
Chapter 5

Conclusions and Perspectives

Characterizing the binding sites of transcription factors is key to understanding the mech-
anisms that mediate transcriptional regulation. Given the short and degenerate nature of
binding sites and the huge background genomic noise, this remains a largely daunting task.
In the post-genomic era, cross-species comparisons to limit the search to conserved regions
provide an elegant remedy. Here researchers seek binding sites which are conserved across
different species, with the hypothesis that they are more likely to be functional. Current
computational methods in the field segregate the two axes of information – conservation
and binding site annotation. In this multi-step setting, low sequence similarity or poor pro-
file quality poses problems. The reliance on pre-determined optimal alignments makes the
approaches susceptible to gaps in the aligned sites. Barring a few examples, most methods
additionally disregard the evolutionary characteristics of binding sites.

In this work, we addressed the above issues by introducing a novel integrated approach
SimAnn to detect conserved transcription factor binding sites (TFBSs). In SimAnn, the
alignment and annotation steps are combined in one extended alignment model. This
enables a local rearrangement of gaps in the alignment to make the conserved hits stand
out more clearly. The output is an annotated alignment, that is an alignment with parts
annotated as putative conserved TFBSs.

Clearly, in such an integrated setting the choice of parameters needed in the model is
crucial. We presented a statistical framework for parameter selection based on desired type
I and type II error constraints. We also demonstrated how position-specific evolutionary
characteristics of a TFBS can be taken into account, leading to the extension eSimAnn.
The predictions now are in real terms “conserved” binding sites – perfectly aligned binding
sites that share a common evolutionary history.

We highlighted the applicability of SimAnn via a systematic comparison with other multi-
step approaches on simulated data. We showed how SimAnn can predict perfectly aligned
conserved hit pairs even in conditions of higher evolutionary distance or poorer profile qual-
ity. On similar lines, we compared eSimAnn against SimAnn in a controlled setting with
evolutionarily related artificial binding sites. By analyzing the well-known even-skipped
stripe 2 enhancer region in two Drosophila species we illustrated the potential of SimAnn
in a biological setting. Finally, using a larger testset of human-mouse sequences, we demon-
strated how the performance of eSimAnn compares well against the current state-of-the-art
multi-step method which explicitly considers evolution of binding sites.

The simultaneous framework with a formal theoretical motivation for parameter choice has
certain advantages. Usually, sufficiently large datasets of experimentally verified sites are
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unavailable for most transcription factors. Those that are available are commonly biased to
the particular setting of an application, for example the conservation requirements, quality
of profiles, positional preferences with respect to each other or to the transcription start site,
etc. The prescription for parameter selection underlying SimAnn (and eSimAnn) provides
a means to handle any profile of interest. This prevents the compilation of large testsets
or dealing with biases introduced during training. Furthermore, since the predictions are
devoid of gaps, it precludes the necessity of manual tweaking of the aligned regions or
adopting heuristic measures to limit gaps in the alignment, as is usually done.

From a pair Hidden Markov Model perspective, the approach implies considering additional
profile states which emit pairs of motifs. We discussed how in the pairHMM formulation
of annotated alignments, the transition probabilities between the background alignment
states and the pair-profile states can be related to the cutoff in a log-likelihood ratio test.
Pair Hidden Markov Models have been successfully employed in gene prediction; the ap-
plication in predicting conserved binding sites and the strategy for parameter choice is a
novel contribution of this thesis.

At present, the algorithm does not allow gaps while defining conserved binding sites. An
imaginable step forward is to allow gaps in the aligned binding site regions. In other
words, to consider a pairHMM for the binding site motifs inside the pairHMM for the
whole sequences. Besides allowing a possibility to consider evolutionarily motivated gaps
in binding sites, it may particularly enable one to search for binding sites of factors like
dimers or those which consist of a core of highly ambiguous positions surrounded by specific
ends, as for example in GAL4. Clearly, the task is complicated due to the increased time
and space complexity, as well as the choice of parameters regarding the transitions inside
the motif pair.

The proposed approach is an optimal alignment algorithm, making it infeasible for the
analysis of large sequences. A possible improvement can be to build upon existing time and
space efficient strategies available for standard alignments. Either more efficient optimal
alignment algorithms (eg. [86]) can be considered or heuristic approaches can be adapted for
the purpose. For the latter, considering a two-phase algorithm – scan individual sequences
for putative TFBSs and then use them to generate the alignment – can be an option.
The tool SITEBLAST [131], which works along similar lines, could be explored for its
applicability as a heuristic to SimAnn.

