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Summarizing discussion

Chapter 6

Summarizing discussion

This thesis focuses on two aspects of comparative genomics related to informa-
tion reuse. Chapters 2 and 3 discuss methods of sequence homology prediction

based on the principle of consistent reuse of genetic information during evolution.
Chapters 4 and 5 describe our pursuit to identify coding sequences reused in a novel
way in the transcription process. Here I will discuss the thesis and describe possible
developments and future applications of this work.

6.1 Transitivity

In Chapter 3 we showed that integrating more sequence data in the framework of
homology detection gives us the opportunity to discern more distantly related ho-
mologs. This is crucial for protein alignments in which homologous sequences in
the “twilight zone” mix with unrelated proteins with similarities that are further
obfuscated by low complexity regions and compositional bias. The de novo delin-
eation of functional modules of proteins can be significantly improved when using
a transitive closure of alignment matches.

Additional sequences beyond the two compared can improve the quality of ge-
nomic alignments as well. The four-letter DNA alphabet does not encode as many
biochemical properties as the amino acid alphabet, which can result in either a lack
of either specificity (false positive homology) or, in the case of conservative simi-
larity thresholds, decreases of alignment sensitivity. Transitivity can partly alleviate
these constraints by permitting the alignment of genomes using different, more in-
clusive set of parameters. At the same time it provides us with a simple validation
mechanism based on the observed consistency. This way genomic alignment tools
that are sometimes designed with specific genomes in mind can be easily improved
and then applied to more divergent organisms. One of the most widely used ge-
nomic alignment tools, BLASTZ, was designed and tuned specifically for human-
mouse comparisons (Schwartz et al. 2003) allowing the alignment of large propor-
tions of neutrally evolving DNA. One can apply this tool in conjunction with transi-
tivity and benefit from the detection of homologous sequence under very weak evo-
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lutionary constraints, or pick up conservation signals of sequences under selection
over larger evolutionary distances (e.g., to compare human versus non-eutherian
species).

Accurately aligning multiple genomic sequences from evolutionary diverse ver-
tebrates is a non-trivial step. Nevertheless, such alignments are increasingly becom-
ing an invaluable source of data for biologists who focus on genomes. Multiple
alignment conservation measures available in genomic browsers (Kent et al. 2002)
allow for a sequence conservation studies on the genome scale. To detect conser-
vation on the genomic scale, methods for aligning multiple genomes have been
developed (Brudno et al. 2003, Blanchette et al. 2004, Bray and Pachter 2004). By
far the most widely used set of tools, TBA+MULTIZ (Blanchette et al. 2004), builds
alignments starting from pairwise segments and subsequently extending them to
multiple alignment with orthologous segments from additional species. Based on
the assumption of conserved order of orthologous segments, TBA (Threaded Block
Aligner) recognizes conserved blocks and produces a referene-based multiple align-
ment of short genomic fragments. An independent tool, MULTIZ, starting with a
chosen reference sequence, builds the alignment of genomic sequences of multiple
species (Blanchette et al. 2004). Interestingly, even though transitivity is not applied
per se, MULTIZ extends the multiple alignment with a limited use of transitivity: two
sets of multiple alignments spanning the same region but for different sets of species
are merged via a shared intermediate sequence (Figure 6.1). Unfortunately, in this
context transitivity is used only to speed up the alignment process. Moreover, not
all possible transitive relations are explored in this framework. Despite these draw-
backs, such reference-based multiple alignments were shown to reconstruct more
sequence orthology than direct pairwise alignments (Margulies et al. 2006).

Introducing transitive closure into the framework of multiple genomic align-
ment can improve the sensitivity and specificity of results. Methods from “the pro-
tein alignment world” (Notredame et al. 2000, Do et al. 2005) should be easily trans-
ferable to genomes and megabases long multiple alignments. Similar to the meth-
ods for de novo protein repeat detection (Chapter 2, Sammeth and Heringa (2006)),
transitivity could be employed to detect repetitive elements harbored in genomes of
higher eukaryotes. Ubiquitous repeats, covering more than half the human genome
(Heringa 1998, Lander et al. 2001), provide diverse set of sequences allowing accu-
rate homology detection. As we showed in Chapter 3 transitive techniques work
very well with genomic regions which are not the subjected to strong evolutionary
pressure, as is the case for human repeats (with some exceptions, e.g., Kamal et al.
(2006)).
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Figure 6.1: Pictorial representation how MULTIZ builds a multiple alignment (Blanchette
et al. 2004). The reference sequence of each alignment is indicated by capital letters. Given
two alignments, A and C, the program merges them using pairwise alignment B to speed up
the process. The result is a reference-based alignment D. Cow sequence can be thought of as
an intermediate in the transitive human-cow-dog alignment.

