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Abstract of the Dissertation

Breaking the genomic cis-regulatory code by

an experimental and theoretical analysis
of eve enhancer fusions

by
Ah-Ram Kim

Doctor of Philosophy
in
Biochemistry and Structural Biology
Stony Brook University
2012

Encoded within DNA sequence is the cis-regulatory logic responsible for con-
trolling gene expression in metazoans. The precise and predictive decryption
of this code is on going endeavor at the heart of modern genomics. Even
though state of the art technologies in genomics have been generated tremen-
dous amount of data, how the interplay of multiple transcriptional mechanisms
give rise to the complex expression changes has remain elusive. This disser-
tation presents a theoretical model that reconstitutes even-skipped transcrip-
tional control in silico by implementing molecular regulatory mechanisms that
are essential for the even-skipped gene expression, then applies the model to
even-skipped enhancer fusions in order to elucidate the underlying rules gov-
erning the transcriptional control of the Drosophila genome. Rearrangements
of about 2.5 kb of regulatory DNA located 5’ of the transcription start site of
the Drosophila even-skipped locus generate large scale changes in the expres-
sion of even-skipped stripes 2, 3 and 7. The most radical effects are generated
by juxtaposing the minimal stripe enhancers MSE2 and MSE3 for stripes 2
and 3 with and without small “spacer” segments less than 360 bp in length.
The model reproduced gene expression of the arrangements with high fidelity
and was able to predict expression patterns driven by a variety of segments
of the genomic DNA totaling 50 kb for gap and pair-rule genes, even-skipped
enhancers not included in the training set, stripe 2, 3 and 7 enhancers from
various Drosophilidae and Sepsidae species. These results suggest that the
molecular mechanisms implemented in the model are essential not only for
Drosophila melanogaster even-skipped but also for many genes of early Droso-
phila and Sepsid embryo development. In addition, the model predicted gene
expression of long segments of even-skipped regulatory DNA which contain
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multiple enhancers. This result opens the door to quantitative and predic-
tive models of entire loci, the physiological units of the genome. The model
demonstrated that two mechanisms, short-range quenching and coactivation,
are key mechanisms conferring the independent action of enhancers in the
large even-skipped regulatory DNA. I establish that elevated expression driven
by a fusion of MSE2 and MSE3 is a consequence of the recruitment of a por-
tion of MSE3 to become a functional component of MSE2, demonstrating that
cis-regulatory “elements” are not elementary objects. Finally, I demonstrate
that the conservation of stripe 2 expression driven by six Drosophila and Sep-
sid stripe 2 enhancers requires novel molecular interactions, not seen in the
Drosophila melanogaster S2E, presenting a clear example of compensatory
adaptation with a precise mathematical description of the essential molecular
mechanisms.
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Chapter 1

Introduction

Transcription is a fundamental process in all living things. Within organisms
as minimal as symbiotic bacteria or as massive as a blue whale in the Pacific
Ocean, transcription is the critical initial step in transforming the genetic in-
formation encoded in their DNA into biological functions. Transcription from
the genome is essential for their development and for the ongoing homeostasis.
One of the most prominent characteristics of eukaryotic transcription systems
is the precise spatiotemporal control of gene expression. Regulatory DNAs in
eukaryotes, located upstream or downstream of transcripts, control gene ex-
pression by integrating information from a variety of regulatory protein-DNA
and protein-protein interactions. Almost all biological processes, including de-
velopment, differentiation, proliferation, apoptosis and aging, require proper
transcriptional control. Deregulation of gene expression can lead to develop-
mental defects or serious diseases |1, 2|.

The central players of the control of transcription are sequence specific tran-
scription factors (TFs). A large number of TF genes have been cloned in the

past 30 years and their protein functions have been extensively investigated.



For many developmentally essential TFs, their binding sites, the binding site
arrangements in their target regulatory sequences and the transcriptional con-
sequences of their activity have been characterized in great detail. Generally,
TFs bind to regulatory elements within DNA sequences, guide the unpacking
of the chromatin, recruit adaptor factors, such as Mediator [3, 4|, which in
turn facilitate transcription initiation by interacting with transcription ma-
chinery including RNA polymerase II. This basic paradigm stands as a nearly
universal mode of eukaryotic gene regulation. Genomic technologies have fur-
ther expanded our understanding of transcription by generating a wealth of
information about the transcriptional regulatory system dynamics extending
to chromatin states, enhancer-promoter occupancy by TFs, and quantitative
mRNA expression. Despite the increasing volume of knowledge, we still do
not understand how the activities of the regulatory proteins are integrated on
the regulatory DNA to control gene expression precisely in space and time.
To understand such a fundamental process, we must understand how the
diverse components of transcription control system such as TFs, coacivators,
transcription machinery and regulatory sequences operate in concert and reg-
ulate gene expression. The aim of this dissertation is to arrive at such an
integration for the better understanding of the cis-regulatory control of meta-
zoan gene expression using enhancer fusions of Drosophila melanogaster even-

skipped and an in silico transcription system.



1.1 cis-regulatory control of metazoan genes

Transcriptional control of eukaryotic genes is a complex process, especially in
metazoan, that requires the precise orchestration of the interactions of numer-
ous proteins such as chromatin proteins, TFs, transcription machinery includ-
ing RNA polymerase II (RNAPII) and adaptor proteins, through which TFs
regulate the action of the transcription machinery [5]. It is known that regu-
latory DNA which controls the transcription of genes in higher eukaryotes can
frequently be divided into functionally distinct contiguous regions defined by
their ability to direct expression independently when placed in reporter con-
structs. When assayed in this manner, each fragment directs gene expression
in a particular tissue or spatiotemporal domain. The genomic regions corre-
sponding to these DNA fragments are known as enhancers or cis-regulatory
modules (CRMs). Enhancers are typically separated from one another by
regions of DNA which cannot independently drive transcription. Enhancers
typically contain clusters of binding sites for TFs, can act over many kilobases
(kb) from the transcription start site (T'SS), and are still functional when
orientation is reversed.

Unlike the lac operon in FE. coli and many other prokaryotic genes, the
regulatory function of eukaryotic genes resides in multiple TF binding sites
[6]. TFs can be divided into two different classes, activators and repressors,
depending on their activities. Eukaryotic genes are inactive in the ground state
but are activated by multiple activators bound to enhancers. The multiplicity
of binding sites on enhancers allows various protein-DNA and protein-protein
interactions between TFs and between TFs and transcription machinery such
as a cooperative binding and greater than multiplicative synergy [7, 8, 9, 10],

which enables fine regulation of transcriptional initiation. These activities are



controlled by multiple repressors. Repressors can prevent activator activities
by competition, repression at a short distance of 100-150 base pairs (bp), called
short-range repression, or long-range repression (called silencing) [11|. Short-
range repression (also called “quenching”) is of particular importance. While
the silencing mechanism inactivates entire chromosomal locus, the quenching
mechanism represses only the activities of nearby DNA-bound activators and
does not interfere with distantly bound activators, which consequently ensures
the precise control of autonomous enhancer activities [12].

Although substantial progress has been made in understanding the expres-
sion of individual enhancers, a level of understanding adequate for prediction
has not yet been reached. Further, understanding individual enhancers is itself
insufficient, as it is now clear that multiple enhancers act simultaneously to
ensure accurate and robust gene expression [13, 14, 15|. Indeed, a complete
solution to the cis-regulatory logic problem in metazoa requires an understand-
ing of the control of gene expression at the level of a whole, intact genetic locus
since it is the whole locus and not the enhancer which is the fundamental unit
of physiological function. This study utilizes regulatory DNAs from the gene
even-skipped in Drosophila melanogaster in order to understand the underlying
mechanisms governing metazoan transcriptional control. In the remainder of
this chapter, I will first review Drosophila embryo development. Next, I will
outline current understanding of even-skipped gene regulation, the advantage
of this system for studying transcriptional regulation, non-classical action of
even-skipped regulatory sequences, and then introduce even-skipped enhancer
fusions and their transcriptional activities—the transcription model that I have

investigated in this dissertation.



1.2 Drosophila embryo: model system

Drosophila embryogenesis, from egg deposition to hatching of the first lar-
val stage, takes place within 24 hours at 25°C. In the first three hours after
egg deposition (AED), the embryo undergoes 13 rapid mitotic divisions during
which nuclei divide almost synchronously. Dramatic rearrangements of embry-
onic tissue then begin with a phase called gastrulation. During gastrulation,
presumptive endoderm and mesoderm tissues invaginate to establish the three
germ layers, the endoderm, mesoderm, and ectoderm, of the embryo. This
three-layered embryo is called a gastrula.

Prior to the onset of gastrulation, the thirteen nuclear cleavages occur with-
out accompanying cytokinesis forming a multinuclear cell, called a syncytial
or, more strictly, a coenocytic embryo. After the ninth nuclear cleavage, most
nuclei migrate to the periphery of the egg, creating a hollow ellipsoid of cells,
called the blastoderm [16]. Cleavage cycle n is defined as the time between
the end of mitosis n — 1 and the end of mitosis n. The part of cycle 14 which
occurs before the onset of gastrulation is called cleavage cycle 14A (C14A).
Cleavage cycles 10-14A (covering approximately one and half hours before the
onset of gastrulation) are, therefore, called the blastoderm stage of develop-
ment. Shortly after mitosis 13, nuclei elongate along their basal-apical axis.
Subsequently, during the middle of cycle 14A, the cell membrane begins to
invaginate between blastoderm nuclei in a process called cellularization. Note
that until cellularization is complete, just prior to the onset of gastrulation,
proteins can be exchanged between neighboring nuclei throughout the entire
blastoderm stage. During late cycle 14A, the embryo undergoes the mid-
blastula transition [17, 18], when maternal mRNA and proteins are degraded,

and zygotic transcription increases many fold.



During the first three hours before the onset of gastrulation, the segments,
the fourteen repeating units of the Drosophila melanogaster body plan, are de-
termined by a set of genes called the segmentation genes [19]. Based on their
genetic interactions, these genes can be organized into a causal hierarchy of the
four levels, the maternal coordinate genes, the gap genes, the pair-rule genes,
and the segment-polarity genes [20, 21]|. The proteins encoded by the maternal
coordinate genes, bicoid (bed), hunchback (hb) and caudal (cad) are translated
from mRNA deposited in the egg by the mother and form monotonic gradients
that provide positional information for zygotic genes. The terminal maternal
system acts through two genes with gap gene-like activity, tailless (tll) and
huckebein (hkb). The gap genes, hb, Kruppel (Kr), knirps (kni) and giant (gt)
are expressed in a broad overlapping domains. Together with maternal coordi-
nate genes, gap genes provide regulatory inputs for pair-rule gene expression.
Pair-rule genes, notably even-skipped eve, hairy (h), runt (run) and fushi tarazu
(ftz), are expressed in overlapping stripes with double segment periodicity, reg-
ulating the initial expression of segment-polarity genes, for example, engrailed
(en) in 14 narrow stripes. The segment-polarity genes are expressed in the
germ-band after gastrulation and form the segment prepattern. This study fo-
cuses on the transcriptional regulation of the pair-rule gene eve in the cleavage

cycles 13 and 14A of Drosophila development.

1.3 Transcriptional regulation of even-skipped

Many key parts of our current understanding of enhancers come from studies of
the early control region of the Drosophila pair-rule gene eve, which directs the

formation of seven transverse stripes of expression during the blastoderm stage



of embryogenesis (Figure 1.1A and B) [22]|. The transcriptional regulation of
these stripes is thought to be controlled by a series of separate enhancers
[23, 24, 6, 25, 26] in the eve promoter (Figure 1.1C). A 16 kb fragment of
DNA is capable of rescuing a lethal eve allele to viability [27]. This 16 kb
fragment is thus very close to constituting the entire eve locus. The transcript
itself is about 1.5 kb in length and the coding region is located in the middle of
the 16 kb fragment. Sequences on the 5’ side of the coding region control the
expression of stripes 2,3 and 7, while the 3" sequences control the expression
of stripes 1,4,5 and 6 |23, 24, 28|.

eve is an excellent system for studying the rules of transcriptional control
in an integrative manner because key features of its cis-regulation have been
extensively studied. It is known that the 7 narrow stripes of gene expression,
each about 3 nuclei wide, form by the repressive action of gap gene encoded
TFs such as Hb, Kr, Kni and Gt, expressed in domains 10-15 nuclei wide [29].
Because gap gene expression domains are wider than eve stripes, silencing
from these genes would result in a repressed region comparable in size to that
of a gap domain and could not produce the observed stripes. Therefore the
repressors must act primarily over short distances. eve stripes 2 and 3 are
particularly informative. It has been shown that stripe 2 is repressed by Kr,
but stripe 3 evades repression by peak levels of Kr [30]. Hb, on the other hand,
represses stripe 3 while it activates stripe 2 expression [10, 26]. These observa-
tions provide stringent mechanistic constraints on transcriptional regulation.

The eve stripe 2 enhancer is located between —1.6 and —1.1 kb upstream of
the transcriptional start site and the stripe 3 enhancer is located between —3.8
and —3.3 kb. The two enhancers are separated by about 1.5 kb of DNA. Each of

those fragments is known as the smallest fragment that directs the expression
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Figure 1.1: Ewven-skipped gene and reporter constructs. (A) The 7 striped
expression pattern of eve, visualized with antibody staining. Here and elsewhere
embryos are oriented dorsal up and anterior to the left. The white rectangle located
in the middle of the embryo indicates a 10% dorso-ventral strip ranging from 35 to
92% embryo length (EL). (B) (Left) Averaged quantitative expression data for Eve
protein, obtained from the area shown in the white rectangle in A. The number in the
panel indicates the identity of each eve stripe. (Right) Averaged TF expression data.
Eve expression is also shown for reference. (C) Schematic view of the eve gene. The
transcript (black box) and early acting enhancers are shown. The distance of the 5’
end of each enhancer from the TSS is specified. The colored boxes and adjacent thick
lines indicate the two segments of DNA used to create various reporter constructs.
(D) Key reporter constructs studied for the control of eve expression. Note that the
orientation of the enhancers is the same in all four fusion constructs. (E) Footprinted
binding sites identified in MSE3 and MSE2.
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of lacZ in a pattern coextensive with the native stripe 2 and 3, and hence
they are called “minimal stripe element 2 and 3" (MSE2 and MSE3)[6]. Note
that because MSE3 also drives weak stripe 7 expression, MSE3 is sometimes
called the 3/7 enhancer. A combination of DNA binding assays [30], transient
cotransfection assays [10]|, P-element transformation experiments [31, 6, 26,
32, 33, 34| has led to a coherent picture of stripe 2 and 3 regulation.

With respect to stripe 2, several lines of experimental evidence suggest
that Bed and Hb work synergistically to drive stripe 2 expression [10, 6, see
Figure 1.2E| and that two repressors, Gt and Kr define the anterior and pos-
terior stripe borders respectively. In addition, Slpl binds specifically to the
(GTTT)4 sequence in MSE2 and MSE3 and the activities of Slpl is involved
in the repressive mechanism of eve stripe 2 expression in anterior region [33].
eve stripe 3 is thought to be formed by Drosophila STAT protein (D-STAT)
which is a target of JAK kinase (hopscotch) activity [35]. Two footprinted
D-STAT binding sites were identified in MSE3. When both sites are mutated,
MSE3 no longer drives eve stripe 3 expression [36]. However, loss-of-function
mutants lacking JAK-STAT components show only a partial loss of eve stripe 3
expression [35, 36|, suggesting that other factors must be involved in enhancer
activation [34|. The anterior and posterior stripe borders are formed by the
Hb and Kni repressors |26, 34]. In kni— embryos, a complete derepression was
seen between stripe 3 and 7 [26]. Furthermore, the mutation of 11 predicted
Kni sites including all footprinted Kni sites in MSE3 caused similar derepres-
sion [34]. Mutations in four predicted Hb sites in MSE3 led to an anterior
derepression of stripe 3 expression [34], suggesting that Hb acts as a repressor
that forms the anterior boundary of eve stripe 3. In transient cotransfection

assays with a CAT (Chloramphenicol AcetylTransferase) reporter containing

10



three Bed and one Hb site, CAT activity increased up to 18 fold compared
to background levels with increasing Bed expression, but only a maximum of
two fold with Hb alone. When Hb and Bed were co-expressed, the CAT re-
porter drove more than multiplicative activation, with as much as a 44 fold
stimulation in CAT activity. These results established the hypothesis that Hb
plays as an activator in MSE2 having Bed sites, but an repressor in MSE3
lacking Bed sites. The phenomenon, in which a repressor is transformed to
an activator by the binding of a coactivator nearby, is called “coactivation” in

this study.

1.4 Non-classical action of eve stripe 2 and 3
enhancers

Since the eve gene was cloned in 1986 [37], investigation of the transcriptional
control of eve has significantly extended our understanding of metazoan tran-
scription. However, in the course of these studies, certain experimental results,
difficult to understand on the basis of the conventional idea of modularized
and autonomous enhancers, were obtained. An example of non-classical action
of enhancers is the expression of stripe 7 driven by the 1.7 kb proximal eve
promoter (1700, Figure 1.1D). The proximal promoter contains MSE2, 1.1 kb
of proximal sequence and 100 bp additional sequence flanking the 5’ end of
MSE2. MSE2 drives stripe 2 expression only and the 1.1 kb proximal pro-
moter does not drive any gene expression by itself in the blastoderm embryo.
However, the whole 1.7 kb DNA drives both stripe 2 and stripe 7 expression.
The generation of stripe 7 gene expression from the combined DNA of the two

fragments is not compatible with the concept of additive action of enhancers—
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transcriptional activities of enhancers are thought to be independent of each
other, thus driving gene expression in an additive manner. Another example
of non-classical enhancer action was found in the embryos bearing a homozy-
gous deletion of S2E [2]. The S2E is defined by two short sequences conserved
between Drosophila species [38]. It contains additional sequences at both ends
of MSE2. Despite the absence of S2E, the EVEAS2E homozygotes drive a
weak, delayed stripe 2. These findings and the transcriptional activities of
eve enhancer fusions, which will be described in the following section, provoke
fundamental questions about the transcriptional control of metazoan gene ex-

pression.

1.5 Enhancer fusions of MSE2 and MSE3

It has been shown that MSE2 and MSE3 can drive normal expression of both
stripes if separated by as little as 155 bp (172 bp with polylinker) or 335 bp
(360 bp with polylinker) of endogenous DNA 3’ of MSE2 or MSE3 respectively,
but drive abnormal expression if these DNA fragments are removed [25]. These
two sequences were commonly referred to as “spacers” even though they are
more than simple neutral spacing elements. In this thesis, I refer to the line
bearing a fusion of MSE3 and MSE2 without the “spacer” as M32, with the
“spacer” as M3 2, a reverse-order fusion without the “spacer” as M23, and
reverse-order with the “spacer” as M2 3 (Figure 1.1D). The M32 fusion is
of particular importance because, in the P-element reporter assay, the stripe
2 expression level increases significantly compared with M3 2. In addition
to the enhanced level of stripe 2 expression, stripe 3 expression is slightly

reduced and the inter-stripe region between stripes 2 and 3 is derepressed
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in M32 compared with M3 2, causing a fusion of the two stripes. In M23,
there is a severe reduction in stripe 2 expression relative to M2 3. It is
worth mentioning that the orientation of the enhancers is the same but the
juxtaposed region in each fusion creates a novel arrangement of binding sites.

Two explanations have been proposed to explain the expression pheno-
type of M32 [25]. First, the increased stripe 2 expression might be caused by
coactivation of MSE3 bound Hb by MSE2 bound Bed. Five footprinted Bed
sites, denoted in a 3’ to 5’ direction as bed-1, bed-2, bed-3, bed-4 and bed-5
were identified on MSE2 and 11 Hb footprinted sites are widely distributed in
MSES3 [6]. As described in Section 1.3, Bed and Hb function synergistically to
activate transcription within a limited range [10, 39, Figure 1.2E]|. Therefore,
it is likely that Hb bound to the MSE3 interact with Bed bound to the MSE2
to augment stripe 2 expression when the two enhancers are directly coupled.
It is known that the elimination of the bcd-1 site, located in the 3’ end of
MSE2, causes a nearly complete loss in stripe 2 expression when MSE2 alone
is assayed in a reporter construct [32]. However, when MSE3 is placed directly
upstream of the mutated MSE2, stripe 2 expression is restored.

Second, Kr bound to MSE2 might be able to act over short distances to
repress stripe 3 expression driven by MSE3 in M32. There is independent
evidence that the repressors which act in MSE2 and MSE3 are “quenchers",
which, as described in Section 1.1, stop activators from functioning within a
range of about 150 bp [12, 11, 40, 41, 42, 43, 44, 45, Figure 1.2C]|. If the two
enhancers are separated by “spacer” sequences, stripe 3 evades repression by
Kr since MSE3 lacks high-affinity Kr binding sites and MSE2 bound Kr is far
from it. It has been shown that a defective MSE2 lacking all three high affinity

Kr-binding sites, one at the 5’ end, one in the middle and one at the 3’ end of
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MSE2, fused to the stripe 3 enhancer restores strong stripe 3 expression [25].
This result suggests that Kr bound at the 5" end of MSE2 may act over short
distances to repress stripe 3 activators. However, it is also conceivable that
the observed stripe 3 restoration is due to the removal of the Kr site located
at the 3’ end of MSE2. It is known that when quenchers are bound within
quenching range of the TSS they can prevent activators from acting at any
range, a phenomenon known as direct repression [46, Figure 1.2D|. The Kr
site located at the 3’ end of MSE2 is within quenching range of the TSS.

In contrast to the M32 fusion, there is no clear hypothesis for the repression
of stripe 2 expression in the M23 fusion. Even though three footprinted Kni
binding sites, termed kni-1, kni-2 and kni-3, were identified at the 5" end of
MSES3, it is not possible to repress the transcriptional activity of the adjacent
MSE2 in M23 because Kni is not expressed in the stripe 2 region. Another
possibility is that Hb bound to the 3’ end of MSE3 represses stripe 2 expression
through direct repression. With respect to M3 2 and M2 _ 3, the “spacers” in
these two fusions may permit the MSE3 and MSE2 to function independently
because the short-range repressors bound to the stripe 2 enhancer work locally
to block stripe 2 expression, but are unable to interfere with distantly located
stripe 3 activators.

Abnormal gene expression seen in the eve enhancer fusions provide strin-
gent mechanistic constraints on transcriptional regulation. This study inves-
tigates these eve enhancer fusions and their transcriptional activities with a
quantitative model approach. In the following sections, I describe the limita-
tions of standard experimental methods and then introduce the quantitative

approach I used in this dissertation.
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1.6 Limitations of experimental methods

Transcriptional control of metazoan genes has been extensively investigated
in the past 30 years. For many developmentally essential TFs, their binding
sites, the binding site arrangements in their target regulatory sequences and
the transcriptional consequences of their activity have been characterized in
deep detail. In addition, recent state of the art technologies generate lots of
different types of data at scales ranging from individual base pairs to genome-
wide. This technology permits us to systematically measure binding affinities
of proteins to DNA, determine site occupancy of TFs in vivo, make 3D map
of genome interaction (3C and its variants), assay methylation, chromatin
marks, and even system-wide RNA levels. Having obtained such an enriched
and informative dataset, the critical phenomena of metazoan transcriptional
control—the precise control of gene expression—is not well understood.
What is missing from current efforts to gain an understanding of the con-
trol of transcription is not in vivo TF data but the fundamental understanding
of the rules which determine whether a particular configuration of bound fac-
tors will activate or repress transcription and to what extent. Because gene
expression is orchestrated by simultaneously operating molecular interactions
taking place on the regulatory DNA between large number of regulatory pro-
teins including TFs, it is impossible to keep track of such complex interactions
by contemporary experimental approaches alone. Furthermore, because many
TF concentrations are variable from nuclei to nuclei, the molecular interactions
must be assayed at nuclear resolution. Therefore, in order to understand the
interplay of multiple transcriptional mechanisms, I utilized a computational
modeling approach with quantitative data on TFs and their transcriptional

outputs at single nucleus resolution.
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1.7 A quantitative model for the transcriptional
regulation

To demonstrate an understanding of transcriptional control, it is necessary to
be able to calculate the transcriptional response of a segment of DNA to an
accuracy comparable to that observed in vivo. Such a calculation will involve
both the DNA sequence and certain parameters determined by training on
data. At the very minimum, given a set of DNA sequences and the expression
patterns driven by them, the model should be able to calculate the observed
expression patterns with a residual error less than or equal to the likely error
of the experimental observations themselves. A statistically significant corre-
lation of the model output with expression data is an inadequate criterion of
correctness—a highly correlated pattern is typically sufficiently different from
wild type that it would cause death if expressed in a real organism. Beyond
this minimal level, a more stringent test is the correct prediction of expression
driven by segments of DNA not used for training. Finally, understanding will
be demonstrated by performing these calculations of transcriptional output on
DNA segments larger than classical enhancers, ideally on an entire locus.

In 2003 Reinitz and Sharp began to address this question by proposing
a model of transcriptional control which contains an explicit thermodynamic
representation of the occupancies of individual binding sites as a function of the
concentrations of the TFs [47]. In a study with Hou and Janssens, this model
was applied to the blastoderm of Drosophila, a syncytium in which transcrip-
tional control operates at an extremely precise spatial level that approaches
cellular resolution. By making use of previously obtained quantitative data on

TF levels [48, 29, 49|, these authors were able to satisfy not only the minimum
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criterion of calculating to within the margins of experimental error in mea-
surements of quantitative gene expression, but also to extend our calculation
beyond well-described enhancers to understand how expression of Drosophila
melanogaster eve stripe 7 was driven by the sequences not present in its “classi-
cal” enhancer. While not included in this thesis, I participated in this study by
experimentally configuring ectopic expression of this construct in Kni mutant
embryo [50, Fig. 5e and f].

Since that time, other modeling studies have been made on certain en-
hancers with small numbers of binding sites [51, 52, 53, 54, 55|. At a larger
scale, Segal and coworkers modeled a set of previously described enhancers
in the Drosophila segmentation system using the the TF dataset employed in
[50] together with E. coli lacZ reporter gene expression obtained from the lit-
erature and digitized in a binary zero/one manner [56]. A more recent study
on this dataset made use of the correlation between data and model output
to compare the roles of different transcriptional control mechanisms [57]. In
both of these cases the calculation of transcriptional output from known se-
quences with trainable parameters resulted in expression patterns containing
large qualitative errors that would be expected to result in in vivo lethality.
In addition, these models were only able to fit gene expression of individual
enhancers, which makes it impossible to investigate how multiple enhancers
act simultaneously in the native context. Finally, these models lack strong
analytic ability due to the large qualitative errors in calculation and the in-
ability to monitor protein-DNA and protein-protein interactions taking place
between individual TF binding sites.

