream start codon reflection (yellow color) and without SD sequence (red color) in

each of the spacing lengths up to 50 bps long.

Apart from the gene groups that have or do not have the SD sequence we
defined another group that appears to have the SD sequence downstream to
the start codon. This group that has the SD sequence a few bases downstream
of the gene start may mean a mispredicted start codon if there is a sudden drop
in AG® value at 1 bps or immediately close [11]. Another explanation for these
downstream drops of AGP° value may reflect the presence of downstream
alternative start codons. The annotation algorithms could detect as a start codon
part of the SD sequence. In fact, these genes with the SD sequence predicted
downstream of the start codon usually have an overrepresentation of the GTG
codon as start codon (Table 1 and see [11]), which fits very well within the SD
motif core. The gene groups called SD sequence and downstream start codon
reflection and mispredicted start codon or downstream start codon reflection
(see Materials and Methods) show a percentage of GTG of 46.6% and 52.2%
respectively (Table 1). These are high percentages of GTG usage in comparison
to the upstream SD or the non SD groups. If the downstream prediction is due to

a start codon misprediction this false start codon should actually be the SD
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sequence, and the actual start codon would be a few codons downstream
(Figure 4D). For instance, the Clostridium tetani E88 gene CTC00194 has a
downstream prediction at 1 bps and the start codon is GTG, but the actual one
would be the ATG codon located 4 codons downstream and the GTG one is part
of the SD sequence (Figure 4D). The percentage of genes classified within the
mispredicted start codon or downstream start codon reflection group does not
vary significantly depending on the spacing lengths that separate a gene pair.
Therefore, the mispredicted start codons can be found in all the genes

independently of their spacing length before it.

Start codon usage
SD sequence mispredicted
and start codon or .
Start ggstr::g; ?OI/D downstream downstream v;ghz;;csg
codons d 0 start codon start codon O/q
genes) reflection (% reflection (% (% genes)
genes) genes)
AUG 84.9% 49.4% 41.9% 80%
GUG 9.4% 46.6% 52.2% 11%
UuG 5.7% 4% 5.6% 8.6%
other 0.1% 0.1% 0.3% 0.3%

Table 1. Start codon usage among the SD populations
Percentages of start codon usage among genes with an upstream SD sequence, genes

with a SD sequence and downstream start codon reflection, genes with a mispredicted

start codon or downstream start codon reflection and genes without SD sequence.
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Figure 4. AG° values in the translation initiation region for the C. tetani E88 genes

For all the C. tetani E88 genes we calculated the average of AG° values in the translation
initiation region for each relative spacing position (A). A dramatic drop in the AG° value
before the start codon, especially from 4 to 11 nucleotides before the start codon,
indicates presence of SD locations. The sudden drop in the AG® value immediately after
the first base in the start codon may indicate potentially wrong SD predictions, while the
sudden drop at, for instance, 7 bps may indicate downstream start codon reflections. A
drop in the AG® values at 6 bps to the start codon of the CTC00136 gene indicates that it
is a gene with an upstream SD sequence (B). The gene CTC00983 shows three drops in
AG° value (C). The drop at 6 bps to the start codon falls within the optimal distance
between the SD sequence and the start codon (from 4 to 11 bps), while the drop at 3 bps
falls out of this optimal distance. Looking downstream of the start codon the drop in AG®
value falls at 7 bps after the first base of the start codon, which may mean that there is a
start codon reflecting a SD sequence around this position. A dramatic drop in AG° value
is observed 1 bps after the first base of the GTG start codon of the gene CTC00194 (D).
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This drop is indicating a mispredicted start codon (GTG underlined in the sequence) and
as it can be observed in the downstream sequence, which is denoted below the graph,
this gene has an alternative start codon (ATG underlined in the sequence) only 4 codons

downstream of the mispredicted one.

Location of the SD motif within the short co-directional spacers

We studied the presence or absence of the SD sequence within the co-
directional gene pairs separated by the different spacing length ranges, which
have been described above. In all of them we find SD presence (Figure 5A).
The set of all the gene pairs shows more genes with SD than without SD
sequence by a factor of 1.25. A similar proportion we obtain in the set of gene
pairs separated by spacers longer than 15 bps (1.21). Although the translation in
prokaryotes is mainly guided by the SD sequence that can bind the ribosome
[10], it seems that there are only a slightly higher number of genes with SD than
without SD sequence. These results agree with the idea that non-SD-led genes
are as common as SD-led genes [12]. The gene pairs separated from 1 to 4 bps
should have the SD sequence along the end of the coding sequence of the
previous gene. Although this constrains the 3’-end of the upstream gene, as
Eyre-Walker found (1996) [21], a higher number of genes with SD sequence
and separated from the previous one by a spacing length from 1 to 4 bps were
found. In this spacing length range, the proportion of genes with SD divided by
the genes without SD sequence is slightly higher (1.28) than in the total gene
set (1.25). Within the spacing lengths ranging from 9 to 15 bps we find the
highest proportion of genes with SD divided by genes without SD sequence
(1.85). This might indicate that within the spacing lengths ranging from 9 to 15
bps, generally, we find the optimal distances between genes that allow a least
constrained accommodation of the SD motif, which is commonly found from 4 to
12 nucleotifes to the start codon in prokaryotes (Table S1). In contrast, within
the spacing lengths ranging from 5 to 8 bps a decrease of the genes with SD
sequence is observed (Figure 5A) and even, within this range we find a

proportion of genes with SD divided by genes without SD sequence lower than 1
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(0.8). Therefore, it seems that the genes with SD may preferentially have an
intergenic distance to the previous gene either shorter than 5 bps, with the SD
sequence overlapping the upstream coding sequence, or longer than 8 bps, with
the SD well accommodated within the intergenic region. In contrast, the
intergenic distances from 5 to 8 bps may make the SD motif of a gene to overlap
with the previous stop codon, constraining the spacing length and the stop
codon usage of the previous gene.