Using putative binding sites on individual sequences as seeds for generating alignments falls
in the broader field of what is usually referred to as anchor-based alignments. Here methods
usually adopt a three-step approach to generate an alignment: identify similar substrings in
the sequences (fragments), compute an optimal chain of colinear non-overlapping fragments
and finally use this set of anchors to generate an alignment that covers intermediate regions.
Sophisticated time-efficient approaches in this direction have been proposed that enable
large genome-scale alignments, both pairwise as well as multiple [141, 33, 28, 2]. Exploiting
these strategies could provide a way for extending the annotated alignment approach to
take advantage of the immense sequence data available. A possibility could be to allow for
conserved binding sites using a modified scoring scheme in the chaining step (that is, the
second step). Let us conjecture how.

Usually, a fragment f is composed of a pre-computed multi-alignment of its substrings
and has an associated weight given by the corresponding alignment score (algmt score).
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Given a gap cost function gap cost(f ′, f), which penalizes the jump from fragment f to f ′,
dynamic programming can be employed to calculate the highest-scoring chain of colinear
non-overlapping fragments. The optimal score of all chains ending at f ′ is thus given by:

f ′.score = f ′.weight + max{f.score− gap cost(f ′, f) : f lies before f ′}

where gap cost(f ′, f) depends on the length of the intermediate region and f ′.weight =
algmt score. Sophisticated time-efficient strategies have been proposed for this chaining
step [141, 146] and hence could be exploited for our purposes. The idea, in our context,
would be to allow for the possibility that a fragment is composed of putative TFBSs of a
profile P. Hence, the recursion rule would be modified as following:

f ′.score = max{f ′.weight|f ′∼P, f ′.weight|f ′∼A} +
max{f.score− gap cost(f ′, f) : f lies before f ′}

where f ′.weight|f ′∼P is the weight of a fragment under the profile and is given by
∑

PSSM(si)−
pen, si ∈ f ′. The profile penalty pen is calculated as in the annotated alignment approach,
thus reflecting the probability that the fragment is composed of conserved binding sites as
opposed to being a standard alignment. The quantity f ′.weight|f ′∼A is simply the standard
alignment score of the respective substrings of f ′. Intuitively, this would imply that a frag-
ment would be annotated as a conserved TFBS hit if its profile score exceeds its alignment
score. Note that the profile penalty depends only on the substrings constituting a fragment
f ′. The gap cost function, on the other hand, depends on the intermediate region between
f and f ′ and hence remains same irrespective of whether f ′ ∼ P or f ′ ∼ A. While this
may provide an efficient possibility to extend to large sequences or multiple alignments, the
influence on the time complexity due to the additional comparisons for each new profile
would need a more in-depth investigation.

Equally interesting but unexplored in this thesis are other open directions. Recently, Ke-
cecioglu and Kim [96] presented a linear-programming based inverse alignment approach
to estimate parameters that make a given set of correct alignments optimal-scoring. In
our context, this implies finding a set of “correct” alignments of cis-regulatory sequences
with known transcription factor binding sites, a non-trivial task. The desired parameter
set would then include profile-related parameters, besides the standard substitution scores
and gap-penalties. How do the resulting profile-related parameters compare against those
estimated through the proposed statistical framework?

As already mentioned in Section 4.5, using annotated alignments to study the evolutionary
gain or loss of binding sites is another foreseeable possibility. Considering the alignments of
binding sites over increasingly distant species may shed light on their evolutionary proper-
ties. Similarly, studying cis-regulatory modules and the competition between factors with
similar binding sites would also be an interesting direction of pursuit.

Although faced with numerous challenges, the field of comparative genomics for binding site
identification is gathering momentum with large scale data and sophisticated approaches.
Combining the experimental knowledge with computational techniques that ease the anal-
ysis and use of such data is indispensable for further advances. The integrated approach
introduced in this thesis provides a holistic view to such analyses.
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[123] V. Matys, E. Fricke, R. Geffers, E. Gössling, M. Haubrock, R. Hehl, K. Hornischer,
D. Karas, A. E. Kel, O. V. Kel-Margoulis, D. Kloos, S. Land, B. Lewicki-Potapov,
H. Michael, R. Munch, I. Reuter, S. Rotert, H. Saxel, M. Scheer, S. Thiele, and
E. Wingender. TRANSFAC: transcriptional regulation, from patterns to profiles.
Nucleic Acids Res, 31:374–8, 2003.

