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Abstract

The Evolution of a Transcription Factor: Divergence in DNA Binding Behavior of
the Sex-Determination Gene hermaphrodite in the Genus Drosophila

by

Colin Walsh Brown
Doctor of Philosophy in Molecular and Cell Biology

University of California, Berkeley

Professor Michael B. Eisen, Chair

Changes in transcriptional regulatory networks are thought to underlie most morphological
change observed across taxa, but the general principles of how such networks change and why
remain unknown. While many studies have focused on evolutionary changes in cis-acting
components of transcriptional networks (enhancers and transcription factor binding sites),
changes in the transcription factor proteins which bind these sites have been mostly over-
looked. In this thesis I identify the putative Drosophila transcrtiption factor hermaphrodite
(her) as having a highly divergent DNA-binding domain, and examine its DNA-binding
profile in two fruitfly species, Drosophila melanogaster and Drosophila pseudoobscura . 1
find evidence for a large-scale divergence in the distribution of HER binding, as well as a
possible difference in DNA-binding preference between these two species. This establishes
Drosophila her as an excellent system for the study of regulatory evolution through changes
in transcription factors.
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That evening, something emerged at the edge of the dump, not far from
the puddle which had by now dried up, and this something, a creature of pure
accident, was Mymosh the Selfbegotten, who had neither mother nor father, but
was son unto himself, for his father was Coincidence, and his Mother —Entropy.
And Mymosh rose up from the garbage dump, totally oblivious of the fact that
he had about one chance in a hundred billion jillion raised to the zillionth power
of ever existing, and he took a step, and walked until he came to the next
puddle, which had not as yet dried up, so that, kneeling over it, he could easily
see himself.

- Stanislaw Lem ”Mymosh the Selfbegotten”

vii



viii

Acknowledgments

I would like to thank my fiancee Bonnie, my parents, and dear Marty Brown-Real for their
endless support. I would also like to thank Mike Eisen, my thesis committee members Mike
Botchan, Tom Cline, and Steven Brenner, and all of the members of the Eisen Lab past
and present for help in designing, executing, and interpreting the experiments.

Specifically, I would like to thank Mike Eisen, Dan Pollard, and Venky Iyer for
generating the seqeunce and orthology data used in Chapter 2. Mike Eisen, Xiao-Yong Li,
Mark Stapleton, Malik Francis, Melissa Harrison, Leath Tonkin, Mathilde Paris, Tommy
Kaplan, and Jacqueline Villalta for help with the work in Chapters 3 and 4.



Chapter 1

Introduction

1.1 The Rise of Regulatory Thinking in Studies of Evolution

The seemingly endless variety of the living world is both a wonder and an everyday
fact — an infinity that we confront everywhere we look. The desire to understand this
variety runs deep in humankind, and explanations for it run far back in history, from
the Biblical Book of Genesis to Aristotle and the ”Great Chain of Being.” The advent
of The Origin of Species [1] and evolutionary thinking provided a framework for thinking
about the problem that was both appealing in its apparent simplicity and staggering in its
explanative power — that the morphological diversity that we observe is the result of a
historical process of selection acting on heritable phenotypic diversity within a population.
However, this explanation begs an almost equally problematic set of questions — what are
the origins of variation, and how is it inherited? What are the mechanisms of selection?

Subsequent years of biological inquiry began to provide some answers for these
questions, but just as often opened up entirely new and more challenging problems. The
re-discovery of Mendel’s work in the early part of the century provided an explanation for
the mechanisms of inheritance, and led Thomas Hunt Morgan to propose in A Critique of
the Theory of Evolution [2] that genetic mutations could act as a source of novel, heritable
traits, which when combined with the force of selection could act to generate diversity. The
work of population geneticists in the following decades extended this work to provide more
detailed mechanistic explanations for the relationship between traits and selective forces,
and how nonselective forces such as drift could lead to fixation of traits. However, ”genes”
were still abstract units of inheritance, and the mechanistic relationship between mutations,
genes, and phenotype was poorly understood.

With the rise of molecular biology, however, a clearer picture of the mechanisms
governing variation and the generation of phenotypes began to emerge. Two discoveries
in the 1960s are of particular importance. The first was the recognition (summarized by
Jacob and Monod [3]) that regulatory and structural mutations, and therefore regulatory
and structural elements themselves, are separable, and that regulatory mutations are of-
ten defined by pleiotropic effects on multiple parts of a metabolic pathway. The second
was the realization made by Zuckerkandl and Pauling [4] that biological macromolecules
could carry phylogenetic information, and therefore that changes in these ”semantophoretic”



macromolecules could explain differences among species, at least at the level of physiology.
Zuckerkandl and Pauling also point out that these two observations imply that changes in
regulatory genes or operator sequences can have important effects on other genes without
altering their sequence. These discoveries implied for the first time a direct relationship be-
tween changes in physical entities (protein and DNA molecules) and changes in organismal
phenotype

By the 1970s, evidence was accumulating that regulatory mutations may have
important conseqeunces for organismal evolution, although the nature of these mutations,
and of eukaryotic gene regulation itself, were still being debated (e.g. [5]) . In a classic study
in 1975, King and Wilson [6] surveyed available evidence regarding the rate of amino acid
changes in a variety of proteins between chimpanzees and humans, and concluded that the
observed rates of change were insufficient to explain the drastic differences between the two
species. The suggestion was then that mutations affecting the expression of these genes,
rather than mutations affecting the structure or function of the genes’ protein products,
were the major driving force behind the divergence of these two species. Although the
question of the relative importance of structural vs. regulatory mutations is still a matter
of debate (e.g. [7]), the idea that mutations affecting regulatory systems are the source
of much of the evolutionary variation that we see has come to be extremely influential,
particularly with the increasing availability of complete genome sequences.

Even as far back as King and Wilson, however, there was recognition that ”regula-
tory mutations” could occur in two different types of elements: the cis-acting operators and
promoters, which exist proximal to the regulated gene, and the genes encoding repressor
and activator proteins, which act on these elements in trans. From the beginning, it was
clear that these two types of mutations could have very different consequences for the reg-
ulatory systems they participate in, and that the mutational and selective processes acting
on them are likely to be quite different. This then begs the question of which type of reg-
ulatory mutation is more important for the process of evolution. In one sense, the answer
seems obvious; given the amazing variety of evolutionary mechanisms, it is likely that both
cis- and trans-regulatory mutations have played a role at some point during evolutionary
history in generating diversity. However, the debate about relative importance of the two
categories of regulatory evolution still rages, and has, if anything, become more heated
in recent years. As an increasing number of studies have provided beautifully detailed
examples of morphological evolution via changes in cis-regulatory sequences [8—11], some
researchers have argued, based on both these experiments as well as theoretical reasoning,
that cis-regulatory mutations are not only generally more common, but also are responsible
for many of the most fundamental changes that have taken place over the course of evolu-
tion [8,12]. Changes in trans-regulatory elements, on the other hand, are generally assumed
to be rare, and unlikely to play an important part in most examples of evolutionary change.

This assumption is based upon the argument that changes in a transcription factor
will result in excessive pleiotropic consequences, and will therefore be subject to strong
purifying selection in almost all cases. Although recently a number of mechanisms have been
proposed to explain how transcription factors might overcome negative pleiotropy [7,13,14],
there are very few convincing examples of these processes in action. In particular, there has
never been a detailed analysis of evolutionary divergence in a metazoan transcription factor



in a context where target sets can be compared between divergent species. Such an analysis
could allow the examination of not only the protein-level changes in the transcription factor,
but also the changes in target sites that it binds to; in this way, one could gain insight into
the balance of selective penalties and advantages that allowed a divergent transcription
factor to solve the ”pleiotropy problem.” My aim in this thesis is to establish such a case,
first by conducting an unbiased search for divergent transcription factors in a well-studied
group of closely related species, the 12 sequenced fly species of the genus Drosophila, and
then using well-established biochemical methods for studying the binding of this factor in
species where there is evidence for protein divergence.

1.2 Gene Regulatory Networks in Eukaryotes

Although many modes of gene regulation exist in eukaryotic cells, including reg-
ulation of mRNA production, mRNA splicing, mRNA stability, translational regulation,
and post-translational modification, the most common and best understood is the process
of transcriptional regulation. The complex nature of eukaryotic transcriptional regulation
means that there are many types of elements that could be exploited to alter gene expression
in an evolutionary context. The fundamental cis-acting element of transcription is the core
promoter, usually defined as the minimal DNA sequence element necessary for in vitro ini-
tiation of transcription [15-18]. Although there is not a single well-defined sequence feature
that defines the core promoter, it often consists of one or more instances of several common
sequence elements, including the TATA box, the Inr element, and the DPE element. These
elements generally direct binding of the TBP (TATA binding protein)-containing TFIID
complex through direct or indirect sequence interactions. TFIID then guide assembly of
the pre-initiation complex consisting of RNA Polymerase II and a variety of cofactors. Al-
though the basal transcription machinery is often thought of as a stereotyped set of factors
common to most genes and promoter types, it is now becoming clear that its composition
can vary considerably among cell types, and can have a role in determining specific gene
expression [18,19]

However, the core promoter and the basal machinery alone are, in general, insuf-
ficient to initiate transcription. The spatially and temporally specific activation of tran-
scription is instead carried out by a different type of cis-acting element, the promoter or
enhancer region, which generally consists of a clustered array of short DNA binding sites
for sequence-specific transcription factors [11,20]. The binding of transcription factors to
these sequences is "read out” in a still poorly understood way to either activate or re-
press transcription from the basal promoter, which may be located thousands of base pairs
away [11,18,20]. Several features of enhancers are relevant to the topic of regulatory evo-
lution. First, they are generally considered to be modular, that is, a single enhancer can
act as discrete unit which drives a specific pattern of expression, even outside of its native
context. The overall expression pattern of a gene is then the sum of the effects of the indi-
vidual enhancer elements [11,21]. This means that the effects of mutations in enhancers will
be localized only to the expression domain of the enhancer. In addition, enhancers display
some degree of robustness to mutations — since transcription factor binding sites are for
the most part short and degenerate, it is possible for mutations to create new binding sites



within enhancers that can then compensate for mutations occurring in other binding sites,
a process known as turnover [22].

The transcription factors that bind to enhancers are highly modular proteins,
most of which belong to a remarkably small group of domain families [15,23,24]. Most
transcription factors share two common structural features: a DNA-binding domain, which
is responsible for determining the DNA target specificity, and a transcriptional effector
domain, which can interact with transcriptional coregulator proteins, other transcription
factors, or directly with elements of the basal transcription machinery to exert control over
transcriptional initiation [15,24]. Transcription factors usually recognize a family of related
target sequences, which are bound with different affinities based on their similarity to a
preferred set of sequence features that is determined by the structure of the transcription
factor’s DNA-binding domain [23,25]. DNA-binding domains are generally alpha-helical,
and most often recognize DNA bases through interactions between individual residues at the
binding interface and the chemical features of the nucleotide exposed in the major groove
of the DNA molecule, although many exceptions to this exist (e.g. [23]). The specific
mechanisms of DNA recognition vary widely across different domain types. Although in
several cases models exist for predicting binding behavior based on sequence alone [26-29],
it is not in general possible to determine what the binding specificity of a given factor is a
priori, or even what the effects of a given substitution within a binding domain of known
specificity will be.

Finally, the division of gene regulatory networks into cis- and trans- acting com-
ponents is in some sense a simplification. With respect to a single transcription start,
enhancer sequences can be said to act in cis and transcription factor proteins in trans; how-
ever, regulatory networks are by their nature hierarchical, and a gene that is regulated by a
particular enhancer may itself code for a transcription factor protein with a large number of
downstream targets [30]. Thus, while mutations in an enhancer sequence are in some sense
restricted to a single gene and a single regulatory domain, they may have a wide range of
indirect effects through that gene’s downstream targets.

1.3 The cis-regulatory paradigm

The past several decades of research into the regulatory and developmental mecha-
nisms of morphological evolution have yielded a growing number of examples of evolutionary
change occurring through alterations in gene regulation; many of these involved changes in
cis-acting components of regulatory pathways. Although the number of such examples is
still relatively limited, a school of thinking has developed in the field in which cis regu-
latory changes are viewed as the primary mechanism underlying most regulatory changes,
and most evolutionary changes in morphology in general [8,9,12]. The reasoning for this
viewpoint involves both a number of theoretical arguments and extensions from empirical
evidence.