The central contribution of this dissertation is the introduction of an in

silico transcription model which is capable of assaying simultaneous molecu-
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lar interactions taking place on the regulatory DNA, analyzing transcriptional
control at single nucleus, single binding site and even single base pair reso-
lution; and which can predict quantitative levels of gene expression directly
from DNA sequence. I augmented the previously published model from our
laboratory [47, 50|, which represented sequence specific binding of TFs, steric
competition between bound factors, activation, short-range repression, and di-
rect repression, by including coactivation and cooperative binding of TFs to
DNA. By assembling many multi-channel scanned confocal images of embryos
in this embryonic stage, I was able to construct a dataset at cellular resolu-
tion in which the concentrations of TFs and the corresponding transcription
rate for a given gene or reporter in each blastoderm nucleus are determined to
within a relative error of less than 10% [58, 50, 29|. This enables us to treat
the Drosophila blastoderm as an in vivo microarrray in which it is possible to
perform many transcription assays in parallel. These assays were performed
on genes in a native chromosomal context in cells with well defined concen-
trations of TFs that produce markedly different transcriptional outputs from
relatively small changes in TF concentration, resulting in an assay system of
sensitivity and reproducibility unmatched by any tissue culture system I am
aware of. I then challenged this assay system with a family of seven carefully
selected rearrangements of two early acting enhancers, MSE2 and MSE3, and
their native flanking sequences of the Drosophila eve locus. Each rearrange-
ment drives a different expression pattern, and the most informative patterns
driven by the eve enhancer fusions, M3 2, M32, M2 3 and M23 were quan-
titatively compared by transforming all constructs to a common chromosomal
site and quantitatively assaying reporter expression together with the levels of

nine TFs—Bcd, Cad, D-STAT, Dichaete, Hb, Kr, Kni, Gt and TII.
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1.8 Dissertation overview

This dissertation presents a theoretical model that reconstitutes eve transcrip-
tional control in silico by implementing the molecular regulatory mechanisms
that are essential for the expression of eve. The model is then applied to
eve enhancer fusions in order to elucidate the common rules governing the
transcriptional control of eve as well as the Drosophila genome. Chapter 2
presents precise gene expression data from four eve enhancer fusions at single
nucleus resolution. The generation of site-specific transgenic fly lines, RNA
and protein imaging, image processing, quantitation, RNA expression levels of
the fusion constructs and D-STAT protein expression are described. Chapter
3 provides a detailed description of the methodology employed to character-
ize the transcription factor binding information directly from DNA sequence
and the formulation of the in silico transcription system. Subsequent refine-
ment of the model and final modeling results are described. In Chapter 4,
the validation of the model, including two stringent tests—model fitting and
analysis of the prediction of gene expression that was not fitted in the model—
is presented. Chapter 5 presents the results of functional analysis of the eve
enhancer fusions. In Chapter 6, the mechanisms governing conserved gene ex-
pression from S2Es from four Drosophila species, D. melanogaster, D. yakuba,
D. erecta and D. pseudoobscura and two Sepsid species, Sepsis cynipsea and
Themira putris are extensively investigated using the wn silico transcription
system. Finally, Chapter 7 summarizes the findings of this dissertation and

concludes with prospective avenues of further inquiry.
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Chapter 2

Quantitative gene expression data

at single nucleus resolution

2.1 Transgenics, imaging and image processing

Transcriptional output is a quantitative entity. In order to understand the pre-
cise quantitative changes in gene expression, the underlying mechanisms must
be inferred by a quantitative transcription model against concentrations of
TFs and their transcriptional outputs. A critical requirement for testing the
rules is the availability of directly comparable quantitative gene expression
data. The transcriptional rules must be applicable to any regulatory sequence
in the genome, therefore, training the models against quantitative gene ex-
pression of multiple regulatory sequences is key to characterize the universal
rules. Another requirement is that, because nuclei are the fundamental units
of transcriptional processing, these data must be at nuclear resolution.

To acquire quantitative gene expression fulfilling these requirements, I

placed the four fusion reporter constructs M3 2, M32, M2 3 and M23 in a

20



targeted integration site located in the fly genome. Then I performed fluores-
cence in situ hybridization (FISH) in order to visualize the RNA levels driven
by the fusion constructs. Using confocally scanned images of the stained em-
bryos and published image processing procedures, I measured RNA expression

of these constructs at cellular resolution [58, 59, 50, 60].

2.1.1 Generating site-specific transformant lines

The P-element mediated transgenesis technique has been extensively used for
measuring transcriptional output of an enhancer by integrating reporter con-
structs containing enhancers into the fly genome. However, this technique
is not suited for comparing the quantitative gene expression of multiple en-
hancers. P-element recombinase integrates the reporter construct at a random
position in the chromosome, hence the position effect can affect the transcrip-
tional activity of the reporter construct. Therefore, in order to compare gene
expression between the reporter constructs of interest, it is necessary to inte-
grate the reporter constructs into a specific location in the genome, where the
reporters are capable of driving gene expression.

[ utilized the Cre RMCE (Recombinase Mediated Cassette Exchange) tech-
nique [61] to create transformant lines carrying the four fusion constructs, M32,
M3 2, M23 and M2 3, at the same position in the genome. The reporter con-
struct is called a ‘cassette’ because it lies between two recombinase recognition
sites, loz-P and lox2272 in the RMCE vector so that the bacterial sequence
used for the molecular cloning of the vector doesn’t accompany the reporter
in the genome. Absence of the bacterial sequence in the integrated reporter
constructs removes potential interference.

The M32, M3 2, M23, and M2 3 transformant lines were generated by
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excising the EcoRI-Xbal fragments from four eve-lacZ pCaSpeR plasmids [25]
and ligating them into the RMCE vector pBS(KS-+)-lox-white-lox2272 [61] cut
with EcoRI and Spel. Each FEcoRI-Xbal fragment contained an eve enhancer
fragment fused with the basal eve promoter (from —42 bp) and the intact 100
bp untranslated leader and the first 22 codons of the eve gene fused with lacZ
as described [25]. The M32 eve-lacZ pCaSpeR plasmid contains an additional
EcoRI site between MSE3 and MSE2. In this case, the FcoR1-Xbal fragment
was first ligated into the vector, and then after transformation and amplifica-
tion of the product the EcoRI-EcoRI fragment containing MSE3 was cloned
into the RMCE vector after digestion with FcoRI. The correct orientation of
MSE3 in the RMCE vector was confirmed by DNA sequencing. The pCaSpeR
vectors and the RMCE vector were gifts of Stephen Small.

Transformant flies were generated by microinjection of the RMCE plasmid
and Cre expression vector into the embryos of line A13 [61]. This fly line
contains a landing site near 96F on chromosome III. Surviving flies were crossed
to y w and progeny were screened for exchange events, scoring for the loss of y
and gain of w. Recombination events were characterized by PCR amplification
of the exchange junctions. PCR characterization of recombination events was
carried out using the primers land-1 (5-TCCGTGGGGTTTGAATTAAC-3’,
specific to the 5" end of landing site sequence) and cassette-1 (5-GGCAG
TTAGTTGTTGACTGTG-3’, specific to the 5 end of transcript sequence in
the reporter cassette) and yielded a positive product of approximately 1300
bp to 1600 bp, depending on the length of the regulatory DNA in the cassette.
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2.1.2 RNA and protein imaging

To measure lacZ expression driven by the four fusion constructs as well as the
native eve pattern, the transformed embryos were dechorionated—a thick egg
shell, called chorion, of the embryos is removed—fixed and then hybridized
with a Fluorescein (FITC)-labeled lacZ anti-sense RNA probe (Figure 2.1A).
After hybridization, lacZ mRNA is visualized by sequential incubation with
rabbit anti-FITC antibody, followed by fluorescently labeled anti-rabbit an-
tibody. The embryos are simultaneously incubated with guinea pig anti-Eve
(primary antibody) and a fluorescently labeled anti-guinea pig antibody (sec-
ondary antibody) to detect endogenous Eve protein (Figure 2.1A). After an-
tibody incubation, the nuclei are stained using the dye PicoGreen.

The fluorescently stained embryo images were scanned in a confocal mi-
croscope. To generate mutually comparable confocal images between different
transformant embryos, I compared all available constructs with respect to
image intensity and identified a line, M32 attB, with maximal image inten-
sity. Image intensity for each protein and lacZ RNA was standardized against
M32_attB by setting the gain of the microscope so that the brightest pixels
saturate the eight bit photon detector. The standard line was included in all
the experiments done for this study to set the intensity standard. These mea-
sures ensure that the level of gene expression of M3 2, M32, M2 3 and M23

constructs is directly comparable.

2.1.3 Image processing

The confocal images were reduced to a text file containing a list of nuclei, their

coordinates, and the average fluorescence levels of eve protein and lacZ mRNA
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Figure 2.1: FISH and image processing. (A) Schematic view of fluorescence in
situ hybridization procedure. The outermost shell around the embryo, called chorion,
was removed before the following staining process. Black circles attached to the
antibody are fluorescent molecules. (B-E) Image segmentation. (B) Reporter driven
mRNA is visualized with FISH. (C) Magnified image from red square box shown in
(B). (D) Segmented image with nuclear mask. Intense and punctate fluorescent spots
in the nuclei are nascent transcripts. (E) Segmented data. Fluorescent intensity
inside each nucleus is averaged and x and y coordinate indicate the position of the
centroid of each nucleus. (F-I) Data processing. See text for details. (J) Final output
of data processing. Averaged RNA data with corresponding nuclear coordinates are
generated.
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in each nucleus. In order to obtain the average fluorescence levels, individual
nuclei must be identified. Use of morphological watershed segmentation tech-
nique permitted the detection of the nuclei in two dimensional (2D) confocal
images (Figure 2.1B-D). The pixel intensities of each segmented nucleus were
then averaged. (1. Data segmentation, Figure 2.1E). Next, background
staining of RNA signal were subtracted as described [59]. The smoothed data
at this step is only used for estimating background which is obtained by find-
ing individual non-expressing nuclei (2. Background removal, Figure 2.1F).
Then, embryos were classified temporally as belonging to either cleavage cycle
13 (C13), or one of eight time classes (T1-T8) based on the Eve protein pattern
and differential interference contrast (DIC) membrane images, each about 6.5
minutes long, in cycle 14 (C14) before gastrulation. (3. Time classifica-
tion, Figure 2.1F) [62, 29]|. 4. Registration was performed by aligning Eve
expression domains of individual embryo to the Eve dataset, available in the
Flyex database [49], using the wavelet method (Figure 2.1H) [62]. This step
is critical for generating relevant averaged data of Eve and lacZ expression
driven by reporter constructs because a positional variation of expression pat-
terns between embryos makes it difficult to correctly superimpose expression
patterns for averaging. Finally, all data for specific time classes is averaged by
collecting intensities from individual embryos in one hundred bins according
to the Anterior-Posterior (AP) position (5. Integration, Figure 2.1I). Data
from the middle 10% of dorso-ventral positional values of each embryo was
averaged for each time class. These data provide the relative expression levels
of the reporter and eight TFs to 5-10% relative accuracy in each nucleus [29].
The quantitative model used in this study and all following data analysis use

the 1D data from 35% to 92% AP.
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2.1.4 Abolition of position effect

To confirm that the gene expression obtained from the site-specific transfor-
mants is directly comparable, I compared gene expression in two independently
generated transformants for the same construct. I first quantified lacZ expres-
sion level in the two independent P-element lines containing MSE2, also called
1511 to indicate the —1.5 kb to —1.1 kb region of eve. The 1511B line contains
the 1511 construct on the 3rd chromosome and the 1511C line contains the
1511 construct on the 2nd chromosome. Overall, the 1511B line shows higher
expression levels than 1511C (Figure 2.2A). I then also quantified expression
of the two site-specific M32A and M32B lines bearing the reporter at the same
integration site on the second chromosome (Figure 2.2B). The expression lev-
els of M32A and M32B in stripe 2 region are indistinguishable. This result
demonstrates that site-specific transgenesis, in which reporter constructs are
integrated at the same genomic position, permits precise comparisons between

multiple transgenic constructs by eliminating position effect.

2.2 Quantitative RN A expression of fusion con-

structs

2.2.1 M3 2 and M32 gene expression

Quantification of gene expression of M3 2 and M32 at cellular resolution
reveals novel quantitative features and dynamics. In both constructs, overall
gene expression increases until T5 and stripes 2,3 and 7 begin forming at T3.
In M3 2, stripes 2 and 3 are completely resolved at T6 with almost equal

expression levels at the stripe peaks whereas in M32 the two stripes do not
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Figure 2.2: Position effect on reporter construct expression. Middle 10% ex-
pression data with background removed superimposed from multiple embryos bear-
ing P-element transformed or RMCE transformed reporters. The number of embryos
used to generate the expression data shown is given in parentheses in each key, and
black arrows indicate the maximum expression level found in each construct. (A)
Expression of MSE2 in the two independently established P-element lines, 1511B
and 1511A [6]. 1511B bears a reporter construct on the second chromosome and
1511C bears the same construct on the third chromosome. (B) Expression of two
M32 RMCE transformed M32A and M32B lines bearing the reporter at the same in-
tegration site on the second chromosome. The expression levels of M32A and M32B
are indistinguishable.
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become resolved (Figure 2.3). Stripe 2 expression in M3 2 starts declining
after TH while stripe 2 expression in M32 declines after T6. Like stripe 2, stripe
7 expression level declines in M3 2 after T5. However, Stripe 7 expression
maintains its level after T6. A striking feature of M3 2 and M32 data is that
stripe 2 expression shifts posteriorly from T6 to T8 in contrast to wild type
Eve stripe 2, which moves anteriorly [29]. When comparing gene expression
levels, four major differences are observed in M3 2 and M32. In M32, stripe
2 is upregulated by a factor of 3.5 compared with M3 2. In addition to the
enhanced level of stripe 2 expression, the inter-stripe region between stripes 2
and 3 is derepressed in M32 compared with M3 2, causing a fusion of the two
stripes. One interesting observation which has not been reported previously is
that peak stripe 7 expression in M32 is twice that of M3 2. The positions of
the peaks of stripes 2 and 7 are exactly same in M32 and M3 2. In contrast
to stripes 2 and 7, M32 has 70% of M3 2 stripe 3 expression.

2.2.2 M2 3 and M23 gene expression

When the order of enhancers in the M32 construct is reversed with and with-
out 160 bp “spacer” (see section 1.5) in between, completely different patterns
in gene expression are observed (Figure 2.4). In both M2 3 and M23 trans-
formants, stripe 3 expression is much higher than stripe 2 expression after T5.
In M23, stripe 3 expression gradually increases until T7 and stabilizes there-
after. However in M2 3, stripe 3 expression declines after T7. Stripe 2 is not
expressed in M23 until T4, and is expressed at low levels subsequently. Com-
pared to M3 2 and M32, stripe 2 expression in M2 3 is weaker but has the
same dynamics. One of the noticeable features of the M23 data is that stripe

3 forms at T3 while stripe 2 forms at T5. This delayed stripe 2 formation is
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Figure 2.3: Quantitative gene expression of M3 2 and M32. (A) Averaged
gene expression driven by the M3 2 reporter construct in Drosophila melanogaster
embryos. (B) Averaged gene expression driven by M32. Gray and black lines indicate
Eve protein and lacZ RNA respectively. Embryos were classified as belonging to one
of cleavage cycle 13 (T0) or eight time classes (T1-T8) in cleavage cycle 14A (C14A),
each except TO about 6.5 min long.
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Figure 2.4: Quantitative gene expression of M2 3 and M23. (A) Averaged

gene expression driven by M2 3 reporter construct. (B) Averaged gene expression
driven by M23. Other notation is the same as Figure 2.3.
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unusual because in early C14, broad stripe 2 expression is generated first in the
other fusion constructs. Unlike the M3 2 and M32 fusions, the stripe 2 peak
is not shifted to posterior in either M2 3 or M23. Two significant changes
in gene expression are also observed between M2 3 and M23. In M23, stripe
2 expression is decreased by a factor of 0.2 at T6 and stripe 3 expression is

upregulated in M23 compared with M2 3.

2.2.3 Quantitative data analysis

Rearrangements of stripes 2 and 3 enhancers create significant changes in
gene expression. First, all four fusion enhancers do not drive the early broad
expression seen in the native eve gene [29] and 1.7 kb proximal eve promoter
(1700 promoter) [6, 50| (see T1 expression in Figure 2.5A). Second, overall
expression levels of the four constructs decline after time classes 6 through
8 (see T6 and T8 in Figure 2.5A). Once the level of gene expression in each
stripes’ peak reaches maximum, all of them begin declining except M23. In the
case of M3 2 and M2 3 at T7, a slight increase in gene expression is observed
in the peak stripe 2 region, however it is obvious that the gene expression in
T8 significantly drops compared with T6. Stripe 2 expression in M23 is too
weak to compare to the expression of other stripes (Figure 2.5A). It is worth
noting that the time when stripes 2, 3 and 7 reaches maximal expression is
stripe and construct dependent. The growth curves of expression at the stripe
peaks are also different between constructs (Table 2.1).

The most dramatic difference in gene expression among the four fusion
constructs is observed in the stripe 2 region of M23 and M32. Simply plac-
ing the stripe 2 and 3 enhancers in reverse order without a “spacer” increases

gene expression up to twenty one times at time class T6 (Table 2.1). Another

31



M3 2| M32 | M2 3| M23
Peak stripe 2 at T6 (v1) 27.44 | 95.46 | 12.8 | 4.55
Relative ratio to peak the minimum 6x 21x 2.5x 1x
Peak stripe 3 at T6 25.02 | 17.57 | 33.43 | 42.72
Relative ratio to peak the minimum 1.4x 1x 2x | 2.4x
Peak stripe 3 / stripe 2 1x | 0.2x 2.7x | 9.4x
Peak stripe 2 position at T6 (% EL) 41% | 41% 41% | 41%
Peak stripe 2 position at T7 41% | 42% 41% | 41%
Peak stripe 2 position at T8 42% | 43% 41% | 42%
highest expression level time class T5 T6 T5 T5
Decline after reaching maximum Yes* Yes Yes* | Yes*
Peak stripe 3 position at T6 49% | 49% 50% | 49%
Peak stripe 3 position at T7 49% | 49% 49% | 49%
Peak stripe 3 position at T8 49% | 49% 49% | 49%
highest expression level time class T6 T6 T7 T8
Decline after reaching maximum Yes Yes Yes -
Peak stripe 7 position at T6 81% | 81% 80% | 80%
Peak stripe 7 position at T7 79% | 81% 80% | 80%
Peak stripe 7 position at T8 79% | 81% 79% | 80%
highest expression level time class T5 T8 T7 T8
Decline after reaching maximum Yes - Yes -

Table 2.1: Summary of quantitative data analysis.
* Small fluctuations in gene expression, 10%, 5% and 15% of the maximum peak level

respectively, are observed.

32



A Time class 1 Time class 6 Time class 8 B

120, (10) - (16) | (13)

100 4 7

801 56 L

60 - H

% I

N ; — 7/\/\ ‘ yn N
0

ve 9

158: A U "
80 o

ok /\/\/ /
A /N A A\

Eve (6) (16) (8)
120 [ —m™23 r r
100 F
80

Relative [MRNA]

"B E
)
%

60
40
20

Eve (8) | (15) | (18)

1201 [ —m23
100
80 /

60 -

a0l L /

20+ H

—_—

40 50 60 70 80 90 40 50 60 70 80 90 40 50 60 70 80 90
A-P position (% EL)

Figure 2.5: Integrated expression data from four fusions. (A) Quantitative
expression data for Eve protein and 4 fusion constructs, obtained from the area shown
in the white rectangle in B. T1, T6 and T8 data are shown here. The numbers in
parentheses are the number of embryos used to generate the averaged expression
profiles of each time class. Arrows indicate regions of major alteration in gene
expression after spacer removal. (B) lacZ mRNA expression from individual embryos.
4 fusion constructs and their gene expression at T6 are shown.

dramatic change in gene expression occurs in between M3 2 and M32. Re-
moval of the 350 bp “spacer” between MSE3 and MSE2 increases level of gene
expression by a factor of 3.5 compared with M3 2. Despite the significant
changes in gene expression, the peak of stripe 2 is located at exactly same po-
sition, 41% EL, at T6. This observation raises an interesting question about
the robustness of the peak stripe 2 position.

Temporal analysis of gene expression reveals a dynamic shift of the peak
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position in stripe 2 expression. During the time between T6 and T8, the
position of the peak of stripe 2 shifts to the posterior except in the M2 3
construct while wild type Eve stripes are shifting to the anterior (Figure 2.5A).
Shifting peak position is most significant in M32 (Table 2.1). On the other
hand, the position of peak stripe 3 remains constant except in M2 3 and the

position of the peak of stripe 7 remains constant except in M3 2 and M2 3.

2.3 Quantitative D-STAT protein expression

In previous work, quantitative data of seven trans-acting factors—Bcd, Cad,
Hb, Kr, Kni, Gt and T1l, from our Flyex database [49]—was required to model
stripe 2 and weak stripe 7 expression [50|. However, as described in Section 1.5,
the model of the four fusions, M3 2, M32, M2 3 and M23 requires the con-
centration of an additional TF, the Drosophila homolog for mammalian STAT
(Signal Transducer and Activator of Transcription), also called D-STAT92E
(D-STAT at 92E region of chromosome 3) or just D-STAT. It is well known
that the Hop-D-STAT pathway is required for optimal expression of stripe
3 [63, 26]. The minimal stripe 3 element (MSE3) contains two footprinted
D-STAT binding sites, which are surrounded by five Kni and eleven Hb foot-
printed binding sites. Small and colleagues suggested that stripes 3 and 7 are
formed by one or more ubiquitously distributed activators including D-STAT
and the anterior and posterior borders of stripe 3 are established by the Hb
and Kni repressors, respectively [26].

In order to obtain the D-STAT expression data, I utilized anti-D-STAT
antibody (a gift from Dr. Erika Bach) to measure D-STAT expression in the
blastoderm stage of Drosophila embryo. It has been reported that D-STAT
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Figure 2.6: Development of D-STAT expression. D-STAT protein is visualized
with anti-D-STAT antibody staining. Embryos shown are laterally aligned. D-STAT
is not detected at C11 but is expressed ubiquitously at C13 and early C14A.
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Figure 2.7: Quantitative gene expression of D-STAT. 6, 7, 8, 8, 7, 5,9, 10 and
9 embryos were used to generate the averaged expression profiles of C13 and C14
from T1 to T8 respectively.

is activated by JAK mediated tyrosine phosphorylation and only activated D-
STAT forms a dimer and translocates to the nucleus [64]. Even though the
antiserum does not specifically binds to tyrosine phosphorylated D-STAT, I
was able to obtained approximate functional D-STAT expression data because
our standard segmentation method restricts the quantitative measurement of
expression levels to the nuclei of a Drosophila embryo.

It is known that D-STAT mRNA is present in the egg at the time of fertil-
ization and is translated early in development [35]. At the cellular blastoderm

stage, a weak seven-stripe mRNA pattern is seen, with the weakest staining at
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stripe 5. After gastrulation, a 14 striped segment polarity pattern is seen [36].
However, quantitative D-STAT protein data reveals that unlike its mRNA pat-
tern, the D-STAT protein has a four striped expression pattern with no clear
inter-stripes (Figure 2.6). Expression levels gradually increase from C13 until
T3 and start decreasing thereafter (Figure 2.7). The level of D-STAT expres-
sion in the presumptive germ band significantly drops at T7 and is reduced
below C13 levels at T8. In contrast, D-STAT expression at the anterior pole
starts to increase after T4 and reaches maximal expression at T8. On the
other hand, the expression in the posterior tip is strongly downregulated after
T4. There is an additional domain of repression located between the anterior
tip and the four striped expression. Expression in the approximate location
of eve stripe 1 gets narrower after T6 and forms clear anterior and posterior
borders. By T8, D-STAT is only expressed at the anterior pole and in a stripe
around 35% EL.
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Chapter 3

Construction of an in stlico

transcription system

Quantitative gene expression data of the four fusion genes, in which the expres-
sion levels are dynamically changing in several hundred nuclei, provides rich
and highly informative transcriptional cues with which to characterize the rela-
tionship between transcription input and its output. I constructed an in silico
transcription system as an assay tool to quantitatively measure the molecular
interactions taking place on the regulatory DNA and the rules governing the
transcriptional control. The in silico transcription system takes three inputs:
regulatory sequences of interest, quantitative protein concentration profiles of
TFs that are known as regulators and binding sequence information to predict
the binding site position of the TFs and their binding affinity. Construction
of the in silico transcription system is achieved in the following steps. (1)
Formulation of a mathematical modeling framework. (2) Fitting the model
to gene expression data to obtain the parameters. (3) Comparison between

model-calculated gene expression and observed gene expression. (4) Parame-
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ter analysis. (5) Prediction of gene expression driven by regulatory sequences
that were not used in the training set. (6) If the visual inspection of the re-
sult of the model and observed RNA data or parameter analysis or prediction
results indicate missing mechanism(s), add the mechanism(s) and go to step
(2). (7) Functional analysis of the regulatory sequences with the resulting
transcription system.

I employ a theoretical model that is intermediate between a content-based
picture in which only the number of binding sites for each factor in an en-
hancer is significant [65], and, on the other hand, a grammar-based approach
in which a precise arrangement of binding sites is required for regulatory func-
tion [66]. In our model, the physical arrangement of binding sites is quite
important, but the rules are sufficiently flexible to permit many solutions,
reflecting the observed variability in binding site arrangement. Four design
principles guide the formulation of the model. First, a minimal set of regula-
tory mechanisms that are essential for the transcriptional control of the eve
stripes 2, 3 and 7 are determined and implemented numerically. Second, I con-
struct the model in such a way that the mechanisms operate simultaneously.
Third, the mechanisms are nonetheless separable and removable so that the
relative contributions of each mechanism can be visualized as can the conse-
quences of removing a specific mechanism in silico. Fourth, I perform a full
thermodynamics calculation to find the fractional occupancy of each binding
site. Dynamic programming approaches are more computationally efficient
but calculate summed fractional occupancies [56, 57|. Calculating with the
the fractional occupancies of individual binding sites rather than their sum
allows us to determine the contribution of each TF, binding site, and even

nucleotide to gene expression.
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3.1 Determination of missing essential mecha-
nisms

The theoretical model was refined by a series of in silico experiments. Taking
the elegant work of Janssens and colleagues [50] as a starting point, I extended
the model by adding essential mechanisms for eve regulation to meet the mini-
mum experimental results. In this section, I describe the determination of the
newly added molecular mechanisms and their contribution to model fitting. I
then describe the complete in silico transcription system, its fitting method

and the modeling results in the following sections.

3.1.1 Coactivation of Hb by Bcd

Hb bound to MSE2 is known to behave as an activator [10, 6, 32]. The fact
that mutation of the Hb binding site in MSE2 dramatically reduced stripe 2
expression and other experimental results support that idea. However, it is also
known that Hb acts as a repressor when it binds to MSE3 |25, 26]. Because the
four fusion constructs contain both MSE2 and MSE3, I implemented the Bed
mediated coactivation of Hb [10, 6, 25, 67| in the initial in silico transcription
model.

After the coactivation mechanism of Hb by Bed is added, the model was still
not able to correctly calculate the observed RNA data of M32 (Figure 3.1A).
When MSE3 and MSE2 are fused in M32, two footprinted Bed binding sites
located at the 5" end of MSE2 become close to the footprinted Hb binding sites
at the 3" end of MSE3. As described in Section 1.5, it had been proposed that
the Hb bound to the sites in MSE3 might synergistically activate transcription
by MSE2 bound Bed mediated coactivation [25]. However, it is known that

40



PWM based K model (T6) Independent K model (T6)

200
= RMS =11.94 = RNA (M32) RMS = 3.90
= - = model »
= 150
€
—- = = 15.6
a>) 100 10.8
- K(e-3) 5.1 K(e-3)
©
< 50 0.2 =
i > BSL—A-& n

0 | | ! | | | |
40 50 60 70 80 90 40 50 60 70 80 90

A-P Position (% EL)

Figure 3.1: Model suggests Bcd cooperativity,. PWM score based K model
utilizes PWMs for predicting binding affinities of all TFs used in the model. Inde-
pendent K model freely determines the binding affinities of Bed sites during fitting
the observed data. The boxes in the two panels show the binding affinity differences
between PWM score based K and independent K models. The PWM score based
K model fails to recapitulate the increased stripe 2 expression driven by M32. The
independent K model prefers to have strong binding affinities for the two Bed sites,
bed-4 and bed-5 to recapitulate the increased stripe 2 expression accurately.

the binding affinities of the two Bed binding sites, bed-4 and bed-5, are weak
compared to the binding affinity of the bed-1 site located at the 3" end of MSE2
[6]. T reasoned that Bed might bind cooperatively on the bed-4 and bed-5 sites
(Figure 5.4) in vivo so that the Bed bound to the bed-4 and 5 is sufficient to
drive the strong synergistic activation with the Hb bound to the sites in MSE3.
There are several lines of evidence supporting the distance dependent pair-
wise cooperativity between two Bed proteins on DNA [6, 7, 8, 9]. I first tested
the possibility of cooperative interaction by modeling the M3 2 and M32
gene expression with free Bed binding affinity parameters. In this model, the
binding affinity of Bed sites are not calculated using the corresponding position
weight matrix (PWM), a standard method of a binding affinity calculation used
in this study (see Section 3.2.1 for details). Instead the model freely determined
the binding affinity K for each site independently during the model training.
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The independent K model was able to successfully recapitulate the increased
stripe 2 expression of M32 and, as expected, a strong binding affinity for bed-4
and bed-5 site was observed in the model (Figure 3.1B).