The optimal distance range between the SD sequence and the start codon can
vary depending on the genome (Table S1 and [10]). This variation can slightly
change the spacing length ranges defined here. For instance, in E. coli the
number of adjacent genes separated by spacing lengths from 1 to 4 bps and
from 9 to 13 bps is overrepresented, while from 5 to 8 bps is underrepresented.
The E. coli genome fits very well with the general spacing length distribution in
prokaryote genomes (Figure 1A). Nevertheless, in the Bacillus subtilis genome,
the number of adjacent genes separated by spacing lengths from 0 to 6 bps and
from 11 to 18 is overrepresented, while from 7 to 10 bps is underrepresented. In
E. coli genome the optimal distance between the beginning of the SD sequence
and the start codon is from 3 to 10 bps (Table S1) with a maximum drop in AG®
value at 5 bps before the start codon, while in B. subtilis genome the optimal
distance is from 3 to 11 bps (Table S1) with a maximum drop in AG° value at 6
bps. These differences in respect to the location of the SD sequence contribute
to the reason for the spacing lengths overrepresented and underrepresented in

each prokaryote genome.
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Figure 5. SD presence and stop codon usage among the co-directional gene pairs

Histogram of the proportion of number of genes with SD divided by the number of genes
without SD (A) and histogram of the proportion of the TAA usage divided by TGA and
TAG usage as a stop codon (B) among the ranges of spacing lengths analyzed. Each bar

is related to the ranges of spacing length studied and previously defined in the text.
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Adaptation of the stop codon usage and the spacing lengths to the SD
presence
TAA is used in preference to TGA, which itself is used in preference to TAG [29].
TAA is the preferred stop codon because of the greater availability of TAA-
cognate release factor(s) or lower levels of translational read-trough [29]. TGA
and TAG might be used when they have an additional function to the one of
coding for a stop signal [21]. For instance the TGA stop codon is used in one of
the extremely common overlaps found in prokaryotes, the co-directional overlap
of 4 bps, which includes the start codon of an upstream gene (ATG, GTG or
TTG) and the TGA stop codon of a downstream gene [30,31]. The proportion of
TAA stop codon divided by the sum of the TGA and the TAG stop codons
observed in each spacing length ranges when analyzed, is closer to 1 (from
0,84 to 0,91) with the exception of the genes separated from 5 to 8 bps (Figure
5B), whose proportion falls to 0,53. Therefore, it seems that an upstream gene
which is in the distance from 5 to 8 bps to the next one may use in preference
TGA or TAG as stop codon (Figure 5B); and the SD presence of the
downstream gene decreases (Figure 5A). This adaptation of the stop codon
usage of a gene could be the result of the SD sequence of the next gene
overlapping its stop codon. The stop codons TGA and TAG may fit more easily
within the SD motif. Recently, in a virus, whose genome is highly compacted, it
was described that overlaps of a stop codon and the SD sequence resulted in a
common motif GGTGA. This is a clear adaptation of the upstream gene stop
codon to become part of the SD motif maintaining its function as stop codon.
In order to study the possible adaptation of the stop codon usage and the
spacing lengths to the SD presence among the co-directional short spacers in
prokaryote genomes, we built sequence logos for the intergenic regions of E.
coli from 1 to 12 bps (Figure 6). From 1 to 4 bps we observe a high proportion of
As and Gs before the upstream stop codon, which may indicate the SD
presence along the end of the upstream gene coding sequence (Figure 6).

Looking from 2 to -20, a drop in the AG° value is observed before these regions
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of high frequency of As and Gs. The stop codon usage is biased to the TAA use

and the proportion of genes with SD and without SD sequence is higher than 1
in each spacer (Table 2). From 5 to 6 bps we find few genes with SD sequence
to build the logo (4 and 3 genes respectively). There are more genes without SD
than with SD sequence in the genes separated by such spacing lengths (Table
2). Therefore the 5 and the 6 bp distances are the most compromised by the SD
presence. From 7 to 8 bps the high frequency of As and Gs that could indicate
the SD presence is overlapping the downstream gene stop codon and there is a
drop in AG° value just before the stop codon (looking from 2 to -20).
Interestingly, the SD sequence seems to adopt the TGAGG pattern when the E.
coli genes are separated by 7 or 8 bps (Figure 6). From 9 to 12 bps the high
frequency of As and Gs is between the upstream gene stop codon and the
downstream gene start codon. The drop in AG° value is around the middle of the
intergenic region and the TAA stop codon is used in preference. In fact, this stop
codon could bind well with the end bases of the E. coli 16S rRNA tail (3'-AUU-
5’), especially in a length of 9 and 10 bps (Figure 6).
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Figure 6. Sequence logos for E. coli

Sequence logos of the nucleotides between positions -20 and 2 of the genes with a
spacer from 1 to 12 bps long. For each position, the sequence logo shows the amount of
information content and the frequency of nucleotides. The blank positions mean that
there is no information content, while those with information content contain a stack of
nucleotides. The size of the nucleotide character is proportional to its frequency at that
position. Each sequence logo has the average of AG° values from -20 to 2 bps of the
genes separated by each of the spacers analysed. The drops in AG° values indicate the
position where the 5'A of the 16S rRNA tail (3'-CCUCCA-5’) can bind the SD sequence.

These drops are before the regions with high frequency of As and Gs.
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When the SD sequence overlaps with the upstream coding sequence or stop
codon, its strength and relative distance to the downstream start codon do not
vary significantly (Figure 6, Table S1 and see [21]). However, the SD presence
may make the intergenic lengths from 5 to 8 bps less favored and cause an
adaptation of the stop codon usage. In E. coli this adaptation is reflected in the
prevalence of TGA usage forming the TGAGG pattern for co-directional genes
separated by 7 or 8 bps. However, the adaptation could be slightly different
depending on the prokaryote species. For instance, in the B. subtilis genome,
genes separated by 10 bps use TAG as stop codon instead of TGA, resulting in
the SD motif TAGGAGG. Two mechanisms could cause the SD sequence
overlaps with a TGA or a TAG stop codon. The first mechanism may consist of a
deletion of a portion of an intergenic sequence followed by a mutation at the
upstream stop codon that changes the most frequent TAA stop codon to TGA or
TAG. The second mechanism may include merely one step, which is a deletion
of a portion of an intergenic sequence when the stop codon of the upstream
gene is already either a TGA or a TAG. This second mechanism seems a more
parsimonious explanation. This adaptation might reflect the compression

process of the genome size among prokaryote genomes.