[124] V. Matys, O. V. Kel-Margoulis, E. Fricke, I. Liebich, S. Land, A. Barre-Dirrie,
I. Reuter, D. Chekmenev, M. Krull, K. Hornischer, N. Voss, P. Stegmaier, B. Lewicki-
Potapov, H. Saxel, A. E. Kel, and E. Wingender. TRANSFAC and its module
TRANSCompel: transcriptional gene regulation in eukaryotes. Nucleic Acids Res,
34(Database issue):D108–D110, Jan 2006.

[125] M. McArthur, S. Gerum, and G. Stamatoyannopoulos. Quantification of DNaseI-
sensitivity by real-time PCR: quantitative analysis of DNaseI-hypersensitivity of the
mouse beta-globin LCR. J Mol Biol, 313(1):27–34, Oct 2001.

[126] L. McCue, W. Thompson, C. Carmack, M. P. Ryan, J. S. Liu, V. Derbyshire, and
C. E. Lawrence. Phylogenetic footprinting of transcription factor binding sites in
proteobacterial genomes. Nucleic Acids Res, 29(3):774–782, Feb 2001.

[127] L. A. McCue, W. Thompson, C. S. Carmack, and C. E. Lawrence. Factors influencing
the identification of transcription factor binding sites by cross-species comparison.
Genome Res, 12(10):1523–1532, Oct 2002.

[128] A. M. McGuire, J. D. Hughes, and G. M. Church. Conservation of DNA regulatory
motifs and discovery of new motifs in microbial genomes. Genome Res, 10(6):744–757,
Jun 2000.

[129] A. D. McLachlan. Analysis of gene duplication repeats in the myosin rod. J Mol Biol,
169(1):15–30, Sep 1983.

[130] I. M. Meyer and R. Durbin. Comparative ab initio prediction of gene structures using
pair HMMs. Bioinformatics, 18(10):1309–1318, Oct 2002.

[131] M. Michael, C. Dieterich, and M. Vingron. SITEBLAST–rapid and sensitive local
alignment of genomic sequences employing motif anchors. Bioinformatics, 21(9):2093–
2094, May 2005.

[132] A. M. Moses, D. Y. Chiang, and M. B. Eisen. Phylogenetic motif detection by
expectation-maximization on evolutionary mixtures. Pac Symp Biocomput, pages
324–35, 2004.

99



Bibliography

[133] A. M. Moses, D. Y. Chiang, M. Kellis, E. S. Lander, and M. B. Eisen. Position
specific variation in the rate of evolution in transcription factor binding sites. BMC
Evol Biol, 3:19, Aug 2003.

[134] A. M. Moses, D. Y. Chiang, D. Pollard, V. Iyer, and M. Eisen. MONKEY: identifying
conserved transcription-factor binding sites in multiple alignments using a binding
site-specific evolutionary model. Genome Biology, 5:R98, 2004.

[135] A. M. Moses, D. A. Pollard, D. A. Nix, V. N. Iyer, X.-Y. Li, M. D. Biggin, and
M. B. Eisen. Large-scale turnover of functional transcription factor binding sites in
Drosophila. PLoS Comput Biol, 2(10):e130, Oct 2006.

[136] R. Mott. Maximum-likelihood estimation of the statistical distribution of Smith-
Waterman local sequence similarity scores. Bull Math Biol, 54:59–75, 1992.

[137] F. Müller, D. W. Williams, J. Kobolák, L. Gauvry, G. Goldspink, L. Orbán, and
N. Maclean. Activator effect of coinjected enhancers on the muscle-specific expression
of promoters in zebrafish embryos. Mol Reprod Dev, 47(4):404–12, Aug 1997.
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Appendix A: Software availability

The SimAnn/eSimAnn package is available upon request. The package contains:

• C++ source code for the dynamic programming alignment algorithm

• Perl code for the estimation of the profile-related parameters.

The C++ code (gcc v3.4.4 or later) performs local alignments with affine gap costs, with
or without profiles.

The Perl library (Perl v5.8.4 or later and BioPerl 1.4 or later) provides modules needed for
the estimation of profile-related parameters (PSA and pen), given a user-defined position-
specific count matrix. A Perl script to calculate the above (getPsa.pl) is also included. The
Perl library uses parts of the GENEREGng package developed in-house for single sequence
TFBS annotation. The build-up is the pair-profile related code concerning the annotated
alignment approach.
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Appendix B: Summary (German)