3.1.2 Cooperative binding of Bed

With this result and the experimental evidences, I implemented pairwise co-
operativity of Bed in the model with the following algorithm for finding coop-

erative pairs:

Find the strongest Bed binding site in a given construct.

Find the strongest remaining Bed sites within the cooperativity range.
Pair the Bed binding sites if exists.

Find the strongest Bed binding site not yet considered or paired.

SANEE N o

Go to step 2 until all Bed sites are considered or paired.

The pairing algorithm is inspired by Johnson and Burz’s work [68, 9]. John-
son showed that repressors bound to the three operator sites, Ogl, Og2 and
ORgr3, located in the Pgry;/Pgr promoter region in the A phage genome, interact
only in a pair-wise manner [68]. The experiment demonstrated that repressor
bound to Og2, the second strongest binding affinity site, always interacts with
the repressor at Ogrl, the strongest binding affinity site, instead of interact-
ing with Or3 under DNasel footprint assay [68]. When the highest binding
affinity site Ogl and adjacent site Og2 are intact, fractional occupancies of
both sites were increased. However, the repressor occupancy at Or3 which
is to the left of Or2 was exactly the same as that of DNA containing Og3

alone. Nevertheless, if Or1 is inactivated by a mutation, Og2 instead coop-
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Figure 3.2: Addition of Bcd cooperative binding. Implementation of pair-wise
Bed cooperativity improves fitting quality of the model. Note that stripe 7 expression
was not completely recapitulated when the Bed cooperativity is added in the model.

erates with Or3. These experiments taken together strongly support the five
step algorithm given above.

In addition to A repressor, independent experiments have indeed demon-
strated pairwise cooperativity between Bed molecules bound to nearby sites
in vitro [8, 9]. Remarkably, the cooperative interaction has a range of at least
41 bp, the center to center distance between the Al and X1 sites in the hb
promoter [8]. Given the absence of a well defined upper limit for the range of
cooperative interactions of Bed, I chose a 60 bp range for the studies presented
here, although a shorter range did not affect the quality of fit (Table B.1, Model
2). When I allowed the cooperative interaction of Bed, together with Bed-Hb
coactivation, the model significantly improved the quality of the calculation of

gene expression (Figure 3.2) with a small defect in stripe 7 expression.
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3.1.3 Cad mediated coactivation

Unlike other stripes, it was observed that stripe 7 expression was not properly
formed during early simulation (see Figure 3.1, Figure 3.2 and Figure 3.3). In
order to investigate stripe 7 expression, I tried to model gene expression of
MSE3 (the “3/7” enhancer) with the in silico transcription system containing
the Bed cooperative binding and Bed-Hb coactivation mechanisms. MSE3, a
part of the four fusion constructs, drives expression of stripes 3 and 7 [24, 25,
26]. The model trained with the newly added MSE3, in addition to the fusion
constructs, failed to calculate proper stripe 7 expression (Figure 3.3A).
Inspection of the MSE3 enhancer reveals an intriguing binding site arrange-
ment of Hb. More than 11 footprinted binding sites are tightly clustered in
MSE3. The DNasel footprint assay shows that MSE3 does not contain Bed
footprinted binding sites. In the absence of coactivating Bed, Hb sets the an-
terior border of stripe 3 expression by repressing the transcriptional activity
of MSE3 [26]. In the region of stripe 7, the concentration of Hb is much higher
than its concentrations in the stripe 3 region (Figure 3.3), therefore MSE3
must require strong activation input to overcome the Hb mediated repression.
I considered Cad mediated activation as a strong candidate for the additional
activation input. Cad is a maternal and zygotic factor that gradually reaches
its highest concentration around stripe 7. Cad can, therefore, provide an ad-
ditional activation input to the posterior region including stripe 7. It has been
suggested that eve stripe 7 expression is driven by different activator(s) in-
stead of D-STAT [63, 69]. Furthermore, more direct experimental evidence
supports the possibility of Cad mediated activation of stripe 7 expression [70].
However, how does the same MSE3, the activity of which is strongly repressed

by Hb at the anterior border of stripe 3, can activate stripe 7 expression in the
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Figure 3.3: Model suggested Cad-Hb coactivation. (A) Cad mediated Hb
coactivation is not activated in the model. MSE3 fails to drive stripe 7 expression in
the model (see black arrow). (B) Cad mediated Hb coactivation is activated in the
model. Stripe 7 expression is successfully recapitulated. Light blue area indicates
Hb protein profile. Compare the Hb concentrations at the peaks of stripes 3 and 7
respectively.

presence of even higher Hb concentration? The fact that the stripe 2 activa-
tors cannot activate gene expression in the presence of high concentrations of
repressors bound to MSE2 suggests that, in order to drive stripe 7 expression,
the Hb mediated repression needs to be removed. A possible scenario is that
Cad might provide the required strong activation by coactivating Hb bound
to MSE3. Having coactivation of Hb by Cad enabled, the model was able to
calculate the gene expression of stripe 7 in the fusions and MSE3 accurately
(Figure 3.3B). This result supports the hypothesis of coactivation of Hb by
Cad for eve stripe 7 expression.

In summary, these results suggest that three regulatory mechanisms—
coactivation of Hb by Bed, pair-wise cooperative binding of Bed and coac-
tivation of Hb by Cad—are essential for modeling the expression of eve stripes

2, 3 and 7. Hence, I extended the previous model by incorporating the these
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regulatory mechanisms. In addition, in order to calculate the fractional occu-
pancies of individual binding sites, a PWM based binding site prediction and a
full thermodynamics calculation are incorporated. The in silico transcription
system constructed in this dissertation contains representations of thermody-
namic protein-DNA interactions including steric interference and cooperative
binding, short range repression, direct repression, coactivation and activation

synergy. I will now describe it in full technical detail.

3.2 The n stlico transcription system

The first step for the in silico transcription model is to identify the position
of TF binding sites (TFBSs) and calculate their relative binding affinities in a
given regulatory DNA. A TF can bind specifically to various short stretches of
DNA with different binding affinities. For example, Bed, a homeodomain TF
in Drosophila melanogaster, can bind to at least 48 different motifs. The zinc
finger TF Hb is able to bind to about a hundred different motifs in vitro [71].
A consensus sequence approach identifies some putative TFBSs for a certain
TF in regulatory sequences by comparing the sequences in a sliding window
with the canonical motif or a subset of the motifs for the TF. However, the
consensus sequence approach can only identify TFBSs in a qualitative manner
and does not provide any information about the binding affinity of the vari-
ants of a canonical motif. An alternative to the consensus sequence approach
is to utilize a PWM (position weight matrix), also called a PSSM (position
specific scoring matrix) |72]. To date, the PWM is the most commonly used
representation of functional binding site motifs because it makes possible to

both identify TFBSs and estimate relative binding affinity. The in silico tran-
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scription system utilizes the PWM approach in order to calculate binding site

positions and their binding affinity directly from DNA sequence.

3.2.1 Generation and selection of PWMs

The idea of PWMs was first formulated by Stormo and colleague [73|, then
refined by Berg and von Hippel by utilizing thermodynamics to show that
the PWM score was proportional to the Gibbs free energy of binding [74].
A key assumption of PWMs is that the individual base pair contributions to
the free energy of a ligand binding to its site are independent and therefore,
additive [72]|. It was hypothesized that multiple bases in a ligand binding site
could interact with the ligand and that the total Gibbs free energy AG of a
ligand binding to its site is the sum of all the contributing interactions [72].
The essential assumption lying behind the calculation of the individual base
pair contributions is that the probability of finding a given motif in the sam-
ple depends on its free energy of binding through the Boltzmann distribution
exp(—AG/kT). This quantity in a chemical context is simply the binding
affinity K. In a statistical context, it can be interpreted as inversely propor-
tional to the odds that a particular binding site would be identified as specific
when it is in fact non-specific. For that reason, the individual base pair con-
tributions to the free energy are calculated by taking the log-odds score of the
base frequency in the motifs [74]. In this thesis I will, for clarity, always inter-
pret the sum of all the contributions (called PWM score) as being proportional
to the AG of binding. To obtain the PWMs for regulating TFs, three steps
were taken: 1) Alignment of functional binding site sequences. 2) Generation
of PWMs. 3) Selection of PWMs. Each of these steps is described in detail in

the following sections.
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Generation of PWMs

High quality PWMs require a fairly large sample of specific functional bind-
ing sites to provide reasonable predictive accuracy [74]. SELEX (Systematic
Evolution of Ligands by EXponential enrichment) based data is suitable for
fulfilling that requirement. SELEX is a method to enrich a population of
bound DNAs from a random sequence pool, each of which is typically 16-24
bp in length, by successive rounds of the following steps. First, DNA-protein
binding reaction. Second, PCR amplification of bound DNAs. Third, a por-
tion of the PCR-amplified DNA from previous round of SELEX is used as the
starting DNA probe pool for the next round of SELEX [75].

I obtained SELEX derived 16 bp long TF binding sequences, a courtesy of
Dr. Mark Biggin, for Bed, Cad, Hb, Kr, Kni and Gt from the BDTNP (Berke-
ley Drosophila Transcription Network Project) database (http://bdtnp.lbl.gov/).
Then I searched binding site motifs for each TF in SELEX data using the
MEME (Multiple Expectation Maximization for Motif Elicitation) software
[76]. MEME is a widely used tool for searching for motifs in sets of DNA
or protein sequences [76]. MEME scans each binding site sequence with a
variable length scanning window and determines whether the sequence in the
scanning window is a motif or background sequence using the EM (Expecta-
tion Maximization) technique |77]. The major advantages of MEME are that
it adaptively estimates the best motif width in a given range and discovers
motifs with high accuracy [78]. MEME generates multiple frequency matrices,
which record the position-dependent frequency of each nucleotide in motifs,
if more than two distinctive sets of motifs are found. I generated a family of
PWNMs with different widths for each of these TFs by running MEME v.3.0.4

with parameters “-evt 0.001 -dna -nmotifs 10 -minw A -maxw B -nostatus -
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mod zoops -revcomp” on different selection rounds of the SELEX data, with
A equal to 8 and B usually set to 12 unless the results were unsatisfactory,
in which case I increased it to values up to 15. I obtained multiple frequency
matrices for all of the six TFs. Each frequency matrix was converted into

position weight matrix using the following equation:

mij = In(pa(i, j)/pre(d)), (3.1)

where m; ; indicates an element at the ¢, j position in the PWM matrix. p,(7, j)
indicates the probability of observing base j at position ¢ of a binding site for
TF a and ppg(j) is the genome-wide frequency in Drosophila melanogaster,

called the background probability of base j.

Selection of PWMs

MEME adaptively estimates the motif with a variable length scanning win-
dow. It is common that more than two distinctive sets of motifs are found.
Consequently, multiple PWMs are generated for each TF. For example, 7 Bed
PWDMs were generated from the SELEX data and 12 PWMs for Gt. I evalu-
ated the multiple PWMs with two criteria, the recovery rate and false positive
rate. The recovery rate of a PWM is the ratio of the number of recovered
footprinted sites by the PWM over the total number of footprinted sites. The
false positive rate of a PWM for a TF is the ratio of the number of inert
sequences, which are predicted as binding sites by the PWM, over the total
number of inert sequences for the TF binding. These inert sequences were
a total of fifteen segments of sequence (20 bp each) from the eve transcript
which show no peaks on ChIP-Chip assays [79], and unprotected sequences
located between known footprinted sites, which is TF dependent. Then the
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best PWM for each TF was selected as follows.

With the threshold set to zero, I discarded all PWMs that failed to detect
more than 70% of known footprinted sites by extending each site by 5 base
pairs of genomic sequence on each side and considering the highest score of the
extended site. From the remaining PWMs, I selected the one that gave the
smallest number of false positives. The result, summarized in Table 3.1, led
to the selection of Bed, Hb, Kr, and Gt sites from the SELEX derived PWMs.
However, the best SELEX-derived Kni and Cad matrices failed to meet the
criterion. One SELEX-derived Kni matrix recovered 100% footprinted sites,
however its false positive rate is also extremely high at 97%. The best Cad
matrix recovered only 61% of the footprinted sites.

In the cases for which BDTNP SELEX-derived PWM were not available or
if the SELEX-derived PWM failed to meet the quality criterion for a specific
TF, I compared at least two independent PWMs which are publicly available
[80, 81, 71, 56, 82, from Dr. Dmitri Papasenko| for each TF and chose the
PWM that gave the best result. For Kni, Cad, and Dichaete, I utilized bacte-
rial one-hybrid PWMs [82]. These matrices recovered 75%, 76%, and 100% of
the footprinted binding sites respectively with a reasonably low false positive
rate (see table 3.1). For D-STAT, both the one-hybrid PWM [82] and the SE-
LEX PWM obtained from Dr. Dmitri Papasenko (http://line.bioinfolab.net/
webgate /help /dxp.htm#D-stat-223) meet the requirements. I chose the SE-
LEX PWM for this study because the Papasenko SELEX PWM predicted the
relative binding affinity of two sites in MSE3 more accurately. For TIl, the
PWM used was from a published source [81]. The Tll PWM shows an high
recovery rate (94%) and a false positive rate that is lower than that of the

footprint-derived PWM from the Drosophila DNase I Footprint Database [71].
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This work Berman et al. | Segal et al.
Bcd 79% (38/48) | 100% (48/48) 58% (28/48)
8% (3/35) 42% (15/35) 14% (5/35)
Cad 76% (10/13) | 100% (13/13) 69% (9/13)
15% (4/26) 100% (26/26) 19% (5/26)
D-STAT | 100% (3/3) N/A 0% (0/3)
17% (3/17) N/A 17%(3/17)
Dichaete | 100% (4/4) N/A N/A
22% (4/18) N/A N/A
Hb 87% (90/103) | 98% (101/103) | 86% (89,/103)
3% (1,/26) 19% (5/26) 0% (0/26)
Kr 5% (34/45) | 86% (39/45) 86% (39/45)
6% (1/15) 26% (4/15) 40% (6/15)
Kni 5% (25/33) | 84% (28/33) 42% (14/33)
21% (9/42) 59% (25/42) 28% (12/42)
Gt 5% (6/8) N/A 62% (5/8)
6% (1/15) N/A 20% (3/15)
Tl 94% (35/37) | N/A 70% (26,/37)
63% (23/26) | N/A 52% (19/36)

Table 3.1: Comparison between PWMs. For each TF, the top row is the recovery
rate of footprinted sites and the bottom row is the rate of false positives.
dissertation work, SELEX data derived PWMs were used for Bed, D-STAT, Hb, Kr
and Gt. Bacterial one hybrid data derived PWMs were used for Cad, Dichaete and

Kni. Gibbs sampling data derived PWM were used for TII.
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However, the false positive rate for T1l (63%) is notably higher than that of the
PWNMs for other TFs. All PWMs used in the model are listed in Appendix C

and Table 3.1 summarizes the performance of the PWMs.

3.2.2 Implementation of the model equations
TF binding to DNA

The central players of transcriptional regulation are sequence-specific TFs that
bind to DNA. The position of a TF binding site and its binding affinity are
determined by a frequency matrix normalized to a position weight matrix
(PWM; Figure 3.4, Eq. 1). In this equation, p,(k — m,j) is the probability
of finding base 7 (j € {A,C,G,T}) at the kth position of a possible binding
site for ligand a that extends from base m on the 5’ side to base n on the 3’
side, and py,,(7) is the expected frequency of base j in D. melanogaster. When
convolved with sequence, the score Sj, n.q of the PWM on the sequence is
proportional to the free energy of binding [83], and can be exponentiated to
obtain the binding affinity K, ,.q of ligand a at site 4. This is shown in
Figure 3.4, Eq. (2), where S** is the maximum possible score and A, is
the proportionality constant to free energy. I include a binding site in the
calculation when its score is above a certain threshold. This threshold can be
determined with different degrees of accuracy for each TF depending on the

quality of the data used to construct its PWM (See section 3.2.1).

Fractional occupancy: competition and cooperativity

In order to calculate the fractional occupancy fipm n;q of TEF @ bound at a site ¢

that extends between m and n bp from the TSS, it is useful to first determine
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1. TF binding to DNA
Input: DNA sequences + concentrations of transcription factors(v) + PWMs(p)
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Figure 3.4: Model equations: TF binding to DNA. The model equations for
binding site prediction (Eq. 1 and 2), cooperative and competitive binding (Eq. 3)
and fractional occupancy calculation (Eq. 4) are shown together in a flow diagram
with cartoons of each mechanism on the left and an example application in blue
with 5 TF binding sites. Subgrouping process partitioning the binding sites into
independent binding groups allows faster computation without losing accuracy. In
the example, we set the range of quenching to 20 bp.

the effects of interacting configurations ¢ of TFs in terms of their weights w(c)
(Figure 3.4, Eq. 3). These weights depend on TF concentrations v,, which

in our dataset are in units of relative fluorescence v from confocal scans. To
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convert to true concentration units I multiply by a free parameter A, to ob-
tain v,. There are two types of interacting configurations. Some TF binding
sites overlap or are closely placed. Overlapping sites lead to competitive bind-
ing by steric hindrance. I implement this phenomenon whenever sites overlap
based on their averaged size determined from DNase I footprints. A second
type of interaction has the opposite effect. Two adjacent sites may support
cooperative binding, in which the free energy of binding of two simultane-
ously bound factors is greater than the sum of the free energies of them each
binding separately [68, 84|. Transforming free energies to binding affinities,
the nonadditive free energy term becomes a multiplicative factor Keoop(k, h),
where k and h are two interacting binding sites (Figure 3.4, Eq. 3). I imple-
mented cooperativity only when there is independent evidence for it, which is
currently the case only for Bed [8, 9]. I allow the strongest Bed binding site
to interact cooperatively with the strongest remaining Bed site within 60 bp
(see Section 3.1.2), and repeat these assignments with the remaining sites until
all pairwise cooperative interactions are assigned. With these mechanisms in
hand, I use the concentration of TF a and other competing or cooperating
TFs to calculate the fractional occupancy fipnn.a (Figure 3.4, Eq. 4). We
do this by summing the weights w(c) for all configurations ¢ in which site i
is occupied by a. I then normalize against the sum Zg of all weights w(c) in
group S, ensuring that for each site fj, n.q is between 0 and 1. As shown in
the example associated with Eqgs. (3) and (4) of Figure 3.4, each interacting
group can be treated independently.

Note that the quantities f; n;q are fully deterministic intensive thermo-
dynamic variables akin to concentrations. Although frequently derived from

statistical mechanics [84| or even the Chemical Master Equation [85], they
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2. Protein-Protein interactions
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Figure 3.5: Model equations: protein-protein interactions. The model equa-
tions for coactivation (Eq. 5), short-range quenching (Eq. 6), direct repression (Eq.
7), adaptor factor recruitment (Eq. 8 and 9) and activation synergy (Eq. 10) are
shown together in a flow diagram with cartoons of each mechanism on the left and
an example application in blue with 5 TF binding sites.

can also be derived from elementary considerations of equilibrium and stoi-
chiometry [86]. Although fijm na is frequently interpreted as the probability
of finding ligand a bound at site 4, it is more accurate to view this quantity
as the time averaged occupancy of site ¢ by a. I thus assume that the binding
states of the TFs that we explicitly consider equilibrate quickly compared to

the time scale of changes in gene expression.
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Coactivation

Once I have calculated f;, I calculate the effects of protein-protein interactions
(Figure 3.5). A TF b bound at site k acting on a TF bound at site ¢ by mech-
anism X will be characterized by a parameter E;* between 0 and 1 denoting
the strength of b’s action and a function 0 < xz(d;x) < 1 of the distance in
bases between sites k£ and ¢ which controls the range at which the mechanism
acts. The equations representing each mechanism are written such that they
have the property that biological function can reside in multiple binding sites.
I classify TFs as repressors or activators based on independent experiments.
In what follows, f; with no superscript denotes the physical fractional occu-
pancy of site i. I write f/* to denote the fractional occupancy of an activator
and fiQ to denote the fractional occupancy of a quencher. I then allow for the
possibility of coactivation, in which a repressor is transformed to an activator
by the binding of a coactivator nearby. There is evidence that Bed coactivates
Hb in this manner [10, 39|, as does Cad (see Section 3.1.3).

I represent coactivation as shown in Figure 3.5, Eq. (5), where EY rep-
resents the coactivation efficiency of a coactivator b and the dependence of
coactivation on distance is given by ¢,(d;;) that equals 1 for d < D; and 0
for d > Dy, with linear interpolation between these points (Figure 3.6B). I set
Dy = 1.1D; so that only one free parameter is added when coactivation dis-
tance is not fixed. For Bed, I allow Dy = DY 4 to vary within a range tightly
constrained by experimental observations. If DS 4 were less than 150 bp, the
distance between two closest sites of Bed bound to MSE2 and Hb bound to
MSE3 in the M32 construct, the Hb bound to MSE3 would repress stripe 2
(Figure 3.6C). If, on the other hand, the distance were longer than 200 bp, a
“spacer” of 160 bp would not suffice to make MSE2 and MSE3 independent
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Figure 3.6: Repression and coactivation functions. (A) The short range re-
pression function gy(d;x). (B) The coactivation function c(d;;). D1 and Dy are
indicated. Key binding sites used for establishing the coactivation range of Bed in
M32(C) and M2 _3 (D) are shown. Bed and Hb sites are in red and cyan respectively.
Some sites are labeled by name. See Figure 5.4 for a diagram of all sites.

in M2 3 (Figure 3.6D). Training runs gave very constrained values of DS
that ranged from 158 to 165 bp (Table B.1). In contrast to Bed, there were no
independent constraints on the range of the parameter D; = D§ . for Cad,
so we allowed it to vary from 10 to 200 bp. I constrain the activating and
repressing activity of a coactivation target to the sum of the total physical

fractional occupancy.
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Short-range quenching and direct repression

The gap genes are short range repressors that act when bound within 150 bp
of activators [43], a fact that I represent by convolving the fractional occupan-
cies of all activators f4 with those of quenchers f? as shown in Figure 3.5,
Eq. (6) to obtain activator fractional occupancies F4 corrected for quenching,
where EbQ represents the repressive strength of TF b and the function g,(d;;)
represents its range of action (Figure 3.6C). When quenchers are bound within
quenching range of the TSS they can prevent activators from acting at any
range, a phenomenon known as direct repression which is represented (Fig-
ure 3.5, Eq. 7) in the same way as Eq. 6 except that dg in this equation is the
distance between the repressor binding site k£ and TSS, and that the repressor
does not act on f4 but on fAF, a quantity associated with the transcription

machinery that binds to TSS, as I now describe.

Adaptor recruitment and activation synergy

With respect to activation, it is now clear that in metazoa activators do not di-
rectly contact the transcription machinery [87, 88|. Instead, proteins that bind
to TFs, such as Mediator [3, 4], serve as a functional bridge between TFs and
the basal machinery. These proteins are referred to as “adapter factors” (AFs)
here following Guarente and Tjian [89, 90, 88]. Although AFs are sometimes
referred to as “corepressors” or “coactivators”, I reserve that terminology in this
work to TFs that bind DNA specifically. I view initiation of transcription as an
enzymatic process catalyzed by AFs bound to TFs [47]. In the fly blastoderm,
some AFs have been identified |91, 4, 92| and they are uniformly expressed
from maternal mRNA, enabling us in this work to formulate AF action in a

coarse-grained manner such that AFs are represented by a single composite
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chemical species whose fractional occupancy of binding to DNA bound TFs is
given by fA" =1 (Figure 3.5, Eq. 7). Functionally active activators a recruit
the AFs with different recruiting strengths E4 (Figure 3.5, Eq. 8). Activators
can act anywhere between the TSS and an insulator element, so here I do not
need to consider d;;, but simply sum the effects of the activators to obtain
N, which is then corrected for the effects of direct repression to obtain M
(Figure 3.5, Egs. 7 and 9). The adapters then catalyze transcriptional initi-
ation by decreasing the activation energy barrier of transcriptional initiation,
AA =0 by an increment M = AAA. We describe the effect of lowering this
activation energy by a diffusion limited Arrhenius rate law (Figure 3.5, Eq.10,
Figure 5.2A and Appendix A). This rate law is exponential for a certain range
of M, providing the capability to represent greater than multiplicative syn-
ergy between activators [93|. As the activation energy barrier falls to zero,
the transcription rate R approaches R,.. because diffusion of new polymerase

molecules to the basal complex becomes rate limiting.

3.3 Optimization of the in silico transcription

system

3.3.1 Parameter optimization
Implementation of scaled cost function

Parameters were initially determined by minimizing the summed squared dif-
ference between the model output and the data, which consisted of 399 ob-
servations of RNA level (7 constructs x 57 RNA data from 35% to 92% EL).

The summed square differences (F) was calculated using the equation
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E;

Z([RN A]?’l;served — [RNA] ;ajlculated)2’ (3.2)
j
where i indicates ith construct in the model and j indicate A-P position (%
EL). However, during the model training with the fusion constructs, it was
found that the model fitted the M32 expression better than M3 2 expression
(Figure 3.7). Because the model utilized the summed squared difference as
a cost function, the model tends to fitting M32 better than M3 2 to reduce
the summed square differences between the observed RNA concentration and
the calculated RNA concentration. In order to fit the low expression levels of

M3 2 more accurately, I rewrote the cost function

W,
E- scaled — Ez max 33
7 WZ ? ( )
where
W, = Z ([RNA]?’?served)? (34)
J

If the summed square RNA concentration of a construct ¢ (W;) is smaller
than the maximum weight (W) among the given constructs, the equation
forces the model to fit the gene expression of the construct ¢ more accurately.
The following result shows that the modified cost function provides better

performance in fitting the gene expression driven by M3 2 (Figure 3.7).

Model parameters

With respect to the regulatory parameters, each TF a is associated with the
parameter A, that scales the observed fluorescence units vg to absolute con-

centration units v, (Figure 3.4, Eq. 3) as well as the parameter \, that scales
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Figure 3.7: Utilizing scaled square difference improves model fitting. (A,
C) The modeling results obtained without the scaled cost function. The model fitted
better to the M32 expression better than that of M3 2 (see arrows). (B, D) The
modeling results obtained with the scaled cost function. The model fitted both M32
and M3 2 expression well.

the weight matrix score to units of free energy (Figure 3.4, Eq. 2). Other
parameters depend on the nature of the TF. Each activator is associated with
an activation efficiency E/, and each repressor to quenching and direct repres-
sion efficiencies E9 and EP respectively. Thus each activator and repressor
is associated with three and four parameters respectively. In addition, Bed
has a free parameter Ky representing cooperative interaction. All elements
of Keoop(k, h) from Figure 3.4, Eq. (3) are equal to Kpg.f or unity. Both
Bed and Cad have free parameters ES,, and ES,, for the coactivation of Hb,
and coactivated Hb has an activation efficiency Efj,. The activation energy

barrier of transcription, 6, was also fitted (Figure 3.5, Eq. 10). In addition
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to these parameters, 10 free parameters, three positional effect scale factors
ST for the P-element constructs—1700, MSE2 and MSE3—and seven PWM
threshold scores T for all TFs except for Bed and Hb (see Section 3.5 for de-
tails). Finally, I fitted the operating distances of the Bed and Cad mediated
coactivation, but the range of the coactivation distance was set by independent
experimental criteria (Section 3.2.2, Page 56). Thus, 49 free parameters are
fit to 399 observations.

Optimization of these parameters was performed using the simulated an-
nealing schedule of Lam [94, 95, 96]. Parameter search spaces were set by
explicit search limits for A%, \*, B4 EQ EP K3°P ES.,, ES., and 0 with

Ry = 255 and f4F = 1.0 (Figure 3.5).