Proportion
Spacing lengths . Genes without enes with SD /
P (gps) k Genes with SD SD ggenes without

SD
1 22 17 1.29
2 28 22 1.27
3 31 16 1.93
4 14 13 1.08
5 4 8 0.50
6 3 10 0.30
7 14 11 1.27
8 10 6 1.67
9 48 8 6.00
10 48 6 8.00
11 39 9 4.33
12 30 10 3.00
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Table 2. Genes with and without SD separated by short co-directional spacers in E.
coli
Number of genes with SD and without SD sequence in each spacing length from 1 to 12

bps in the E. coli genome.

Materials and Methods

Data retrieval and study of the distribution of spacing lengths

The complete genome sequences of 678 prokaryote chromosomes were
downloaded from the NCBI ftp site (ftp://ftp.ncbi.nim.nih.gov/genomes/). Perl
scripting was used to extract the overlaps and the spacers between adjacent
genes. Unfortunately, in prokaryotes, all the analysis of intergenic regions are
hampered by the annotation errors such as incorrect initiation codon prediction,
falsely predicted genes and frameshifts [32,33,34]. Taking into account only the
gene pairs that are assigned with COG category, we observed the same profiles
in the Figures 1, 2, 3, 4 and in the Table 1 shown here. Since the mispredictions
can affect both the well characterized genes and those that are not [35], we
worked with all the genes contained in the prokaryote genomes. The spacing
lengths were represented graphically and we focused our attention in the co-
directional spacing lengths. The distribution of the co-directional spacers was
analyzed using a smoothed decay function of the form pobs(x) = beax. With this
function we compared the number of gene pairs observed and expected
separated by each spacing length up to a length of 50 bps. This was useful to
point out the short spacing lengths that are over or underrepresented. We
studied the stop codon usage and the SD presence among the gene pairs
separated by the ranges of spacing lengths from 1 to 4 bps, from 5 to 8 bps and
from 9 to 15 bps. In order to make comparisons of the stop codon usage and the
SD presence within the spacing lengths analyzed, we added two more spacer
groups. These groups were the spacers longer than 15 bps and all the spacers

between genes.
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Stop codon usage analysis

Since we studied the co-directional spacing lengths we only considered the
pairs of genes with an orientation (->->) or (<-<-). Taking into account the DNA
direction from 5’ to 3’, in the case of orientation (->->) we looked at the stop
codon of the upstream gene, while taking into account the DNA direction from 3’
to 5, in the case of orientation (<-<-) we looked at the stop codon of the
downstream gene. The region that involves the upstream gene stop codon, the
possible downstream SD motif and the downstream gene start codon (from -20
to 2) was represented by WebLogo [36] in E. coli spacing lengths from 1 to 12
bps (Figure 6).

Location of the SD motif

Since SD sequence was discovered and characterized [6], two different
approaches have been used to identify and locate the SD motif in prokaryotes.
These approaches are based on either sequence similarity or free energy
calculations. In this paper we used the Starmer and co-workers method based
on energy free calculations [11]. We chose this method because it is based on
thermodynamic considerations of the 30S binding to the mRNA and overcomes
the limitations of sequence analysis [11]. We extracted the 16S rRNAs from the
NCBI ftp site (ftp://ftp.ncbi.nlm.nih.gov/genomes/). For each 16S rRNA
sequence of each organism we looked at in 5’ direction for the first instance of
the three letter motif, 5-GAT-3’, which was found consistently on the 5’ end of
the tails of the 16S rRNAs with known structure. The location of this motif was
used to define, up to the end of the 3’ tail, the 16S rRNA tail of each organism.
For species that have two or more copies of the 16S rRNA gene, we calculated
the consensus sequence of all the tails. If the different tails observed did not
follow a consensus, then we used the majority of the 16S rRNA gene tails. All
the 16S rRNA tails of the 678 organisms were examined manually. We only
used the genomes that have a 16S rRNA tail close to the most conserved motif
5-'GAUCACCUCCUU’-3'[37]. Therefore, we only considered the SD locations of

the genes contained in the 530 prokaryote chromosomes that have the
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conserved 16S rRNA tail (Table S1). The scripts to calculate the free energies of
thel6S rRNA tail binding with the mMRNA were downloaded from
http://sourceforge.net/projects/freetobind and were included in our Perl scripts.
We located the SD sequence by the position of the lowest AG° value calculated
from 35 bps upstream to the initiation codon to 35 bps downstream from the
initiation codon. The gene was assumed not to have a SD sequence if AG® > -
3.4535 Kcal/mol. The threshold used is based on the work of Ma and co-workers
[10]. In order to pinpoint the exact SD position we used the relative spacing
parameter [11], that means that we calculated the distance between the first
residue of the start codon and the 5’ A of the rRNA sequence 5-ACCUCC-3' in
the positions around the start codon. If the SD motif is located before the start
codon the relative spacing will be negative, while if the SD motif is located after

the start codon the relative spacing will be given as a positive number.

Classifying the SD motif signal

Among the prokaryote genes with SD sequence there are genes with drops in
AGP° value upstream to the gene start, genes with drops in AG° value upstream
and downstream to the gene start and genes with drops in AG° value
downstream to the gene start. The distance between an upstream SD sequence
and the start codon was studied for all the 530 prokaryote chromosomes and
was tabulated for each chromosome (Table S1). For instance, the C. tetani E88
genes tend to have their SD sequence from 4 to 11 nucleotides before the start
codon. Taking into account the different drops in AG° value observed and the
most frequent distance between the upstream SD sequence and the start codon
observed in each genome, we classified the different SD motif signals in three
groups. Figure 4 shows the average AG° values in the translation initiation
region for C. tetani E88 genome (Figure 4A) and the three AGP° values in the
translation initiation region observed in three different C. tetani E88 genes,
which contribute to the overall average AG° values of the genome. We consider

that a gene has an upstream SD sequence if it has at least a clear drop in AG°
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value within the most frequent distance range between the SD sequence and
the start codon of the genome (Figure 4B). If a gene has drops in AG° value
upstream and downstream to the start codon and one of them falls within the
most frequent distance range between the SD sequence and the start codon,
we consider that the gene has SD sequence and a downstream start codon
reflection (Figure 4C). The genes with only drops in AG° value downstream of
the gene start may have either a mispredicted start codon (see above in Results
and Discussion section or in [11]) or a downstream start codon reflection (Figure
4D). Gene cases shown in Figure 4B and 4C were considered to have SD
sequence for the purpose of our analysis. Therefore, we distinguished the genes
of each genome in three groups: the genes with SD sequence (upstream SD
sequence and SD sequence and a downstream start codon reflection groups),
the genes with a hypothetical mispredicted start codon or a downstream start
codon reflection, and the genes without SD sequence. Only for start codon

usage analysis (Table 1) we considered all the groups mentioned separately.
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Table S1. Percentage of SD presence, preferred location for the SD motif and 16S
rRNA tail used of each prokaryote genome.