The theoretical arguments for the primacy of cis regulatory changes in evolution
mostly follow from what we now know about the structure of developmental enhancers
and regulatory networks. The most common of these arguments is that cis regulatory
changes are by their nature less subject to the selective constraints resulting from pleiotropic



effects. Pleiotropy is thought to be one of the primary forces constraining many aspects
of evolutionary change, and population genetic models predict that even a modest amount
of pleiotropy can result in strong purifying selection [31]. By definition, a cis -regulatory
element only effects the transcription of one, or at most a handful, of genes in its immediate
vicinity [11,18,20]. Although the effects become much more complicated if the cis-regulatory
region controls a gene that itself is pleiotropic, for cases of cis regulatory regions controlling
structural genes, mutations in cis will have a limited effect. In addition, the modularity of
enhancers in terms of both their structure on the DNA molecule and the expression domain
they control can limit pleiotropy [8-12]. Since enhancers are discrete units and control a
discrete expression pattern, the effects of mutations can in some sense be better ”targeted”
so as to alter only a small portion of a gene’s expression pattern while avoid changing the
most critical expression domains.

Another set of arguments in favor of the primacy of cis-regulatory evolution is
based on the idea that cis regulatory elements respond to mutation and selection differ-
ently than coding sequences. One such argument put forth by Wray [10] is that the effects
of individual mutations in cis-regulatory regions are likely to be much smaller, and conse-
quently the range of available phenotypic states that can be sampled is more continuous
than corresponding changes in coding regions, which are assumed to have much more dras-
tic and discrete effects. This is may be particularly advantageous for mutations affecting
continuous traits, or when the selective forces change over time, where the small effect size
could allow for ”fine tuning” of phenotype. Another argument, also proposed by Wray [10],
is that selection acts more efficiently on changes in cis-regulatory elements. This is based on
the observation that cis-regulatory mutations are by their nature codominant, and therefore
the phenotypic effects are visible to selection when the mutation is heterozygous.

The empirical evidence supporting the primacy of cis-regulatory sequences in evo-
lution consists mainly of two classes of observations. The first is in the same vein as King
and Wilson, in which it is observed that the divergence in protein sequences (transcription
factors in this case) is insufficient to explain the amount of regulatory and morphological
diversity seen in extant species. The classic example of this is the Hox genes, which are
conserved so thoroughly that, at least in some cases, they can be substituted for one another
across vast phylogenetic distances with little loss of function [32]. All regulatory evolution
that involves these proteins, then, must be the result of changes in cis-acting sequences
either downstream or upstream of the invariant "toolkit” transcription factor [8,12]. The
second line of evidence in favor of cis regulation consists of a rapidly expanding collection
of detailed case studies that examine the molecular basis of a visibly differing phenotype
across closely related species. The most complete of these studies have been conducted in
flies, where cis-regulatory mutations have been found to underlie differences among species
in abdominal pigmentation [33-36], pheromone expression [37], wing pigmentation [38,39]
and larval bristle patterns [40,41]. Similar cases have also been identified in sticklebacks [42]
and humans (e.g. [43-45]). The conclusion is that these cases form a representative sample
of regulatory evolution in general, implying that cis-regulatory mutations underlie traits
varying across much broader evolutionary timescales.



1.4 Evolution of Gene Regulation through changes in Tran-
scription Factor Proteins

One of the primary pieces of evidence used to support the cis-regulatory paradigm
of developmental evolution is that the molecular ”parts list”, that is, the proteins that
participate in the central processes of development, are common to most animal phyla. The
rapidly increasing number of sequenced animal genomes has borne this out to a remarkable
degree, and it is now becoming clear that a large fraction of the transcription factors and
signaling molecules that make up the developmental "toolkit” used by most metazoans
were present in the last common ancestor of bilaterians [46-48] and possibly even before
the emergence of all metazoan phyla [49,50]. Many of these genes show a remarkable degree
of conservation with respect to both primary sequence and their position in the ontogenic
cascade, raising the intriguing possibility that some core developmental modules present in
the last bilaterian ancestor are still in use across the kingdom today.

However, the focus on these extraordinarily conserved components masks a second,
equally interesting point that has become apparent from large-scale sequencing projects.
This is that the "toolkit” components make up only a fraction of the total complement of
regulatory genes present in the genome, and that many transcription factors and other sig-
naling molecules are not conserved across phyla. Although most major transcription factor
families had already been established before the diversification of metazoans [50, 51], the
distribution of the member proteins from these families across eukaryotic clades is far from
uniform. Table 1.1 shows the distribution of member proteins from a variety of major tran-
scription factor binding domain families within sequenced eukaryotic genomes. Although
many of these proteins represent non-toolkit orthologs shared among these genomes, it is
clear that the transcription factor complement is quite variable, even within vertebrates and
mammals. Carroll [46] lists a core developmental toolkit of 36 TFs for D. melanogaster.
Even if this number has increased by an order of magnitude for species with more com-
plicated developmental programs, there are still hundreds of lineage-specific transcription
factors with unknown or poorly characterized function that could represent a largely unex-
plored source of evolutionary variation. In addition, recent studies have shown that the size
of several transcription factor families shows a high degree of correlation with both genome
size [52] and organismal complexity (as measured by number of cell types) [53], and many
major cladogenic events, such as the Cambrian explosion [46,47]. Also, the diversification
of vertebrates [54-56], bony fishes [57], and mammals [58] has been accompanied by major
transcription factor protein family expansions. This implies that major changes in body
plan might be most easily accomplished by the large-scale rearrangements in regulatory
networks resulting from the appearance of novel transcription factor proteins [46,47,57,59].

In addition to these major macroevolutionary events, there is now evidence from
a variety of sources that change in transcription factor proteins is an ongoing process, with
potentially important consequences for regulatory evolution. In addition to a number of
relatively recent duplication and family expansion events (reviewed in [59]; see also [60,61]
and Section 1.4.2 below), a number of studies have also found evidence for increased rates
of evolution in transcription factor orthologs. Bustamante et al. [62] examined sequences
of more than 11,000 human genes in 38 individuals, and found evidence of diversifying



selection (as measured by the ratio of synonymous to nonsynonymous amino acid substitu-
tions) in transcription factors as a group, as well as within individual TF families such as
the KRAB-box zinc fingers, nuclear hormone receptors, and homeodomain-containing pro-
teins. Human transcription factors also show an enrichment of derived alleles at positions
conserved in other mammals [63], some of which correspond to positions that may have
functional consequences for DNA-binding, and human TFs also show evidence of diversi-
fying selection for expression pattern [64]. Few systematic studies of transcription factor
divergence have examined non-human clades, although there is strong evidence that diver-
sification of bacterial transcriptional systems is in part driven by divergence of transcription
factor proteins [65].

This genomic evidence suggests that differences in the transcription factor com-
plement of genomes and within TF proteins themselves have been important evolutionary
processes, both in the deep divergence of development and form and in more recent evolution
of novel phenotypes. It seems clear, therefore, that an understanding of the mechanisms
of change within transcription factors should be a key part of our overall picture of devel-
opmental and regulatory variation. However, in spite of the recent drive towards under-
standing the evolution of development in terms of changes in genetic regulatory networks,
there has been relatively little attention paid to the role that trans-acting factors can play
in this process. While much progress has been made in understanding transcription factor
evolution at the level of protein sequence, there were, until very recently, almost no case
studies of transcription factor evolution approaching the level of detail of the examples of
cis-regulatory evolution outlined above. While there is still very little known about how se-
quence changes in transcription factors are tied to transcriptional network rearrangements
and ultimately to changes in phenotype, a number of recent studies have begun to shed
light on these issues. In addition, while the theoretical arguments supporting the primacy
of cis-regulatory change (see 1.3) have continued to be influential in spite of the growing ev-
idence for the importance of trans-change, new perspectives are beginning to emerge in the
literature. The following sections outline both the theoretical arguments for the possibility
and importance of trans-regulatory evolution and the growing body of empirical evidence
supporting these arguments.

1.4.1 Transcriptional Network Structure and trans-Regulatory Evolution

The short, degenerate nature of transcription factor binding sites means that most
TF proteins bind to a relatively large set of targets, many of which are likely to be of
functional importance to the organism [66,67]. The fact that these binding sites can in
principle regulate genes active in a variety of different pathways has led to the expectation
that most transcription factors will display a high degree of pleiotropy. Indeed, induced
mutations in transcription factors tend to have phenotypic consequences distributed across
multiple characters, and often lead to profound disruptions in development and homeostasis
[31]. Natural mutations that occur in TF coding regions are therefore also expected to
have deleterious effects for most genes that the TF regulates, even if the mutation results
in adaptive changes at some regulated loci [8-12]. Rates of change (”evolvability”) in
transcription factor proteins are therefore expected to be generally low, and this has led some
in the field to conclude that transcription factor evolution is of relatively small importance



compared to cis-regulatory changes as a mechanism for generating evolutionary diversity.

Nonetheless, the patterns of transcription factor evolution discussed above and the
case studies discussed in sections 1.4.4 and 1.4.5 indicate that TFs can and do evolve. Given
the expectations about pleiotropy, then, how are changes in TF proteins able to occur at
all? There is little in the way of experimental evidence that could give a definitive answer
(indeed, providing such evidence is one of the goals of this thesis), although a number of
recent theoretical and modeling studies can give some hints about possible mechanisms. A
primary point is that the pleiotropic effects of a mutation in a given TF are dependent on
the network context in which the TF resides, and there is growing evidence that biological
networks possess a number of features that could potentially mitigate the negative con-
sequences of highly pleiotropic TF mutations. As more complete transcriptional networks
have been mapped, for example, it has become apparent that many of them possess a highly
hierarchical structure — that is, they tend to be stratified into top-level regulators that ini-
tiate transcriptional responses, ”core” TFs and signaling molecules that receive inputs from
top-level regulators and show many interconnections to other regulators, and bottom-level
TF's that control batteries of structural genes [59,68,69]. In developmental systems, these
levels have temporal implications, with the top-level regulators ("kernel” or ”initial” TFs)
specifying segment or organ identities early in the developmental progression [47,68,70,71]
core regulators acting as ”plugin” signaling modules that are often shared among a large
number of regulatory cascades, and bottom-level TFs acting as terminal differentiation
genes, integrating inputs from the higher levels and directing cell-type-specific structural
gene expression [47,68].

This structural configuration has two main consequences for TF evolution. First,
the severity of phenotypic effect from a TF mutation is expected to be related more to its
position in the hierarchical network than the simple number of regulatory interactions it
participates in (i.e. number of targets / binding sites) [72]. Mutations in top-level regulators
will have effects that propagate through lower levels of the network, potentially resulting
in effects on a large number of phenotypic characters, the classical definition of pleiotropy.
Mutations in lower-level or terminal regulators, on the other hand, will show a much lower
degree of propagation, and may only influence a handful of related characters. Indeed, many
of the most commonly cited cases of TFs conserved across long evolutionary timescales are
those involved in top-level specification of developmental programs [69-71,73]. Low-level
regulators, then, may represent a category of TFs which are particularly prone to protein
changes as well as cis-regulatory changes [74].

On the other hand, the hierarchical nature of transcriptional networks means that
TFs mutations could also provide a pathway to large-scale network rearrangements. Muta-
tions in top-level TFs could result in large-scale, but coordinated, changes that could drive
major shifts in phenotype [13,59, 75]. Although mutations of this type are expected to be
generally deleterious, and therefore will rarely rise to fixation, two additional features of
transcriptional networks mean that they may occur with more frequency than we might
intuitively expect. First, most biological networks tend be modular, often consisting of
clusters of highly connected regulators and structural genes showing few connections be-
tween clusters [76]. Consequently, inputs from a high- or core-level module to other modules
will generally consist of a few connections, the loss or gain of which can be accomplished



without disrupting internal functions of the target module [68,76]. Second, it is possible
that at least some transcriptional regulatory networks may be structured in such a way as
to be robust to even large-scale changes resulting from the gain or loss of a highly con-
nected regulator. Two recent modeling studies [77, 78] found that in regulatory networks
of sufficient complexity, mutations in central genes are often neutral with respect to the
ultimate regulatory phenotype. Even when mutations that significantly change phenotype
occur, the networks can be structured by selective [77] or neutral [78] factors in such a way
that deleterious effects are minimized and the phenotypic change tends to shift the network
towards the selective optimum. It may be the case, then, that even highly connected TFs
could undergo evolutionary changes with minimal effects on other parts of the network (i.e.
other modules) and with favorable phenotypic consequences.

An interesting observation related to the role of network architecture in TF evo-
lution is the apparent existence of adaptive ”hotspots”, genes that appear to be frequent
targets of evolutionary change in networks [79,80], resulting in parallel evolution of pheno-
types or even different phenotypes in the same traits [81,82]. While one class of hotspots
appears to consist of structural genes that act in terminal specifiers (e.g. the pigmentation
gene Mclr [83,83,84] and the skin appendage gene Eda / Edar [85-88]), another class has
been identified that may correspond to so-called ”input-output” switch genes [68, 79, 80].
An example is the ovo/shavenbaby locus in Drosophila, which specifies trichome forma-
tion on the larval cuticle [89]. Interspecific differences in trichome patterning between
Drosophila melanogaster and Drosophila sechellia have been shown to result from three
independent changes in the regulatory region of svb/ovo, which has been interpreted by
Stern and coworkers [79,80,89] as evidence that the svb/ovo locus is particularly prone to
accumulating evolutionarily relevant changes. Interestingly, svb/ovo resides at a bottleneck
in the signaling cascade that governs trichome pattern, integrating patterning gene inputs
with its cis-regulatory regions and in turn regulating a large set of downstream terminal dif-
ferentiation genes specifying trichome development. Stern et al then hypothesize that this
position in the network is responsible for the hotspot’ behavior exhibited by svb/ovo since
the expression of the gene is sufficient to direct trichome development without interfering
in the function of other pathways.