3.3.2 Code optimization

Parameter optimization of the wn silico transcription system is not a simple
task, especially for large regulatory DNA sequences because the number of
configurations of bound factors increases exponentially with the number of
binding sites in the sequence and consequently, the parameter optimization
time or model training time also increases rapidly. In order to reduce the
computation time, I employed two strategies. First, the model partitions the
binding sites in a given construct into independent binding groups such that if
a binding site is overlapped with other binding site(s) or a TF bound to the site
cooperatively interacts with a TF on another site, they are assigned to the same
group. Then the model applies the thermodynamic calculation to each group
separately (Figure 3.3). This made it possible to train the model of the four
fusion constructs which contains several hundred binding sites with a single

high performance CPU in a month. I then further improved the calculation
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speed up to six times faster (fitting is completed in three to four days) by
optimizing the data structure storing all the possible binding configurations

and the inner loop calculating the statistical weight of the configurations.

3.4 Restriction of modeling time class

Attempts to recapitulate gene expression at all the time classes of the fusion
constructs were not successful. Because of the difficulties in modeling gene
expression of the eight different time classes, I trained the model with the
expression data of fewer time classes (T3-T6), wherein the reporter constructs
drive distinctive expression patterns. The model reasonably fit the expression
data (Figure 3.8B). Then I attempted to predict gene expression of the ear-
lier time points (C13-T2) using the model to ask whether there is a notable
discordance between the observed data and the model prediction. Interest-
ingly, the model predicted strong activation of gene expression at C13 and
T1, which is not seen in the observed data (Figure 3.8A). The model sug-
gests that if the regulatory DNAs are fully accessible to TFs in the early time
points, the reporter constructs would drive strong gene expression with the
given trans-acting factor concentrations.

I hypothesized that the chromatin environment, which is not implemented
specifically in the model, might play a role during the cleavage cycle 13 and
early 14 such that the chromatin environment in the early time points might
not be as favorable to transcriptional activation as in the late time points.
Because the modeling of the chromatin on the regulatory DNA is beyond the
capability of the current model, I restricted the modeling time classes to a

single time point T6 (85.2 min after cleavage cycle 10). The fact that at T6,
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all of the fusion constructs containing MSE2 and 3 are transcriptionally active
at stripes 2, 3 and 7 and the gene expression reaches maximum suggests that
at this time point, the effect of chromatin on transcription might be relatively
smaller than the effects at other time points. This approach would provide a
chance to characterize the direct effect of the protein-protein interactions and

DNA-protein interaction of TFs to gene expression more accurately.

3.5 The rules of cis-regulation determined from
expression data

After refining process of the in silico transcription model, I was able to obtain
the transcription model used for the rest of my dissertation work (Figure 3.9)
and four additional models for comparison (Figure 3.10 and 3.11). The mod-
els were generated as follows; First, the model is trained with gene expression
data driven by seven constructs—M3 2, M32, M2 3, M23, 1700, MSE3 and
MSE2—at single nucleus resolution. TF expression data for all proteins except
Dichaete were that used [50], with the addition of new D-STAT data starting
with C13, averaged from at least six embryos per each time class. Dichaete
data were obtained from the t5:26-50 virtual embryo data [97]. Intensity of
the gene expression from the middle 10% of dorsoventral position values was
quantified by the ImageJ [98| plot profile function and was not registered to
the Eve pattern. Quantitative expression data for the 1700 construct (1.7
kb proximal eve promoter) was previously published [50] and, in addition to
M3 2, M32, M2 3 and M23, I also generated quantitative MSE2 expression
data from 1511B, one of three MSE2 bearing lines that were gifts of M. Levine.

(Figure 3.9 and See Figure 2.2 for a comparison of 1511B and 1511C expres-
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Figure 3.9: Model training: standard 7 constructs model. Model output is
represented by the red solid lines, while the observed expression data is represented
by the black dashed lines, as shown in the key; the model result trace obscures the
data in regions where both are superimposed.

sion). Quantitative MSE3 expression data was obtained from M3 2 data by
setting expression in stripe 2 to zero.

Second, protein expression data of a total of nine TFs, Bed, Cad, D-STAT,
Hb, Kr, Kni, Gt, T1l, Dichaete, were used as a regulatory input in the model.
Third, I fitted the model described above to the gene expression driven by the
four fusion constructs and three fragments of the eve promoters, MSE2, MSE3
and 1.7kb proximal eve (1700) at T6 (Figure 3.9); fits were also performed

with the fusion constructs alone (Figure 3.11). Inclusion of the three addi-
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Figure 3.10: Best four 7 constructs models. In this study, in addition to the
standard model, three other models which also had the best fit and had strong
predictive power for gene expression were used in order to gain an understanding
of the transcriptional control of the fusion constructs and for some predictions (see
Chapter 4 for details). Model output is represented by the red solid lines, while the
observed expression data is represented by the black dashed lines, as shown in the
key. The behavior of models 1, 2, 6, and 7 are shown as indicated in the leftmost
column, which also gives each model’s rms score. Parameter sets for these four
models are given in Table B.1. Note that the concentration scale for model 7 differs
from the other two rows. The data is rescaled by the factor S%, a free parameter for
position effect, for the P-element constructs 1700, MSE2, and MSE3 (Table B.1).

tional P-element constructs improved the predictive power of the model at the
cost of one additional free position effect scaling parameter for each P-element
construct (data not shown). The sequences included in the model contains not
only eve regulatory sequences, but also adjacent cassette sequences that were
a part of the reporter constructs in the transformant line. Fourth, the PWMs
for predicting the binding sites of the nine trans-acting factors were chosen as
described in Section 3.2.1. Independent experimental data allowed us to define
binding thresholds for Hb and Bed unambiguously, but in the case of other
TFs these data implied a range of values for PWM thresholds and I allowed
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Figure 3.11: 4 constructs model vs. 7 constructs model. One model, fit
only to the four fusion constructs but fit almost completely, was also investigated to
understand the changes in stripe 3 expression in M3 2 and M32. (A) The behavior
of model 4cs 7 is shown with comparison to expression data, as indicated in the
key. The z-axis is the percentage of A-P position and the y-axis is the relative
mRNA concentration. This model was trained on expression data driven by the four
constructs M3 2, M32, M2 3, and M23 only. (B) For comparison, we show the
behavior of model 6, trained on seven constructs, compared to training data for the
same four constructs shown in (A). The behavior of model 6 compared to its full
training set is shown in Figure 4.1A1-7 and Figure 3.9. Note that model 4cs 7 fits
the expression data driven by M32 better than model 6. Comparative rms scores are
shown at the top. The full set of parameters for each model is given in Table B.1.
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the threshold to be a free parameter within this range. Fifth, seven experimen-
tally characterized regulatory mechanisms, all acting on eve regulation—TF
binding to DNA, competition between TFs bound to overlapping sites, coop-
erative binding of Bed, coactivation, short-range quenching, direct repression
and transcription synergy is implemented. Sixth, I used gene expression of
a single time point T6. Seven, model parameters were optimized in order to
minimize the scaled summed square differences between the model calculation
and the observed data. Runs were repeated 10 times with different random
seeds for each optimization problem. The quality of the runs was judged by
its root mean square (rms) score and by visual observation of the expression
pattern. From these runs, I chose four models—model 1, model 2, model 6
and model 7 which had the best fit and had strong predictive power for gene
expression (Figure 3.9 and 3.10) . Among the four models, Model 6, called the
standard model in this study, shows the best predictive ability which will be
described in the following chapter. The four models, however, show a small
defect in stripe 3 expression in M3 2 or M32, hence, one model, fitted only
to the four fusion constructs but fitted almost completely (Figure 3.11), was
also investigated to understand the changes in stripe 3 expression in M3 2

and M32.
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Chapter 4

Model validation

4.1 Quality of the model fits

Multiple fits to the training data resulted in a group of models driving essen-
tially identical expression patterns (Figure 3.10) and having similar but not
identical parameter values (Table B.1). The models resulting from the fitting
procedure agree with experimental data within the limits of experimental ac-
curacy with two very small exceptions (Figure 3.9 and Figure 3.10). First,
the peak of stripe 3 in M32 is one nucleus anterior with twice the expression
level in the model compared to data. Second, stripe 7 expression in the 1700
construct is almost absent in the model. It is an important validation of the
model that I can numerically represent the effects of these enhancer fusions at

this stringent level of precision.
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4.2 Prediction of gene expression

The most stringent proof of the credibility of the theoretical model is its predic-
tive ability on DNA sequences not used for training. The in silico transcription
system provides a platform for in-depth biological validation of the proposed
theory of the transcriptional control of the four fusion constructs and the sim-
ulated model results. In this section, I describe the prediction of various gene
expression as the most important validation. Each DNA sequence tested con-
tained one or more enhancers and the basal promoter sequence. If the basal
promoter sequence for an enhancer construct was not known, the 42 bp long
eve basal promoter sequence [6] was used. Except as noted, all predictions
shown in Figure 4.1 were made from the standard model (Figure 3.10 and
Table B.1) with no alterations of any parameter except the sequence itself.
In Figure 4.1 and 4.2, black lines are predicted RNA expression and colored
lines are quantitative protein profiles of the corresponding endogenous loci.
The scale of relative fluorescence levels for RNA is shown at the left of graphs,
that for proteins on the right. If a prediction from a parameter set other than
model 6 is shown in Figure 4.1, the corresponding prediction from model 6
is shown in Figure 4.2. Altogether I tested 54 sequences amounting to 62 kb
of DNA, and obtained good predictions for 44 sequences driven by 51 kb of
DNA, as I will describe.

4.2.1 Site-directed mutagenesis

The classic literature describing the 5 regulatory region of the eve locus con-
tains numerous studies of the effects of very small site-directed mutations

affecting only 2 to 6 bases. Our ability to predict the effects of such mutations
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is of interest not only for checking the validity of the model, but also has impli-
cations for the interpretation of single nucleotide polymorphisms (SNPs) and
small indels (insertion and deletion of nucleotides). Here I consider a 3 base
pair change in the bed-1 site (Mbed-1, M denotes mutation) in the context of
both MSE2 and M32, a 5 base pair change in the bed-3 site (Mbed-3) in MSE2
[6], a two base pair change in each of two D-STAT sites (M2dsts) in MSE3
[36], and changes of 5, 3, and 6 base pairs respectively in the kr-3, kr-4, and
kr-5 sites (MKr345) in M32 [25]. The model correctly predicts that Mbed-1
causes a larger decrease of expression than Mbced-3 (Figure 4.1B1-2) [6, Fig-
ure 6]. The model’s prediction of greatly diminished expression in M2dsts is
qualitatively correct, but experiment indicates a complete abolition of expres-
sion (Figure 4.1B3) [36]. The prediction of reduced but equivalent expression
of stripes 2,3, and 7 while 2 and 3 remain fused when MKr345 is placed in
M32 is completely correct (Figure 4.1B4), and the model correctly predicts
the restoration of stripe 2 expression in the presence of a non-functional bed-1
site when Mbecd-1 is placed in M32 (compare Figure 4.1B1 and 4.1B5), but
the model predicts that stripe 3 is absent when in fact it is reduced |25, see

Figure 4].

4.2.2 Downstream eve and chimeric enhancers

As an initial test of the model’s predictive power on sequences with no homol-
ogy to those used in training, I found that I can correctly predict expression of
eve stripe 5 and stripes 4 and 6 from their respective enhancers (Figure 4.1D1-
2 from model 2; see Figure S4.2A, B for model 6 results; see Table D.1 for
sequence). I then extended this test to interspecific S2E chimeras. Altered

expression patterns driven by chimeric constructs with half of the stripe 2 en-
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Figure 4.1: Correct or putatively correct predictions. The training set (Al-
AT), together with predictions of gene expression driven by DNA sequences that were
not used for training. Annotation is fully described in Section 4.2 and the sequences
used in the predictions are described in Appendix D. All protein patterns are taken
from the FlyEx database [49].
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Figure 4.2: Incorrect Predictions. Incorrect predictions of gene expression driven
by DNA sequences that were not used for training. The sequences used are fully de-
scribed in Appendix D.1. All predictions in this Figure were made using the model 6
parameters (Table B.1). (A-B) Predictions for the eve stripe 5 (A) and 4/6 enhancers
(B). Correct predictions of these enhancers from model 2 are shown in Figure 4.1D1-
2. (C-L) Predicted expression driven by enhancers from the genes hb (C), kni (D-E),
gt (F-G), run (H), and h (I-L). (M-N) Predictions for expression driven by large
5 (M) and 3’ (N) eve regulatory DNAs that contain multiple enhancers. Correct
predictions for these DNA segments from models 7 and 1 respectively are shown in
Figure 4.1G1-2.

hancer from D. pseudobscura and and half from D. melanogaster have been
observed by enzymatic assays [99]. With the D. melanogaster sequences on
the 3’ end, a posterior expansion of stripe 2 was described, which appears to
extend to a variable fusion of the two stripes and a reduction in stripe 3 am-
plitude; our model predicts a partial fusion and a reduction in the amplitude
of stripe 3 (Figure 4.1D3). The complementary chimeric enhancer drives a
fusion of stripes 2 and 3 which is also predicted by the model (Figure 4.1D4)
[99, Figure 1].
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4.2.3 Evolutionarily diverged eve enhancers

I confronted the model with DNA sequence from the stripe 2 enhancers of 16
Drosophila species other than melanogaster (Figure 4.1C1-16), four of these
enhancers, from Drosophila persimilis, mojavensis, grimshawi, and williston:
were identified in the course of this study. To do so, I used a publicly avail-
able BLAST tool [100, 101]. T used the D. melanogaster eve coding sequence
(2R:5866746-5868284) as a query sequence and then scanned 25 kb centered
on this region with the two conserved S2E sequences block-A (5-AATATA
ACCCAAT-3’) and block-B (5-TGATTATATCATCATAATAAATGTTT-3’)
which bracket the ends of S2E [38|. This provided sequence for S2E’s from
mojavensis and grimshawi. In the case of willistoni, block-B is found at the
position 667 bp apart from the 5’ end of block-A with two base pair changes.
In the case of persimilis, it was not possible to obtain more than 753 bp of
sequence 3’ from block-A because the genomic database of this species lacks
genomic sequence information beyond this point. We ran the model to predict
gene expression from these putative enhancers and the results are shown in
Figure 4.1C9 and C14-16). Drosophila and Sepsid species abbreviations are
shown in Table 4.1.

In ten cases, stripe 2 expression was coextensive with the D. melanogaster
stripe pattern (Figure 4.1C1-10). There is experimental evidence that D.
yakuba, D. pseudoobscura, and D. erecta stripe 2 enhancers express coexten-
sively with the melanogaster stripe 2 (Figure 4.1C1-3) [99, 2]. Our results
are in substantial agreement with these findings (Figure 4.1C2-3). To our
knowledge, no experimental observations have yet been made of the positions
of stripe 2 driven by the remaining 13 Drosophila stripe 2 enhancers in D.

melanogaster.
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Abbreviation | Species Figure index
yak Drosophila yakuba (4.1C1)
pse Drosophila pseudoobscura | (4.1C2)
ere Drosophila erecta (4.1C3)
ore Drosophila orena (4.1C4)
tei Drosophila teissieri (4.1C5)
tak Drosophila takahashi (4.1C6)
mau Drosophila mauritiana (4.1C7)
sec Drosophila sechellia (4.1C8)
per Drosophila persimilis (4.1C9)
sim Drosophila simulans (4.1C10)
ana Drosophila ananassae (4.1C11)
vir Drosophila virilis (4.1C12)
pic Drosophila picticornis (4.1C13)
gri Drosophila grimshawi (4.1C14)
moj Drosophila mojavensis (4.1C15)
wil Drosophila willistoni (4.1C16)
cyn Sepsis cynipsea (4.1E1,7)
put Themira putris (4.1E2,8)
sup Themira superba (4.1E3,9)
dsp Dicranosepsis sp. (4.1E4,10)
min Themira minor (4.1E5,11)
pun Sepsis punctum (4.1E6,12)

Table 4.1: Drosophila and Sepsid species abbreviations. To distinguish Dro-
sophila and Sepsid flies explicitly, I also used abbreviations having additional letters,
D for Drosophila, S for Sepsis and T for Themira, in front of the three letter abbre-
viations. For example, D. mel indicates Drosophila melanogaster.
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I also made predictions of expression patterns driven by regulatory se-
quences from the eve locus of six species of Sepsid flies. These species are
about twice as evolutionarily distant from D. melanogaster as D. melanogaster
is from the most distantly related Drosophila [102]. Our model, when chal-
lenged by Sepsidae DNA, predicts stripe 2, 3 and 7 expression driven by the
corresponding Sepsid enhancers (Figure 4.1E1-12). Some of these predictions
are confirmed (Figure 4.1E1-3 and 4.1E7-9). Stripe 2 and 3/7 enhancers from
T. cymipsea, T. putris and S. superba have been tested for expression in D.
melanogaster and have been shown to express eve stripes 2, 3, and 7 [102];
these are correctly predicted with the single exception of a failure to correctly
predict the observed stripe 7 expression driven by the cynipsea 3/7 enhancer
(Figure 4.1E7, arrow). The model also predicts that the Sepsid stripe 2 en-
hancers drive stripe 7 expression at levels which vary from species to species
(Figure 4.1E1-6). It is confirmed experimentally that 78% of embryos con-
taining the S. cynipsea enhancer and 55% of embryos containing the 7. putris
enhancer appear to have stripe 7 expression [102]. The model also predicts
that stripe 2 expression from S. cynipsea and T. putris is shifted to the pos-
terior (Figure 4.1E1 and 4.1E2) and that the shift is larger in 7. putris, a
point supported by published observations [102]. In this regard it is notable
that our model predicts stripe 3 and 7 activity from the putative stripe 2
enhancer of Dicranosepsis sp. (Figure 4.1E4), and further predicts that in
a D. melanogaster context this species’ putative 3/7 enhancer drives stripe 7
expression at levels an order of magnitude greater than the maximum level of

stripe 3 expression (Figure 4.1E10).
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4.2.4 Gap and pair-rule enhancers

A more stringent test of the model is to predict the expression driven by the
enhancers of D. melanogaster genes other than eve. Not all such reported
enhancers can be tested, as some require TFs (such as pair-rule gene prod-
ucts) not considered in this study. I tested 15 enhancers of gap and pair-rule
genes using the same TFs as were employed for the training set. Among the
gap genes, | obtained correct predictions for expression driven by the pThb
enhancer of hb (Figure 4.1F1) and the CD1 enhancer of Kr (Figure 4.1F2).
With respect to the Runt 1 7 and 3 7 enhancers (Figure 4.1F3-4), T cor-
rectly predicted the expression of run stripe 3 and reduced expression of run
stripe 7 compared to stripe 3, although in Runt 1 7 the predicted stripe 1 is
coextensive with stripe 2 of the run protein pattern. The predicted pattern
of run stripe 7 is shifted about 2 and 7 nuclei to the anterior of the native
run stripe in Runt 1 7 and Runt 3 7 respectively. The predicted pattern
of the h_str3 4 enhancer (Figure 4.1F5) is correct, as this enhancer drives
an expression domain that does not contain the h 3-4 inter-stripe [103]. Ten
additional enhancers from the genes hb, kni, gt, run, and h gave incorrect
predictions (Figure 4.2C-L). In each case, expression in the correct domain
was absent although in some instances small amounts of ectopic expression

remained.

4.2.5 Large regulatory sequences

Our model is not limited to experimentally isolated enhancers. I attempted
to predict expression driven by the approximately 4 kb of 5" and 3’ noncoding
DNA which respectively control stripes 2, 3, and 7 (Figure 4.1G1, parameters
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from model 7; see Figure 4.2M for model 6 prediction) and stripes 4, 5, and
6 (Figure 4.1G2, parameters from model 1; see Figure 4.2N for model 6 pre-
diction). Our initial prediction was completely incorrect, showing saturated
blocks of expression without inter-stripes. When the threshold 6, the activation
energy barrier of transcription initiation (Figure 3.5 Eq. 10), was increased
by hand, I obtained the qualitatively correct predictions of gene expression of
the 4 kb upstream and downstream of eve shown in Figure 4.1G1-2. Although
it required manual tuning of a single parameter, I consider it highly signifi-
cant that the predictive power of the model extends beyond single enhancers

discovered by in vivo assays.
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Chapter 5

Functional analysis of gene

expression of four fusions

The accurate modeling of expression from the fusion constructs together with
success obtained in prediction provide evidence that the model captures major
elements of the underlying rules governing eve transcription. Given this level
of predictive ability, it is also possible to use the model to understand how the
interplay of multiple transcriptional mechanisms give rise to the very complex
expression changes induced by removing the “spacer” DNA in the fusion con-
structs, M3 2 and M2 3. In this chapter, I will describe the result of model
parameter analysis, a methodology of functional analysis and discuss the result
of the functional analysis of the four fusion constructs. Except as noted, the

standard model (Figure 3.10) is used for the rest of this dissertation study.
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5.1 Model parameter analysis

Several features of the action of maternal and gap gene products were iden-
tified from inspection of the parameters of the four best models (Figure 5.1,
Table B.1). First, Bed and Cad are weak activators. In the models, multiple
Bed or Cad binding sites are required to drive gene expression. Second, Bed
shows strong pair-wise cooperativity. Even in the model having the weakest
cooperativity of Bed (model 1), two Bed sites, for example, which fractional
occupancies are 50% and 9% respectively at [Bed|=20 (equivalent to 38% EL),
can increase their fractional occupancies up to 84% and 71% respectively if
they bind cooperatively. Third, Bed has a strong capability to coactivate Hb
for the synergistic activation of the transcription. Fourth, Hb plays the role
of a strong activator in the presence of neighboring Bed. Fifth, Kr, Kni and
Gt appears to have considerable repressive power. For example, in model 6,
a single Kr site for which the fractional occupancy is 50% can decrease the
fractional occupancy f of any activator sites by a factor of two. These prop-
erties are in accord with qualitative findings in the experimental literature
where it has been clearly established that multiple activators are required for
gene expression [104, 105, 106], pair-wise cooperativity of Bed occurs [8, 9],
coactivation of Hb by Bed has been observed [10, 39, 107] and that short-
range repression by Kr, Kni and Gt also occurs [42, 12, 40, 43|. In addition,
the model suggests the existence of coactivation of Hb by Cad. Note that
D-STAT plays the role of a strong activator in all the models except model
6. The strongest Bed cooperativity was found in model 2 and Bed activation

strength are significantly low in model 7 (Figure 5.1 and Table B.1).
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Figure 5.1: Regulatory parameters of the four models. Overall quality of the
model fitting was evaluated first using the root mean square (rms). All of the fits
have small rms score (< 6) but model 7 has relatively higher rms value than the
others. The activation energy barrier theta () is almost identical. Sca, Ecoac, Ea,
Kcoop and Eq denote ST, E¢, B4, K and E@ respectively.
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5.2 Functional analysis method

One of the key advantages of the transcription model is that it calculates the
contribution of each TF, binding site, and even nucleotide to gene expression.
The model utilized thermodynamics to calculate the effect of competition by
steric hindrance and cooperative binding on the fractional occupancy of a TF
site. Another advantage of the model is that the mechanisms are nonetheless
separable and removable so that the relative contributions of each mechanism
can be assayed as the consequences of removing a specific mechanism in silico.

Using these advantages, I devised an application, coded in python, named
DyEVer (Dynamic Enhancer Viewer), that visualizes the contributions of indi-
vidual binding sites on a target regulatory sequence as a 2-D map (Figure 5.2).
In the DyEVer plot, the x and y axes correspond to the base pair position from
TSS and the A-P axis of the embryo in % EL. The amount of the contribution
of each activator binding site to gene expression is represented as a heat map
of the decreased activation energy barrier (AAA). Because the map combines
these two dimensions, it allows us to easily visualize which binding sites are
contributing the most to initiate transcription at different spatial positions of
the Drosophila embryo. In a macroscopic sense, it provides a new way to vi-
sualize which DNA fragments are actively involved in transcription and their
contributions to the spatial patterning along the A-P axis.

Figure 5.2C shows an example of a DyEVer plot where activator contri-
butions (AAA) are mapped at single binding site resolution for M3 2 as a
function of A-P position and the base pair position relative to the TSS. AAa
for each activator binding site is shown in the central panel according to the
key in Figure 5.3 B and the summed activation AAA in the right hand bar. In

the figure, three regions where the activation energy is significantly decreased
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Figure 5.2: DyEVer analysis of the M3 2 fusion. (A) Illustration of a catalyzed
reaction with free energy change AG and activation energy barrier AA. Catalysis
by activators reduces the barrier by AAA. (B) A scale bar of two heatmaps used
in (C) is shown. The AAA heatmap applies to the vertical bars on the right hand
side of these panels and the AAa heatmap applies to the square panels in (C).
AAa = FAF EAFA, compare with Eqgs. (8) and (9) in Figure 3.5. (C) Distribution
of activation energy barrier changes at single binding site resolution for M3 2 as a
function of A-P position on the embryo and number of basepairs 5" to the M3 2
TSS. The positions of MSE2 and MSE3 are schematically shown at the top.
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are seen in the vertical bar in Figure 5.2C. The regions in the vertical bar
corresponds to the multiple stripes driven by M3 2 (see circled 2, 3 and 7
in Figure 5.2C). The map shows that MSE2 and MSE3 are highly active in
the stripe 2 and stripe 3 region respectively as expected from experimental
observations |6, 26]. Using the DyEVer plot and the analytic capability of the
model, I analyzed each region in which gene expression is significantly changed

when the “spacer” between MSE2 and MSE3 is removed.

5.3 Functional analysis of fusion constructs

The fusions introduce six types of quantitative alterations in expression, each
of which occurs in a small spatial region containing 2-3 nuclei, which I call a
“zone” (Figure 5.3A). With respect to the M32 fusion compared to M3 2, in
zone I stripe 2 expression is increased by a factor of almost four; in zone II the
2-3 inter-stripe is derepressed; in zone III stripe 3 expression is reduced; and
in zone IV stripe 7 expression is increased. With respect to the M23 fusion
compared to M2 3, in zone V stripe 2 expression is reduced and in zone VI
stripe 3 expression is slightly increased (Figure 5.5A). I analyzed the causes of
these effects by plotting the contributions to the activation M = AAA as a
function of position on the A-P axis and the regulatory sequence, where each
position on the A-P axis defines a unique set of TF concentrations as shown

in Figure 5.3B.

5.3.1 Control of gene expression in Zone I and II

By comparing DyEVer plots of M3 2 and M32, the binding sites responsible

for driving stripe 2 expression were determined (Figure 5.3C-D). The analysis
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indicates that the major source of activation of stripe 2 is from coactivated Hb
bound at the hb-3 site which is coactivated by Bed bound at the bed-1,bed-*
and bcd-2 sites (Figure 5.3C-D and 5.4A). With respect to zone I, I found
that the increase of gene expression in M32 is almost entirely the consequence
of coactivation of two sites of bound Hb in MSE3 by Bed bound to MSE2.
This occurs because of the deletion of the “spacer” DNA between MSE3 and
MSE2, which reduces the distance between the two Bed sites in MSE2 and
the two Hb sites in MSE3 from more than 400 bp to about 150 bp, permitting
coactivation (Figure 5.3C-D, lower black arrows; Figure 5.3F, white arrow).
This result confirms the previously proposed hypothesis of M3 2 and M32
[25].