Excel file that shows the percentage of the genes in each SD populations (see Materials
and Methods), the optimal distance between the beginning of the SD motif and the first
base of the start codon and the 16S rRNA tail used to calculate the binding between the
16S rRNA and the mRNA for each prokaryote chromosome. Taxonomical information of
each prokaryote genome is also given. The 530 prokaryote chromosomes are sorted by

percentage of genes with SD.

Because of its size you will find this table following this link:

http://genomes.urv.cat/albert/TableS1
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Abstract

Background

Although prokaryote genomes live in a variety of habitats and possess different
metabolic and genomic complexity, they have architectural features in common.
The overlapping genes are a common feature of the prokaryote genomes. The
overlapping lengths tend to be short because as the overlaps become longer
they have more risk of deleterious mutations. The spacers between genes tend
to be short too because of the tendency to reduce the non coding DNA among
prokaryotes. However they must be long enough to maintain essential
regulatory signals such as the Shine-Dalgarno (SD) sequence, which is

responsible of an efficient translation.

Description

PairWise Neighbours is an interactive and intuitive database used for retrieving
information about the spacers and overlapping genes among bacterial and
archaeal genomes. It contains 1,956,294 gene pairs from 678 fully sequenced
prokaryote genomes and is freely available at the URL
http://genomes.urv.cat/pwneigh. This database provides information about the
overlaps and their conservation across species. Furthermore, it allows the wide
analysis of the intergenic regions providing useful information such as the

location and strength of the SD sequence.

Conclusions

There are experiments and bioinformatic analysis that rely on correct
annotations of the initiation site. Therefore, a database that studies the overlaps
and spacers among prokaryotes appears to be desirable. PairwWise Neighbours
database permits the reliability analysis of the overlapping structures and the
study of the SD presence and location among the adjacent genes, which may

help to check the annotation of the initiation sites.
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Background
The availability of fully sequenced genomes has grown exponentially over the
past few years. There is a huge variety of environments for the prokaryote
species, as well as different metabolic and genomic complexities. However, their
genomes have common architectural principles [1]. The prokaryote genomes
contain protein-coding genes, structural RNAs and spacers between genes
which are thought to typically contain regulatory signals [2]. These spacers tend
to be short because of the selective pressure to minimize the non-functional
DNA in prokaryotes [2, 3]. It is a consistent feature of these genomes that the
genes often overlap their coding sequences [4]. Under this scenario of genomic
compactness due to their physically small environments, the overlapping genes
follow the rules that impose the structure of the genetic code and the spacers
between genes must adapt their lengths to the requirements of the regulatory
signals [2].
One of the regulatory signals that we can find between genes, which is related
to an efficient translation, is the Shine-Dalgarno (SD) sequence [5]. The SD
sequence is a motif, 5-GGAGG-3’, located at the 5’ of the initiation codons and
is complementary to the sequence, 5-CCUCC-3’, located at the end of the 16S
rRNAs [5]. The ribosome does not need a perfect distance between the SD
sequence and the start codon for the initiation of translation. However, it has
been studied that when the SD resides within the 4 nucleotides from the
initiation codon or when is located as far as 13 nucleotides from the initiation
codon, gene expression is decreased drastically [6-8]. The prokaryote species
seem to have preferred distances between the SD and the start codon and
these distances vary among the species [9], although this sequence has been
found mostly from the 7th to the 12th base upstream from the start codon [9-11].
The location of the SD can help to correct the gene annotations [12] and could
influence the spacing length and the stop codon usage [13].
Among the prokaryote genomes there is a huge amount of examples of

overlapping genes [14-18]. The overlapping lengths tend to be short because of
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the selective pressure against long overlaps, as the existence of long
overlapping reading frames increases the risk of deleterious mutations. The co-
directional overlaps are the most common overlaps, which reflects that this is
the most common orientation for a gene pair due to the tendency to be grouped
in operons in prokaryote genomes [19-21]. Among the co-directional overlaps
the 4 bps overlap is extremely common [4, 14, 22, 23], which permits the
upstream stop codon and the downstream start codon overlap and the gene pair
is thought to be translationally coupled [24]. The co-directional and divergent
overlapping genes can arise by 5’-end elongations when the downstream gene
adopts a new start codon within the upstream coding sequence [22], while the
co-directional and the convergent overlapping genes can arise by 3'-end
extensions after a loss codon event [15]. Overlaps in prokaryotes have been
hypothesized to be involved in reducing the genome size in order to increase
the density of genetic information [16, 23, 25-27], and in regulating gene
expression through translational coupling of functionally related polypeptides [4,
23, 25, 28, 29]. In addition, other authors have used the overlapping pairs as
genetic markers for phylogenetic inferences due to its high conservation [30,
31]. Overlapping genes are better conserved across the species than non-
overlapping genes [18]. The extent of conservation of the overlapping pairs
correlates with the evolutionary distances between the pairs of species [14].

The overlapping genes, as a common structure of the prokaryote genomes, and
the spacers between genes are structural features worth studying in
prokaryotes. However, the analysis of both the overlapping genes and the
spacers between genes is often affected by genome annotation errors [32-34].
An accurate annotation would facilitate the experiments as well as the
bioinformatic analysis of gene regulation and gene structure [35]. In this
interactive database is stored all the overlapping genes and the spacers of 678
fully sequenced prokaryote genomes. The aim of this database is to provide the
users with useful information about the overlapping genes and the spacing

lengths between adjacent genes. The conservation of the overlaps across the
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species and the SD presence and location within the intergenic regions or the

overlapping sequences can be analysed.