Although svb/ovo and a number of similar cases [41,42,90,91] involve cis-regulatory
changes, a similar idea may apply to transcription factors evolving via coding sequence
changes as well. If one of these input-output genes were to undergo a segmental dupli-
cation, for example, it would likely carry with it most of the parent gene’s cis-regulatory
information (and consequently its expression pattern). Divergence of the duplicates’ target
sets could then result in a new set of terminal differentiation genes being expressed in a
pattern similar to that of the parent. Similarly, if expression of an input-output TF were
restricted to only a few tissues or cells (as may be the case for some neuronal transcription
factors [92]), negative pleiotropic consequences could be reduced to the point that changes
in the gene’s target preference or transcriptional output function could occur. Alterna-
tively, the modular ’plugin’ developmental programs directed by input-output genes could
facilitate changes in upstream transcription factors by providing a mechanism to switch
between cell differentiation programs with a minimum of side effects. The Drosophila gene
poils-au-dos (pad), for example, is a patterning transcription factor that can regulate ex-
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pression of the input-output gene scute, a locus that is responsible for much of the inter- and
intra-specific variation in bristle number observed in flies and other insects [79,80,90,93]. A
variant of pad has been identified that results in extra notum bristles in a moroccan popu-
lation of Drosophila melanogaster [80]. This variant has undergone a deletion that removes
the DNA-binding domain from the final protein [93], which appears to release scute from
repression by pad. Although the frequency of this variant is likely to be quite low, and it
does apparently have some deleterious effects, the fact that these individuals are viable and
fertile enough to survive for any period of time indicates that patterning TF's of this type
may be more prone to fix mutations that are relevant to regulatory evolution.

1.4.2 Evolutionary Forces Driving Changes in Transcription Factors

Although the mechanisms discussed above point to possible paths through which
change in TF proteins could reduce or avoid pleiotropic consequences, they do not address
the actual evolutionary forces that could cause functional TF divergence. These can be
broadly divided into selective (Darwinian) and non-selective forces (e.g. drift). Although
selective explanations are speculated about in many of the well-established examples of
regulatory evolution (e.g. [9,10]), there are few cases in which clear adaptive explanations
for regulatory change have been identified (e.g. [83,94]). As such explanations are likely
to be highly dependent on ecological, developmental, and genetic context, it is difficult
to speculate about all but the most general mechanisms of adaptive change in regulatory
networks, especially as they pertain to trans-regulatory change.

The most likely case would involve maintenance of a neutral or deleterious trans-
acting mutation; this allele would contribute to standing regulatory variation in the pop-
ulation and therefore be subject to selection by ecological or other factors acting on the
phenotype(s) it influences. Although it is possible that a new mutation could be immediately
adaptive, a more likely scenario is that it will initially be neutral or slightly deleterious. The
ultimate likelihood that this mutation could eventually sweep to fixation would therefore
depend on its ability to persist in the population. This is in turn a function of the extent
of any deleterious effects, the probability of mutation, and its dominance relationship with
other alleles. Deleterious effects would likely be a function of pleiotropy as discussed above.
Mutation probability (i.e. reversion or conversion to another allele) is largely a function of
the mutational target size — although for point mutations in a DNA-binding domain this is
likely quite small, it could be larger in cases of domain gain or loss or duplication (see sec-
tion 1.4.3). Dominance would likely be related to the exact nature of the mutation involved.
Null or hypomorphic alleles, or those which reduce the number of target genes relative to
other alleles, would likely be recessive, and could therefore be maintained in the population
for longer periods by heterozygosity. Gain of function alleles, which expand or shift the
set of targets to incorporate new sites, would likely be codominant and therefore visible to
selection in heterozygotes. Similarly, alleles that involve deletion of either the DNA-binding
or effector domain, or a change in the transcriptional effect of the factor with no alteration
in binding, would likely be dominant negative or incompletely dominant, and would also be
visible to selection in heterozygotes. In either of these last two cases, pleiotropy and other
negative effects would need to be negligible in order for the mutation to persist. In any
case, the ultimate fixation of the allele would require that either ecological conditions shift
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such that any deleterious effects of the allele are outweighed by adaptive benefits before it is
eliminated by drift or purifying selection, or that a novel allele has an immediate adaptive
benefit.

Selective scenarios such as these are intuitively appealing, but it is also possible
that non-adaptive scenarios could lead to fixation of transcription factor mutations. Genetic
drift, for example, could lead to fixation of even deleterious (pleiotropic) TF alleles, partic-
ularly in species with small effective population sizes. The role of drift in shaping genomic
and organismal complexity is still an issue of much debate (see e.g. [95,96]), but there is a
growing body of evidence indicating that developmental regulatory networks may be shaped
to a large extent by neutral forces. One set of examples comes from studies of binding site
turnover in cis-regulatory regions [22,97-99]. In these cases, stabilizing selection acts to
maintain the expression pattern of a developmental enhancer, while the TF binding sites
that make up the enhancer appear and disappear in a process governed mainly by random
mutations drifting to fixation [100]. An analogous case involving trans-changes would be a
transcription factor that largely maintains its target set while changing binding specificity
or protein-protein interactions, possibly through a co-evolutionary mechanism. Such cases
have now been observed for several transcription factors in yeast (e.g. [101,102]; see sections
1.4.4 and 1.4.5). Although a similar case has yet to be identified in multicellular eukary-
otes, the smaller effective population size in these organisms relative to unicellular fungi
indicates that drift may play an even larger role in the transcriptional regulatory evolution
of metazoans and plants [95,103].

Further support for the idea that drift could play a major role in regulatory evo-
lution can be found in several recent comparative, genome-wide chromatin immunoprecip-
itation studies. These indicate an unexpectedly large degree of variability in transcription
factor binding [104]. For example, a recent examination of binding by the yeast pseudohy-
phal transcription factors Stel2 and Tecl [105] across three yeast species using ChIP-chip
found that only 20% of binding events are conserved across all three species, and 50-61%
of binding events are species specific. Similar comparative analysis of binding by the hep-
atocyte transcription factors FOXA2, HNF1A, HNF4A, and HNF6 between human and
mouse [106] found that 41-89% of binding events were species specific, and analysis of
HNF4A and CEBPA binding among five vertebrate species [107] found that binding con-
servation drops as low as 2% between human and chick. In both cases most of the network
rearrangement is due to gain and loss of binding sites from cis-regulatory regions rather
than changes in trans. Although these studies do not directly address the ultimate causes of
the observed large-scale rearrangements in binding, it is unlikely that adaptive mechanisms
could explain such a large number of independent changes. It is much more likely that all or
most of this change results from drift, with any purifying selection acting to maintain a core
set of targets where deleterious effects are particularly strong. If drift is able to elicit such
massive rearrangements of network topology by changes in cisregulation, it is reasonable
to assume that similar mechanisms could drive changes in trans-regulatory components as
well. At the very least these observations lend support to the idea that a large portion
of binding by transcription factors is nonfunctional (see also [66,67]), and therefore that
pleiotropy is likely to be much lower than what might be expected based on binding alone.
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1.4.3 Mutational Mechanisms of Transcription Factor Evolution

Most biological phenomena involve multiple levels of causation — developmental
events, for example, can be said to result first from a series of biochemical interactions, but
also from the evolutionary history of the organism, which ultimately encoded those interac-
tions in the genome. Even evolutionary causation can be further subdivided: evolutionary
change requires both mutational processes to generate variation, and a selective (or neutral)
processes to drive the mutation to fixation. Evolutionary changes in transcription factors
are no different. The mutational processes that generate TF diversity should in principle be
the same as those that act on other types of proteins — duplication, domain gain and loss,
and diversification by point mutations. Indeed, many examples of each of these processes
acting on transcription factors have emerged in recent years.

By far the most common mode of transcription factor evolution is the classical
duplication/divergence model, first outlined by Ohno [108] and later extended by Lynch
and Conery [109]. This process begins with the creation of a duplicate copy of the DNA
sequence containing the transcription factor, either through a tandem duplication caused
by recombination error, or transpositional segmental duplications resulting from processes
such as chromosomal rearrangement or retrotransposition. The duplicate proteins will then
undergo a short period of functional redundancy, which can lead to a relaxation of purifying
selection. This in turn allows mutations to accumulate in one or both proteins, which then
can follow a number of different evolutionary paths. By far the most common outcome
is nonfunctionalization, in which one of the duplicates accumulates sufficient deleterious
mutations for it to lose its function; purifying selection then returns in full force to the
remaining functional duplicate while the nonfunctional duplicate becomes a pseudogene and
is rapidly degraded. In rare cases, one or both copies can accumulate mutations that lead to
functional divergence, and purifying selection will then act to retain the two divergent genes.
In one scenario (neofunctionalization) one of the duplicates retains the ancestral function
while the other diverges to take on a novel function. In subfunctionalization, the ancestral
function becomes subdivided between the two duplicates. The most extreme examples of
duplication occur when an organism acquires an extra copy of its entire genome through
meiotic error or interspecific hybridization; if the organism survives the initial duplication
event, this can generate a large pool of redundant proteins which can then diverge in
function [110,111].

At the most trivial level, the fact that transcription factors tend to utilize a small
number of binding domain types, and tend to cluster in large protein families, demonstrates
the importance of duplication as a mechanism for generating transcription factor diversity.
Most important transcription factor families have experienced some amount of expansion
within the metazoans, although the number of duplications and their pattern of phyloge-
netic distribution can vary widely among the various TF families and subfamilies [51,112].
Although in some cases the majority of functional diversity within a protein family can
be traced to phylogenetically deep duplication events (e.g. [113]), there are also many well-
established cases of more recent lineage-specific expansions, indicating that family expansion
is an ongoing process. Lineage-specific expansions in these protein families can occur by
repeated duplications of single genes, such as the hundreds of duplicates of the nuclear
hormone receptor HNF4 found in nematodes [114,115], the ZAD CyHj zinc-finger family
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in Drosophila [116,117], and some KRAB zinc finger subfamilies in mammals [118-120], or
through larger segmental duplications involving multiple factors, such as the RHox cluster
in mouse [121] as well as clusters of KRAB zinc finger genes in mammals [118]. Whole
genome duplications believed to have also been linked to expansions of many TF families,
such as those believed to be responsible for the expansion of Hox genes [54,122-124], basic
leucine zippers [125], and nuclear receptors [126] preceding the divergence of vertebrates
and during the divergence of teleost fishes.

Another mutational mechanism that can lead to transcription factor diversification
is the duplication, loss, or rearrangement of functional domains within orthologous proteins.
Transcription factors generally require at least two types of domains in order to function: a
DNA-binding domain to direct the factor to the correct DNA sequences, and an effector or
transactivation domain that produces a positive or negative effect on transcription through
protein-protein interactions, either directly with the basal transcriptional machinery or
through interactions with coregulators. Gain or loss of these domains can occur by a number
of different genetic mechanisms [127]. Loss of domains is likely to be more common, with
duplicated genes being particularly susceptible to losses due to relaxed selective constraint.
Loss could occur by point mutations that result in a premature termination codon upstream
of the domain, eliminate splice sites, or which disrupt key functional residues within a
domain [120,127]. Errors in recombination [128] or DNA repair following double-strand
breaks [129] can lead to domain swapping among proteins, or domain loss. Transposons
can also play a role in domain rearrangements by generating double-strand breaks or by
directly contributing domains [130]. Domain gains are likely to be relatively rare, but could
take place via small segmental duplications generated by one of the above mechanisms
[127]. Internal duplications of this type can result in large arrays of repeated domains, as
are often observed for some types of DNA-binding domains [56,119, 120,131, 132]. Direct
recruitment of noncoding sequence or non-domain protein sequence into domains is rare,
although examples do exist [133]; this is likely to be most important for short linear peptide
motifs [134] that regulate protein-protein interactions (see 1.4.4).

Gain or loss of effector domains or protein-protein interaction domains has been
observed during the evolution of many transcription factor families, and has in some cases
been tied directly to functional divergence of these proteins (e.g. [135, 136]; see section
1.4.4). Gains and losses of DNA-binding domains have not been studied in great detail,
although examples of both have been found in mammalian CoHy zinc finger proteins, in
which orthologs have been shown to expand or contract the arrays of zinc fingers that govern
their DNA-binding preference [56,58,119,120,131,132]. Loss of DNA binding domain has
also been observed for some helix-loop-helix transcription factors, such as the Id protein
and its orthologs, which have lost the ability to bind DNA but retained their dimerization
domains, allowing them to act as negative regulators of other HLH proteins [137]. HLHs
also show evidence of a general pattern of evolution by domain shuffling [137].