These two footprinted Hb sites, hb-8 and hb-9, extend about 60 bp into
MSE3, which is about 15% of its total length. These Hb sites are subject to
repression by quenchers bound within 150 bp on their 5’ side, including one site
for Gt (Figure 5.4A). Thus, the same functional interactions characteristic of
MSE2 now extend 200 bp into MSE3, about 40% of its length. These points
indicate that in M32, 40% of MSE3 has been recruited to be a functional
part of MSE2. This functional recruitment includes the setting of the anterior
border of stripe 2 through repressive action emanating from a Gt site in MSE3
and another Gt site in MSE2. In M3 2 and M32 fusion, it is significant
that, despite the novel synergistic activation of MSE3-bound Hb by MSE2-
bound Bed, the location of the anterior border of stripe 2 is unchanged in
M32 compared to M3 2 based on the location of half maximum expression
(Figure 3.9). Note that Bed and Hb concentrations are essentially equivalent
at the peak of the augmented stripe 2 and at its anterior border. This implies

that a single predicted Gt binding site in MSE3 together with a single site
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Figure 5.3: Functional analysis of M3 2 and M32. (A) The expression profiles
driven by M3 2 and M32 are subdivided into four distinct zones I to IV for analysis
as shown. Two additional zones V and VI involving expression changes between
M2 3 and M23 are shown in Figure 5.5. (B) Expression levels of RNA expression
driven by M3 2 together with regulating TFs at cellular resolution, as shown in
the key. In the key, standard abbreviations are used except that Dst indicates D-
STAT and Dic indicates Dichaete. (C) and (D) show a regulatory dissection of
expression changes induced by removal of the “spacer” with activation represented.
Selected binding sites for M3 2 and M32 are shown at the top of (C) and (D)
respectively. The full set of binding sites is shown in Figure 5.4. The black arrows
show binding sites involved in coactivation; the red arrow in (D) indicates the major
coactivation interaction in M32. Circled areas indicate groups of binding sites critical
for expression changes in different zones as described in the text.

in the stripe 2 enhancer are sufficient to repress anterior expression driven by
the recruited portion of MSE3. Such robustness in border control would be

impossible if repression were to occur only by steric competition. These results
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Figure 5.4: Binding site map for model 6. Every binding site used in model 6 is
shown. Of these, all footprinted sites of the four TFs Bed, Hb, Kr, Gt are numbered
as the same way as in the original papers [30, 10]. (A) 5’ upstream of eve. (B) M3 2
(C) M32 (D) M2_3 (E) M23. Key rearrangements of binding sites are indicated by
black arrows. bed-(—1) is a computationally identified site named in this work. bed-*
is evident on footprints [6], but was not named.

also demonstrate that the borders of enhancers are not intrinsic, but instead
are determined by genomic context. In zone II, the derepression of the inter-

stripe is a consequence of the fact that Kr binding sites are predominantly
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distributed on the 3" end of MSE2, close to the hb-3 site (Figure 5.4). There
is a single Kr binding site (kr-5) within range of the coactivated Hb bound to

MSES3, and it is insufficient to provide complete repression in zone II.

5.3.2 Control of gene expression in Zone III and IV

The expression changes that occur in zones III and IV are connected with
the fact the “spacer” in M3 2 is in fact a functional component of the 3/7
enhancer (Figure 5.3C, D). The reduction of stripe 3 expression levels in zone
IIT is not recapitulated by fitting the model to the full set of seven constructs
(Figure 3.9), but is found in fits made only to the four fusion constructs (Fig-
ure 3.11A). The cause of the change in expression in zone III is evident from
inspection of Figure 5.3C (downward pointing arrow and white arrow), which
show that the “spacer” contains Hb binding sites which are coactivated by Cad,
the removal of which decreases expression. There are, in addition to activator
sites, repressor sites in the “spacer” (Figure 5.4A). In zone IV, the model con-
sistently gives a correct representation of the increase in stripe 7 expression in
M32 compared to M3 _ 2, and this is a consequence of the removal of repressor
sites located in the “spacer”. The effects seen in zones I1I and IV are critically
dependent on the precise balance between activation, coactivation, and repres-
sion. This leads to residual ambiguity in how models with differing training
data and parameter sets account for expression changes in these zones, but
all models agree that the “spacer” plays a major functional role and is not an

inert segment of DNA.
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Figure 5.5: Functional analysis of M2 3 and M23. (A) Zones V and VI, the
areas where expression changes occur between M23 and M2 3. (B-C) Distribution
of activation energy barrier changes at single binding site resolution for M2 3 and
M23 as a function of A-P position on the embryo and number of basepairs 5’ to their
TSS. In (B) and (C) the positions of MSE2 and MSE3 are schematically shown at
the top. AAa for each activator binding site is shown in the central panel according
to the key in Figure 5.3B and the summed activation AAA in the right hand bar.
All footprints sites for Bed, D-STAT, Hb, Kr and Gt are shown at the top of panels
(B) and (C) except for the kr-2 site in the “spacer” (Figure S6D), which is very
close to the 3’ Bed site in the “spacer”. Computationally identified Cad binding
sites in MSE3 and Bed sites in the “spacer” are also shown. The black arrows in
(B) and (C) indicate two Hb sites potentially subject to coactivation by Bed. The
red arrow indicates which of these sites is in fact subject to coactivation in a given
construct. Circled areas highlight major changes in AAA between M2 3 and M23,
and the white arrows indicate which binding sites cause the changes seen in the
circled areas. The distributions of TFs and further information about the diagrams
in (B) and (C) are given in Figure 5.3B and its legend.

5.3.3 Control of gene expression in Zone V and VI

The “spacer” DNA in M2 3 is a component of the full stripe 2 enhancer S2E
[31, 108|, and its removal causes a severe diminution of stripe 2 expression
in zone V and a much smaller increase of stripe 3 expression in zone VI,
with stripe 7 unaffected (Figure 5.5A). These effects occur because the M2 3
“spacer” DNA contains two Bed and two Hb binding sites (Figure 5.5B). The
strongest Bed site in MSE2 is bed-1, and in M2 3 it preferentially establishes
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pairwise cooperativity |9] with the next strongest site (bed-(—1), Figure 5.4D),
which is the most 57 of the two sites on the “spacer”. In addition, a cooperative
interaction exists between Bed bound at the bed-* (unnamed footprinted site;
see Figure 5.4D and a DNA footprinting experiment result shown in Figure 3
in [10]) and bed-2 sites. The net result is that in M2 3 these two pairs of coop-
eratively bound Bed provide strong coactivation to two Hb sites, one of which
is in the “spacer” (Figure 5.5B, zone V region and downward pointing white
arrow). In M23, the absence of the “spacer” causes major rearrangements of
pairwise cooperative interactions among bound Bed molecules in MSE2 be-
cause bed-(—1) is lost. Without the “spacer”, Bed bound at bed-1 cooperates
with Bed bound at bed-*, while Bed bound at bed-2 cooperates with Bed
bound at bed-3 (compare Figure 5.4E and 5.4F). This configuration of coop-
erative interactions results in a lower fractional occupancy of Bed compared
to that seen in M2 3. Although in M23, Hb sites at the 5’ end of MSE3 are
recruited as a part of the stripe 2 enhancer by cooperatively bound molecules
of Bed in MSE2 (Figure 5.5C, white arrow), the net reduction in bound Bed
without the “spacer” causes a reduction of activation in zone V. These results
highlight the importance of Bed cooperativity between bed-1 in MSE2 and
bed-(—1) in adjacent genomic sequence in providing correct levels of activation
for MSE2. The contrasting small increase in expression in zone VI happens
because the “spacer” also contains Kr sites (Figure 5.4D) which are heavily
bound in the K7 expression domain which contains eve stripe 3 (Figure 5.3B).
It is this difference in Kr levels which causes the opposite effect in zone VI

compared to zone V.
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Chapter 6

Functional conservation of eve

stripe 2 enhancers

One striking characteristic of the eve stripe 2 enhancer is that its activity is
extremely sensitive to some small, specific nucleotide changes. A change of
only three nucleotides in the footprinted sites bed-1 or bed-2 or a change of
five nucleotides in the single Hb site hb-3 cause a nearly total loss of stripe
2 expression [6, 32, see Figure 5.4 for the site names|. However, in contrast
to the exceptional sensitivity to small mutations, it is also seen that the S2Es
of three different Drosophila species, D. yakuba, D. erecta and D. pseudoob-
scura, containing various substitutions, additions and deletions of nucleotides
both inside and outside the footprinted binding sites drive almost identical
stripe 2 expression in the Drosophila melanogaster blastoderm embryo [38, 2].
Furthermore, even S2Es of distantly related Sepsid flies, Sepsis cynipsea and
Themira putris, whose binding sites are almost completely rearranged relative
to D. mel, can still produce an identical stripe 2 pattern in the D. melanogaster

embryo [102]. These results clearly demonstrate that the stripe 2 enhancer of
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eve has substantial structural flexibility in carrying out a common function.

These findings provoke several fundamental questions about the underly-
ing logic governing transcription. How can such highly diverged S2E sequences
drive an almost identical expression pattern? What are the underlying mech-
anisms ensuring robust gene expression given the gross perturbations in DNA
sequence? There have been substantial advances towards understanding the
conserved function of various eve stripe 2 enhancers on both sequence and
gene expression levels [38, 2, 102|, however the molecular mechanisms com-
pensating for the diverged sequences remain to be elucidated. Because the
mechanisms underlying the conserved function can only be inferred from the
knowledge of the complex protein-DNA and protein-protein interactions that
actually occur on the regulatory DNA, it wouldn’t be possible to characterize
the mechanisms without assaying simultaneously operating interactions. With
the wn silico transcription system, however, it is possible to approach this prob-
lem. The model is able to track the complex protein-DNA and protein-protein
interactions acting in concert with clear description of their activities. I in-
vestigated conserved gene expression driven by eve S2Es from four Drosophila
species, D. melanogaster (D. mel), D. yakuba (D. yak), D. erecta (D. ere) and
D. pseudoobscura (D. pse) and two Sepsid species, S. cynipsea (S. cyn) and T.
putris (T. put) using the standard model, which is used for both prediction of
gene expression of 23 Drosophila and Sepsid species and the functional anal-
ysis of the four enhancer fusions, M3 2, M32, M2 3 and M23 (Section 4.2.3
and 5.3).

I considered the six different S2Es an ideal test case for a comprehensive
sequence-function analysis for the several reasons. First, the fact that the

differential gene expression driven by the six S2Es is entirely the result of dif-
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ferences in the cis-regulatory sequences acting in a common trans-environment
allows us to apply the large body of knowledge about the trans-acting factors,
regulatory proteins and transcription machinery in D. mel. Second, all of the
six S2Es drive gene expression at levels we can measure in vivo (38, 2, 102].
The expression pattern itself is the most essential and primary information
that we need in order to decipher the cis-regulatory code driving it. Third,
all of the six S2Es drive a nearly identical spatiotemporal expression pattern
in the D. mel embryo in spite of their substantial sequence differences. The
conserved expression pattern of these regulatory sequences from six different
species in the D. mel embryo allows us to investigate the molecular mech-
anisms ensuring functional conservation and the structural flexibility of the
regulatory sequences.

In this chapter, I focus on the enhancer structure, its function, and the
molecular mechanisms connecting them. I will briefly describe the sequence
differences in the S2Es of 17 Drosophila and 6 Sepsid species, which drive
similar expression patterns in in silico predictions (Figure 4.1), and describe
a functional binding site analysis method I devised for studying the conserved
function. I then apply the method to the six experimentally tested S2Es from
Drosophila and Sepsid species. Finally, I will propose molecular mechanisms
responsible for the posterior shift of the Sepsid stripe 2 expression observed in

the D. mel embryo.

6.1 Structural differences of eve stripe 2 enhancer

S2E sequences from the four Drosophila species, D. mel, D. yak, D. ere and

D. pse, are substantially diverged. There are large insertions and deletions
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in the sequences between known factor-binding sites, single nucleotide substi-
tutions and deletions in binding sites, and complete gain or loss of binding
sites 38, 2|. Furthermore, it has been reported that the Sepsid S2Es almost
completely lack sequence similarity to D. mel S2E [102]. With this low level
of similarity, it is beneficial for the sequence comparisons if there are highly
conserved sequences surrounding the S2Es between different species. Fortu-
nately, such conserved blocks were found in the four Drosophila species, D.
mel, D. yak, D. ere and D. pse, denoted block-A (5'-AATATAACCCAAT-3")
and block-B (5-TGATTATATCATCATAATAAATGTTT-3’) [38]. Further-
more, thirteen additional Drosophila S2Es that were used in this study also
have the two conserved blocks except block-B for D. wil and D. per. In the
case of D. wil, block-B is found 667 bp away from the 5" end of block-A with
two base pair changes. For D. per, it was not possible to discern the block-B as
the genomic database of this species lacks sequence information beyond 766 bp
of sequence 5’ from 5’ end of block-A. In this study, I used sequences bounded
by the two conserved blocks for the sequence-function analysis. In the case of
D. per, the 766 bp fragment was used. Sepsid stripe 2 enhancers lack the two
conserved blocks. In this special case, I utilized the sequences obtained from
the literature [102].

A simple but effective way to quantify the structural differences between
DNA sequences is to calculate minimum edit distance (MED), also called Lev-
enshtein distance [109]. The Levenshtein distance between two sequences is
defined as the minimum number of edits needed to transform one sequence
into the other using three allowable edit operations: insertion, deletion, or
substitution of a single nucleotide. As seen in Figure 6.1, the sister taxa D.

sec, D. stim and D. mau have only a small MED from D. mel, less than 40
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Figure 6.1: Minimum edit distances of S2Es from 23 species. Species are
aligned according to the MED from S2E of D. mel. Black downward arrows indicate
the experimentally characterized S2Es that drive almost identical gene expression in
the Drosophila melanogaster blastoderm embryo.

in S2E (< 5% of their sequence). However, D. yak, D. ere and D. pse S2Es
have MEDs of 216, 214 and 422, which are equivalent to 26%, 25% and 41%
of their total sequences respectively. In the case of Sepsid S2Es, their MEDs
are almost triple that of D. pse S2E. S. cyn and T. put S2Es have 1238 and
1022 MED, respectively. Note that as Sepsid enhancers are not defined by the
two conserved blocks they might contain additional sequences. Nevertheless,
these MED quantifications demonstrate that significant structural differences
exist in the S2Es of various species including the six S2Es that I investigate in

this chapter.
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Figure 6.2: Sequence conservation in six S2Es. The conserved sequences are
shown in pink. D. mel S2E is used as a reference sequence. Note that the scale of
the genomic intervals plotted differs between panels (black bar = 200 bp).

The divergence among the six S2Es is also shown when the sequences are
aligned using LAGAN;, a global pair-wise alignment tool [110]. The percent
identity of the S2Es in a 100 bp window at each base pair is calculated and
visualized in Figure 6.2. In this plot, a conserved segment (pink colored area)
is defined to be a region in which every contiguous subsegment of 100 bp is at
least 70% identical to its paired D. mel sequence. These segments are merged
to define the conserved region. In the case of the D. yak and D. ere S2Es,
MSE2 is highly conserved at both its 5" and 3’ ends, while D. pse contains
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only a narrow conserved region corresponding to around 3’ end region of D.
mel MSE2. For the Sepsid S2Es, both S. cyn and T. put completely lack
statistically significant sequence conservation (Figure 6.2). Compared to D.
mel, the total conserved regions of D. yak, D. ere, D. pse, S. cyn and T. put are
81%, 79%, 14%, 0% and 0%, respectively. Note that the only conserved region
shared among four species D. mel, D. yak, D. ere and D. pse corresponds to 3’
end of D. mel MSE2 and its neighboring genomic fragment located between the
3" end of MSE2 and the conserved block-B (Figure 6.2). This may indicate
the functional importance of the conserved region. However, these results,
together with the previous works [38, 102], clearly show that the functional
conservation of stripe 2 expression does not arise from sequence conservation
of S2E.

In spite of these sequence differences in various S2Es, the conserved S2E
driven spatiotemporal expression is correctly predicted by the model (Fig-
ure 6.3). The model recapitulates conserved gene expression driven by the
four Drosophila S2Es in the same position of native eve stripe 2. This is in
agreement with experimental results showing that RNA expression driven by
S2Es of the four species, D. mel, D. yak, D. ere and D. pse are co-localized
with native eve stripe 2 [38]. In regard to Sepsid S2Es, the model correctly
predicts that the stripe 2 expression driven by S. cyn and T. put S2Es is
shifted posteriorly with the degree of shift larger in 7. put than S. cyn in the
D. mel embryo [102]. Given this level of predictive ability and concordance
between the model and the experimental results, I was able to investigate with
confidence the conserved function between the six S2Es and the functional dif-
ferences of the Sepsid S2Es compared to Drosophila S2Es as described in the

following sections.
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Figure 6.3: Prediction of eve stripe 2 expression of 22 species. Fach panel
has three letter abbreviation for the corresponding species (see Table 4.1 for details).
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The following numbers after the abbreviations are the height of the y axis.
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6.2 Functional binding site analysis method

The fundamental functional unit of a regulatory sequence is a TF binding site.
In S2E of D. mel, the contributions of the TF binding sites to gene expres-
sion are quite diverse. A disruption of bed-1 by substituting three nucleotides
in its binding site sequence, for example, causes a severe reduction in stripe
2 expression while a five nucleotide substitution in bed-3 has little effect on
stripe 2 expression [6]. Disruption of both gt-1 and gt-3 by nucleotide dele-
tions slightly affects the anterior border of stripe 2. However, a deletion of
thirteen contiguous base pairs in gt-2 causes noticeable derepression at the
anterior border of stripe 2 [32|. Furthermore, many TF sites in the D. mel
S2E are relevant only in a specific region of the embryo because their TFs such
as Gt and Kr are only expressed locally. Therefore, in order to understand
the sequence-function relationship of the different S2Es, we must determine
the functional binding sites essential to stripe 2 expression at each A-P posi-
tion and then compare the functional binding sites, their configurations and
molecular interactions on the functional binding sites between species.

Using the in silico transcription system, [ first tried to identify the highly
active functional binding sites in D. mel S2E at three different positions—the
anterior, peak and posterior border of eve stripe 2 on the A-P axis at T6. I
defined a highly active functional site as a TF binding site essential for the
full levels of stripe 2 expression driven by S2E. I reasoned that as the altered
gene expression is due to the change in activator activity on the regulatory
DNA and because the repressors, coactivators, and cooperatively interacting
factors bound close to or overlapping the activator binding sites regulate the
activator activity, I expected that the functional binding sites will be found

in clusters. Because S2E contains multiple activator sites, S2E should have
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multiple functional clusters and all or part of these clusters should be critical
for gene expression.

To identify the highly active binding sites in eve S2E at a given A-P posi-
tion, I applied the following criteria. First, I determine the top contributing
activator binding sites such that the sum of their contributions, quantified
as the decrease in the activation energy barrier () of transcription initiation
(Figure 3.5, Eg. 10 and Figure 5.2A) to gene expression is equal to or more
than 80% of the total decreased energy at a given A-P position. Second, I
identify the regulator binding sites repressing, coactivating, cooperatively in-
teracting with and overlapping the top contributor sites. Third, I consider the
top 80% of contributors and their regulators as the highly active functional
binding sites. Fourth, any regulator sites whose net fractional occupancies are
equal to or lower than 5% are discarded. I then inspect the arrangement of the
top contributors and their regulator sites and investigate their protein-DNA
and protein-protein interactions. This method, termed HOT (Highly active
sites Of TFBSs) analysis, allows us to isolate and compare the functional bind-
ing sites between different S2Es at single nucleus resolution. In this study, I
performed HOT analysis of S2Es at three positions on the A-P axis, 38%, 41%
and 44% EL, which represent the positions of the anterior border, the peak
and the posterior border of stripe 2 respectively.

Figure 6.4 shows an example of a HOT plot where the highly active func-
tional binding sites on D. mel S2E are visualized. Activators and repressors are
displayed above and below the middle horizontal axis, respectively. In the case
of Hb sites, both activating and repressing sites are displayed (Figure 6.4A).
Figure 6.4B shows which binding sites are highly active at a given A-P posi-

tion and their spatial arrangement. This plot reveals that, among a hundred

101



I Bcd Cad D-STAT Hb Kr Kni Gt 1T I Dichaete

S2E + 0.9eve

A 1 lI
11 1

1 1

1 1

MSE2 1
[ | " IIIJ JI lI IIIIII il BB B N

Il Conserved blocks

—1600 —1400 —1200 —1000 —800 —-600 —400 —200

—1400 —1200 —1000 —1400 -1200 —1000 —1400 —1200 —1000

Distance from TSS (bp)

Figure 6.4: Functionally active binding site analysis. (A) All of the predicted
binding sites in the 1.6 kb eve upstream regulatory DNA are shown. The MSE2
region and two conserved blocks are marked. (B) Top 80% contributors and their
regulators (coactivator and repressor) are shown. The highly active binding sites
driving stripe 2 expression are clustered at the 3’ end of MSE2. Other sites, including
bed-4 and bed-5, provide the rest of the contribution to stripe 2 expression but
they are not shown. (C) TFs bind to a different set of binding sites at different
A-P positions. 38%, 41% and 44% A-P position correspond to the anterior, peak
and posterior border of stripe 2 respectively. In order to highlight the dynamic
binding of TFs, levels of their fractional occupancy are represented by adjusting
transparency such that the transparency of the binding sites is inversely proportional
to the fractional occupancy. Bed and Hb binding sites are highly occupied at the
peak position (41% EL) while Gt and Kr bind strongly to their binding sites at the
anterior and posterior border respectively.
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footprinted and computationally identified binding sites, only a small subset
are highly involved in transcriptional control at a given A-P position (Com-
pare Figure 6.4A and B). For example, stripe 2 expression is almost entirely
driven by 7 activator sites, bed-2, bed-*, bed-1, bed-(—1), bed-(—2), hb-3 and
hb-2 (Figure 5.4 and Figure 6.4). They are tightly clustered in the 3’ side of
S2E, from —1.3 kb to —1.0 kb. The region drives gene expression by synergistic
coactivation of Bed and Hb. In addition, multiple functionally active Gt and
Kr binding sites are located in the region (Figure 6.4B). The net fractional
occupancies of the highly active binding sites change dynamically according
to their positions on A-P axis (Figure 6.4C). At the anterior border of stripe
2, Gt binds strongly to multiple sites in the region and antagonizes activator
binding while, at its posterior border, Kr binds strongly and represses gene
expression. On the other hand, at the peak stripe 2, both Gt and Kr bind-
ing is relatively weak such that the synergistic activation of Bed and Hb is
maximized. These results strongly support the previous work on eve stripe 2
regulation [10, 6].

I initially predicted that the functional binding sites would be found in clus-
ters, in which functional activators are surrounded by their regulators. HOT
analysis reveals two regions of highly active clusters (Figure 6.5B, C). The two
clusters have very similar structure in that each of them contains footprinted
Hb sites surrounded by the multiple Bed, Gt and Kr binding sites. Notably,
the clusters share many of their regulator sites, for example five Bed sites,
bed-2, bed-*, bed-1, bed-(-1) and bed-(-2) and three Gt sites, including the
footprinted site gt-1, are located in the effective range capable of coactivating
or quenching the two Hb sites, hb-3 and hb-2 (Figure 6.5A). I denote these
two clusters as the hb-3 and hb-2 cluster hereafter.
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Figure 6.5: Two functionally active clusters in S2E. (A) Highly active func-
tional binding sites are clustered in eve upstream region between —1.4 kb and —1.0
kb. (B, C) The highly active binding sites can be divided into two functionally in-
dependent clusters, the hb-3 cluster (B) and the hb-2 cluster (C). They share some
functional binding sites but the model predicts that the contributions of the two
functional clusters to gene expression are significantly different. (D) Decreased ac-
tivation energy barrier driven by the hb-3 cluster are shown along A-P axis. The
hb-3 clusters are highly active in stripe 2 region. (E) Decreased activation energy
barrier driven by hb-2 cluster is shown. The hb-2 cluster behaves differently than
the hb-3 cluster. It is activated in a broad anterior region between 35% and 65%
EL and the posterior region between 75% and 90% EL. Note that both the hb-3 and
hb-2 clusters are activated in the stripe 7 region.
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The model indicates that the transcriptional activity of the hb-3 cluster is
quite distinct from the action of hb-2 cluster despite the similar binding site
structure (Figure 6.5D, E). The hb-3 cluster alone provides more than 70% of
the total contribution to stripe 2 expression while hb-2 cluster is involved in
decreasing the activation energy barrier in a broad anterior domain covering
the region of eve stripes 2, 3 and 4. This can be interpreted as the 200 bp
fragment containing the hb-3 cluster behaving as a “mini stripe 2 enhancer”
such that the 3’ side fragment of S2E drives transcription in the stripe 2 region.
This result shows that MSE2 is not completely minimal in the sense that an
even smaller region can drive stripe 2 expression. This is in agreement with a
previous work showing that smaller regions of DNA within MSE2, containing
a part of the hb-3 cluster, can drive weak and variable stripe 2 expression
[10, 6]. Furthermore, this analysis shows that the region outside of MSE2
containing hb-2 cluster, from —1.1 kb to —1.0 kb, is necessary for normal stripe
2 expression driven by S2E. Interestingly, in the model, the hb-3 and hb-2
clusters are weakly activated in the posterior domain where eve stripe 7 is
formed. This result supports the experimental result that wild-type levels of
stripe 7 expression require an additional fragment covering the 3’ side of S2E
[26] and suggests that the small regions in S2E might be actively involved in
maintaining wild-type levels of stripe 7 expression in vivo.

Hereafter I restrict the functional binding site analysis of S2Es to the top
80% of contributors and their regulator sites. These approximate all essential
functional binding sites necessary for complete stripe 2 expression in silico.
I use a center-to-center distance when I measure the distance between two
binding sites. All of the functional binding sites and their affinities were cal-

culated by the in silico transcription system. For the Bed and Hb sites, the
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key contributor sites of stripe 2 expression, their binding affinities are further
investigated using empirical data derived from state-of-the-art microfluidics
experiments (MITOMI) [111]. The MITOMI device measured the binding en-
ergy change of observed mutations in Bed and Hb binding sites, therefore, the
MITOMI based PWMs (a courtesy of Bin He) are ideal for estimating actual
binding affinity of Bed and Hb sites.

6.3 Structure—function analysis of D. mel S2E

In order to understand the functional conservation of S2Es of four different
species, I first determined the relationship between structure and function of
D. mel S2E. Inspection of the occupancies of functional clusters of D. mel S2E
at three positions, the anterior border (38% EL), the peak (41%) and the pos-
terior border (44%) of eve stripe 2 area reveals the precise spatial dynamics of
protein-DNA and protein-protein interactions (Figure 6.4, Figure 6.5 and Fig-
ure 6.6). The local arrangements of the two functional clusters are highlighted
in Figure 6.6B. There are 5 functional Bed sites in the effective coactivation
range of the top contributors (see red dashed line in Figure 6.6). At the an-
terior border, Gt is competing with Hb in the hb-3 and hb-2 clusters but at
the posterior border, it no longer tightly binds to the overlapping site while
Kr sites are highly occupied.

I investigated the mechanism of repression by Gt at the anterior border
where Gt tightly binds to multiple site in both the hb-3 and hb-2 clusters
(Figure 6.5B). The footprinted site gt-1 overlaps hb-3 and a computationally
identified site, gt-(—1), overlaps hb-2 [6, Figure 5.4]. If the gt-1 site is com-
pletely removed in silico, while the binding affinity of the overlapping hb-3
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Figure 6.6: Functional cluster analysis of D. mel S2E. (A) Top 80% contribu-
tors and their regulators are shown. The highly active functional binding sites are
clustered. (B) Functional hb-3 and hb-2 clusters are visualized at three different
A-P positions. The top activators are placed on z-y coordinates according to their
positions from TSS. However, their regulators are aligned vertically on top or below
their target activator such that the plot allows us to easily determine the differences
of the functional binding site arrangements in the clusters. Distance values on x-axis
applies only to the top activators. Regulators at the same z-axis indicate that they
belong to the same functional cluster. Regulators on the same y-axis indicate that
they are identical binding sites. The red arrows indicate the competitive binding,
showing the interaction is not static. Note that coactivators and repressors form
homotypic clusters.

is left intact, noticeable derepression in the 1-2 inter-stripe region is observed
(Figure 6.7B) and the overall levels of stripe 2 expression are increased. Nev-

ertheless, the anterior border of stripe 2 is still maintained. Except for the
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derepression in the inter-stripe, this result agrees the previous experimental
work suggests that the levels of gene expression are increased but the anterior
border is still present when a fourteen contiguous nucleotide deletion was cre-
ated in gt-1 [32]. This result shows that the competition between the Gt and
Hb binding sites gt-1 and hb-3 is a component of the anterior border forma-
tion but there must be an additional repression mechanism to maintain the
anterior border.