Construction and Content

Retrieval of the Spacing lengths and the Overlapping genes

The complete genome sequences of 678 prokaryote genomes were
downloaded from the NCBI ftp site (ftp://ftp.ncbi.nim.nih.gov/genomes/). Scripts
implemented in Perl language were performed to extract and analyse the
spacers and the overlaps between adjacent genes and all the information
related (spacing & overlapping lengths, spacing & overlapping sequences, gene
orientations, phases, protein functions, gene COGS and stop & start codons of
the genes). The gene ids in this database have been formed joining the
GenBank Accession Number with the gene name. For instance, the gene id for
the HIO038 gene from Haemophilus influenzae Rd KW20 is NC_000907.HI0038.
Furthermore, each overlap and spacer between adjacent genes has an internal
id. The spacing lengths and the overlapping genes have been classified into
three types according to their transcriptional direction [2, 15, 25]: i) unidirectional
(genes in the same strand overlapping the 3’-end of an upstream gene and the
5-end of a downstream gene), ii) convergent (genes in opposite strand
overlapping the 3’-ends) and iii) divergent (genes in opposite strand overlapping
the 5-ends). In this database we use the term co-directional instead of the
unidirectional term. In order to study the phases between adjacent genes, as
other authors have previously done [4, 18, 22], we defined three overlapping
phases: (i) phase 0 where the downstream gene is in frame with the upstream
gene (lengths n = ..., -12, -9, -6, -3, 0, 3, 6, 9, 12, ...), (ii) phase 1 where the
downstream gene is in the reading frame +1 relative to the upstream gene frame
(lengths n = ..., -11, -8, -5, -2, 1, 4, 7, 10, ...) and (iii) phase 2 where the
downstream gene is in the reading frame +2 relative to the upstream gene frame
(lengths n = ..., -10, -7, -4, -1, 2, 5, 8, 11, ...).
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Location of the SD sequence and determination of its binding strength

We  extracted the 16S rRNAs from the NCBI ftp site
(ftp:/fftp.ncbi.nlm.nih.gov/genomes/). For each 16S rRNA sequence of each
organism we looked at the 5’ direction for the first instance of the three letter
motif, 5’-GAT-3’, which was found consistently on the 5’ end tails of the 16S
rRNAs with known structures. The location of this motif was used to define, up to
the end of the 3’ tail, the 16S rRNA tail of each organism. For species that have
two or more copies of the 16S rRNA gene, we calculated the consensus
sequence of all the tails. If the different tails observed did not follow a
consensus, then we used the majority of the 16S rRNA gene tails. All the 16S
rRNA tails of the 678 organisms were examined manually. The SD sequences
for 678 prokaryote genomes have been predicted using computer calculations of
the base pairing free energy between translation initiation regions and the 16S
rRNA 3’ tail. The method used was developed by Starmer and co-workers [12];
and the scripts to calculate the free energies were downloaded from
http://sourceforge.net/projects/freetobind and were included in our Perl scripts.
We located the SD sequence by the position of the lowest AG° value calculated
from 35 bps upstream to the initiation codon to 35 bps downstream from the
initiation codon. The gene was assumed not to have the SD sequence if AG® > -
3.4535 Kcal/mol. The threshold used is based on the work of Ma and co-workers
[9]. In order to point the exact SD position we used the relative spacing
parameter [12], that means that we calculated the distance between the first
residue of the start codon and the 5’ A of the rRNA sequence 5-ACCUCC-3’ in
each position around the start codon. If the SD motif is located before the start
codon the relative spacing will be negative, while if the SD moatif is located after
the start codon the relative spacing will be given as a positive number.
Regardless the gene pair orientation, the SD information and the graph of the

AGP° values is given for the upstream and the downstream gene.

Database Construction
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The huge amount of data generated required a data model to make it possible
to work with this data efficiently. The Entity-relationship model, showed in Figure
1, was designed and transformed in a MySQL database. A web application was
developed using the framework web TurboGears. This Python framework MVC
(Model-View-Controller) is an advanced tool to create data consulting systems
quickly, efficiently and consistently. The BLAST search tool [36] was installed in
our server and is used to study the conservation of the gene overlaps. All the

graphs are generated at the user side by a Java Script library named PlotKit.

] spacer v
overlap_id INT
] cog v ~] gene_tog v 4 averlap_ref YARCHAR(4S)
cog_id INT % cog_id INT i —_j] @ upstream_gene_id I.NT
< coa_ref WARCHAR(S) }'"_ - % % gene_id INT FI_ _i I Z dDWTStrBaI.-n_?e:e_li::;(z)
overlap_otientation
. g i :Ige'::::m-[ . I @ Uriantatil?n_schema CHAR(4)
| chromosome v | & gene_ref VARCHARGD) |, | T —I< ¢ overlapping_length INT
chromosome_id INT [ gene_start INT I < averlapping_seq TEXT
4 tax_id VARCHAR(45) & gena_end INT | % phase INT
4 kax_name YARCHAR[150) 4 orientation CHAR(Z) M 4| >
% genbankacchumber YARCHAR{4S) % function YARCHAR(E00)
% genome_length INT L —i< & genome_id INT _] averlap v
< arfs_conkent INT < sequence TEXT H-—— overlap_id INT
< ratin DECIMAL{12,8) ] sd_data v < start_codon CHAR(S) I 23::;:?; :;R;H;:{T@s)
< overlap_count INT craph_id INT —H < stop_codon CHAR(S) —————g N dDwnstre;m ga;e .
g Sgene KINT | z ::::zz_zzzi;ﬁ;;m " ]| < overlap_orientation CHAR(Z)
S —- . > | 4 orientation_schema CHAR(4)
AR L__ —<g & overlapping_length INT
St < overlapping_seq TEXT
- ¢ phase INT

Figure 1. Entity-relationship model of the MySQL database.

Schema of the data model designed and translated to a MySQL database.

Utility
We have developed an interactive and intuitive database that currently contains
1,956,294 gene pairs from 678 fully sequenced microbial genomes. The

database is freely available at the URL http://genomes.urv.cat/pwneigh.
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Basically, this database provides information about the overlapping genes and
the spacers between genes among the prokaryote genomes. Users access the
information through three browsers that are described below. They can find
information about the overlaps and the spacers with the species name or the
GenBank Accession Number, with the gene id or with an internal id. While the
users are typing the species name or any id the search engine helps to
complete the name or the id. Interestingly by clicking on the database logo a tag
cloud of the species contained in the database is obtained, which can be sorted
by number of overlaps in a genome or by genome length. Furthermore, the
database is able to provide the users with reports in CVS format at every step of

their consultation.