Zusammenfassung

Ansätze, die das bessere Verständnis von Mechanismen transkriptioneller Regulation zum
Ziel haben, bauen oft auf der Annotation der Genomsequenz bezüglich DNA Bindestellen
von Transkriptionsfaktoren (TFBS) auf. Dies ist auch das Thema der vorliegenden Ar-
beit. Von großem Interesse sind Bindestellen, die zwischen zwei oder mehr Spezies erhalten
sind. Dem liegt die Hypothese zugrunde, dass diesen mit grösserer Wahrscheinlichkeit eine
biologische Funktion zukommt. Gewöhnlich findet man solche Bindestellen mit Hilfe von
Computermethoden, die einen separaten Alignment- und Annotationsschritt durchführen.
Ist die Beschreibung der Bindestelle nicht sehr spezifisch, oder sind sich die zu annotierenden
Sequenzen sich nicht besonders ähnlich, so bereitet die lokale Gapstruktur im Alignment
Probleme beim Auffinden konservierter Bindestellen. In dieser Arbeit stellen wir neue
Methoden vor, die Sequenzalignment und -annotation simultan ausführen und deren End-
ergebnis annotierte Alignments - paarweise Sequenzalignments mit als TFBS annotierten
Teilsequenzen - sind.

Diesbezüglich wurde der Standardansatz paarweiser Alignments dahingehend erweitert,
dass nun zusätzliche Zustände für TFBS beschreibende Profile möglich sind. Wir entwickeln
statistische Methoden, die das Schätzten dem Profil assoziierter algorithmischer Parameter
mit kontrollierten Fehlern erster oder zweiter Art erlauben. Zusammengenommen ergibt
dies den Kern unseres Tools SimAnn. Zusätzlich zeigen wir, wie die von uns entwickelten
Methoden ergänzt werden können, so dass den evolutionären Charakteristika der TFBS
Rechnung getragen wird. Dies wird in dem Tool eSimAnn zusammengefasst.

Wir zeigen den Effekt eines simultanen Zugangs zu Alignment und TFBS Annotation im
Kontrast zu Verfahren auf, die mehrere sequenzielle Schritte durchführen. Dazu führen
wir Simulationsstudien durch und vergleichen Resultate auf realen Sequenzdatensätzen.
Ein simultaner Zugang erlaubt es Gaps im Alignment automatisch lokal so zu position-
ieren, dass die Struktur perfekt alignierter TFBS hervorgehoben wird. Dies macht ein
Entfernen von Alignmentfehlern, wie es bei sequenziellen Verfahren üblich ist, unnötig. Als
besonders vorteilhaft stellt sich dies für Sequenzen mit nur mäßiger Konservierung und für
Transkriptionsfaktoren mit mittlerer Profilqualität heraus. Unsere Analyse beinhaltet die
Modellierung des Problems annotierter Alignments als ein ”extended pair Hidden Markov
Model“ und zeigt Verbindungen und Zusammenhänge verschiedener theoretischer Konzepte
auf. Die Arbeit ist wie folgt strukturiert:

• Kapitel 1 und 2 führen in die grundlegenden Konzepte und Methoden ein, die im
Weiteren benötigt werden. Kapitel 1 gibt einen Überblick über aktuelle Methoden,
sowohl experimentell als auch in silico. In Kapitel 2 diskutieren wir formale Aspekte,
die sowohl TFBS Profilen als auch Alignments zugrunde liegen.
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Zusammenfassung

• Annotierte Alignments werden in Kapitel 3 vorgestellt. Als erstes wird ein erweit-
erter Algorithmus aus der klasse der dynamischen Programmierung beschrieben, mit
dem sich annotierte Alignments erstellen lassen. Danach stellen wir zwei Methoden
zum Schätzen Profil assoziierter Parameter vor. Erst werden die DNA Bindestellen
von Transkriptionsfaktoren in beiden Sequenzen unabhängig behandelt; danach wird
mit Hilfe von positionsspezifischen evolutionären Modellen der Abhängigkeit zwischen
Bindestellen explizit Rechnung getragen. Im Weiteren formulieren wir Annotierte
Alignments als ”extended pair Hidden Markov Model“ und schließen mit einer Laufzei-
tanalyse des vorgestellten Algorithmus.

• In Kapitel 4 untersuchen wir verschiedene Aspekte unsres Ansatzes. Wir untermauern
unseren statistischen Ansatz zur Parameterwahl aus Kapitel 3 mit Simulationen. Mit
Simulierten und realen Daten kontrastieren wir unseren simultanen Ansatz gegenüber
sequenziellen mehrschrittigen Strategien. Wir betrachten sowohl den Einfluss evolu-
tionärer Distanz als auch den der Qualität des TFBS Profils.

Schlussendlich wird in Kapitel 5 eine Zusammenfassung gegeben. Zusätzlich werden Per-
spektiven für zukünftige Forschung aufgezeigt, denen hier beschriebene Methoden zugrunde
liegen.
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