In order to access the contribution of Gt mediated short-range quenching
to the anterior border, I ran the in silico transcription system while specifically
disabling the short-range quenching ability of Gt. Although the competition
between Bed and Gt is still operating on the overlapping Bed and Gt sites,
the anterior border is abolished in the inter-stripe region of eve stripes 1 and 2
(Figure 6.7C). This result shows the importance of the short-range quenching
mechanism for the anterior border formation. Further in silico experiments
show that the robust anterior border formation depends on short-range quench-
ing by multiple Gt binding sites. The deletion of a single Gt binding sites has
no significant effect while the deletion of multiple Gt sites abolish the anterior
border of stripe 2 (Figure 6.8C).

At the posterior border, a completely different configuration of repressor
occupancies is observed. The overlapping Gt binding sites are no longer pop-
ulated by Gt. However, the three Kr binding sites are highly occupied. In-
terestingly, none of them overlap the hb-3 and hb-2 sites. Instead, the Kr
sites overlap bed-*, bed-1 and bed-(—2) so that they indirectly repress the
Hb sites by competing on the overlapped binding sites and then repressing
the Hb and Bed sites through short-range quenching. If the model allows Kr

mediated competition but disallows short-range quenching interactions, the
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Figure 6.7: Multi-tier mechanisms of repression. (A) Predicted gene expression
driven by D. mel S2E. The model predicts higher levels of gene expression than that
of the observed MSE2. (B) Footprinted site gt-1 is deleted in silico. The anterior
border of stripe 2 is still maintained. (C) Gt mediated short-range quenching is
disabled while Gt mediated competition is still operating in silico. The anterior
stripe 2 border is abolished in the inter-stripe region of eve stripes 1 and 2. (D) Kr
mediated short-range quenching is disabled in silico. The posterior border expansion
is seen but the border is not abolished. (E) The posterior border of stripe 2 is not
abolished even when the all Kr sites in S2E are deleted in silico (see an black arrow).
The Kr protein profile is also shown for a reference.

posterior border is extended (Figure 6.7D). This indicates the importance of
Kr-mediated short-range quenching for the establishment of the posterior bor-
der. Unlike the anterior border however, the model shows that the posterior
extension is strongly constrained by diminishing levels of Bed and Hb concen-
tration. Although shifted, the posterior border of stripe 2 is still maintained
even when the all Kr sites are completely deleted (Figure 6.8D), indicating the
multi-tier mechanisms of the posterior border formation. This result agrees
with the finding that there is no loss of the posterior border when the wild type

MSE lacZ fusion gene is expressed in Kr— embryos as visualized by antibody
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Figure 6.8: Robust stripe 2 border formation. (A) Predicted gene expression
driven by D. mel S2E. The model predicts higher levels of gene expression than
that of the observed MSE2 (shorter than S2E). (B) Top 80% contributors and their
regulators are shown except for Cad, Kni and TIl. (C) Functionally active Gt binding
sites are removed one by one from the left except gt-1. gt-1 overlaps the hb-3 site
and it is removed last. Until three Gt sites are removed, the anterior border of stripe
2 is not abolished (see black arrows). (D) Functionally active Kr sites are removed
one by one from the left. The posterior border of stripe 2 is shifted posteriorly
but the border is not abolished even when the three Kr sites are all deleted (see
black arrows). (E) Functionally active Bed sites are deleted one by one from the
left. Deletion of a functional activator site causes more dramatic change in gene
expression than repressor sites. A single binding site deletion is enough to cause
near total loss of gene expression (see black arrows).
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staining [6]. In conclusion, these results shows that S2E of D. mel has an in-
trinsic tolerance to some mutations in carrying out its essential function—the
establishment of eve stripe 2 in the D. mel embryo. Furthermore, these re-
sults demonstrate that the structural flexibility of S2E arises, in part, from the
multi-tiered repressive mechanisms by multiple Gt and Kr molecules bound in

the clusters and diminishing levels of Bed and Hb concentration.

6.4 Structure—function analysis of four Droso-

phila S2Es

In the previous sections, I investigated the gross sequence differences in S2Es
found in four Drosophila species, D. mel, D. yak, D. ere and D. pse and two
Sepsid species, S. cyn and T. put. I then identified and characterized two
highly active clusters of functional binding sites, the hb-3 and hb-2 clusters, in
D. mel S2E. In this section, I identify the highly active clusters in the D. yak,
D. ere and D. pse S2Es and compare the structures of the functional clusters
to that of D. mel S2E in detail. I then investigate whether there are molecular
mechanisms that compensate for the structural differences in the four different
S2Es.

HOT analysis of the three Drosophila S2Es reveals two and sometimes three
highly active clusters. The top two functional clusters in these species share
many functional binding sites with the D. mel S2E, although their configu-
rations are different from each other (compare the clusters in each panel of
Figures 6.9 and 6.10). In the S2Es of all four species, each cluster contains
one Hb site coactivated by multiple Bed sites (Figure 6.9) as well as multiple
Gt and Kr binding sites in the effective range of quenching the Hb and Bed
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sites (Figure 6.10). Because the top two clusters in the S2Es of D. yak, D. ere
and D. pse contain the hb-3 and hb-2 sites respectively, I also denoted them
as hb-3 and hb-2 clusters.

6.4.1 Structure of functional clusters in S2Es

I examined the structure of hb-3 and hb-2 clusters in four Drosophila S2Es
to determine whether the conserved transcriptional activities arises from the
conservation of functional binding site sequences and their configurations. As
the hb-3 and hb-2 clusters are conserved across the four species, I was able to
align the two clusters based on the hb-3, the top contributor site and one of the
most conserved binding sites in the hb-3 cluster. Asseen in Figure 6.11A-C, the
configurations and the sequences of the functional binding sites have differences
(Figure 6.11D for the sequence differences). First of all, the DNA sequences of
the top contributors, hb-3 and hb-2, and their coactivator sites, bed-2, bed-*,
bed-1, bed-(—1) and bed-(-2) are not completely conserved among the four
Drosophila species. First, although the footprinted bed-1 site of D. mel is
also found in D. yak, D. ere and D. pse, their 14 bp motifs defined by the
SELEX PWM have one, three and three nucleotide substitutions respectively
(Figure 6.11D). Second, the distances between the functional activators and
the conserved block-B, defining the 3’ border of S2E, are variable. In D. pse,
the distances of the two Hb sites hb-3 and hb-2 from the conserved block
are 305 bp and 210 bp respectively, while the same Hb sites in D. ere are
260 bp and 169 bp (Figure 6.11A). Third, the number of functionally active
Bed sites is different in each species. At the peak of stripe 2, D. mel S2E
contains five functional Bed sites whereas D. pse S2E has six functional Bed

sites (Figure 6.9). Fourth, the distances between the Bed and Hb sites are
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Figure 6.9: Arrangements of functional activators in S2Es. FEach cluster
maintains the same number of functionally occupied Hb and Bed binding sites at
three different A-P positions, the anterior border, peak and posterior border of stripe
2, except D. yak. Even though the distances of the Hb and Bcd sites from the
TSS and distances between the activator and coactivator sites are variable, multiple
functionally conserved Bed sites are positioned in the range capable of coactivating
hb-3 and hb-2 sites. Red dashed lines indicate the ranges capable of coactivating
each Hb site. At the posterior border, Cad is competing with Hb over the hb-3
sites in the four S2Es, but its effect is negligible at the three A-P positions. Only
functional binding sites having more than 5% fractional occupancies are displayed.

113



Anterior (38% EL) Peak (41%) Posterior (44%)

D.mel S2E

D.yak S2E

|
=
w
o
o

| | |
| e
© O KB N
o © o o
(=] (=] (=] o

|
-
IS
o
)

D.ere S2E

Distance of regulators from TSS (bp)

| | | |
| e
© O EH N W
o © o o o
o o (=] (=] o

|
fun
~N
o
o

D.pse S2E

| | |
e e
N W
o o o
(=] (=] (=]

—1100 —1000 -1200 -1100 —-1000 -1200 —-1100

Distance of activators from TSS (bp)

Figure 6.10: Arrangements of functional repressors in S2Es. The occupancies
of functional repressor sites are significantly different at the anterior border, peak
and posterior border of stripe 2. At the anterior border, Gt binding sites are strongly
occupied and Gt and Hb are competing over hb-3 and hb-2 sites (see red arrow). At
the posterior border, the majority of functional binding sites are Kr sites. Red dashed
lines indicate the ranges capable of quenching each Hb sites. The positions of Gt and
Kr sites in the clusters are variable, but always located in the effective quenching
range of the hb-3 and hb-2 sites. Asterisks indicate the competition between two
functional binding sites. Red arrows shows that the competition between hb-3 and
gt-1 is conserved in all four species. Only functional binding sites having more than
5% fractional occupancies are displayed.
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different. Among the hb-3 clusters in the four Drosophila species, for example,
the distance between the hb-3 site and its closest upstream Bed sites is 31 bp
in D. mel and 56 bp in D. yak. The distance between the hb-3 site and the
second closest Bed sites is 96 bp in D. meland 135 bp in D. pse (Figure 6.11A).
Between species, there is significant structural divergence of both the dis-
tances from the functional repressor sites to their target activator sites and the
number of functional repressor sites in the hb-3 and hb-2 clusters. For exam-
ple, in D. yak, the distance between gt-* and hb-3 is 52 bp while the distance
between the equivalent binding sites in D. ere is 103 bp (Figure 6.11B). The
number of functional Gt and Kr sites is also variable. Each cluster contains
from two (D. pse) to six (D. yak) functional Gt sites at the 38% EL (the ante-
rior border of stripe 2) (Figure 6.10). Especially, D. pse S2E completely lacks
the two functional Gt sites, gt-* and gt-(—1) and the two functional Kr sites,
kr-* and kr-** as shown in Figure 6.11B, C. HOT analysis indicates that there
are non-functional sequences in D. pse S2E which are similar to the functional
sites in D. mel but contain various substitution mutations (Figure 6.11D).
The analysis of these functional binding site alignments clearly shows sub-
stantial differences in both the sequences and configurations of the function-
ally active binding sites. I conclude, therefore, that the observed conserved
function of S2Es is not maintained through simple conservation of functional

binding site sequences or configurations in the four S2Es.

6.4.2 Conserved molecular interactions in S2Es

As sequence conservation for functional binding sites is an inadequate expla-
nation for the conserved expression pattern, I then asked whether there are

conserved features at the protein-DNA and protein-protein interaction levels.
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Coac or Qnch range for hb-3

b1 b1 b(2) D hb-3 kcal/mol hb-2 kcal/mol
; mel GTCATAAAA-ACACA (-2.81) TTATTTTTTTGCGC (-1.06)

yak GTCATAAAA-ACACA (-2.81) TTATTTTTT-GCGCC (-1.10)
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%
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mel CATAAAA-ACACATAATAATGATGT (0.042)
yak CATAAAA-ACACATAATAATGATGT (0.042)
ere CATAAAA-ACACATAATAATGATGT (0.042)
pse ATAAAACACACATAATAATGAGAT (0.042)
gt-(-1)

mel GTCCAGGCAACGCAATTAACGGAC (0.065)
yak GTCCAGGCAGCGCAATTAACGGAC (0.044)
ere GTCCAGGCAGCGCAATTAACGGAC (0.044)
pse CAGGCAGCAGGATCATTAACGGAC ( N/A )

kr—** K kr-* K
mel GCCAAGGGCTTGAC (0.004) CCCAATCCCTTGTC (0.004)
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ere GCCAAGGGCTTGAC (0.004) CCCAATCCCAAAGC ( N/A )
pse GCCAAGGGCTTTAG ( N/A ) CCCTATCCCTGTCG ( N/A )

kr-3 kr-1
mel TCGAAGGGATTAGG (0.007) CTTAACCCGTTTTG (0.012)
yak TCGAACGGATTAGG (0.005) CTTAACCCGTTTGA (0.012)
ere TCGAACGGATTAGC (0.005) CTTAACCCGTTTGA (0.012)
pse TCGAAGGGATTAAG (0.007) CTTAACCCCTTGTG (0.015)
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Figure 6.11: Conserved functional clusters in four S2Es. (A-C) Functionally
active clusters at stripe 2 are aligned by the top contributor hb-3 site. A number
in parenthesis indicate the number of a nucleotide change. Plus, minus and no sign
indicate a base insertion, deletion substitution respectively. Conserved Bed and Hb
sites are connected through white dashed line. Some repressors are co-localized with
the Bed and Hb sites. (D) Sequences of functional binding sites in the functional
clusters. Conserved PWM motifs are highlighted if 3 or more of 4 nucleotides in
each position are identical. White dashed lines in panels A to C indicates the shifts
of functional Bed and Hb sites between species.

116



I examined DNA-protein interactions first and then compared protein-protein
interactions on the S2Es in the four different Drosophila species. I then asked
whether the conserved interactions in the four S2Es are sufficient to drive the

conserved stripe 2 expression.

Conserved DNA-protein interactions

Experimental data has shown that a mutation of just a few nucleotides in a
functional activator site can alter the binding affinity of a target TF, and in
some cases, induce significant change in gene expression [6, 32|. I inspected
binding affinities and fractional occupancies of functional binding sites in the
different S2Es and found some conservation of binding interactions between
TFs and their binding sequences despite differences from their D. mel coun-
terparts. TF binding to hb-3 and hb-2 sites and four Bed sites, bed-2, bed-1,
bed-(—1) and bed-(-2) in D. mel S2E is conserved in the other species (Fig-
ure 6.11A). The hb-3 sequence in D. pse contains an additional nucleotide in
the middle of its motif, which moves four contiguous nucleotides in the motif
towards the 3’ side (Figure 6.11D). However, the MITOMI data and the in
silico model confirm that the binding affinity is not reduced by this sequence
alteration (compare the Hb binding energy in Figure 6.11D). Furthermore, as
in D. mel S2E, the D. pse hb-3 site is occupied by Hb at stripe 2 and serves as
a top contributor site in silico. The sequence of hb-2 in D. mel S2E is not well
conserved in the other species, although its binding affinity remains almost
identical, or in the case of D. ere, even increased. This modeling result further
shows that, as in D. mel, Hb remains bound to the hb-2 sites in the three
species after competition and short-range quenching interactions in the stripe

2 region. Like hb-3, the bed-(—2) sequence is completely conserved in D. mel,
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D. yak and D. ere but not D. pse. The sequence of the D. pse bed-(—2) differs
by 6 bp of 14 bp from D. mel, but both MITOMI data and the model indi-
cates that the binding affinity remains almost the same (Figure 6.11D). These
results reveal that there are conserved DNA-protein interactions despite the
sequence differences in the four S2Es, however the levels of the fractional oc-
cupancies at the equivalent binding sites in the four S2Es are not conserved in
silico. This demonstrates that the binding affinities of the conserved binding
sites are not a sole determinant of the fractional occupancies of the sites, and

consequent S2E expression.

Conserved synergistic coactivation

HOT analysis reveals that the synergistic coactivation of Bed and Hb for tran-
scription initiation is a universal mode within the four S2Es (Figure 6.9 and
6.11A). Although the total number of functional Bed sites in each cluster differs
from species to species, four Bed sites, bed-2, bed-1, bed-(—1) and bed-(-2),
are functionally conserved. Furthermore, even though the distances between
the Bed sites and Hb sites are variable in the equivalent clusters between four
S2Es, they are all located within the effective coactivation range of hb-3 and
actively involved in coactivation of Hb bound to the hb-3 site. In D. mel,
the hb-3 cluster provides more than 70% of the total contribution to gene
expression at the native stripe 2 position (Figure 6.12). The activity of the
hb-3 cluster reaches its maximum at around the stripe 2 peak and strongly
reduced at the anterior and posterior borders of eve stripe 2. The hb-2 cluster
is activated in broad anterior domain and provides additional contribution to
initiate transcription in the stripe 2 region. This result shows that the non-

MSE2 sequence, containing the core of hb-2 cluster, assists MSE2 to ensure
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Like D. mel, the other species, D. yak, D. ere and D. pse, also show a sim-
ilar pattern (Figure 6.12). The hb-3 clusters provide a considerable amount of
contribution to stripe 2 expression and the hb-2 clusters assist the transcrip-
tional activity of hb-3 cluster. Note that in the four species the hb-3 and hb-2
clusters are also activated in the stripe 7 region (Figure 6.12). This result
raises the possibility that the stripe 2 enhancers of D. yak, D. ere and D. pse
species might also be actively involved in eve stripe 7 formation in their native

context.

Conserved competitive interactions between TFs

I then examined the protein-protein interactions between functional activators
and repressors in the four S2Es. I observed a striking conservation of pattern
when [ superimpose the configurations of the functional repressor sites upon
the configurations of the functional activator and coactivator sites (see white
dashed lines in Figure 6.11A-C). For the functional Kr sites in the four species,
all sites of each cluster are co-localized with one of the four Bed sites, bed-
2, bed-*, bed-1 and bed-(-2), despite the changing positions of the Bed sites
within the clusters (Figure 6.11C). For example, the two footprinted sites kr-3
and kr-1 follow the bed-1 and bed-(-2) sites in all the four S2Es. Interrogating
these sequences in the model further confirms that competition interactions
between Bed and Kr occur at overlapping sites, kr-3 over bed-1 and kr-1 over
bed-(—2), at the posterior border of stripe 2. The removal of the Kr sites in
the four S2Es causes a more posterior expansion than simply disabling the
short-range quenching capability of Kr in silico. This result suggests that the
competitive interactions between the Bed and Kr sites are a relevant compo-

nent of posterior border formation. This interaction is completely conserved
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between the four species. In addition, the three Gt binding sites, gt-*, gt-1
and gt-(—1), also track with the bed-2, hb-3 and bed-(-1) respectively (Fig-
ure 6.11B). Notably, the overlap of gt-1 and hb-3 is completely conserved in
the four species while gt-* and gt-(—1) overlap over bed-2 and bed-(—1) in all
species except D. pse. In silico experiments show that the competition between
Bed and Gt or Hb and Gt over these sites is critical for the anterior border
formation. These results show that three competitive binding interactions, be-
tween Bed and Kr, Bed and Gt and Hb and Gt, are functionally conserved in

a subset of each clusters despite sequence differences in the overlapping sites.

Conserved short-range quenching interactions

I analyzed the short-range quenching interactions between functional sites in
each cluster. As seen in Figure 6.11B and C, the positions of the repressor Gt
and Kr sites found in the D. mel stripe 2 clusters vary in different S2Es, how-
ever, all of them, when present, are located in the range capable of quenching
the conserved activator sites bed-2, bed-1, bed-(—1), bed-(—2), hb-3 and hb-2.
Furthermore, even though the strength of their repressive action on equiva-
lent sites differs between different species, the in silico model indicates that
these Gt and Kr sites are actively involved in the anterior or posterior border
formations. These results suggest that many Gt and Kr mediated quench-
ing interactions found in D. mel S2E are functionally conserved in the other
species and the distances between the repressor sites and their target activator
sites in different S2Es could be constrained by their physical quenching range

in vivo [42, 12, 40, 43].
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6.4.3 Insufficiency of conserved interactions between S2Es

Having identified the specific conserved molecular interactions needed for stripe
2 expression, I then asked whether these interactions are sufficient to drive the
conserved spatiotemporal expression of stripe 2 in the in silico transcription
system. S2Es from the three species exhibit large differences in their expres-
sion levels and rescue abilities in the D. mel embryo [2]. As only D. yak and
D. pse S2Es drive similar levels of D. mel S2E expression in D. mel blastoderm
embryo (Dr. Martinez’s unpublished data) and rescue the embryonic lethal
EVEAS2E deletion [2], T restrict all further functional analysis to these two
species hereafter. The in silico transcription system successfully recapitulates
the in vivo findings that the D. yak S2E drives expression levels similar to that
of D. mel S2E. While the D. pse S2E recapitulates a similar spatiotemporal
pattern of expression in silico, the level of S2E expression at the peak of stripe
2 is about four times higher than D. mel. Therefore, for D. pse S2E, I limited
my investigation of D. pse S2E to anterior and posterior border formations.
In order to measure the net transcriptional activities of the conserved
molecular interactions in the functional clusters of the D. yak and D. pse
S2Es, T only allowed interactions occurring on conserved functional binding
sites based on following criteria. First, among the top functional activator,
coactivator and repressor sites identified by HOT analysis for each S2E (see
Section 6.2), only these binding sites which are conserved between the D. mel
and a target S2E are used. Second, any coactivation, competition and short-
range quenching interactions taking place on the conserved functional sites
are allowed. Third, because the Bed-Bed cooperative interactions operate in
a pair-wise manner among the Bed sites in the clusters, I only allowed the

cooperative interactions seen in the D. mel S2E between bed-2 and bed-* and
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Figure 6.13: S2E expression driven by conserved interactions. Protein-DNA
and protein-protein interactions occurring only on the conserved binding sites are
allowed with criteria described in the section 6.4.3. (A) D. mel S2E expression in
silico. (B, C) Conserved interactions between D. mel and D. yak (B) and between
D. mel and D. pse (C) are not sufficient to generate conserved expression. Arrows
indicate the conserved interaction-driven S2E expression.

between bed-1 and bed-(—1) when available in a target S2E. Finally, I left all
binding sites outside of the active clusters and consequent molecular interac-
tions intact in this in silico experiment.

As seen in Figure 6.13, conserved interactions between species were not able
to generate full levels of conserved gene expression. Furthermore, in the case
of D. pse, substantial derepression in the 1-2 inter-stripe region is observed.
In both S2Es, their expression is shifted anteriorly. This result demonstrates
that the conserved interactions alone are not sufficient for the establishment
of conserved gene expression and suggests the existence of novel molecular

mechanisms assuring the conserved expression n vivo.
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6.4.4 Novel molecular interactions in D. yak and D. pse

S2Es

The D. yak and D. pse S2Es do not contain five TF sites found in D. mel (Fig-
ure 6.11B, C). Because they are functional components of D. mel S2E function,
the conserved interactions remaining in D. yak or D. pse S2Es alone were not
be able to recapitulate conserved stripe 2 expression in silico (Figure 6.13B,
C). In the D. yak S2E, the cooperativity of Bed between bed-2 and bed-* is
lost due to the absence of the bed-* site while in D. pse S2E many repressive
interactions are missing due to the lack of the four repressor sites gt-*, gt-(—1),
kr-** and kr-*. Despite the loss of these molecular interactions critical for D.
mel S2E, almost identical stripe 2 patterns were observed when the D. yak and
D. pse S2Es are assayed in vivo 2, Dr. Martinez’s unpublished data| and in
silico (see solid red lines in Figure 6.13B, C).

I found that, despite the absence of bed-*, D. yak bed-2 is able to main-
tain strong cooperative interactions through reconfiguration of its cooperative
pairing (Figure 6.14A). In the D. mel S2E, cooperative interactions are estab-
lished between bed-2 and bed-* and between bed-1 and bed-(—1) and these
interactions are essential for full levels of stripe 2 expression in silico. In D.
yak’'s S2E, however, novel cooperative interactions between bed-2 and bed-1
and between bed-(—1) and bed-(—2) compensate for the absence of bed-* (Fig-
ure 6.14E). These reconfigurable Bed-Bed cooperative interactions are possible
because Bed executes its cooperative action over a certain distance (see Sec-
tion 3.1.2). Previously, I constrained the cooperative interaction range to 60
bp (see Section 3.1.2). With this restriction, the restoration of stripe 2 expres-
sion seen in Figure 6.14E was not observed (see Figure 4.1C1). However, a

10 bp increase of the cooperative range results in the similar levels of stripe 2
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Figure 6.14: Novel molecular mechanisms for conserved expression. Novel
cooperative and repressive interactions are necessary for normal stripe 2 pattern.
(A) Adaptive cooperative interactions. Despite the absence of bed-*, D. yak bed-2 is
able to maintain the strong cooperative interactions through reconfiguration of the
cooperative pairing. White horizontal lines between Bced sites indicate cooperative
interactions. (B) A new Gt site, indicated by a yellow arrow, becomes a functional
component of D. pse S2E. (C) A new Kr site, indicated by a yellow arrow, becomes a
functional component of D. pse S2E. (D) D. mel S2E driven expression in silico. (E-
G) Contributions of de novo molecular interactions to conserved stripe 2 expression.
(H) Putative mutations in D. pse S2E create new functional sites. “*’ indicates the
motif of overlapping bed-* site. ‘x’ indicates the loss of kr-* site in D. pse S2E.

expression compared to D. mel S2E (Figure 6.14E). This result suggests that

the reconfigured cooperative interactions might be a major component ensur-
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ing the conserved levels of stripe 2 expression observed in vivo. In addition,
this further suggests that S2E acquires an additional intrinsic capability that
tolerates a certain degree of structural alterations through a Bed-Bed pairwise
cooperative interaction.

In case of D. pse S2E, two novel repressor sites, not found in D. mel S2E,
play an essential role for the conserved stripe 2 expression border (see yellow
arrows in Figure 6.14B and C). As seen in Figure 6.14B and C, D. pse lacks
the D. mel Gt sites gt-* and gt-(—1) and two Kr sites kr-** and kr-*. However,
for Gt, a new site appears in the in silico model. This site has a strong binding
affinity in D. pse and its sequence differs by four nucleotides from the corre-
sponding D. mel sequence (Figure 6.14H). The new Gt site, termed gt-new, is
located close to the top contributor hb-3 site and, without gt-new, severe dere-
pression is observed in the eve 1-2 inter-stripe region in silico (Figure 6.14F).
This results suggests that the gt-new site becomes a functional component
of D. pse S2E. For Kr, a new Kr site, kr-new, is located close to the con-
served block-B (6.14C). This site contains three nucleotide substitutions in
its sequence compared to D. mel sequence (Figure 6.14H). Deletion of kr-new
causes a noticeable posterior border expansion in silico (Figure 6.14G). This
result establishes that the kr-new site, repressing the activities of activators at
posterior border, might be a functional component of the D. pse S2E in vivo.
In conclusion, these results suggest that novel molecular interactions found
in the altered structures of S2Es are required for maintaining the conserved
biological function of D. yak and D. pse S2E in the D. mel embryo. Given
their strong contributions to gene expression, it is likely they are also highly

functional in their native context.
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6.5 Structure—function analysis of Sepsid stripe
2 enhancers

Two of the most extreme examples of structural flexibility are the eve stripe
2 enhancers from two Sepsid species S. cyn and T. put. These enhancers
have a completely different arrangement of binding sites compared to their
well-characterized D. mel counterpart yet produce an almost identical stripe 2
expression domain in the D. mel embryo [102]. It has been reported that only
5% of D. mel binding sites are conserved in pairwise comparisons with Sepsid
species and only a few short 20-30 bp sequences are shared in stripes 2, 3 and
MHE enhancer between Drosophila and Sepsid species [102].

In the eve stripe 2 enhancer, Hare et al. were able to find one highly
conserved Bed-Kr binding site pair, through a pair-wise sequence alignment
across the entire six Drosophila and six Sepsid species in the 5 side of their
stripe 2 enhancers. Among the six Sepsid species, one conserved Bed-Kr site
pair and two Slp binding sites were identified. Because of these very limited
sequence similarities, it was almost impossible to align the Sepsid enhancers
to their Drosophila orthologs based on the sequence similarities [102]. Conse-
quently, it is impossible to infer the transcriptional control of gene expression
of the Sepsid S2Es based on the conserved binding sites between Drosophila
and Sepsid. Furthermore, it has been reported that stripe 2 expression driven
by the S. cyn and T. put S2Es are shifted posteriorly compared to the D. mel
S2FE and the degree of the shift of 7. put is larger than that of S. cyn [102].
Functional dissection of such changes in gene expression at the molecular level
has been a major research challenge.