The accumulation of point mutations also occurs in many cases of transcription
factor evolution, but due to the fact that the effects of such mutations are difficult to predict
without detailed structural knowledge their importance in a given case can be difficult to
assess. Short linear motifs can easily be created and destroyed by point mutations, and
may undergo a turnover process similar to that observed for transcription factor binding
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sites in DNA sequences [134]. Larger domains contain sites that exhibit a range of selective
constraint, from almost completely neutral to completely conserved [138]. DNA-binding
domains, for example, contain highly conserved sites that are important for maintaining
the overall structural integrity of the domain, as well as sites that directly contact the DNA
bases or backbone [139]. While mutations in structural sites are likely to completely disrupt
the domain, mutations in DNA-contacting sites can modulate the specificity of the factor
to varying degrees ( [140-142]; see section 1.4.5). Similarly, mutations at specific sites in
protein-protein interaction domains can alter a factor’s dimerization partners, as has been
observed in the coiled-coil domain of bZIP [143-145] and HLH [146] family TFs. In ei-
ther type of domain, the importance of mutations that do not affect residues participating
directly in binding can be extremely difficult to assess, even for domain families where a
wealth of structural information is available. However, many cases have been identified in
which mutations in residues of this type have apparent functional and evolutionary impor-
tance (e.g. [147-151]); it is possible that they could participate in secondary interaction with
binding residues [152], act to reposition or reshape the binding interface (e.g. [152-154], or
alter the distribution of isoforms in the structural ensemble [155]. Finally, microinsertions
and deletions that alter the length of simple sequence repeats (SSRs) may have functional
consequences for transcription factors [13]. Repeats of glutamine, alanine, proline, and
glycine have been shown to influence transcriptional output driven by transcription fac-
tors [156-160] and may act like evolutionary rheostats that can tune the output of a TF
through even small changes in repeat length [161,162].

1.4.4 Rewiring Transcriptional Networks by Evolution of Transcription
Factor Protein-Protein Interaction Domains

Transcription factors can participate in many types of protein-protein interactions,
with a variety of functional outcomes. Many transcription factors, such as bZIP [163], HLH
[137,164,165], and nuclear receptors [137] TF's, are known to form homo- and heterodimeric
complexes when binding DNA. Higher-order multimeric complexes involving proteins from
different domain families are known to exist as well [166], and evidence for cooperative
binding has been shown for a number of TFs [167-169]. The particular binding partners
that are involved in a multimeric complex can determine to a large extent the binding
specificity of the factor [145,146], and hence the target genes it is able to regulate. Protein-
protein interactions are also key to the transcriptional output function of a TF. Although it
may be possible for some repressors to regulate expression only by occluding other factors
with a similar binding specificity [170], in most cases TFs need to participate directly
in interactions with other proteins to carry out their function. This may involve direct
interaction with the basal transcription machinery [171]; interaction with transcriptional
cofactor complexes such as the Mediator complex, which can recruit RNA Pol II to initiate
transcription [15,18,20]; with chromatin remodeling and histone modification complexes
such as Swi/Snf and p300 [15,18,20]; or, in the case of repressors, short-range interaction
with activator factors through a variety of mechanisms [172].

Most known protein-protein interactions occur through discrete structural domains
or short, unstructured peptides called short linear interaction motifs (SLiMs) [134]. Both of
these structures are known to be evolutionarily labile [127,134,138] — domains can be gained
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or lost, shuffled between proteins by a variety of mechanisms, and can be altered by point
mutations (see section 1.4.3). SLiMs are short enough to be easily created and destroyed
by a few point mutations [134]. Change in transcription factor protein-protein interac-
tions therefore represents a wealth of potential evolutionary pathways for transevolution
in transcription networks. It has been proposed that protein-protein interactions may be
particularly prone to evolutionary modification because they are less subject to negative
pleiotropic consequences than other types of changes [13,75,104,173], primarily due to the
fact that novel protein-protein interactions can evolve independently of the DNA-binding
activity of the TF. This leads to a number of related models for how protein-protein in-
teractions could lead to evolutionary change in gene regulatory networks [13,75,173]. In
the most basic scenario, a TF (TF A) can expand or shift its sets of target genes by first
acquiring a novel protein-protein interaction activity with a second TF (TF B); this inter-
action would then position TF A at cis-regulatory elements bound by TF B without direct
binding by TF A. If the presence of TF A at TF B regulatory elements provides a selective
advantage, binding sites for TF A could then evolve at positions flanking the pre-exisiting
TF B binding sites in order to strengthen the interaction of TF A with the element. It is
also possible to imagine non-selective scenarios in which TF A binding sites emerge by drift;
if purifying selection is acting only to maintain the presence of TF B, it is possible that
the presence of a TF A binding site and an A-B protein-protein interaction could allow the
original TF B binding site to be weakened by point mutations until function of the element
requires binding by both TF A and TF B. Alternatively, if TF B requires a cofactor TF C,
the new TF A - TF B interaction could loosen the selective constraint on the TF A - TF C
interaction, leading to co-option of TF C targets by TF B.

Genomic studies in yeast have identified a number of cases that seem to support
these models as one valid pathway for TF change by protein-protein interaction evolution.
The first of these involves the mating pathway genes that are differentially expressed in the
a and a mating types [101,174]. In S. cerevisiae and several closely related yeasts, a-specific
genes (asgs) are expressed by default in a cells, and are repressed in & and a/a diploid cells
by the homeodomain repressor a2 [175,176]. However, this system appears to be a derived
synapomorphy; in the inferred ancestral state (displayed by Candida albicans and other
non-sensu stricto yeasts), the asgs are repressed by default, and activated in a cells by the
activator a2, which is not present in the species with a2-dependent repression [101,177,178].
The shift from a2 activation to a2-based repression of the asgs has been shown to be caused
by the gain of a protein-protein interaction between a2 and Mcm1, a MADS family TF that
binds the asgs in both species groups [177-179]. Structural modeling indicates that this
interaction emerged as a result of a series of single-aa changes in the Mcm1-binding surface
of @2, which resulted in stronger binding between Mcml and a2 in S. cerevisiae [101].
Intermediate forms are observed in Kluyveromyces lactis, which is predicted to have a weaker
Mcm2-a2 interaction, and contains binding sites for both a2 and a2 flanking the Mcm1
binding sites in its asgs. Interestingly, genome-wide ChIP studies of Mcm1 indicate that
it also may have gained and lost a number of protein-protein interactions during yeast
evolution [174]. In K. lactis, for example, Mcml shows high rates of co-occurence with
binding sites for the ribosomal TF Rapl, and may have handed off an interaction with the
arginine metabolism gene Arg81 to the Mcml paralog Arg80 following the whole-genome
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duplication in the sensu stricto yeasts.

In addition to its K. lactis-specific interactions with Mcml, there is evidence that
Rapl may also have undergone a major shift in cofactor interactions during evolution of
the sensu stricto species [180-182]. In S. cerevisiae, Rapl binds to promoters of ribo-
somal protein and glycolysis genes as well as telomeres [182]. At the ribosomal genes,
Rapl (together with Hmol) recruits the ribosome-specific factors Ifhl and Fhll to acti-
vate condition-specific expression [183-191]; however, in C. albicans, Rapland Hmol do
not bind to ribosomal genes and are not required for their expression [180-182]. Instead,
two other factors, Thfl and Cbfl, execute an analogous function, recruiting Ifh1 and Fhll
to ribosomal protein genes [181,182]. A similar scenario has been noted for the galactose
metabolism genes [192]. In S. cerevisiae and closely related species, these are regulated
by the transcription factor Gal4, which activates expression in the presence of galactose
and is repressed in other conditions by protein-protein interaction with Gal80 [193, 194].
In C. albicans and other yeast species more diverged from S. cerevisiae, the regulatory
role of the Gal4 ortholog has been completely shifted such that it is no longer required for
activation of the GAL genes, which is instead accomplished by another TF, Cphl [192].
As with the Mcml-a2 case discussed above, K. lactis represents an intermediate state, in
which both Gal4 and Cphl sites co-occur in GAL gene promoters. Although the shifts in
the Rapl and Gal4 regulons have not been traced to specific mutations in protein-protein
interaction domains, there is substantial circumstantial evidence that such changes have
at least taken place in coordination with these changes in both cases. For Rapl, for ex-
ample, the differences in the ability of C. albicans and S. cerevisiae to recruit Fhll/Ifh1l
indicate at the very least an indirect shift in protein-protein interactions [181,182]. Also,
it is known that the ribosomal protein genes have strict requirements for stoichiometric ex-
pression [195], which would make a shift in regulation by stepwise changes in cis-regulatory
sequences unlikely. For Gal4, the C. albicans ortholog is almost completely diverged outside
of the DNA-binding domain, with no regions showing clear homology to the S. cerevisiae
transctivation or Gal80-interaction domains [192]; it is therefore likely that protein-protein
interactions involving Gal4 have diverged between these species.

Examples of TF evolution by gain and loss of protein-protein interactions can
also be found in metazoan lineages, although these generally lack the level of genome-wide
detail of the yeast studies. Two of the better-studied examples are the Hox transcription
factors Ultrabithorax (Ubz) and fushi tarazu (ftz). Ubz from Drosophila melanogaster is
known to have a variety of homeotic activities when ectopically expressed [196,197]. Ectopic
expression in Drosophila melanogaster of Ubz from an onychophoran (a sister taxa to the
arthropods) shows that many of these activities are conserved between the two genes [135,
198]. However, onychophoran Ubz, unlike its Drosophila melanogaster ortholog, is unable
to drive embryonic segmental transformations or repress expression of the gene Distalless
(DI1) [198]. These activities are directed by a QAQA domain that was gained in the ancestral
copy of Ubx prior to the divergence of arthropods, and has been shown to function as a
transcriptional repression domain [135]. The Drosophila ftz gene, on the other hand, has lost
the ability to drive homeotic transformations that is observed for copies of ftz isolated from
the grasshopper Schistocerca gregargia and the beetle Tribolium castaneum [136]. Instead,
Drosophila ftz functions primarily as a segmentation gene, and causes loss of segmental
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identity when ectopically expressed; this effect is reduced for Tribolium and Schistocerca
ftz. These functional differences can be traced to two changes in the Ftz protein during
insect evolution. The loss of homeotic activity in Drosophila Ftz correlates with loss of a
YPMW motif upstream of the homeodomain, which is known to regulate interactions with
the Hox cofactor Extradenticle (Exd) [198-201]. The enhancement of segment-specification
activity in Drosophila is at least partially due to an LxxLL motif that mediates interactions
with the Ftz cofactor Ftz-F1; this motif is conserved in Tribolium and absent in Schistocerca,
coinciding with the partial conservation of segmentation activity in Tribolium and its almost
complete absence in Schistocerca [136,202-204]. Other examples of evolutionary changes in
metazooan TF protein-protein interactions have emerged in recent years as well, including
an apparent case of coevolution between the insect ecdysone receptor (EcR) and its binding
partner Usp [153], and a novel interaction between mammalian Hoz!1a and FOXO1A which
may be tied to the evolution of pregnancy in eutherian mammals [205,206].

Finally, further evidence for the importance of protein-protein interaction domain
changes for TF evolution comes from studies of large TF families. Extensive diversification
of homo- and hetero-dimerization interactions has been observed for helix-loop-helix TF's
[146, 165, 207], basic Leucine Zipper TFs [125, 165,208, 209] and Nuclear Receptors [165,
207,210]. Many of these interactions are lineage specific, indicating that evolutionary and
functional flexibility exists in many of these dimerization networks. There is also evidence
that this diversification in dimerization properties may underlie at least some family-level
divergence in DNA-binding specificity [146]. Another line of evidence comes from cases of
large-scale lineage-specific family expansions. These large sets of novel proteins are often
characterized by a novel protein-protein interaction domain, as is the case for the vertebrate-
specific family of CoHy zinc finger TF's containing the KRAB domain [118,211,212], which
acts as a transcriptional repression domain by recruiting histone deacetylases through a
cofactor, KAP1 [213-215]. A similar pattern has been observed for lineage-specific ZF
families containing the mammalian SCAN domain [58], which can direct formation of homo-
and heterodimers among family members [58,216], and the insect ZAD domain [116,117],
which also functions as a dimerization domain [217]. The causal relationship between family
expansion and acquisition of protein-protein domains is still unclear, however. It is possible
to imagine scenarios in which the acquisition of novel dimerization or transcriptional effector
activity opens a new region of "regulatory space” (that is, the universe of possible linkages
between DNA sequences and transcriptional outputs) that can then be explored by selective
or neutral forces driving fixation and divergence of duplicate proteins. On the other hand,
it is also possible that these novel domains could simply be the most conserved portions
of proteins, which are more prone to duplications because of genomic location or other
characteristics not related to function; indeed many of these family expansions occur in
tightly linked arrays, which may be duplication hotspots [118,211,212].