The Genome browse

With this browser, users can find general information about the genomes and
connect to the overlapping genes or the spacers between genes contained in
the genome. They can access this information by typing the name of the species
(by tax name) or the GenBank Accession Number (by genbank). If they do not
remember the species name or the GenBank Accession Number by clicking on
“Genome” the users can consult an exhaustive list of the species contained in
this database and their GenBank Accession Numbers. Once the user has made
a genome search, the first page obtained gives basic features of the genome
including the Species name, the GenBank Accession Number, the TaxID, the
genome length, the number of ORFs in the chromosome, the number of
overlaps and spacers in the genome, the overlaps between ORFs ratio in the
chromosome and the number of co-directional, convergent and divergent
overlaps tabulated and represented graphically. By clicking the number of
overlaps a list of the overlaps contained in the genome is displayed on a new
page, while on clicking the number of spacers a list of the spacers contained in

the genome is displayed on another new page.

The overlapping genes browse
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The users can analyse the overlapping genes in a genome or a particular
overlap of interest (by gene or by internal id). Once the user has made a
genome search, the first page obtained has a list of the overlaps with the
overlapping genes and their orientations as well as the distribution of the
overlapping lengths represented graphically. The representation of the
overlapping length distribution gives a general idea about the most common
overlaps and the most common overlapping phases in the genome. Each
overlap id leads to a detailed new page of the overlap including five labels that
provide: overlap information, upstream gene information, upstream gene
sequence, downstream gene information and downstream gene sequence. The
overlap information label (General Info label) provides the internal id,
chromosome name, the orientation, the overlapping phase, the overlapping
length and the overlapping sequence. The upstream and downstream gene
information labels (Upstream Gene and Downstream Gene label respectively)
show the gene name, the gene function, the gene COG, the stop codon and the
start codon. Also, on these labels is given information related to the SD location
(position of the minimal AG° value and minimal AG® value) and the AG® values in
the translation initiation region is represented graphically. The SD related
information will be given in the upstream or in the downstream label depending
on the gene pair orientation. The labels Fasta Up and Fasta Down contain the
upstream and the downstream gene sequence in fasta format. Above the
sequences there is a BLAST button. By clicking on it, the gene sequence is
directly pasted in the BLAST local search engine and the conservation of one
overlap across the species can be analysed. Interestingly, in the PairWise
Neighbours database, the user can define the Expected threshold of the BLAST
search engine among other features. Therefore the user can decide the
threshold used to study the similarity among orthologous genes in order to
analyse the overlapping pair conservation. In the BLAST results, by clicking on

any hit, the information of the overlap is displayed on a new page.
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The spacers browse

The users can analyse the spacers between adjacent genes in a genome or a
particular spacer of interest (by gene or by internal id). If the user makes a
genome search, a bar chart of the spacing lengths of the genome is shown and
the user can have a first view of the most common spacers in the genome.
Below a list of all the spacers in the genome is displayed, providing the internal
id, the genes separated by the spacer and their orientation. By clicking any
internal id all the information about the spacer is displayed on a new page. On
this page there are three labels that give information about: the spacer, the
upstream gene and the downstream gene. Basically the information given in the
fields on a general information label (General Info label) is the same as the
fields on a General Info label of an overlap. However, the user can find the
Spacing length instead of the Overlapping length and Spacer sequence instead
of Overlapping sequence. The information provided on the Upstream and
Downstream Gene labels is the same as that on the overlap labels and the SD

related information is also given depending on the gene pair orientation.

Discussion
In this Discussion section we give a few examples that we find interesting to

illustrate the uses that can be attributed to the PairWise Neighbours database.

Conservation of gene overlaps

The first one is about the gene couple NC _000913.b0043 and
NC_000913.b0044 of E. coli K12, which code for two proteins 4Fe-4S
ferredoxin-type and have the COG ids COG0644C and COG2440C respectively
(Figure 2). These genes are overlapping 4 bps. From the upstream and
downstream sequence labels it is easy to study the conservation of the gene
pair, using the BLAST button. The BLAST results show 24 genes with high
similarity (E Value < 2e'7) to the NC_000913.b0043 gene and 33 genes with
high similarity (E Value < 4e”) to the NC_000913.b0044 gene (Figure 2). By
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clicking on a gene id in the BLAST results, information about the overlap that
involves the gene is displayed on a new page. Most of the genes similar to the
NC_000913.pb0043 gene have their adjacent gene in the group of similar genes
to the NC_000913.b0044 gene and the majority of these gene pairs are
overlapping 4 bps. Therefore it is a conserved overlap, particularly across the
Enterobacteria species. Interestingly, we also find high conservation in the
location of the SD sequence. Analysing the SD information for the
NC_000913.b0044 gene (Downstream Gene label in Figure 2) we observe a
drop in AG° value at 9 nucleotides to the start codon. This SD position is
conserved among Enterobacteria species. Figure 2 shows the information for
the NC_003197.STM0078 gene of Salmonella typhimurium LT2, which overlaps
4 bps with the NC_003197.STMO0077 gene. These genes are similar to the E.
coli K12 gene pair analysed. The NC_003197.STM0078 gene shows a drop in
AG°® value at 9 nucleotides to the start codon, as it happens in the
NC_000913.pb0044 gene of E. coli K12. This indicates that the SD sequence is
located along the 3’-end of a previous coding sequence and it might suggest

that the SD locations of conserved gene pairs can also be highly conserved.
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Figure 2. Study of a 4 bps overlap conservation

Compilation of images that the users can find when they are studying the conservation of
an overlap. General Info label shows information about the 4 bps overlap between
NC_000913.b0043 and NC_000913.b0044 genes (A). The BLAST results give an idea of
the conservation of the overlap across the species (B). Information given on the
NC_000913.b0044 Downstream Gene label provides gene details (gene function, gene
COG, start and stop codon), SD related information (position of minimal AG° value,
minimal AG° value) as well as a graph of the AG° values along translation initiation
region.