In this section, I sought to elucidate fundamental mechanisms that allow
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Sepsid S2Es to generate a remarkably similar stripe 2 expression pattern in
the Drosophila embryo using the in silico transcription system. I then inves-
tigated the experimentally reported functional differences between Drosophila
and Sepsid S2Es. The peak positions of S. cyn and T. put S2E expression are
46% and 50% EL respectively in silico, hence I performed the HOT analysis
for the two Sepsid S2Es at 46% and 50%, and also at 41% EL as a reference,
the peak position of D. mel S2E (Figure 6.15). In this study, 41%, 46% EL, the
peak positions of D. meland S. cyn, represent the anterior border positions of
S. cyn and T. put eve stripe 2 and 50% and 53% EL represent their posterior

border positions respectively.

6.5.1 Differential features of S. cyn and T. put S2Es

The functional binding site analysis reveals that more than three functional
clusters are actively involved in stripe 2 formation in the Sepsid S2Es. Because
of the substantial sequence differences between Drosophila and Sepsid S2Es,
almost no similarity in functionally active binding sites relative to the D. mel
S2E clusters was found except for two Hb sites. The two Hb sites in S. cyn
and T. put are different from the hb-3 and hb-2 sites in D. mel S2E by one
or two nucleotides. The in silico model and MITOMI data confirm that the
two Hb sites in S. cyn and T. put S2E have similar or higher binding affinities
compared to that of D. mel S2E.

Given the limited similarities of the functional clusters between Drosophila
and Sepsid S2Es, it is hard to determine whether the two Hb sites are equiv-
alent to the hb-3 and hb-2 sites in Drosophila S2Es. However, like the hb-3
and hb-2 sites in the Drosophila S2Es, they are one of the top 80% contrib-

utors for stripe 2 expression and located right next to each other. Hence, in
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Figure 6.15: Highly active sites in S. cyn and T. put S2Es. Top 80% contribu-
tors and their regulators at the anterior, peak and posterior positions of stripe 2 were
identified and visualized together using in silico system. (A) S. cyn S2E contains
two highly active regions. Bigger fragment contains two Hb sites similar to hb-3 and
hb-2. (B) Top contributors are dispersed in about 1 kb fragment in 7. put S2E. Note
that only one Bed site is functionally active. Putative hb-3 site is indicated by white
asterisk.

this study, I denoted them as hb-3 and hb-2 respectively and, based on the
hb-3 site, I aligned the functional clusters identified in the Sepsid S2Es with
the top clusters in Drosophila S2Es (Figure 6.16). The functional binding site

alignment shows that there are significant differences in the composition and
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configuration of TF binding sites in the clusters compared to that of Droso-
phila species. One significant feature of Sepsid S2Es is that the S2Es contain
multiple strong Cad binding sites (Figure 6.16A). The in silico model confirms
that these sites are occupied at the peak positions and even at 41% EL, the
peak position of D. mel S2E, Cad is present on the binding sites. In contrast,
although the D. mel S2E also contains computationally identified Cad binding
sites, they are not occupied at 41% EL and only one site is occupied at 44%
EL (Figure 6.9).

Another noticeable feature of the Sepsid S2Es is that, in their functional
clusters, a limited number of functional Bed sites is found. In S. cyn S2E, five
functional Bed sites are found in the clusters, but MITOMI data and the model
confirmed that none of their binding affinities are stronger than or similar to
bed-1 or bed-2 in the D. mel S2E. Furthermore, only three of them are actively
involved in coactivation of hb-3 in silico because two of them overlap hb-3 site
(Figure 6.15A). The model confirmed that competitive interactions between
Bed and Hb occur on the overlapping sites in the region of stripe 2 expression.
Among the six Drosophila and Sepsid species, the competitive interactions
between Bed and Hb are only seen on these particular sites in S. cyn S2E.
With respect to T. put S2E, only one functional Bed site is found in the hb-3
and hb-2 clusters (Figure 6.15B) and its binding affinity is also lower than
the footprinted Bed sites, bed-1 or bed-2 in D. mel S2E. This result suggests
that Sepsid S2Es might require the trans-acting factor Cad to drive stripe 2
expression in a . mel embryo.

With respect to functional repressor sites in Sepsid S2Es, two distinctive
features were found. First, functional Kr sites are almost entirely absent in the

Sepsid S2Es. As seen in Figure 6.15, T. put S2E does not contain any func-
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Figure 6.16: Comparison of functional clusters in six S2Es. Substantially
different configurations drive similar function. (A) Sepsid S2Es utilize Cad sites for
gene expression. Two Hb sites resemble hb-3 and hb-2 sites of D. mel S2E. Magenta
arrows indicate functionally active Cad sites. (B) Sepsid S2Es contain functional
Gt binding sites. As gt-1 overlaps over hb-3 in D. mel S2E, one of Gt sites in
each Sepsid S2E overlaps over a functional Hb site. (C) At the posterior border
of Sepsid S2E expression, completely different configurations of TF occupancies are
observed. Unlike Drosophila S2Es, Sepsid S2Es almost entirely lack functional Kr
sites in their active clusters. Instead, Sepsid S2Es utilize Kni sites for the posterior
border formation. Magenta arrows indicate functionally active Kni sites. Both S.
cyn and T. put have similar Kni configuration. (D) DNA sequences of two highly
active Hb sites in Sepsid S2Es are similar to hb-3 and hb-2 sequences in D. mel S2E.
However, the DNA sequences of surrounding TF binding sites such as coactivator
Bed sites and spacers between TF sites are substantially different from the sequences
of D. mel S2E. Conserved PWM motifs are highlighted if 4 or more of 6 nucleotides
in each position are identical.

131



tional Kr sites in the top 80% clusters. In the case of S. cyn S2E, it contains
three functional Kr sites, but only one site is located in the hb-3 and hb-2 clus-
ters (Figure 6.15A and 6.16C). Second, unlike Drosophila S2Es, the T. put S2E
contains multiple functional Kni sites in their top 80% clusters (Figure 6.15B).
In the case of D. mel and S. cyn S2E, only one Kni site is functional at 50%
EL, which is 9% and 4% posterior from their peak positions. However, T. put
S2E have four functional Kni sites at 50% EL, the peak position and six at
53% EL, the posterior border position of the T. put S2E expression. Having
identified these differential configurations of TF occupancies relative to D. mel
S2E, T then investigated the relationship between the configurations and their

function in the following sections.

6.5.2 Utilization of trans-acting factor Cad for eve stripe

2

I asked whether the highly occupied Cad sites are essential for the Sepsid S2E
expression. In order to test the Cad dependency, I ran the in silico transcrip-
tion system without Cad binding sites for three enhancers, S. cyn, T. put S2Es,
and D. mel S2E as a control. Binding affinities of any overlapping TF sites
are left intact. As seen in Figure 6.17, deletion of all Cad sites in D. mel S2E
does not cause any significant changes in gene expression in silico. However,
gene expression driven by S. cyn or T. put S2Es is completely abolished when
the Cad binding sites are deleted (Figure 6.17). This result suggests that Cad
is essential for the Sepsid S2Es to drive stripe 2 expression in D. mel embryo.
I then asked whether Cad initiates transcription through coactivation of Hb
in the Sepsid S2Es in silico. Note that, in Section 3.1.3, the model suggested

coactivation of Hb by Cad for proper stripe 7 expression. When I disabled
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Figure 6.17: In silico prediction of maternal input dependency. In order to
test Cad dependency of Sepsid S2Es, two Sepsid S. cyn and T. put S2Es were tested
and also the D. mel S2E for comparison. Two in silico experiments were performed
for each S2E; Deletion of entire Cad sites or Bed sites respectively. Binding affinities
of TF binding sites overlapping the Cad or Bed sites are left intact. (A) D. mel
S2E does not depend on Cad as an activation input. However, the transcriptional
activity of D. mel S2E is completely abolished in the absence of Bed binding. (B) S.
cyn S2E requires both Bed and Cad input for its expression. Gene expression of S.
cyn S2E is completely abolished without Cad binding sites or Bed sites. (C) In the
T. put S2E, coactivation of Hb by Cad is necessary and sufficient for the activation
of stripe 2 expression. Deletion of Bed sites slightly reduced the levels of expression.
Black arrows indicate the loss of gene expression.

coactivation of Hb by Cad in silico, even though many functional Cad sites
are occupied, S. cyn and T. put S2E did not generate gene expression (data
not shown). This suggests that the Cad mediated Hb coactivation is essential

for the Sepsid S2E-driven gene expression in the D. mel embryo.
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Further in silico experiments were performed to ask whether the Sepsid
S2Es are able to drive the conserved expression pattern without Bed sites. As
described in the previous section, S. cyn contains a few weak Bed sites in the
hb-3 and hb-2 clusters and the T. put S2E contains only one Bed site in the
clusters (Figure 6.15). Deletion of all Bed sites completely abolishes the S.
cyn S2E expression while the T. put S2E drives almost identical expression in
the absence of the one Bed binding site in silico. This result suggests that S.
cyn S2E requires both Bed and Cad input for its expression while 7. put S2E
maintains its expression by compensating for the lack of functional Bed sites

through coactivation of Hb by Cad.

6.5.3 Posterior shift of stripe 2 expression of Sepsid S2Es

When the two Sepsid S2Es are driven in the D. mel embryo, a noticeable dif-
ference is observed in their anterior and posterior border positions. This is
in contrast to Drosophila S2Es, as double staining experiments showed that
the S2Es from D. yak, D. ere and D. pse produce a pattern of lacZ expression
that is coincident with the D. mel eve stripe 2 without any consistent shift or
expansion of stripe 2 transgene expression [38]. The border positions of the
Sepsid S2E-driven lacZ expression are shifted posteriorly compared to D. mel
MSE2-driven gene expression [102]. Hare et al. reported that the posterior
borders of gene expression driven by S. cyn and T. put S2Es are shifted 3%
and 4% EL posterior respectively. The in silico model predicts the peak posi-
tions of S. cyn and T. put S2E expression shifted 5% and 9% EL posteriorly
(Figure 6.3E1,2). Due to the differences of the data quantification method,
genomic position of the reporter constructs, and the lack of knowledge about

the definition of the border position used in the previous study, it is impossible
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to precisely evaluate the in silico predictions made in this study. However, the
qualitative features were well captured (compare Figure 6.17A, B and C). In
order to investigate the posterior shift, I aligned the top clusters of the S2Es
vertically (Figure 6.18) and then examined molecular interactions taking place
on the configurations at five different A-P positions representing the anterior,
peak and posterior border of S2E expression of four Drosophila and two Sepsid

species.

Loss of Bed and gain of Cad sites cause anterior border shift

At 41% EL, the peak position of D. mel stripe 2, multiple functional Bed sites
in the Drosophila S2Es are highly occupied around the top contributor sites
hb-3 and hb-2 and drive the maximum level of expression. In Sepsid S2Es,
in contrast, only a limited number of Bed sites are shown in the top clusters
at 41% EL. The lack of strong Bed sites together with multiple Gt molecules
bound to the Sepsid S2Es, causes loss of gene expression at the peak of native
eve stripe 2 in silico (Figure 6.18A, B). However, at the peak positions of S.
cyn and T. put S2E expression, multiple Cad sites are occupied in the Sepsid
S2Es and compensate for the lack of Bed sites through Cad mediated Hb
coactivation (compare the clusters in Figure 6.18A). Because the T. put S2E
contain fewer Bed sites than S. cyn S2E, it requires more activation input
from Cad for expression, and consequently, the anterior border of T. put S2E

expression is shifted more posteriorly.

Loss of Kr and gain of Cad sites cause posterior border shift

At 46% EL, the posterior border of D. mel stripe 2, gene expression driven by
the D .mel S2E is strongly repressed by Kr mediated short-range quenching
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Figure 6.18: Analysis of posterior shift of Sepsid stripe 2. Top 80% clusters
of S2Es from four Drosophila species, D. mel, D. yak, D. ere and D. pse and two
Sepsid species, S. cyn and T. put are aligned vertically. Red dashed lines indicate
the ranges of coactivation or short-range quenching of top activators located in the
middle horizontal line. (A) Multiple functional Bed and Hb sites are clustered in the
Drosophila S2Es. While only few functional Bed sites are observed (see a red arrow),
Sepsid S2Es contain multiple functional Cad sites. But even at 50% EL, only few
Cad sites are occupied in the Drosophila S2Es. (B) Multiple Gt sites are occupied
and functional in both Drosophila and Sepsid S2Es. At 41% EL, the peak position
of D. mel S2E expression, the number of functional Gt sites are significantly reduced
in Drosophila S2Es compared to at 38% EL, but not in Sepsid (see a red arrow). (C)
At 46% EL, functional Kr sites are almost entirely absent in Sepsid S2Es (see a red
arrow). At 53% EL, multiple functional Kni sites are observed in Sepsid S2Es, but
not in Drosophila S2Es (see a red arrow).
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and competition in silico (Figure 6.8D). However, functional Kr sites are al-
most entirely absent in the Sepsid S2Es (Figure 6.18C), which allows posterior
expansion of Sepsid S2E expression, helped by increasing Cad concentration.
Note that S. cyn S2E contains three functional Kr sites in the clusters but,
unlike D. mel, only one Kr site is located in the range of quenching the hb-3
cluster and none of the Kr sites are seen in the hb-2 cluster (Figure 6.16C).
In the case of T. put S2E, it does not contain any functional Kr sites even at
the middle of Kr domain (see 50% EL panel in Figure 6.18C). The complete
deficiency of functional Kr sites in the 7. put S2E and its independence from
Bed mediated activation further expands the posterior border.

In conclusion, I have established through in silico analysis that Sepsid S2Es
maintain the conserved expression pattern by utilizing Cad, which is a novel
form of activation input for the eve stripe 2 pattern. I have also shown that
the posterior shift of Sepsid S2E expression arises mainly from the absence of
functional Bed and Kr sites. Despite the differences, these results clearly show
the possibility that conserved expression patterns can be driven by recruiting

completely different trans-acting factors in vivo.
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Chapter 7

Conclusions

There are six major results reported in this dissertation. First, I have generated
highly precise gene expression data of the four eve enhancer fusions, M3 2,
M32, M2 3 and M23, permitting direct comparisons between the constructs
at single nucleus resolution. Second, I have demonstrated an in silico tran-
scription system having a strong predictive and analytic ability. Third, signif-
icantly altered gene expression of the four eve enhancer fusions is numerically
recapitulated within the limits of experimental accuracy. Fourth, the model
demonstrated that cis-regulatory “elements” are not elementary objects. The
analysis of the modeling result has shown that the highly elevated expression
driven by a fusion of MSE2 and MSE3 is a consequence of the recruitment of
a portion of MSE3 for stripe 2 function. Fifth, I demonstrated that conserved
molecular interactions taking place on the conserved functional TF binding
sites between different S2Es are not sufficient to maintain conserved stripe 2
expression seen in the in vivo experiment [2|. Using the in silico transcription
system, I then identified novel molecular interactions required for the con-

served expression, but not seen in the D. mel. Sixth, the model has predicted
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gene expression of eve stripes 2, 3 and 7 or 4, 5 and 6, driven by about 4 kb
long eve regulatory DNAs which contain multiple enhancers. This result opens
the door to an understanding of the control of gene expression at the level of
a whole, intact genetic locus.

The first section of this chapter discusses the quantitative gene expres-
sion data and the in silico transcription system. In the second section, the
implications of the results for cis-regulatory logic are discussed. The third
section highlights the mechanism of conserved enhancer function inspired by
this work. Fourth section discusses the limitations of this study and finally

future prospects is described in the last section.

7.1 Predictive and analytic transcription model

The work described here represents a substantive advance in modeling of tran-
scriptional control. I have overcome the limit of modeling only individual ex-
perimentally identified enhancers, and have done so at a level of resolution
comparable to that required for organismal survival. The expression data gen-
erated during my dissertation work not only involved two enhancers, but more
importantly considered a situation in which the function of these enhancers
was critically altered by juxtaposing them. These rearrangements provided a
powerful constraint on the possible rules of transcriptional control, as demon-
strated by the success in prediction of expression patterns reported here (Fig-
ure 4.1). Furthermore, the model can be used as an analytic tool with which to
understand how multiple transcriptional mechanisms operate simultaneously

to produce observed patterns of expression (Figure 5.3, 5.5 and 4.1).
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7.1.1 Importance of high quality expression data

Highly precise experimental data made this study possible, and their impor-
tance cannot be overemphasized. Transcriptional machinery is inherently pre-
cise, and fundamental understanding of its functioning requires data at a cellu-
lar level of precision. The dataset of the four fusions, M3 2, M32, M2 3 and
M23, has that level of precision because I performed simultaneous staining of
reporter-driven lacZ expression and native Eve protein, allowing us to register
the reporter data with our full TF dataset [50].

The intrinsic variability of gene expression prevents such registration by
measurements of the position of reporter expression alone. This point illumi-
nates a problem regarding the current unbalanced state of technology in ge-
nomics, where sequence can be obtained readily and cheaply, but the inability
to monitor gene expression at cellular resolution in a high throughput manner
together with a lack of understanding of the code for regulatory logic has in
general limited genomic level investigations of regulatory DNA to statistical

association studies [112, 113).

7.1.2 Predictive ability of the model

The quality of fit to the training data indicates that the model is reasonably
complete for the stripe 2 and 3 eve enhancers at the developmental time as-
sayed. Further support for the current model is afforded by its predictive
ability, which is a qualitative advance on previous efforts. In D. melanogaster,
high quality predictions for the stripe 5 and 4 6 enhancers were obtained. I
was also able to correctly predict the effects of site-directed mutations affect-

ing only 2-6 base pairs. This result indicates that the model might ultimately
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have utility in predicting the effects of SNPs, a point with implications for
both medicine and evolutionary biology.

With respect to stripes 2, 3, and 7 in non- D.melanogaster species, the model
correctly predicts stripe 2 expression in all enhancers assayed [38, 2, 102|. This
is a strong test of the model since these diverged enhancers have considerable
turnover in binding site composition [38, 99] among the Drosophilids and no
homology except for short sequences involving overlapping binding sites in
Sepsids [102]. The ability of the model to predict gene expression of these
sequences indicates that it has captured major elements of the fundamental
rules of transcription.

With respect to predictions of the expression of other Drosophila genes, I
obtained good results for the A 3 4 and run 3_7 enhancers (Figure 4.1E5,
E4). The predicted run 1 7 enhancer pattern is in perfect alignment with run
stripe 2 rather than stripe 1. This last prediction is probably but not certainly
erroneous. Although I am aware of no published co-staining data of the run
1 7 enhancer with native run protein or RNA, such data exists for a larger
segment of DNA which drives run stripes 1, 3, and 5 and contains run 3 7
[114]. With respect to gap genes, the model has good agreement of predicted
patterns for the hb pThbl and Kr CD1 enhancers, but is not able to predict the
other Kr and hb enhancers, kni and gt correctly. In the case of gt, the lack of
expression in the native domain is a consequence of the presence of numerous
Gt binding sites. There are indications that Gt has autoactivation activity
[115]. It is possible that Gt has a coactivator binding to its own promoter that

was not included in this study.
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7.1.3 Analytic ability of the in silico transcription system

The ability to infer the cis-regulatory mechanisms underlying significantly al-
tered gene expression of the four fusion constructs, M3 2, M32, M2 3 and
M23 and highly conserved stripe 2 expression of six Drosophila and Sepsid
S2Es by functional analysis demonstrates the analytic power of the model.
This power stems from the fact that the model keeps track of the fractional
occupancy of each individual binding site. This level of resolution combined
with the capability of removing a specific mechanism in silico allows us to assay
the relative contributions of the multiple mechanisms of transcriptional control
that operate simultaneously. Moreover, fractional occupancy in turn depends
on affinity and hence DNA sequence, affording us a way to precisely charac-
terize regulatory changes introduced at the level of individual base pairs. The
analytic ability of the model allowed me to investigate fundamental questions

about cis-regulatory biology, as discussed in the following sections.

7.2 A dynamic view of enhancer and regulatory

logic

7.2.1 Are enhancers elementary objects?

Although enhancers are frequently referred to as cis-regulatory “elements”,
they are not elementary or fundamental objects. They are not elementary
because they do not have well-defined boundaries. I demonstrated the context-
dependent border of MSE2 in this study by showing that the increased level
of stripe 2 expression in M32 was a consequence of the recruitment of 40% of

MSE3 to become a functional component of MSE2 (Figure 5.3D). Moreover,
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MSE2 and S2E both drive stripe 2 and can rescue lethality [108|, and MSE2
is not completely minimal in the sense that smaller regions of DNA within it
can drive weak and variable stripe 2 expression [31, 6].

The analysis of D.mel eve S2E (see Section 7.3) identified two functional
binding site clusters, the hb-3 and hb-2 clusters (Figure 6.4 and Figure 6.5).
Each of the clusters contain a Hb site and multiple Bed, Gt and Kr sites
around the Hb site. The model indicates that the hb-3 cluster, about 150
bp sequence at the 3’ end of stripe 2 enhancer, has a complete function that
integrates transcriptional input and drives gene expression specifically at stripe
2. Note that the smaller region of DNA within MSE2, called proximal cluster
[10], driving weak stripe 2 expression is the core region of the hb-3 cluster.
However, the model also demonstrates that the full levels of the observed
stripe 2 expression driven by S2E requires additional activation input from hb-
2 cluster (Figure 6.5) and two bed sites, bed-4 and 5 at the 57 end (Figure 5.4).

I have also found widely distributed many small regions that are highly
active at stripe 7 (Figure 5.2). They exist in MSE3, the genomic sequences
between MSE3 and MSE2, MSE2 and TSS and even in MSE2. They are only
weakly activated so that individual regions wouldn’t be identified experimen-
tally. However, the model suggests that such small regions would be absolutely
necessary for the complete functionality of eve stripes. For example, the model
demonstrated that hb-2 cluster, which is located outside of MSE2 and only
weakly activated at stripe 2, helps hb-3 cluster to maintain the full levels of
S2E-driven stripe 2 expression, but also adjusts the peak position to be at the
peak stripe 2 of eve (Figure 6.5 in Section 7.3).

Widespread small stripe 7 regions found in eve upstream DNA suggest

that enhancers might not be functionally fundamental objects. In addition,
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most enhancers drive expression domains which are similar to but not identical
with those driven by the intact locus. With respect to eve stripe 3, this point
has been evident for some time in mutant genotypes, although the additional
sequences required are as yet unidentified (compare |26, Figure 4B] with [116,
Figure 5A] and [26, Figure 5B|). In the case of hb, the lack of fidelity is evident
in wild type and complete fidelity is restored by a shadow enhancer [15].

7.2.2 Two requirements for the independent enhancer ac-
tion

Our ability to model expression of the fusion constructs and to predict expres-
sion of stripes 2, 3, and 7 driven by large 5 upstream sequence demonstrated
that short-range coactivation and short-range repression are essential for the
independent action of multiple enhancers. Previous theoretical models failed
to recapitulate eve stripes 2 and 3 simultaneously [56, 57|, most probably
because of a failure to incorporate short-range coactivation of Hb by Bed. Be-
cause MSE2 and MSE3 both contain Hb binding sites, if Hb is a dedicated
activator, the anterior border of stripe 3 wouldn’t be established. On the other
hand, if Hb is a committed repressor, stripe 2 would never be formed, suggest-
ing the importance of coactivation mechanism for the independent action of
the two enhancers. Furthermore, if such coactivation acts over long distance,
stripe 3 expression would never be made even though coactivation of Hb by
Bed is incorporated in the model. All of the modelling results I investigated
in this work consistently indicate that short-range coactivation is required for
proper expression of stripe 2 and 3 in the M3 2.

It is evident that modelling large regulatory sequence having both MSE2

and MSE3 requires short-range quenching mechanism. If repressors act over
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long distance without a limit, Hb bound to MSE3 would repress MSE2 be-
cause the two enhancers co-exist in the regulatory DNA, contradictory to the
observed independent stripes. Indeed, lines of evidence from both experiment
[31, 6, 26, 28| and theory [96, 50| indicate that eve stripes are generated by
repression from gap genes. Because gap gene expression domains are wider
than eve stripes, silencing from these genes would result in a repressed region
comparable in size to that of a gap domain and could not produce the observed

stripes.

7.3 Mechanisms governing functional conserva-
tion

Striking functional conservation of S2Es from four different species, D.mel,
D.yak, D.pse and D.ere was systemically investigated by Ludwig et al. (1998)
and (2005). Despite the sequence differences in both the footprinted binding
sites and the sequences between the binding sites, spatiotemporal expression
pattern driven by the four S2Es is indistinguishable in D.mel embryo |38, 2|.
It was also reported that S2Es of Sepsid species whose binding sites have been
almost completely rearranged can still produce identical outputs in Drosophila
embryo [102]. These results clearly demonstrate the substantial flexibility of
the enhancer structure.

The fact that the model correctly predicts the spatiotemporal control of
gene expression of the four S2Es (Figure 4.1C1-C3) allowed me to investigate
the rules permitting the conserved function. Among hundreds of computa-
tionally identified binding sites in each S2E, the functional binding sites that

are highly involved in activating and regulating gene expression were found
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in the 3’ end of S2E. At stripe 2, gene expression is almost entirely driven
by 7 activators binding to bed-2, bed-*, bed-1, bed-(—1), bed-(—2), hb-3 and
hb-2 in the region (Figure 5.4). The fact that any of experimentally mutated
sites in the cluster cause almost total loss of stripe 2 expression [6, 32| and
smaller region having bed-1 and hb-3 can drive weak stripe 2 expression |[6]
supports this result. Note that five of them, bed-2, bed-1, bed-*, hb-3 and
hb-2 are footprint sites [30, 10]. Other two sites are computationally identified
but SELEX and MITOMI data for Bed both indicate that Bed binds to the
sites in vitro. In addition, footprint site kr-1 and predicted site gt-(—1) overlap
bed-(—2) and bed-(—1) respectively (Figure 5.4A). These result suggest that
bed-(-1) and bed-(—2) might be functional and be regulated by Kr and Gt in
VIV0.

Functional analysis of the TF binding to DNA and protein-protein inter-
actions taking place on the binding sites reveals intriguing shared features
(Figure 6.11). I have found that all of the four S2Es heavily depend on syn-
ergistic coactivation of Bed and Hb to initiate transcription. In addition, Gt
and Kr actively binds to S2E at anterior and posterior border respectively.
Furthermore, it is also conserved in all the four S2Es that Gt and Kr repress
the activating action of Bed and Hb by the two tier of repression mechanism,
competition and short-range quenching. Because the conserved coactivation
and short-range quenching mechanisms act over a distance of 100 to 150 bp,
they might allow considerable flexibility in binding site arrangement, so that
binding site rearrangements up to 150 bp wouldn’t seriously alter the net reg-
ulatory function of the top contributing clusters. Indeed, even though the
observed sequences differ, the top contributing binding sites, bed-2, bed-1,
bed-(-1), bed-(-2), hb-3 and hb-2 found in D.mel are functionally conserved
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in D.yak, D.ere and D.pse and their binding affinities are almost identical or
higher than that of D.mel (Figure 6.11). Furthermore, kr-3, kr-1 and gt-1
are functionally conserved and located in the range regulating the Bed and
Hb which are bound to the top contributing sites in the four different S2Es
(Figure 6.11).

However, I demonstrated that the conserved molecular interactions are not
sufficient for the conserved stripe 2 expression. As seen in Figure 6.13, in D.
yak and D. pse S2Es, levels of stripe 2 expression are significantly reduced
and their expression is shifted anteriorly when only the conserved interactions
between species are allowed. In the case of D. pse, substantial derepression
in the 1-2 inter-stripe region is observed. Using the wn silico transcription
model, T identified novel cooperative interactions between bed-2 and bed-1 in
D. yak and two novel functional repressor sites in D. pse, which compensates
for the structural differences in silico. In addition, the model prediction re-
sult suggests that the conserved stripe 2 expression driven by Sepsid S2Es is
maintained by recruiting novel trans-acting input Cad as an activator. Future
experiments will allow us to test whether these novel interactions play a major
role in maintaining conserved stripe 2 expression in vivo. If so, this would be
the first documented case demonstrating compensatory adaptation of eve S2E

function through the novel molecular interactions not seen in the D. mel.