1.4.5 Rewiring Transcriptional Networks by Evolution of Transcription
Factor DNA-Binding Domains

The ability to bind DNA sequences with specificity and selectivity is the defining
characteristic of regulatory transcription factors. A variety of structural domains participate
in DNA binding, using many different types of amino acid residue - DNA base interactions
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and binding interface architectures [23]. The member proteins of these domain families in
turn recognize and bind to DNA sequences with an astonishing variety of specificities and
affinities [218,219], resulting in many billions of possible DNA-protein interactions. These
protein-DNA interactions determine to a large extent the topological structure and dynamic
function of gene regulatory networks. Given the now-widespread recognition that change
in these networks is a key component of much morphological and physiological variation
[8—12], it seems obvious that any complete picture of regulatory evolution must include an
understanding of how and why transcription factor DNA-binding specificities change over
time. However, the immense success of the cis-regulatory paradigm (see section 1.3) as both
an experimental program and a theoretical organizing principle has resulted in transcription
factors, and their DNA-binding specificity in particular, being treated as immutable building
blocks of regulatory networks rather than possible sources of evolutionary variation [8]. Due
to the use of computational tools for TF binding site discovery and orthology assignment,
studies of cisregulation necessarily involve species that are closely related enough for cis-
regulatory sequences to be alignable at the level of primary DNA sequence; in addition, it
is often necessary to assume that the DNA-binding properties of the involved TFs can be
transferred between orthologous proteins . Although studies employing these assumptions
have certainly been successful in identifying the molecular basis for a large number of
phenotypic traits, their validity over longer evolutionary time spans and for explaining
general principles of regulatory evolution are dubious. In the preceding sections I have
shown that many properties of TFs are evolutionarily labile (section 1.4.4), and that there
are many theoretical reasons to expect that TFs generally may represent an important
source of regulatory variation (sections 1.4.1, 1.4.2, and 1.4.3). The evolution of binding
specificity is in some ways the most difficult phenomenon to explain theoretically, and is in
fact often avoided in discussions of TF evolution (e.g. [13,75,104,173]). However, there is
now a significant body of empirical evidence indicating that changes in TF DNA-binding
specificity can and do happen; in this section I will discuss this evidence and outline an
experimental program for examining these changes in detail.

There are two major questions that arise when considering the evolution of tran-
scription factor DNA-binding specificity. The first concerns TF change at the macroevolu-
tionary level: what explains the patterns of DNA-binding specificity conservation (across
species) and diversity (within conserved families) observed across large phylogenetic dis-
tances? The second concerns the generation of TF diversity at the species level: what are
the forces that can lead to divergence of transcription factor-DNA binding specificity in
orthologs and recently arisen paralogs, and what is the relationship between these changes
and regulatory and morphological phenotypes? As with many evolutionary questions, the
distinction between these two is mostly a matter of scale; presumably what we learn from
studying TF evolution between species and populations reflects similar processes that acted
in generating TF diversity more broadly.

Itzkovitz et. al. [220] proposed a hypothesis that serves as a convenient conceptual
framework for addressing questions of large-scale TF DNA-binding specificity evolution. As
discussed above, it has been noted that the total number of transcription factor proteins
generally scales with the number of genes in the genome [52] and number of cell types [53].
Although determining the flow of causation in this relationship is difficult, it is likely that



19

it can be at least partially explained by the need for more complex ”addressing” of TFs
to their targets to accommodate the larger sequence search space and more complicated
patterns of gene expression. Interestingly, Itzkovitz et. al. [220] show that the degree of
scaling is not homogeneous across all TF families, and in fact most TF superfamilies seem
to have an upper bound to the number of TFs that can be accommodated even in large
genomes. Once this limit is reached, expansion of the family remains fairly flat. These
limits seem to be related to the DNA-binding mechanism of the domain family, specifically
the number of variable positions (and hence the potential number of target sequences) that
it allows. HLH TFs, for example, have a fairly restricted binding mechanism that only

allows for two variable positions [164,221,222] in each binding interface and can recognize a
4

total of 5 possible sequences (correcting for reverse complements and the ability of HLHs
to dimerize); the maximum number of HLH TFs present in any sequenced genome is 186
in Arabidopsis [220]. At the other end of the spectrum are CyHy zinc fingers, which have
modular DNA-binding interfaces; each CoHs domain can recognize 3 bases [26, 141], and
there are examples of proteins which possess 30 or more of these binding domains [223].
Accordingly, the maximum number of CoHa zfs is 735 in human [112]. Itzkovitz et. al.
propose that this relationship is a result of the need to reduce overlap in the set of sequences
bound by each TF in a given domain family; for domains that bind with fewer variable
positions, there will be a smaller set of sequences available for binding, and consequently
fewer TFs will be able to ”fill” that space without overlaps in binding specificity. Once
the sequence space available to a particular domain is saturated by binding specificities of
domain family members, the need to avoid overlaps will impose a barrier to the fixation of
new proteins since these would necessarily overlap an already occupied portion of ”binding
space”.

There is, of course, likely to be a great deal more complexity than this relatively
simple model implies. While subsequent family-wide studies of TF binding specificity have
revealed a great deal of diversity in DNA-binding among TF family members [29, 142,146,
224,225], these studies also show that there can exist a great deal of overlap in binding
specificities. Interestingly, there is some evidence that for a number of TFs overlap only
occurs in highly-bound sequences; in vitro studies using protein-binding microarrays [29,225]
have found that differences in binding affinity between closely related TFs were often more
pronounced for weakly bound sequences, even when position-weight matrix binding models
for the proteins were identical. The amount of possible sequence space that is actually
accessible by mutation to a DNA-binding domain may also be restricted by structural
factors [142]. The functional costs of TF binding specificity overlap are also unclear. While
Itzkovitz et. al. provide evidence suggesting that TFs with close binding specificity tend to
bind targets with similar function to mitigate functional consequences from binding errors
[220], for some TF's binding overlap may play a role in repression [170,172]. It may also be
the case that the primary DNA-binding specificity of the factor may be less important than
the protein-protein interactions it participates in with other factors — many homeodomain
proteins, for example, have relatively short binding motifs that are often closely related
to one another and bind widely throughout the genome, and it has been suggested that
combinatorial binding with other TFs may be important for restricting activation to a
smaller set of targets [226]. Similarly, non-overlapping expression domains could prevent
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negative effects from cross-binding [227], and differing chromatin environments across cell
types could differentially restrict the available set of binding targets [66,67,228,229].

In addition, the existence of an upper limit to family size does not speak to the
forces that drive expansions of these protein families in the first place. Although larger and
more complex genomes almost certainly require a larger repertoire of transcription factors
in order to direct precise binding and intricate expression patterns, the evolutionary forces
which created these complex regulatory systems are difficult to conceive and even harder
to generalize. The complexity and strong structural conservation of most DNA-binding
domains implies that most superfamilies are likely monophyletic (descendents of a single
ancestor protein) [51]. The origin of ancient protein domains is still mysterious [230], how-
ever, given that many TF domains use fairly common structural motifs [23] such as coiled-
coils, it is possible that some may have been exapted from domains with other functions
that had incidental or nonspecific DNA-binding activity (e.g. [231]). After the establish-
ment of an ur-TF, the family is presumably built by duplication / divergence mechanisms;
however, whether this process is driven by an adaptive benefit of additional regulatory com-
plexity or by neutral mechanisms is unclear. It is possible to imagine scenarios in which
additional regulatory complexity could be adaptive by allowing physiological adaptation
to environmental changes or novel morphological features. However, it is also possible to
imagine situations in which drift could play a more significant role. If, for example, the
DNA-binding specificities of a pair of paralogous TFs drifted apart, it is possible that their
downstream targets, which were initially fully shared between the paralogs, could become
split between the two proteins by accumulating mutations in TF binding sites which favor
one paralog or the other.

A particularly productive mechanism for generating diversity in TF family DNA-
binding may be through whole-genome duplications (WGDs). These have happened at
several points during the evolution of animals, plants, and fungi, and often coincide with
significant expansion in TF families [46,47,54-56,58]. As WGDs produce a large number of
initially redundant TFs along with a large set of redundant binding sites and target genes,
these events have the potential to generate a pool of novel, weakly selected regulatory
interactions. Drift or adaptive pressure could then gradually lead to fixation of a large
amount of novel regulatory complexity. Many of the instances of TF-mediated regulatory
variation in yeast, for example, coincide with the whole-genome duplication in yeast, which
preceded divergence of the sensu stricto species (e.g. [101,174,180-182,192] ; see section
1.4.4 and below). In addition, the fact that large TF family expansions and whole genome
duplications often co-occur with novelties in the body plan indicates that this process may
be a key part of many deep cladogenic events [55,57].

In addition to these broad trends in TF evolution, there now exist a number of
smaller scale case studies that involve only single or a few proteins examined over relatively
short evolutionary timescales. These studies of lineage-specific shifts in DNA binding can
potentially provide insight into the macroevolutionary processes of family expansion and
diversification as well as the importance of lineage-specific TF differences for species-level
morphological evolution. One of the more well-studied examples of this phenomenon in-
volves the Drosophila homeodomain proteins bicoid (bed) and zerknullt (zen) [232-237].
Bed is a maternally deposited TF that acts as a morphogen to establish the initial anterior-
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posterior axis of the Drosophila embryo [238], and zen plays a role in gene expression in
extra-embryonic tissues such as the amnioserosa [239,240]. Both of these genes are insect
specific. Early in insect evolution, zen arose from a Hox3-like ancestor, which had Hox-like
embryonic expression and possessed the hexapeptide (YPMW) motif found in many Hox
genes. Concurrent with this duplication, Zen lost both its embryonic expression pattern
and the hexapeptide motif, and acquired extra-embryonic expression and a novel peptide
motif, which may be a protein-protein interaction domain [232,234,236]. Prior to divergence
of the cyclorraphan dipterans (which includes the genus Drosophila ), zen was duplicated
to produce the ancestral bed [233]. Bed then quickly diverged, acquiring a novel maternal
expression pattern [234], and undergoing a number of amino acid substitutions within its
binding domain, including a Glu— Lys substitution at postition 50 of its homeodomain [233].
This change altered the binding specificity of bed from the TAATTA consensus of zen to a
novel TAATCC consensus [224].

The complex evolutionary history of bed and zen illustrates a number of key points
about TF evolution. First, duplication can be a major catalyst for dramatic sequence and
functional changes, even those such as changes in protein-protein interactions or DNA-
binding specificity that may have widespread pleiotropic effects. Second, cis and trans
regulatory changes are often interrelated — although the exact timing of the expression
changes relative to the sequence changes in bed and zen is not known, it is possible that the
changes in expression correlated with each duplication event helped to reduce the pleiotropic
costs of functional changes in the duplicated proteins; this pattern is observed in other cases
of TF divergence as well [135,198]. Finally, the shift in binding specificity between zen and
bed illustrates that changes in TF DNA-binding domains can occur over relatively short
evolutionary timescales as a result of relatively simple sequence changes. Interestingly, a
recent examination of DNA-binding specificities for the entire complement of Drosophila
homeodomain proteins by Noyes et al [224] demonstrated that changes of this type in
duplicated homeodomains may be relatively common within homeodomains. By mapping
experimentally determined binding specificities onto a phylogenetic tree built using primary
amino acid sequence, Noyes et. al. were able to show that binding specificity is polyphyletic,
and that 9 pairs of homeodomains (in addition to zen and bed) have diverged in binding
specificity following a duplication. Seven of these changes can be accounted for by mutations
within DNA-contacting residues of the binding domain.

Lineage specific protein families, such as the insect ZAD [116,117] and vertebrate
KRAB [118,211,212] zinc finger families, and the nematode supernumerary HNF4-related
nuclear receptors [115,210,241], provide further examples of divergence in TF DNA-binding
specificity. Each of these families has undergone an explosive expansion within the lineages
that contain it, and in many cases a significant number of the duplicated TF's appear to be
species-specific; for example, only 134 of 256 HNF4 NRs present in C. elegans are conserved
in the genomes of C. briggsae and C. remanei [241], and many KRAB zfs are found in
human-specific expansions [242,243]. There is evidence that at least some of the diversity
in these families manifests in the form of divergent DNA-binding specificities. For example,
the paralogous Drosophila ZAD TFs Sry-6 and Sry-5 have been shown to have differential
binding specificities [244] likely driven by changes in the CoHs -zf binding domain [245].
Interestingly, these changes come in spite of apparent conservation of other functions, as Sry-
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[ can rescue Sry-d-mediated activation of maternal bed when 8 binding sites are substituted
for 0 binding sites in the bed promoter [244]. KRAB proteins also show evidence of likely
functional changes within their CyHy -zf binding domains [132], and the DNA-binding
P-boxes of C. elegans HNF4-like NRs are divergent at potentially specificity-determining
positions [114,115]. The reason for the flexibility of these particular domain families is
unclear. All seem particularly prone to multiply by tandem duplications [114-117,242,243|
and consequently exist in large, closely linked arrays; it is therefore possible that an increased
propensity for duplication (possibly enhanced by the presence of long stretches of closely
linked, repeated sequence) alone could explain these families. Also, the ZAD and KRAB
families are characterized by novel protein-protein interaction domains ( [213-215,217],
see section 1.4.4); it is possible that the addition of these domains enabled novel cofactor
interactions that allowed new regions of DNA-binding space to be explored.