The second example is about the gene couple NC_002947.PP_2780 and
NC _002947.PP_2781 of Pseudomonas putida KT2440 that overlap 130 bps.
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This overlap is the product of a misprediction of the start codon of the gene
NC_002947.PP_2781 causing a 5’-end extension of the gene [34]. If we use the
sequence of this gene as a query for the BLAST, we obtain as a first hit the
orthologous gene NC_009512.Pput_2974, which is 127 bps shorter (compared
with  NC_002947.PP_2781) at the 5-end and it is adjacent to the
NC_009512.Pput_2975 gene (Figure 3). This gene pair (NC_009512.Pput_2974
and NC_009512.Pput_2975) belongs to P. putida F1 and overlaps only 4 bps,
which is more reliable than the overlap of 130 bps. This is an example of a
mispredicted overlap (NC_002947.PP_2780 and NC_002947.PP_2781) that
could be corrected by just analyzing the BLAST results that we obtain
automatically in this database. Furthermore, the SD prediction indicates that the
NC 002947.PP_2781 gene has no SD sequence, while the
NC_009512.Pput_2974 gene has the SD sequence at 7 nucleotides to the start
codon of the gene (Figure 3). Therefore, the SD may help to expose the wrong
start codon predictions [12].
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Figure 3. Study of a 130 bps incorrectly annotated overlap

The BLAST results show that the gene NC_002947.PP_2781 of P. putida KT2440 is
longer than its orthologous gene NC_009512.Pput 2974 in P. putida F1 (A). This
difference in length indicates that the 130 bps overlap between NC_002947.PP_2780
and NC_002947.PP_2781 the
NC_002947.PP_2781 Downstream Gene label is shown that this gene has no SD

is not conserved and thus not reliable. In

sequence (B), while in the NC_009512.Pput_2974 upstream gene label is shown that this
gene has the SD sequence at 7 nucleotides to the start codon (C).

Relationship between SD positions and the spacing lengths

The third the NC_000913.b2644
NC_000913.b4548 of E. coli K12. These genes are separated by 8 bps (Figure

example is about

genes and

4), which is a short intergenic distance for a co-directional gene pair. The
NC_000913.b4548 label shows that there is a drop in AG® value at 6 bps to the
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start codon (Figure 4). This means that the SD sequence of this gene is
overlapping the upstream stop codon (TGA). If we join the upstream stop codon,
the intergenic sequence and the downstream start codon we have the sequence
TGAGGTATTACATG (Figure 4). The upstream stop codon is overlapping the
SD motif resulting in the pattern TGAGGT that can bind with the SD sequence
3'-CCUCCA-5'. Therefore here we have detected a co-directional gene pair of E.

coli K12 whose SD sequence for the downstream gene overlaps the upstream

‘ General Info ‘ Upstream Gene |\ Downstream Gene |
4)
Inte rmal D pwneigh_14330 Orientation >
Spacer
Genome Escherichiacoli K12 ! Sbps
Length
Phase 2
Spacer
OTATTAC
sequence
B) <)
General Info || Upstream Gene || Downstream Gene [ General Info || Upstream Gene || Downstream Gene
Upstieam Ge: am G
Upstream Gene NC_ooog1g nodas JPEIM SN cogonag Dowistream Gene NC_000913 b454g DOWnstream Gene
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ey prediced protein 8 e predcted potein  Position minimum E 6
" St - s - 8 s
{Ninimum E 42401550208 Start Codon ATG Pqn(l;cm TGA MiimymE 530508008957 StartCodon ATG :f':("'(_" TGA

Figure 4. Study of the location of the SD sequence between a co-directional gene

pair

Compilation of images that the users can find when they are studying the location of the
SD sequence between the co-directional genes NC_000913.b2644 and
NC_000913.b4548 separated by 8 bps. General Info label gives details about the spacer
between this gene pair, which include the Spacing length and the Spacer sequence (A).
The NC_000913.h2644 Upstream Gene label gives information about this gene (B), while

the NC_000913.b4548 Downstream Gene label gives information about this gene as well
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as SD related information and the corresponding graph of the AG° values along the

translation initiation region (C).

SD presence among different gene sets

Other uses of the PairWise Neighbours database are to find out SD information
of gene sets of interest, which have been labelled in other databases. For
instance, the gene NC_000913.b3297 of E. coli K12 has been labelled as a
highly expressed gene (HEG) in the HEG database [37]. This gene codifies for
the 30S ribosomal protein S11 and has a strong SD sequence (the drop of AG®
value is -11.44 Kcal/mol) at 10 nucleotides upstream to the start codon. If we
analyse the SD presence in the E. coli K12 genes predicted as HEG in the HEG
database (Table 1) [37], we find that the 81.03% of these genes have the SD
sequence. This percentage is significantly higher compared with all the E. coli
K12 genes (69.66%) and with the mean and standard deviation of the SD
presence in 100 sets of 300 E. coli K12 genes randomly selected (69.04% +
2.58%) (Table 1). Therefore, as other authors have already found [9], the HEGs
appear to have more SD presence. Another interesting gene set that can be
analysed in this database is the horizontally transferred genes (HGTs). We
studied the SD presence among the E. coli K12 genes predicted as HGTs in the
HGT database [38]. The percentage of HGTs that have SD sequence (68.39%)
is close to the percentage of SD presence found in all the E. coli K12 genes.
This percentage falls within the range of the mean and the standard deviation of
100 sets of 300 genes randomly selected from E. coli K12 (Table 1). Therefore,
it seems that the HGTs have an equal SD presence to the original genes of the

species.

Percentage Percentage of
of genes genes without
with SD SD

Number of
genes
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All E. coli genes 4,133 69.66 30.34
Highly expressed g(_e?l)es (HEG) 253 81.03 18.97
from E. coli

Horizontally transferred genes

(HGT) from E. coli & 310 68.39 316l
Mean and standard deviation

of 100 sets of 300 genes 300 69.04 + 2.58 30.96 + 2.58

randomly selected from E. coli

Table 1. Genes with or without SD sequence in  E. coli K12

Number of genes and percentage of genes with the Shine-Dalgarno motif from E. coli
K12.