6.2 Dual coding

The maintenance of the functional role of dual coding regions in evolution is likely
to constrain the sequence from becoming optimally adapted (Kesse and Gibbs 1992).
Multiple coding restricts the potential of the sequence to evolve and reduces the
accessibility and the connectivity of the sequence space, and might well prevent
it from achieving superior adaptation (Huynen et al. 1993). In viruses, the evolu-
tionary cost of dual coding regions may be acceptable since it provides the bene-
fit of reducing the genome size. In fact, dual coding regions were originally pos-
tulated to be the result of the evolutionary pressure to limit the sequence length
(Miyata and Yasunaga 1978). In bacteria, dual coding regions are prevalent as well
(Johnson and Chisholm 2004) although genome size constraints are much weaker.
However, the reason for evolutionary conservation of dual coding is thought to be
very different from that in viruses. In bacteria, dual coding regions were impli-
cated in e.g., creation of novel coding sequence (Grassé 1977, Ohno 1984, Kesse and
Gibbs 1992), but primarily in translation regulation. The main postulated advan-
tage of prokaryotic coding sequence overlaps is translational coupling of function-
ally related proteins, wherein the translational machinery is brought into vicinity
of the start codon of the overlapping gene. Various studies showed that a prema-
ture or overdue stop codon in the upstream, uni-directional open reading frame
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dramatically reduces the expression levels of the downstream overlapping gene
(Oppenheim and Yanofsky 1980, Schumperli et al. 1982). Krakauer (2000) demon-
strated that the translational coupling of functionally related proteins is one of the
two major forces which drive the evolution of overlaps. In a recent comparative
survey of multiple microbial genomes where size, frameshift and distribution of
overlaps were studied (Johnson and Chisholm 2004), the authors conclude that the
gene regulation hypothesis is the most likely reason for evolutionary conservation
of multiple coding in bacteria.

The current view that the mechanisms driving the evolution of dual coding re-
gions are different within viruses and bacteria makes it even harder to extrapolate
the results to higher eukaryotes. However, there are many hypotheses explaining
the existence of dual coding exons in mammals. The introduction of new exons by
reuse of already existing coding sequence would provide a rather gentle evolution-
ary path for organisms with a prevalent use of alternative splicing. Kesse and Gibbs
(1992) predicted that many genes originated from dual coding fragments and sub-
sequent gene duplication. Indeed, one could imagine novel proteins emerging with
the help of non-constitutive alternative splicing, such as tissue-specific exon skip-
ping. This would allow a reinterpretation of existing DNA sequence, while retaining
part of the original functionality of the protein intact (e.g. existing binding domains
upstream the splice site). This would allow the gene to gradually evolve novel func-
tionality. The selective pressure on the novel protein can be further relieved by unin-
terrupted translation of the original splice form. It would allow evolution the novel
translation under weak evolutionary constraints thanks to the “compensating” role
of the original isoform performing the original function (Raes and van de Peer 2005).
Moreover, under certain circumstances it is easier for the cell to manufacture novel
polypeptides using existing exons, as opposed to incorporating intergenic sequence
in transcripts. For example, in the “exon skipping” variant of alternative splicing, a
new coding sequence can arise by omitting an exon of a size not divisible by three,
allowing reuse of 5’ and 3’ splice signals harboured in the sequence (this splice vari-
ant was thoroughly studied in Magen and Ast (2005)). The majority of the human
frameshift mutations reported in Raes and van de Peer (2005) arise through alterna-
tive splicing, while being retained up to hundreds of millions years in the presence
of the “compensating” original protein.

As a future direction for studies of mammalian dual coding regions we consider
the investigation of the role played by RNA degradation mechanisms. Since a sig-
nificant fraction of naturally occurring alternative splice variants undergo mRNA
decay as part of transcript surveillance (Lejeune and Maquat 2005), it is interesting
to investigate whether transcripts qualify for degradation. In all eukaryotes there
are multiple quality control systems guarding the cell against the synthesis of abnor-
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mal mRNA. Therefore, a survey asking whether dual coding transcripts are subject
to early degradation would be valuable. For example, in yeast “nonsense-mediated
decay” (NMD) recognizes mRNAs when the site of translation termination occurs
too early in the RNA, guarding the cell from defective, potentially toxic, protein
products (Gonzalez et al. 2001). In eukaryotes with prevalent alternative splicing, a
different type of NMD is more relevant to our work. Mammalian cells are able to
recognize exon-exon junctions downstream of a premature stop codon. This junc-
tion, manifested by the presence of 12-protein exon junction complex (EJC) bound
to mRNA, when detected downstream a stop codon provokes the NMD machinery
to degrade the transcript and prevent the translation of the potentially misformed
mRNA (Nagy and Maquat 1998). The proposed regulatory function of NMD mech-
anism (Hillman et al. 2004, Mendell et al. 2004) together with its widespread use
(Lewis et al. 2003) calls for careful evaluation of splice isoforms before deeming
them as degraded.

In this thesis, we took advantage of sequence reuse in organisms to capture cer-
tain biological signals present in their genomes. We utilized a fascinating property of
comparative genomics: the ability to transform the quantity of data into the quality
of results. With 420 ongoing eukaryotic genome sequencing projects (as for Febru-
ary 2007, Liolios et al.), soon we will be in a position to extract signals for biological
features which are not feasible today due to a lack of statistical power. Low signal
to noise ratio in metazoan genomes (with signal amounting to perhaps only a few
percent of human genome, Waterston et al.) has to be compensated by the sheer
number of different species included. The knowledge emerging from such genomic
analyses allows us to formulate new hypotheses and, ultimately, learn about pro-
cesses governing genomes and their evolution.