Although the evidence for the role of duplication and family expansion in the
evolution of TF DNA-binding specificities is extensive, cases of binding domain evolution
in the absence of duplication are still relatively rare in the literature. In some ways, DNA-
binding specificity divergence in the absence of duplication is the most difficult type of TF
evolution to explain theoretically. This is primarily because changes of this type will almost
by definition cause a change in target genes, which would most likely lead to extensive
pleiotropic consequences. Although it may be possible for a TF to expand the range of
DNA sequences it binds without losing pre-existing interactions [246], it is much more
likely that any changes in in the DNA-binding domain that alter specificity will result in a
loss of binding to some sites.

In spite of the potential for detrimental pleiotropic consequences, however, it is
now clear that changes of this type can and do occur. As was the case for divergence
in protein-protein interactions, the most detailed studies of DNA-binding specificity diver-
gence in orthologs come from yeast. The first of these involves the regulators of ribosomal
gene expression Hmol, Rapl, Cbfl, and Thfl [182] already discussed in Section 1.4.4. In
addition to the possible changes in protein-protein interactions among these factors during
the divergence of S. cerevisiae and C. albicans, Hmol, Tbfl, and Rapl appear to have
undergone subtle shifts in DNA-binding specificity as well. Hmol, for example, binds a
sequence consisting of GGT repeats in C. albicans, but a more compact motif with a core
consensus of GGCGG in S. cerevisiae. Rapl also binds a more extended motif (consensus
CATCCANACANCAATAG) in C. albicans relative to S. cerevisiae (consensus CACCC-
NNACA); this may be related to changes in the telomeric repeat sequence in C. albicans,
which is a known target of Rapl in both species. The changes in Tbfl are primarily due
to its requirement for binding palindromic sequences in C. albicans, which is likely due to
a novel ability to dimerize in this species.

Interestingly, for all three of these proteins the changes in DNA-binding specificity
are accompanied by an almost complete shift in the set of targets the factors regulate —
Hmol binds ribosomal genes in S. cerevisiae, but binds mostly carbohydrate metabolism
and cell-cycle control genes in C. albicans, while ribosomal gene regulation by Rapl in S.
cerevisiae is taken over by Tbfl in C. albicans, with Rapl retaining only its role in binding
telomeres [182]. In contrast, the remaining two examples of yeast TF DNA-binding speci-
ficity divergence both involve apparent coevolution of TF's with their binding sites. The first
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of these involves the noncanonical CoHy -zf Rpnd [147], which is a regulator of proteasomal
genes in S. cerevisiae [247,248]. S. cerevisiae proteasomal gene promoters contain a motif
GGTGGCAAAW, which is known to bind Rpn4; however, when proteasomal genes from
C. albicans were examined for this sequence, none were found [147]. Instead, a different
sequence with consensus GRAGGCAAAA was found in 25% of proteasomal promoters.
Subsequent in wvitro binding assays using Rpndp proteins from each species showed that
they differ in their binding affinity for these fragments, and that these differences are due
to changes in the DNA-binding domain, although the specific causative changes could not
be identified. A similar case involves the bZIP TF YAP1 [102], which belongs to a fam-
ily of 8 related TFs in S. cerevisiae [249,250]. These family members form two groups
based on binding specificity: YAP3, YAP4, and YAP5 bind the YAE-A element consisting
of adjacent palindromic half-sites (TTACGTAA), while YAP1, YAP2, YAP5, YAP7, and
YAPS bind a YAE-O element (TTACTAA) in which the half sites overlap [251-254]. The
difference in binding specificity is determined in large part by the amino acid at position 12
in the DNA-binding domain — YAE-A factors have Arg or Asp, and YAE-O factors have
Lys [252,255]. Although S. cerevisiae YAP1 binds the YAE-O element strongly and has
an Arg at position 12 of the DBD, the YAP1 ortholog from another yeast species, Candida
glabrata, has a lineage specific R—K mutation at position 12, which switches its specificity
to the YAE-A element [102]. This difference in binding specificity is accompanied by con-
servation of a core set of shared targets between S. cervisiae and C. glabrata YAP1, most
of which have acquired YAE-A binding sites in their promoters. The proposed explanation
in both cases is that the binding specificity of the TF is co-evolving with the binding sites
upstream of its targets.

There are as yet no confirmed examples of DNA-binding specificity divergence
between orthologous genes in metazoans, although there are hints that this process may be
active here as well. Mammalian KRAB CsoHj -zinc fingers again provide some of the best
examples. Although the DNA-binding specificity is not well characterized for most of these
proteins, there is extensive sequence evidence available for a variety of mammalian species,
and the general mechanisms of CoHs -zf DNA binding are well understood [26,141]. These
data show evidence for divergence within DNA-binding domains of orthologous proteins,
mainly through insertions and deletions of entire CoHy -zf subunits [56,119,119, 120, 132].
Emerson et. al. [132], for example, found that of 137 human-cow-mouse CaHy -zf ortholog
triplets, 26 showed variation in numbers of zinc finger units in at least one species. Evidence
for divergence by point mutations at DNA-contacting positions is weaker, although such
changes can happen [132].

An especially interesting example which incorporates both of these mechanisms
is the Prdm9 gene, a KRAB-box CyHy -zf TF that functions in proper meiotic progres-
sion [256]. Prdm9 has been shown to act as a speciation gene in mice, where differing
Prdm9 alleles cause spermatogenic failure in hybrids between the subspecies Mus muscu-
lus musculus and Mus musculus domesticus, leading to hybrid sterility [257-260]. Alleles
of Prdm9 which differ in the number of CoHy -zf repeats have also been shown to have
differential effects on fertility — an allele with 13 fingers leads to hybrid sterility, while an
allele with 14 fingers does not [260]. Because Dobzhansky-Muller incompatibilities of the
type displayed by Prdm9 require epistatic interactions between two loci, these causative
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differences in finger number are thought to affect DNA-binding in such a way that it be-
comes incompatible with binding sites recognized by the other allele. This implies both
divergence in binding specificity and co-evolution of DNA binding sites [256,260]. Inter-
estingly, Prdm9 appears to have been maintained as a rapidly-evolving speciation gene for
long periods of evolutionary time [256]. Sequences of Prdm9 from 13 rodent species span-
ning 25my of divergence show that the Prdm9 DNA-binding domain has undergone massive
rearrangements, with complex shuffling, gain, and loss of CoHs -zf repeats accompanied by
positive selection for divergence at DNA-contacting residues. This repeated rearrangement
and strong selection at Prdm9 likely represents a case of concerted evolution, and a similar
pattern of constant rearrangement extends to other mammals, fish, and invertebrates [256].
The specific effects of these changes on DNA-binding specificity have not been investigated,
but given the extensive divergence in binding domains it is likely that Prdm9 is changing
its specificity quite rapidly. Prdm9 may represent an extreme case, but other examples
of transcription factors acting as speciation genes have been found as well [148,261-263].
These cases do not have the obvious connection to DNA-binding specificity seen in PrdmJ9,
but it is still possible that involvement in speciation could be an important force driving
TF diversification.

Although these examples are intriguing, there are still no well-established examples
of TF DNA-binding specificity divergence in metazoans. Ideally, such a case would involve
a clear change in the DNA-binding domain of a TF between two species that are closely
related enough to allow direct comparison of orthologous cis-acting sequences and target
genes. This would allow the examination of not only changes in the inherent biochemical
characteristics of the factor in question, but also of any changes in the binding sites that
it targets. This would allow for the direct examination of the evolutionary processes, such
as co-evolution or target gene shifts, that underlie the changes, and may even allow for
the examination of broader effects of these changes on the transcription network. The goal
of my thesis work has been to establish such a case using the genomic and biochemical
tools afforded by the 12 sequenced Drosophila species [264]. In the following chapters,
I will 1) identify cases of transcription factor gene divergence in 12 sequenced species of
Drosophila and 2) test a case of transcription factor divergence that I identified, the sex
determination gene hermaphrodite [265-268], by examining the genomewide binding of this
factor in two different fly species, Drosophila melanogaster and Drosophila pseudoobscura.
Finally, I will discuss preliminary evidence for a large-scale divergence of binding between
the HER proteins in these two species, which may be accompanied by a shift in DNA-binding
specificity.
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Table 1.1: Phylogenetic Distribution of Transcription Factors (Data from [51] and

*[115])
Species Homeodomain C2Hs Zinc Finger bZIP bHLH Hormone Receptor

Homo sapiens 255 735 52 107 48

Pan troglodites 218 665 47 95 44
Mus musculus 276 641 51 106 47
Canis familiaris 215 322 48 90 46
Bos taurus 215 469 50 100 43
Gallus gallus 150 233 34 75 34
Danio rerio 295 388 68 123 67
Ciona intestinalis 79 100 23 36 12
Drosophila melanogaster 106 249 20 56 17
Caenorhabditis elegans 94 111 25 42 270%*
Nematostella vectensis 162 213 35 72 18

Monosiga brevicolis 1 55 16 14 0
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Chapter 2

A Computational Screen for
Rapidly Evolving Transcription
Factor DN A-binding Domains in
12 Drosophila Genomes
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2.1 Abstract

Although many studies have explored the mechanisms of cis-regulatory evolution
with a high level of molecular detail, there are still relatively few well-established exam-
ples of regulatory evolution occuring through changes in transcription factors. In this work
I examine the complete complement of predicted transcription factor proteins (TFs) in
12 sequenced Drosophila genomes with the goal of identifying TFs with rapidly evolving
DNA-binding domains. Although most TFs examined show a high degree of conserva-
tion throughout the 12 species, I identify several that exhibit elevated rates of amino acid
substitution within their DNA-binding domains, and contain changes at residues likely
to be of functional importance. These include the sex-determination gene hermaphrodite
(hermaphrodite), which shows evidence of extensive divergence within its CoHsg zinc finger
DNA-binding domain as well as a possible 3-fold duplication of a zinc finger domain in
Drosophila pseudoobscura and Drosophila persimilis.

2.2 Introduction

Gene regulatory systems in metazoans consist of both cis-acting DNA elements
and trans-acting proteins that bind them [18]. While evolutionary change in transcriptional
regulatory systems could in principle take place in either cis regulatory sequences or tran-
scription factor proteins, a number of convincing theoretical arguments have been made
indicating that changes in cis elements will be much more common than coding changes
in trans-acting proteins [8-11] (see Ch. 1). However, there are reasons to expect that,
although they may be rare, changes in transcription factors represent an important compo-
nent of regulatory evolution in many organisms (See Ch.1). There are many open questions
about the process by which such changes might occur, such as how transcription factors can
overcome negative pleitropy, what effects changes in protein sequences have on the number
and distribution of target sites in the genome, and how the phenotypic changes that result
from changes in binding are "read out” by selection.

In order to address these questions, I need to not only examine variation in the
sequence of a transcription factor protein but also the sequences of the cis-acting DNA ele-
ments that it acts on. Therefore an experimental system is needed in which a transcription
factor protein has been shown to vary across a closely related set of species, where synteny
and gene content are largely conserved and meaningful comparisons could be made among
potential sets of target genes. My goal in this work is to identify such a case, with the
ultimate aim of examining the genome-wide binding of a variable transcription factor using
biochemical methods.

The experimental approach taken in most studies of cis-regulatory change is to
begin with a phenotype known to vary among a closely related group of species or subspecies
[33—45] and dissect it using genetic and molecular biological tools. On the other hand, the
approach in many studies of transcription factor evolution is to collect sequences for a
single protein or protein family across a broad range of species [126, 163] and examine
the phylogenetic relationship among these proteins using computational tools. Neither of
these approaches is ideal if the goal is to study transcription factor evolution in detail, at
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both the level of protein changes and target sites. The first approach is usually restricted
to examining short evolutionary timescales where meaningful comparisons can be made
among noncoding sequences, and is generally agnostic to the molecular basis of changes in
visible phenotype. Because changes in transcription factors are expected to be rare, this
approach is far more likely to identify cis changes. While the second approach is certainly
able to identify significant changes in transcription factors, the wide range of species usually
examined means that comparisons of target genes and binding sites will be difficult.