WHEG extracted from the HEG-DB (http://genomes.urv.es/HEG-DB) [37]

@ HGT extracted from the HGT-DB (http://genomes.urv.es/HGT-DB) [38]

Abbreviations: SD, Shine-Dalgarno

Conclusions

The studies of the translation initiation mechanism, gene regulation and gene
structure (such operon predictions) rely on correct annotations. With the growing
number of fully sequenced prokaryote genomes, the databases that help the
annotation processes are very desirable. PairWise Neighbours is an interactive
and intuitive database for retrieving information about the spacers and
overlapping genes among bacterial and archaeal genomes. With this
information, on the one hand, it is possible to study the reliability of an overlap
as well as its conservation across the species with a BLAST local system, which
permits the user to study the conservation of an overlap applying their desired
Expect threshold. On the other hand, with the information related to the SD

sequence and the AG° values along the translation initiation region, the users
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can analyse the intergenic regions widely. They can check the reliability of the
initiation site prediction, the SD location and the SD strength or the relationship

between SD location and the spacing lengths.
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From the different chapters of this thesis the following conclusions can be

extracted:

Chapter 1:

Although the DNA compositional asymmetry analysis generally brings
us close to the origin and terminus sequences, it is not enough to
provide us precise predictions. The DNA compositional asymmetry
analysis must be applied together with other methods such us finding
the DnaA protein and its binding sites in order to make better

predictions.

We can improve and reinforce our origin and terminus predictions with
other complementary tools. These include making BLAST analysis of
intergenic sequences, studying the gene order around the origin
sequence, locating both the ter sites and the dif sites of the genome
studied and analyzing the distribution of genes encoded in the leading

or lagging strand.

The origin prediction of Bacteroides thetaiotaomicron is located between
4035393 and 4035883 bps, of the chromosome, where there was
approximately one change in compositional skew polarity and we found
several DnaA boxes. This location is not where it was supposed to be

according to the published sequence.

By having a more accurate analysis of the nucleotide skew plots was
enough to give a correct origin prediction for Bacteroides
thetaiotaomicron. Especially if one looks at the direction of the GC skew

as well as the distribution of the genes on the leading strand.

Chapter 2:

Gene overlaps arise in all the three transcriptional orientations with

extremely common and prohibited overlapping lengths resulting from the
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structure of the genetic code and strong selective pressure against long

overlaps.

The preferred overlapping lengths are 1 and 4 bps among co-directional
overlaps, 4 bps among convergent overlaps and 2 bps among divergent

overlaps.

Some of the overlapping patterns are extremely common, such as
ATGA in co-directional overlaps, which includes the stop codon for the
upstream gene and the start codon for the downstream gene. However,
some of them are the result of wrong annotation, ribosomal

frameshifting, or truncated genes.

The codirectional overlaps have a prohibited overlapping phase (Phase
0). Therefore, the co-directional gene pairs cannot overlap 3 bps or a

multiple of 3 bps.

The co-directional, convergent and divergent overlaps have a phase
bias due to the restrictions that the genetic code imposes, the different

frequency of start and stop codons within the phases, and the selection.

The overlapping genes have Shine-Dalgarno (SD) sequences in the
same way as the non-overlapping ones do. Even a relevant percentage
of overlapping genes have a strong SD sequence. This means that

genes may overlap regardless of their expression level.

A high proportion of the divergent overlapping genes have SD presence,
even though these genes are the most constrained because of the

location of the regulatory sequences within a coding region.

The divergent overlaps may be conserved structures of coregulated
genes where one is a transcriptional regulator which regulates the other

overlapping gene.

Chapter 3:
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Chapter 4:

Co-directional and divergent overlaps extending 60 bps are artificial

due to misannotations that can be classified into five categories.

The most common misannotation is the 5-end extension, mostly
caused by the misprediction of start codons. The respective genes
carrying putative mispredictions of the start codon show an

overrepresentation of weak start codon usage.

Convergent orientation seems to allow longer overlaps than the
other two orientations, although convergent long overlaps are also

affected by misannotations.

Although several species seemed to have a higher number of such
potential misannotations, no correlation was found with genome
size, gene content, GC content, sequencing or ORF prediction
method, annotation team or sequencing date. Therefore these
imprecise gene predictions have the potential to affect any microbial

genome annotation process.

The differences in respect to the location of the SD sequence could
contribute to explaining the variations in the ranges of the spacing
lengths overrepresented and underrepresented in the prokaryote

genomes.

The genomes with a large number of genes with SD sequence
seem to concentrate such a regulatory motif in a range from 4 to 12
bps before the start codon in the majority of the 530 prokaryote

genomes analyzed.

Although the translation in prokaryotes is mainly guided by the SD
sequence that can bind the ribosome, it seems that there are only a

slightly higher number of genes with SD than without SD sequence.
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Chapter 5:

Genes separated from 1 to 4 bps from a co-directional upstream
gene show a high SD presence, although this regulatory signal is
located towards the 3’ end of the coding sequence of the upstream

gene.

Genes separated from 9 to 15 bps from a co-directional upstream
gene show the highest SD presence as they can accommodate the

SD sequence within the intergenic region.

When the SD sequence overlaps with the upstream coding
sequence or stop codon, its strength and relative distance to the
downstream start codon do not vary significantly. However, the SD
presence may make the intergenic lengths from 5 to 8 bps less

favored and cause an adaptation of the stop codon usage.

For co-directional genes separated by 7 or 8 bps, in Escherichia coli
K12, the TGA stop codon is prevalent and part of the TGAGG
pattern that acts as a SD motif. However, the stop codon usage
adaptation and the SD motif form could be slightly different

depending on the prokaryote species.

PairWise Neighboors database is an interactive and intuitive
database for retrieving information about the spacers between
genes and overlapping genes among bacterial and archaeal

genomes.

It is possible to study the reliability of an overlap as well as its

conservation across the species.

With the spacer information given and the AG° values along the
translation initiation region graphs, the users can analyze the

intergenic regions and there is a wide scope for analysis especially,
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the SD location, the SD strength and the reliability of the initiation

site prediction.

e It is possible to analyze the relationship between the SD location

and both the spacing length and the stop codon usage.

e The analysis of the reliability of the overlaps and the SD information

given can help the annotation processes.
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