7.4 Limitations of the current 2n silico tran-
scription system

Although a qualitative improvement over previous efforts, the work presented

here does not constitute a complete solution to the problem of understanding
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cis-regulatory logic. In assessing what is required for a complete solution to
that problem, it is important to distinguish between limitations on available
data and limitations inherent in the model. With respect to the predictions
reported here, it is significant that I was able to predict the expression of highly
rearranged Sepsid enhancers up to the resolution of available data, while the
results for gap and pair-rule enhancers other than eve in melanogaster were
more mixed. I believe that this is a consequence of the fact that some of these
enhancers utilize TFs and perhaps interactions among the TFs that are not
important for driving eve stripes 2, 3, and 7. A possible example of a missing
interaction is the spurious auto-repression of ¢t in its own expression domain
(Figure 4.2F and G).

In addition, even though the model predicts the expression pattern of S2Es
from the four Drosophila species, D.mel, D.yak, D.ere and D.pse accurately,
the predicted levels of gene expression were incorrect (Figure 4.1C1-C3) except
for D. yak when the cooperative interaction range of Bed is set to 70 bp
(Figure 6.14E). The D.ere S2E-driven eve expression is much weaker than the
other species in D.mel embryo [2], but the model predicts that D.ere S2E drives
higher levels of gene expression than D.mel S2E. Given that the expression
training set used in this study was driven by only 2.5 kb of DNA from a single
locus, it is likely that the use of a more diverse training set would result in
greatly improved predictions.

Our predictions of expression driven by large DNA segments are less clean
than those of single enhancers in the sense that they required hand tuning of
the threshold 6, the activation energy barrier of transcription initiation (Fig-
ure 3.5 Eq. 10), to prevent completely saturated expression domains compris-

ing stripes 2-3 and 4-6 respectively. This saturation appears to involve a lack
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of balance between activators and repressors as the length of modeled DNA
increases, but it is not possible at this time to distinguish between problems
with the model and the training data. With respect to the model, this lack
of balance may stem from the unlimited range of activators and the limited
range of quenchers.

In order to know whether this model property is biologically correct or
incorrect, it is necessary to quantitatively determine how the amplitude of
a given stripe changes as it is driven by larger DNA fragments. This point
is not captured in our training data because only the four fusion constructs,
all of similar total length, were transformed to a targeted site. Shorter and
longer DNA fragments used in the model training (Figure 3.9) were not tar-
geted transformants and hence required a free parameter scaling the amplitude
to account for position effect. The quantitative characterization of expression
driven by fragments of varying size transformed to a common chromosomal site
is an important experimental task for future work. It will also be important to
generate rescue constructs containing both native and lacZ message in order
to standardize between observed levels of native and reporter transcripts. I
believe that these results, while imperfect, demonstrate the feasibility of con-
structing a precise, quantitative, and predictive model of an entire locus that
would also account for its enhancer structure.

Limitations exist not only for the data but also for the model. The model
itself is clearly incomplete in the sense that it does not contain a complete
set of regulatory mechanisms. I incorporated a representation of a regulatory
mechanism into the model only when there is specific evidence that it acts in
the experimental system under consideration. This means that some mech-

anisms that are known to occur and are easy to represent mathematically,
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such as corepression [117, 118| and cooperative binding by heterologous pairs
of proteins [119], were not incorporated in this study because there is no ev-
idence that they occur in that portion of the eve control region used for the
training set. With respect to cooperative binding to DNA, there is a pressing
need for high-throughput quantitative data. Microfluidic methods provide a
feasible way to address this problem [120)].

7.5 Future prospects

A more fundamental issue concerns the role of chromatin structure, an area
where new theoretical ideas are required. Silencing is thought to involve
changes in chromatin structure. This phenomenon cannot be modeled sim-
ply by modifying the distance function ¢(d) for short range repression because
such a modification cannot account for radical changes in the range of silenc-
ing observed when the number of silencer binding sites is altered [121]. It is
likely that the way forward involves spreading inactivation models of the type
proposed by Sengupta [122|. A critical unsolved problem is the incorporation
of regulators into such models, and the study of so-called chromatin marks
[123, 124] may be useful in this regard.

The eve locus itself may prove a useful system in which to pursue such
studies. The proximal 1.7 kb of 5" noncoding DNA from the eve gene drives a
pattern of expression in cleavage cycle 13 and the first 6 minutes of cleavage
cycle 14A that closely resembles that of the entire locus [50, 29]. In contrast,
the fusion constructs considered here do not express at these early stages (Fig-
ure 2.5A), nor does MSE2 (data not shown). Moreover, changes of expression

occur after T6 that suggest early signs of the midblastula transition. These
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changes take the form of decreases of expression in stripes 3 and 7 by T8,
together with a loss of registration with the native eve pattern caused by the
fact that reporter expression does not follow the anterior shifts observed in
expression driven by the native locus [29]. It is possible that these changes of
chromatin state can be probed in a manner that will suggest new theoretical
ideas by conducting ChIP-seq or hypersensitivity studies on embryos prepared
with extremely high temporal and/or spatial resolution [125].

One of the putative chromatin regulator for eve might be a maternal zinc-
finger protein Zelda (Z1d). Recently, it has been shown that Zld is required for
activation of eve stripes 2, 3 and 7 [34]. ZId is a large protein of 180 kD and
has four zinc-fingers near the C-terminus that are involved in DNA binding
[126]. Z1d is detected in nuclei as early as C2 (cleavage cycle 2), which is earlier
than any known maternal factors and is present ubiquitously until gastrulation
in the Drosophila melanogaster embryo. Later, Zld becomes restricted to the
nervous system and specific head regions. Zld is known to bind specifically to
several TAG containing DNA sequences, called TAGteam sites, and is required
for activation of a large number of genes early in development [127].

It has been shown that ZId binds to non-canonical sites, which are different
from the previously identified TAGteam sites, in eve MSE2 and MSE3 in vitro,
and, in the case of MSE3, deletion of a non-canonical Z1d site (5-CAGGCAA-
3’) caused a strong reduction in expression levels of both stripe 3 and 7 in vivo
[34]. Furthermore, in an embryo lacking maternal expression of Zld, expression
driven by MSE2 and MSE3 was completely abolished. Note that the eve stripe
2 and 3 enhancers are located in high-ranking Zld-bound regions where Zld
binding was observed in an in vivo ChIP-seq experiment [126].

Several lines of evidence suggest that Zld binding might increase transcrip-
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tional activity by facilitating the access of TFs [128, 126, but acting locally
[34]. In wvivo ChIP-seq experiment shows that Zld is bound during C8-9 to
a large fraction of the transcriptional enhancers that control gene expression
at C14A [128]. Early Zld binding is strongly associated with open chromatin
and transcription factor binding at C14A. Furthermore, in many cases, loss of
Zld does not completely abolish gene expression but results in delayed tran-
scriptional activation [126]. Thus, rather than being specifically involved in
the control of gene expression, Zld binding at earlier stage might facilitate the
subsequent binding of TFs that drive gene expression at C14A. Incorporation
of Zld as a chromatin regulator might extend the current in silico model to
fit to the dynamic expression patterns observed in the entire C14, which will
provide scientific insights for understanding the role of chromatin in regulating
the dynamics of metazoan gene expression during embryo development.
Perhaps one of the biggest advance in understanding transcriptional control
will come with the construction of entire locus model. In higher eukaryotes,
gene expression is regulated by large cis-regulatory sequence that contains mul-
tiple enhancers and neighboring genomic sequences. Several lines of evidences
indicate that there is a serious functional difference between an isolated en-
hancer and an entire regulatory sequence of a gene [13, 14, 129, 130]. Currently
however, the majority of works on the functional analysis of the transcriptional
control is limited to short enhancer-reporter constructs. I believe that char-
acterizing the simultaneous action of the multiple enhancers and understand-
ing how the enhancers and their neighboring genomic sequences controls gene
expression and to what extent would be a substantial advance for the deep
understanding of the large contiguous regulatory sequence, and ultimately the

genome.
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Appendix A

Diffusion limited Arrhenius rate

law

The diffusion limited Arrhenius rate law (Figure 3.5, Eq. 10) was not for-
mulated in the course of this dissertation. It was derived by Dr. Alexandre
Ramos from a stochastic three state Markov process model, derived from a
minimal model of diffusion-limited transcription initiation [131]. We imagine
that the system can have the following three states, in which 1) there is no
Polll bound to the basal promoter; 2) there is a Polll bound to the basal pro-
moter, but the Polll is stalled; 3) there is a Polll bound to the basal promoter
and transcription is initiated, but a new Polll cannot yet bind. Transitions
can occur between states 1 and 2 in either direction, but state 3 can only be
reached from state 2 and can only change to state 1. Every time the system
enters state 3, one new transcript is initiated.

The probabilities P;, P, and P; of finding the system in states 1, 2, and 3

166



respectively are governed by

dP
d—tlz—k1P1+k‘—1P2+k‘3P3>
dP.
d—;:klpl_(k—l‘l’ké)PZa
dPs

—2 = ko Py — ks P

7 Py 3173,

where the k; are first order rate constants. We wish to calculate the steady
state probabilities P; in terms of the kinetic rate constants k;. In a steady

state the derivatives vanish and we make use of the fact that probabilities add

up to one, allowing us to write

b k(ath)
ky(k_1+ ko) + k1(ko + k3)’

_ k1ks

P2 - )
ks(k—1 + ko) + k1(ko + k3)

P, — kiko

ky(k_1+ ko) + k1(ko + k3)

ko is the rate-limiting Arrhenius term used in previous non-diffusion limited

versions of this model [47, 50|, given by
ks = exp [—(© — M)].

The rate of transcription will be the probability of finding the system in state

3, given by
S Aep[-(6 - QM)
T B+ Cexp[—(0—QM)]

In the absence of detailed kinetic information, we take A = B = C' =1 to

obtain Eq. 10 in Figure 3.5.
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Appendix B

Estimated parameter values

Model parameters used in this study are inferred from the observed expression
patterns by fitting transcription models to quantitative data. Daggers indicate
parameters held fixed during the training process. SE . . is the positional
effect scale factor for each reporter construct. R,.. is the maximum rate

of transcription. Sf, 4 is the scale factor for protein concentration. Other

parameters are described in Section 3.2.2.

168



Table B.1: Parameters of 5 best models.

Parameter Run number Parameter Run number

1 2 6 7 des_7 1 2 6 7 des_7
RMS 2.27 2.33 2.40 5.29 1.48 || AL 1.36 0.69 0.03  0.08 3.99
sE. ot 1 1 1 1 1 || AE.4 0.02  0.01 0.05 0.03 0.05
St 1 1 1 1 1 AB _qrar 3.98  3.98 1.09  3.99 3.98
s, ot 1 1 1 1 1 AL aete 3.85 041 3.89 0.18 0.09
SHost 1 1 1 1 1| Af, 0.82 273 272 0.04 0.09
CHEN 0.3 0.3 0.2 1.41 N/A || AR, 0.07 0.3 0.03 2.95 0.1
CE . 0.2 0.2 0.2 0.2 N/A || AR 2.58  3.99 2.23  0.27 2.8
R, 0.8 0.8 0.8 0.8 N/A || AE, 3.99  2.07 253 0.04 0.02
Rmaxt 255 255 255 255 255 || AR, 2.88  3.96 0.02 1.95  0.004
€} 6.7 6.4 6.1 5.96 10.6 || Apeca 1.53  1.99 499  2.16 1.68
ES u 0.34 0.44 0.21 0.35 0.35 || Acaa 4.98 498  4.97 3.18 4.99
BE 4 0.66 0.99 0.33 0.88 0.88 || Ap_sTAT 1.62  1.98 2.58  0.69 0.89
K% 52 982 189 127 86 ADichacte 0.91 2.33 1.98 4.54 3.49
DS 165 161 158 150 150 || e 1.93 1.5  1.83  4.99 4.25
DE_y 57 58 70 22 28 || Ak 3.08 231  4.04 0.98 4.99
DRt 60 20 60 60 60 AKni 1.6 1.17 248  1.56 1.82
Efieq 0.5 0.5 0.06  0.0001  0.001 || A 1.25 147 171 4.99 4.63
Jorsa 0.0001  0.0001  0.0001  0.0001 0.39 || Aty 0.87 1.26 4.98  0.96 4.99
Ef_sraT 19.9 19.9  0.0001 19.9 16.6 || Teat .71 171 171 171 1.71
Efichacte | 0.0001  0.0001  0.0001 0.45  0.004 || Tgaa 2.53  2.22  3.06 2.06 3.0
Eff, 14.4 13.5 20.41 29.9 19.1 || Tp_sTaT 2.21 219 2.83  3.63 2.83
B, 0.99 0.99 0.99 0.99 0.99 || Toichacte 222 4.92 479  2.96 2.08
B, 0.99 0.99 0.9 0.99 0.51 || Tapt 0.63  0.63 0.63  0.63 0.63
BQ 0.54 0.75 0.06 0.99 0.26 || Txr 0.009 0.02 211  0.07 2.06
EE, 0.75 0.43 0.72 0.74 0.99 || Tini 2.2 248 223  4.85 2.46
ES, 0.99 0.14 0.99 0.99 0.81 || Tay 0.6 059 0.59  0.50 0.71
ER 0.53 0.31 0.32 0.58 0.37 || Trn 1.83  1.82 197 197 1.97
ER. 0.99 0.73 0.99 0.99 0.6
ER. 0.24 0.14 0.12 0.99 0.05
EE, 0.87 0.99 0.17 0.99 0.51
ER, 0.0001  0.0001  0.0002  0.0001 0.98
D%t 100 100 100 100 100
Dbt 100 100 100 100 100
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Appendix C

Alignment matrices used in the

model
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Bicoid

A 83
C 114
G 106
T 80
Caudal
A 9
C 10
G 4
T 11
D-STAT
A 1
C 0
G 0
T 29
Dichaete
A 1
C 8
G 7
T 13
Hunchback
A 53
C 6
G 224
T 7
Kruppel
A 17
C 73
G 6
T 101
Knirps

A 19
C 1
G 2
T 4
Giant

A 86
C 62
G 19
T 942
Tailless
A 12
C 8
G 0
T 0

74
159
72
78

12

16

28

25

279

187

25

12
108
359
630

108
127
114

34

17

12

288

158

39

16

10

776
25
275
33

16

48
149
11
175

o O o »

762
65
274

14

376

12

24

20

194

83
19
996
11

15

381

16

556

553

379

22

27

22

161

26

1020
88

171

27

29

281

17

383

22

15

22

31
43
78
138

18

15
378
85
631

15

340

34

10

28

10

20
100
109

61

44

15
29

26

72
136
132

43

27

21

61
174
60
88

= O o w

65
166
52
100

68
158
49
108



Appendix D

Regulatory sequences used for

predictions

All DNA sequences used in this work are listed here. Index indicates the
figure panel where the results of the prediction are shown. Name indicates
the sequence designator used in that panel. DNA source gives the source of
the sequence itself, and Reference where it was first described. We give the
genomic position if known. Asterisks in the second column indicate that there
were small differences between the regulatory sequences we utilized and the
corresponding sequences available in FlyBase (http://www.flybase.org). The
REDAfly database is at http://redfly.ccr.buffalo.edu.
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Table D.1: Regulatory sequences used for predictions.

Index Name Length (bp) DNA source Reference Genomic position (bp)
3B1 eve_ MSE2Mbecd1 489 6] [6]

3B2 eve_ MSE2Mbcd3 489 6] 6]

3B3 eve MSE3M2dsts | 502 [36] [36]

3B4 eve_M32_ MKr345 1016 [25] [25]

3B5 eve_M32_Mbecdl 1016 [25] [25]

3C1 S2E(yak)* 844 [132] [132] C2L:18492244,18493087
302 S2E (pse)* 1027 [132] [132] ©3:10905710,10906728
3C3 S2E(ere)* 849 [132] [132] $4929:8503125,8503973
3C4 S2E(ore) 905 Text S2 This work

3C5 S2E(tei) 882 Text S2 This work

306 S2E(tak) 742 Text S2 This work

3C7 S2E(mau) 797 Text S2 This work

3C8 S2E(sec)* 788 Text S2 This work S359:11527,12271

3C9 S2E(per) 753 Text S2 This work S4:6229414,6230166
3C10 | S2E(sim)* 798 [132] [132] C2R:4497397,4498185
3C11 S2E(ana)* 816 Text S2 This work S13266:15364458,15365264
3C12 S2E(vir)* 973 Text S2 This work S12875:1336908,1337886
3C13 | S2E(pic) 1036 [133] [133]

3C14 S2E(gri) 1065 Text S2 This work S15245:9655365,9656429
3C15 S2E(moj) 1089 Text S2 This work S6496:4429248,4430336
3C16 S2E(wil) 1100 Text S2 This work S180700:33743,34842
3D1 MSE5 804 Redfly [28] C2R:5498538,5499341
3D2 MSE4_6 800 Redfly [28] C2R:5495712,5496511
3D3 M3_S2(pl-m2) 1544 [99] [99]

3D4 M3_S2(m1l-p2) 1433 [99] [99]

3E1 S2E(cyn) 1939 [102] [102]

3E2 S2E(put) 1698 [102] [102]

3E3 S2E(sup) 1791 [102] [102]

3E4 S2E(dsp) 2437 [102] [102]

3E5 S2E(min) 1579 [102] [102]

3E6 S2E(pun) 2034 [102] [102]

3E7 S37E(cyn) 2044 [102] [102]

3E8 S37E(put) 1682 [102] [102]

3E9 S37E(sup) 1887 [102] [102]

3E10 | S37E(dsp) 1540 [102] [102]

3E11 | S37E(min) 1575 [102] [102]

3E12 | S37E(pun) 2120 [102] [102]

3F1 hb_pThbl_hbp 298 Redfly [134] C3R:4520323,4520620
3F2 Kr CD1_hsp70p 1159 Redfly [135] C2R:20730219,20731377
3F3 run_strl 7 1611 Redfly [114] CX:20490688,20492298
3F4 run_str3_7 2404 Redfly [114] CX:20493864,20496267
3F5 h_str3_4 1745 Redfly [103] C3L:8637477,8639221
3G1 eve__ups 3942 FlyBase [31] C2R:5487187,5491128
3G2 eve downs 3500 FlyBase [28] C2R:5496129, 5499628
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Index Name Length (bp) DNA source Reference Genomic position (bp)
S5C hbHZ1400_ hsp70p 1421 Redfly [134] C3R:4526522,4527942
S5D kni_+1 1479 Redfly [136] C3L:20533736,20629274
S5E kni_ kd 875 Redfly [137] C3L:20630383,20631257
S5F gt (-1) 1239 Redfly [136] OX:2285171,2286409
S5G gt (-3) 1209 Redfly [136] CX:2286417,2287625
S5H run_5 1340 Redfly [114] CX:20492298,20493637
S51 h_strl 876 Redfly [138] C3L:8644872,8645747
S5J h_str2_6 1081 Redfly [103] C3L:8640258,8641338
S5K h_str5 564 Redfly [139] C3L:8644027,8644590
S5L h_str6 547 Redfly [140] C3L:8640797,8641343
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Appendix E

Full S2E sequences first identified

in this dissertation

S2E sequences first identified in this dissertation are listed in FASTA format.
All of these sequences drive gene expression at eve stripe 2 position in the
in silico transcription system. Three letter codes in the parentheses indicate
species abbreviations. See Table 4.1 for the full names and see Section 4.2.3

for the identification method.
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>eve S2E(per)
AATATAACCCAATAATTTTAACTAACTCGCAATGGACAGGGCAGTAGAGCAGTAGAGCATTG
CAGGAAGGATGCATTACTCGGGAATGGAATGCATAACAATGGGCAAGGACCAGGGTTCCGTT
TCGCGAGATGAGGTTCTTTGACGGTTCCTTGACGGTTCCCTGTGTGCTCTCTGCTCTGTGTT
AATCCGTTTGCCATCAGCAAGATTATTAGTCAATTTTCATATTTCCAGTCGAGTCGCAGTTTT
GGTTTCACTTTCCTCCTTTGCCACTTCTTGCCTTGCCTCATGTGGATGCCGATGCCGATGCCG
TTGCCGTTGCCGTTGCCGACCGACGAGTTAGATTTTATTGCAGCATCTTGAACAATCAACTG
GAATTTGGTAACATGCTGCGCGGCCTAACCCTGGAGATTGCTCTACTTTCGCCTCAATTGAAT
CGGAGTTAGGCGGAAGACGGCGGACCCTTGCAACCAAGGGTTGTCTCCTGGCCTCAGGAGTT
TCCACAGTCAACGCTTTCGCTGGTTTGTTTATTTGTTTGTTTGTTTTAGCCAGGATTAGCCCG
AGGGCTTGACTTGGAACCCGACCAAAGCCAAGGGCTTTAGGGCATGCTCAAGAGATCCCTAT
ATCCCTATCCCTGTCGCGATCCCTAAACCGATCCCATTTAGCAATTTCATTAGAAAGTCATAA
AACACACATAATAATGAGATGTCGAAGGGATTAAGATTAAGGGACGCACACACAGGCAGCAG
GATC

>eve S2E(gri)
AATATAACCCAATAATTTGAACTAACTCACAGCAACAACAACTGGGAGAGTTACTTAGTAAT
GCATAACAATAAGTTGAGGCTGAAATTGAGACTGAAATGCTGTTTGCCGAAGGTTTTCAGCC
ACAACGTTTTTCCAAGGGTTCTCATCGGCATTGACTGGTTCAGAATCCTGTGCGTTAATCCGT
TTTGCCATCAGCGACATTATTACTCTATTTTCCATTTCTCTCTAAAATTTGAACATTTTCTCA
ACCGTTTGCATATCCATTTCCATTTTCATTTTCCATTTTCACTTTCGCCTGCGGATACGAGTT
AGATTTTATTGCAGCATCTTGAACAATCGCCTCAACTCGAACTCGAACTCGAACGCGAACTCG
GAATTGGATGTGCAGTTTTGGAACCATGCTGGGTTTTGTTTGCTGTCATTGCTCTAGTTTTG
CTTTCATTTCCTCACTCTTAGCTGGTGATTTTTAGGCAGAATTCCGCTGTCCTGGCATTGTCA
TTGAATCGCCGACCGGGTTACCCTCAAACTAGGTTTGAGTTTAACTTTCAACTTTAACATTAC
CAAAACCGACTTCAACTCCATTTTCGACTTTGCTGGCGGAGTTTCCACATGCCTCCGTTTTTG
TTTATTTGTTTGTTTTGCGGATTTAGAGATTAGAGAAAAGGGGCCAATGGCTTTAGACTGAT
GCCTGATCTGCTCGCCTTTTCATTAGAAAGTCACACAAACGCATAATGATGACAAGGGGGAT
TAAGCTCACATACCTACACATAACCTAATTAGCGGATTTACAAATTGGTTTATTTTTTCCCTT
TTTTTTATTGTAGTTGGTCTGCCCCAGCTTAAACCCAAGCCACTGCATCAGGCCAATCCAAAA
AACCCGAGCAGGTATCAACTTACGCAAGCCAAAAAAAAAAGACAAAAGACAAAGAAAATATC
ATAATAACATTTCAGAGTTGGCAGCAACTCAGTTTCAGCGCCAGTAACTGCTCCCGGCCAGT
AACTGCTCTCTGGGTACAGTTGCGCATTTTGGGCAACATGATTATATCATCATAATAAATGTT
T

>eve S2E(moj)
AATATAACCCAATAATTTTAACTAACTCACAACGACAACAACAACAGCAACAACAACAACAAC
AACAACAACTGGTTGAGTTACTTAGTAATGCATAACAATGAGAGCGAGAGACAGTGAAACCG
AAATTGAAATTGAAATTGAGCGAGATCTGTAGGTTGAAGGTTTCCTTCATCCAGCCATCCAT
CCATCCAGCCATGGGTTTGGCATTGAGCTGCTTGTGCGTTAATCCGTTTGCCATCAGCGACA
TTATTAGTCGATTTTACAAAGATTTTGAGCAAACAGTTTTCACTTTCGAGTTAGATTTTATTG
CAGCATCTTGAACAATCGCTGCGTCAGAGACAAACTAGGAAATTGGATGTGGATTTTGGACA
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CACGCTGTGTCTCTCTACTCTCAGTCTGCACTCAGTCGCCGTGCTCTAGTTTCGCTCGACTAA
GGTGATTTAGTTGGAATTGATGTCATGTCATTGTGTTTGACTCCGTGTTTGACCGGGTTACC
CTCAGGCAGGCGACTTTAACTTTCAGTTTAAGCGGCGACTTTAACTCCCTTTTCGACTTTAGC
TGCTGGCATTTGACGGGCCTTTCCGCAAAGGCCGCAACATCTTTGTTTGTTTGTTTATTTAGT
GGATTAGACAGCAGAGAGCGAGGGAGAGGCAGAGAGAGAGGGCTGAGCAGAGCGGGGCTTG
ACTTGGTTGAACTTTTGGCGAACGGCTTTAGCCGCGCTTGATCCATAAGTCATAAACAGACA
TAATGATGACAAGGATTAGCTAAACACACACACACACGCATATATATATGGCATAATTAGCG
TTTTCTGAAATTTGGTTTATTTTTGCCTTTTCTCCCTGAACAGCTTAAGCCTAAGCCAAAACC
CTAGCCCAAAAACCCGCGCAGGTATCAAACACGCTTACGCAAGCAAAAAAAAAAAAGGAAAA
TAAAACAGCAAATACAACAAAAAACAAAAACTGGCAGCACTTTAGCTCGCTTTGCCTCCAGAC
GCGCCCCTCTCAATTGGCGCCCCCTTGTAACTGCGCTCTGGGTACAGTTGCGCCTTTAGGCAA
CATGATTATATCATCATAATAAATGTTT

>eve S2E(wil)
AATATAACCCAATAATTTTAACTAACTCATGGAATGGGCAAACTAGAGCAGGAAGGATGCCT
TAGTTACTTGGGAACTATGCTGAGGTAACAATAGGCCCTCTGGGCAATGGTTGAAGGTTACG
TTAATCCGTTTGCCATCAGCAAGATTATTAGTCAATTTCAGATGAGTTTTTCACTTTTCCTCA
TCGTTGTTGCCTTTCGCTTTCCGCGGCGTTCCGACGAGTTAGATTTTATTGCAGCATCTTGAA
CAATCAACTTGGATTTGGTAACATGCTGCGCGATGTGCTCTCAATTTTTCCTTTCAATCCATA
TAGATGTATCCTTTGCATTTATAGAGAATTTTACCTTGACAAAGCCAAGCCAAAAGCAAACTA
AATGTAACCAAGAGGCAATCGACTGACCGGGTTGCCTCTGGAGTTTCCACAACTTTGTTTAT
TTGTTATTTGTTTGCGGGATTAACTAGTCCTAGGGGCTTGACTTGAACTCTCTATCCCTGATC
CCATTTGGCAACTTCATTAGAAAGTCATAAAAATGCATAATGATGTCGATGGGATTAGATGG
GAATGGGAAGCGGGATGGGTCAGGTAGAGTAACCCCATCCAAACCGTTGGGCACTTGCTCCA
TCTTTAGCTGAAAGTACAGTTGCCACCACATCAAGACGCACATGATTGTATCATCATAATAAA
TGCTTTTCCTGAAACGGAAACTCTTCCCCCCGACTCCTCCCATCTCTCTTTCCCACAAAAACC
AAACAAAATGGAAACTTTTCAAATTAAGTTTTCTAGCTACCCAAAAAAAAAAACATAAAAGCA
AAGCCAAGTAAATATTTCATTATAATGGACATACACAAAAATGGTTACATTTTGGTGGGGGG
AGGGGGGTTCGAAAACTTTGGGTTCATCCCTGGGACTGCGACTTCATCAAGTGTGAGTCTGT
TAAACGTGCGGAATATTAAGACTTCATAAAAGGCGCAAATAATTTGGTTCACTGACGATCGA
TACTCTCAACCCAAACCCAGACCCATACCCAGACCAAGACCAACCACCAGCTATGACTTTGAC
TCTGGCAGAGAAGGCATTATGCCATATCATTCTTGAT
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