In order to maximize the chances of identifying a divergent transcription factor
while still allowing for meaningful comparison of cis-acting targets, it is necessary to survey
a wide range of transcription factor proteins within group of closely related species. The
12 sequenced fruitfly species of the genus Drosophila (Fig. 2.1) [264] are ideal for such an
analysis. These species represent more than 40 million years of divergence, have a wide
geographic distribution, and are divergent in a variety of phenotypic, behavioral, and life-
history characteristics [269]. However, they are closely related enough that synteny and gene
content are generally conserved [264], and orthology can be established for most genes.

In this work I examine the entire complement of known and predicted transcription
factors from these 12 Drosophila species with the goal of identifying cases of transcription
factors with rapidly evolving DNA binding domains. As expected, I find that most of these
proteins are highly conserved. However, I was able to identify a number of potentially
interesting cases of divergence within DNA-binding domains, although for the most part
these do not involve changes in predicted DNA-contacting residues. An exception is the
gene hermaphrodite (her), which shows a high degree of divergence within its 4x CoHy zinc
finger binding domain, including at least one potential specificity-altering change, as well
as a large insertion in Drosophila pseudoobscura , which contains 3 additional zinc finger
domains.

2.3 Materials and Methods

2.3.1 Identification and alignment of Orthologous DN A-binding Domains

In order to identify DNA binding domains, I used a set of 754 D. melanogaster
transcription factors from the FlyTF database ( [270]), representing 49 TF families. The
amino acid sequence of each transcription factor from this set was searched using the ap-
propriate domain model from the Pfam database [271] using HMMER [272] to locate the
Drosophila melanogaster DNA-binding domain. The set of 1-1 orthologs for each Drosophila
melanogaster protein were collected from the 12 drosophila genomes orthology data [264]
generated using GLEANR [273]. These ortholog sets were aligned in amino acid space us-
ing MUSCLE [274], and the location of the Drosophila melanogaster DNA-binding domain
was used as a guide to create an alignment slice representing the binding domain in the
other species. Proteins from species that did not contain a full-length binding domain were
excluded from further analysis.
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2.3.2 Evolutionary Rate Calculation and Identification of Rapidly Evolv-
ing DNA-binding Domains

Amino acid substitution rates for each set of aligned, orthologous DNA-binding
domains were calculated using the codeml program from the PAML package [275]. Rates
were calculated using the tree topology from Fig. 2.1 and converted into pairwise rates for
each protein in each species relative to Drosophila melanogaster . Rates for the proteins
in each domain family were ranked for each species, and those with the top rates were
inspected manually for evidence of changes that may impact binding specificity, protein-
protein interactions, or domain structural integrity. Determination of significant changes
was performed based on the structural literature for each domain type.

2.4 Results/Discussion

2.4.1 Most Drosophila Transcription Factor DN A-binding domains show
high levels of conservation

I calculated DNA-binding domain amino acid substitution rates for a set of 754
Drosophila transcription factors belonging to 49 transcription factor families in order to
identify candidates that may have divergent binding properties across the 12 sequenced
Drosophila species. I chose to examine only DNA binding domains because these are well
annotated relative to other domain types, and structural data is available for most families
of binding domains, making identification of potentially important amino acid substitutions
possible. I also restricted my analysis to 1-1 orthologs, although I expect that paralogs will
be more evolvable than 1-1 orthologs; downstream analysis of close paralogs using available
experimental techniques (e.g. ChIP-seq) would be much more difficult.

For each domain family, I constructed a matrix with rows representing binding
domains and columns consisting of pairwise rates for each species. Rates for each family
were ranked in each species, and the sequence alignments of the top hits examined manually
for changes with potential functional relevance. Figure Fig. 2.2 shows the distribution of
median pairwise AA substitution rates (relative to Drosophila melanogaster ) for each of
the 49 TF families in four representative fly species. In D. simulans (Fig. 2.2, upper left),
almost all domain families are conserved, as expected for a species so closely related to D.
mel . Examining more divergent species, many families begin to accumulate more changes
(D. ananassae and D. pseudoobscura, Fig. 2.2, upper right and lower left). In D. grimshawi
(Fig. 2.2, lower right), many families contain changes, but a small set (9 families) are still
highly conserved. Clearly, many domains from these species contain changes; however, in
almost all cases these fall within regions that have no known functional relevance (i.e. not
in DNA-contacting residues, known protein-protein interaction sites, or regions important
for structural integrity of the domain). As it is generally not possible to predict functional
residues based only on sequence, in most cases I matched the changes manually against
structural information about the domain from the literature, and found that they occured
in regions which had no known role in binding or domain architecture.
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2.4.2 Some Drosophila TF DNA-binding Domains Show Evidence of Im-
portant Changes Outside of DN A-contacting Residues

Most factors I examined were highly conserved, but I was able to identify a few
cases with potentially significant changes within their DNA-binding domains, though almost
all of these were not in known DNA-contacting positions. These included kayak(kay), a
basic leucine zipper (bZIP) protein that is the Drosophila Jun homolog Fig. 2.4 [276]. This
protein is among the most divergent bZIP domains in my dataset (Fig. 2.3) Although there
are no significant changes within the DNA-contacting region of the domain (Fig. 2.4, blue
box), there are a number of substitutions in the N-terminal region of the domain (Fig. 2.4,
magenta box). This is the alpha-helical ”zipper” region, which is responsible for specific
homo- and heterodimerization of these proteins [277]. Specifically, kay shows a number
of lineage-specific substitutions at the ’e’ and ’g’ positions of the helix (Fig. 2.4, orange
stars), which interact with each other by steric forces in the coiled-coil of the dimerized
transcription factor [143]. This may imply that kay has altered dimerization properties in
different Drosophila species.

Some other potentially interesting examples involve changes in residues within
binding domains that may be important for the structural integrity of the DNA-binding
domain. One example of this is the Drosophila homolog of p53 [278], which contains a
substitution at R395 to cysteine in Drosophila pseudoobscura and Drosophila persimilis and
histidine in Drosophila ananassae. This position corresponds to R282 in human p53 [278],
a buried residue that is thought be important for maintaining structural stability of the
domain; this position is also one of the most frequently mutated residues in human cancers
[279]. The GATA factor srp [280] also contains substitutions in a number of species at
position 14 of its C-terminal zinc-finger domain, which is important for structural stability
in the chicken GATA factor cGATA-1 [281]. Although the effects of structural changes
on DNA-binding behavior of the domain are difficult to determine, it is possible that the
changes I observe in these two proteins could influence the shape of the DNA-binding
interface of the domain, and therefore binding specificity or affinity.

2.4.3 The Putative DNA-binding Domain of the Gene hermaphrodite is
Highly Divergent

Because CoHs -zinc finger proteins are known to have some unique evolutionary
properties, including changes which alter the number and function of arrays of DNA-binding
domains [132,256], I gave special attention to proteins from this family. Figure Fig. 2.5 shows
an example distribution of pairwise AA substitution rates for CoHy -zinc finger domains
from D. pseudoobscura. 1 identified a number of CoHs zinc fingers with elevated rates of
evolution within their binding domains; however, most of these did not involve changes
in the canonical DNA-contacting positions (-1,2,3,6 in the CaHy a-helix) [26]. Of those
which did contain potentially specificity-altering changes, most were unnamed genes with
little information available regarding possible functions. I ultimately chose to examine the
gene hermaphrodite (her), a 4-finger CoHa zinc finger because in addition to having some
dramatic changes in its DNA binding domain (Fig. 2.6, Table 2.1), it had been studied
previously and implicated as having a role in the core somatic sex determination path-
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way [265-268]. The discovery of divergent transcription factor in the sex determination is
intriguing, as the elements of this pathway [282-284|, as well as a variety of sex-specific
traits [35,285] are known to be quite variable across insect species.

The DNA-binding domain of her contains 4 CoHs zinc fingers near its N-terminus
that appear to be arranged in an array (Fig. 2.6), although they do not contain the typical
TGEKP linker regions observed in other CoHs zinc fingers such as Kruppel and Zif268 [26].
Within species of the melanogaster group (D. melanogaster,D. simulans, D. sechellia, D.
yakuba, D. erecta and D. ananassae), the her binding domain shows a large number of
changes at non-contacting residues (Fig. 2.6, green shaded residues) and a Y—F substitution
in D. yakuba and D. erecta. In species of the obscura group (D. pseudoobscura and D.
persimilis, an even larger number of substitutions are observed outside of DNA-contacting
residues in all four fingers, and the fourth zinc finger domain contains an A—G substitution
at the 2 position in the binding a-helix. All of these species share a well-conserved region
near the C-terminus (Fig. 2.6) that does not resemble a known domain. It is possible
that this region may function as a transcriptional effector or other type of protein-protein
interaction domain.

In addition, the obscura species her genes contain a > 800bp insertion just 3’
of the DNA binding domain. This region contains 3 additional CoHsy zinc finger domains
(Fig. 2.6), with longer stretches of intervening sequence. Examination of the DNA sequences
by dot plot shows that this insertion is most likely the result of a 3-fold tandem duplication
of a region including the fourth shared zinc finger in the DNA-binding domain (Fig. 2.7).
Although it is known that the number of zinc fingers can vary widely across proteins, cases
of multiple duplication of this type are rare, and usually happen only in paralogs [132]. her
is the only example I was able to identify in flies, although it is possible that others may
exist since my analysis was restricted to 1-1 orthologs.

The only species with a clear ortholog for her outside of the sophophora (which
includes the melanogaster and obscura groups) is Drosophila willistoni. The her ortholog
in this species shows an even greater degree of divergence within its four zinc finger do-
mains (Fig. 2.6), including an S—T substitution at the 2 position of finger 2, and an F—Y
substitution at position 2 in finger 3. Drosophila willistoni her also contains a fifth zinc
finger in the region 3’ of the shared DNA-binding domain; although this finger aligns with
the N-terminal most obscura-specific finger, it is not clear if the two are orthologous. In
addition, the C-terminal region that is conserved in the sophophora does not appear to be
present in Drosophila willistoni hermaphrodite .

Hermaphrodite does not appear to be conserved in the Drosophila genus in species
more divergent from Drosophila melanogaster than Drosophila willistoni, or in any other
metazoan clade. The fuzzy reciprocal BLAST approach used to call orthologs in the 12
Drosophila genomes [264] returns a protein that matches her only to the conserved struc-
tural positions of the CoHs zinc fingers, and is located on a different chromosome; this
may represent an extremely divergent her or an unrelated protein that happens to have
CoHs zinc finger motifs. In addition, although synteny around the her locus appears to be
conserved at least to Drosophila grimshawi, the region including the her coding sequence
shows poor sequence conservation beyond Drosophila willistoni (Fig. 2.8). Analysis of this
region from Drosophila virilis, Drosophila mojavensis, and Drosophila grimshawi using the
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computational gene-finding tool GeneWise [286] fails to find any potential coding sequences.

It therefore appears that the her gene has undergone a number of potentially in-
teresting rearrangements of its DNA-binding domain during evolution of the Drosophila.
Although sequence data from more species will be needed before a detailed picture of the
evolution of her can be constructed, a speculative model is as follows. The her gene most
likely arose by duplication of an unknown zinc finger protein in a common ancestor of
both Drosophila willistoni and the Sophophora species. This protein probably had ei-
ther 4 or 5 zinc finger domains, and lacked the C-terminal conserved domain observed in
the Sophophora. The C-terminal domain was likely acquired in a common ancestor of the
Sophophora species; one possibility is that the acquisition of this domain allowed her to gain
transcription regulatory function. The extra zinc fingers observed in Drosophila pseudoob-
scura and Drosophila persimilis then likely arose by duplication following the divergence of
the obscura and drosophila groups.

The variety of changes in the her binding domain that may have consequences for
DNA-binding of her made it the best candidate for a detailed evolutionary and functional
analysis among all of the hundreds of transcription factors examined. I ultimately chose to
explore in particular the differences between the Drosophila melanogaster and Drosophila
pseudoobscura her genes, since these show the most drastic differences in binding domain
structure within the shortest amount of evolutionary time. In chapters 3 and 4 I will
examine the DNA binding behavior of her in these two species experimentally.



Table 2.1: Pairwise Amino Acid substitution rates for conserved

domains
Domain Dsim Dsec Dyak Dere Dana Dpse
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her CoHy -zinc finger

Figure 2.1: Phylogeny of the 12 Drosophila Species Examined in this Study:
Figure adapted from FlyBase (http://www.flybase.org).
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Figure 2.2: Median pairwise AA substitution rates for TF Families: Plots show
histograms of median AA substitution rates calculated for the set of proteins in each TF
family. In D. simulans (top left), the majority of families have no substitutions, as indicated
by the mass of density at 0; in contrast, for D. grimshawi (lower right), the most divergent

species examined, almost all families have accumulated some substitutions, although several
families are still at 0
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Figure 2.3: Pairwise A A Substitution Rates for bZIP-1 Domains in D. mojaven-
sts: Plot shows the histogram of pairwise AA substitution rates (calculated using the
codeml program from the PAML package [275]) between orthologous domains from D.

mojavensis and Drosophila melanogaster . D. moj domains orthologous to the kay bZIP
domain is indicated on the plot.
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Figure 2.5: Pairwise Amino Acid Rates for CoH; -zinc Finger Domains Between
Drosophila melanogaster and Drosophila pseudoobscura : Plot shows the histogram
of pairwise AA substitution rates (calculated using the codeml program from the PAML
package [275]) between orthologous domains from Drosophila pseudoobscura and Drosophila
melanogaster . D. pse domains orthologous to the four her CoHs -zf domains are indicated
on the plot. her domain 1 shows the highest rates of the four fingers.
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Figure 2.7: Dot Plot of self vs. self for Drosophila pseudoobscura her , Showing
Duplications of the 4th Zinc Finger: Shows a dot plot of the Drosophila pseudoobscura
her inserted region plotted against itself to show repetitive sequences. Red circle denotes
the position of the 4th zinc finger (shared among all 9 species); orange triangles point to
upper-left to lower-right diagonal lines, indicating a match (repeated sequence). The three
tandem repeats correspond approximately with the positions of the inserted Drosophila
pseudoobscura zinc fingers. Plot created using Dotter [287].
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Chapter 3

Analysis of DNA Binding by the
HER protein in Drosophila
melanogaster

41



42

3.1 Abstract

Sex determination in Drosophila melanogaster takes place through a signaling cas-
cade involving both transcriptional and post-transcriptional regulation. While most of the
components of this pathway have been extensively characterized at both the genetic and
molecular level, the molecular function of the hermaphrodite gene, a putative zinc-finger
transcription factor proposed to play a role in specifying sexual fate in somatic tissues along
with the transcription factor Doublesex, has remained mostly unknown. Using Chromatin
Immunoprecipitation combined with high-throughput Illumina sequencing (ChIP-seq), I as-
sayed the in vivo genome-wide binding of hermaphrodite in Drosophila melanogaster 4-6h
embryos. These data show that the Hermaphrodite protein binds strongly to over 300 sites
in the fly genome, most of which are located in intronic and intergenic regions close to
annotated transcription starts, and are enriched with a previously unknown 15-bp sequence
motif. In addition, I find that Hermaphrodite binds in the proximal promoter region of the
sex determination gene intersex (iz). These data strongly support a role for hermaphrodite
as a sequence-specific regulator of transcription, and indicate that its role in sex determi-
nation may be indirect.

3.2 Introduction

Many metazoan species use genetic signals to determine their phenotypic sex, but
the nature of these genetic signals, and the mechanisms by which they are translated into
primary and secondary sexual characteristics, show a remarkable degree of variability across
even closely related taxa. In humans and other therian mammals, the genetic signal is the
presence or absence of a specific locus normally carried on the Y chromosome (Sry [289)),
which is sufficient to determine whether the embryo will adopt a male or a female fate re-
spectively. In the fruitfly Drosophila melanogaster , on the other hand, the Y chromosome
plays no role in sex determination. Instead, the embryo determines its sex early in devel-
opment by counting the number of X chromosomes present in each cell; individuals with
two X chromosomes are phenotypically female, while those with a single X become phe-
notypically male. Counting is accomplished through a set of genes on the X chromosome,
the X-encoded signal element (XSE) genes [290-292]. These genes are expressed early in
development, and when two copies of the X chromosome are present, XSE gene dosage is
sufficient to activate a female-specific promoter region (P.) of the master sex regulator Sex
lethal (Szl ) [290,291].

Transcription of Szl from the P. promoter produces a female-specific Szl mRNA,
encoding an RNA-binding protein which guides a set of regulated alternative splicing events
[290,291]. After the counting signal from the XSE genes is lost, a second Szl promoter,
Py, is activated non-sex-specifically. The transcript from Pjs requires autoregulatory Sxl
splicing activity to remove a cassette exon containing a premature stop. Consequently,
only females, with active SXL protein produced from P., are able to produce functional
transcripts from Pps [290,291]. SXL also directs female-specific splicing of male-specific
lethal - 2 (msl-2), which regulates dosage compensation, and transformer(tra) [290,291].
The female isoform of tra encodes another RNA-binding splicing regulator, which directs



43

further female-specific splicing events in the transcription factors fruitless, which controls
sex-specific behavior, and Doublesex(Dsz), which is responsible for most aspects of somatic
sex differentiation [290,291].

In genetically male individuals with a single X chromosome, dosage of the XSE
genes is insufficient to drive transcription from P.. When the XSE counting signal is lost,
transcription from Pj; begins, but because males do not have functional SXL, this transcript
does not undergo the autoregulatory splicing event to remove the cassette exons containing
the premature stop [290,291]. In the absence of regulated splicing from the SXL protein, tra
mRNA is spliced in the default pattern, which includes a premature stop. The absence of
functional #ra in turn results in production of the default (male) isoform of Dsz [290,291].

The male- and female- specific isoforms of Dsz, DSX™ and DSX’', exert oppos-
ing transcriptional regulatory effects on target genes. DSXM and DSX® proteins con-
tain identical DMRT DNA-binding domains, and show similar DNA binding preferences in
vitro [293,294]. Sex-specific differences in DSX transcriptional regulation are thought to
take place through a C-terminal domain, which differs between the two sex-specific isoforms
and likely participates in protein-protein interactions with transcriptional cofactors [295].
The canonical example of sex-specific regulation by DSX is the fat body enhancer (FBE)
of the YpI and Yp2 genes [296]. In this enhancer, DSX and DSX both act through
the same DNA binding site, but DSX¥ is able to function as an activator by recruiting the
cofactor intersex (ir), while DSX™ does not recruit iz and represses transcription through
an unknown mechanism. Because iz mutants show a general intersexual phenotype in fe-
males similar to that seen in Dszx mutants, iz is likely to play a role in the activation of
many other DSX¥ targets. However, since some targets of DSX are activated in males and
repressed in females (e.g. Wnt2 and bnl in the genital imaginal disc [297,298] it is likely
that other cofactors are also involved in regulating transcription with Dszx.

The gene hermaphrodite (her) has been proposed to play two distinct roles in the
sex determination pathway. The first of these is a maternal effect, upstream of Szl, which
results in a female specific reduction in viability in offspring of her™ mothers [266,268]. This
her -mediated lethality is enhanced when combined with mutations in the XSE gene sis-a
or Szl loss-of-function mutants, and can be almost completely rescued by a constitutively
expressed allele of Szl [266]. In addition, female offspring of her™ mothers show a loss of
expression from Szl P, promoter [266]. These results suggest that hermaphrodite may be
necessary for initial transcriptional readout of the chromosomal sex signal that leads to Szl
expression in females, although more recent experiments have been unable to replicate these
results observed in the original studies [299], indicating that these effects may be due to
secondary effects from the mixed genetic background of the crosses.

In addition to its role at the top of the sex-determination signaling cascade,
hermaphrodite has also been shown to act further downstream in the pathway, in the so-
matic sex determination branch mediated by Dsz. The most pronounced effects are seen in
females, where the zygotic expression of certain combinations of hypomorphic her alleles
results in a strong intersexual phenotype [266,268]. This includes male-like pigmentation
of the anterior portion of the fifth and sixth abdominal segments A5 and A6, partial mas-
culinization of genital and anal structures, and partial rotation of bristles on the metatarsus
of the foreleg analogous to the male sex combs [265,266,268]. Male her mutants show a
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much weaker intersexual phenotype, which manifests in the presence of extra bristles on
the sixth sternite (S6) [265,266,268]. Analysis of dsz/dsz ; her/her double mutants shows
that some of these phenotypic effects are dependent on the presence of functional DSX
(foreleg bristle rotation and A5/A6 pigmentation in females, S6 bristles in males). Other
her mutant effects are not dszr dependent, because these effects are still visible in dsz/dsz
intersex individuals (e.g. lateral anal plate fusion and vaginal tooth number) [265].

The sex-specific effects of her can only be observed in weaker alleles under semi-
restrictive conditions; with stronger alleles and more restrictive conditions (higher rearing
temperature), her mutants show non-sex-specific maternal and zygotic lethality, indicating a
broader role for her outside of the sex determination pathway [266,268]. hermaphrodite has
also been shown to activate the Yp genes non-sex-specifically in a mostly Dsz-independent
manner [267]. This effect, combined with the observation that her contains four C2H2
zinc finger domains, suggests that her functions as a sequence-specific transcription fac-
tor, although neither DNA binding nor transcriptional regulatory activity has been shown
directly.

In this work I examine the DNA binding behavior of her using chromatin im-
munoprecipitation combined with high-throughput Illumina sequencing (ChIP-seq), with
the goals of 1) determining whether the protein encoded by her functions as a sequence-
specific transcriptional regulator and 2) gaining insight into the sex-specific and non-sex-
specific molecular function of her by examining its set of target genes. This will provide
insight into a previously understudied component of the Drosophila sex determination hi-
erarchy, and will inform the inquiries into the evolutionary properties of her (see Ch. 2 and
4).

3.3 Materials and Methods

3.3.1 Protein Expression and Purification

her coding sequences for protein expression constructs were amplified by PCR. from
the full-length her cDNA. Full-length her coding sequence was amplified using primers AT-
GCTTAGTGCGGATCGGGA (her fl.F) and TCAAGTTTGACTTAACGTGCC (her_fl_.R);
her N-terminal peptide (amino acids 1-250) was amplified using primers her_fl_F and TCG-
TATTTCATACTGCCTACC (her_Nt_R). C-terminal peptide (amino acids 251- 487) was
amplified using primers GAGGAAAGTTTGGAATTTGTTT (her.Ct_F) and her_fl.R.
BLAST [300] showed that these sequences contained no regions of homology > 8 to other
proteins.

All sequences were cloned into the Invitrogen Gateway entry vector pDONR us-
ing BP-recombinase, then transferred to the Gateway pDEST17 vector, which contains an
N-terminal 6xHis tag, for expression. Expression and lysis were carried out as in the QTAEx-
pressionist Manual (QIAgen); BL21-AI cells (Invitrogen) containing expression constructs
were grown to ODg00 = 0.6 and induced for 4h with 0.2% arabinose. Lysis was performed
in 50mM HEPES buffer containing 8M Urea and 10mM Imidazole. Cleared lysate was
bound to Ni-NT agarose (Qiagen), washed with 50mM HEPES with 4M Urea and 20mM
Imidazole, and eluted in 50mM HEPES containing 4M Urea and 250mM imidazole.
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3.3.2 Antibody Purification

Antisera were raised in rabbits against the full-length Drosophila melanogaster
HER peptide at the Pocono Rabbit Farm and Laboratory. Antisera were affinity purified
against either the N-terminal (herNt) or C-terminal (herCt) portions of the HER protein
to generate two independent antibodies. Affinity purification was carried out using 1-3mg
of herNt or herCt peptides bound to 333mg (dry weight) of Activated CNBr-sepharose
4B. Antisera were diluted in 10mM Tris, filtered, and passed over the affinity resin twice.
Resin was washed with 20CV 10mM Tris, pH7.5, 20CV 10mM Tris pH7.5 with 1M NaCl.
Antibodies were eluted with 3CV 4M MgCly 0.25M glycine pH3.5 0.1% Tween-20, followed
by 0.1M Glycine pH 2.5 0.1% Tween20. pH was adjusted to 7.5, and eluate was concentrated
and resuspended into 10mM Tris pH7.5, and concentrated to approximately 3 mg/ml.

3.3.3 Chromatin Immunoprecipitation

Chromatin was prepared from 4-6h Drosophila melanogaster (Canton-S wild type)
embryos raised at 25°C. Approximately g staged embryos were fixed for S5min in 50ml
hexane saturated with 10xPBS and 5% formaldehyde, then washed twice for > 5min with
1xPBS + .5% Triton X-100 and flash frozen. Purified chromatin was prepared from fixed
embryos as in [66]. Purified chromatin was fragmented by sonication using 8 cycles of 30
seconds each at setting 2 on a Sonifier 250 (Branson), yielding an average fragment size of
350bp.

Chromatin immunoprecipitation was carried out using 100ug of purified, frag-
mented chromatin. Chromatin was diluted into IP buffer (10mM Tris pH 8,1mM EDTA,
150mM NaCl, 0.5% Triton X-100, 0.1% Sodium Deoxycholate, 0.5% Sarkosyl) and cleared
using 3ug of Normal Rabbit IgG (Santa Cruz Biotechnology) bound to Protein-A sephacryl
beads prepared in-house (see [66] for protocol). 2% of total sample was saved for use as
the input control. Pre-cleared chromatin was then incubated overnight at 4°C with 3ug
of herNt or herCt antibody or 3ug of normal rabbit IgG (Santa Cruz Biotechnology) and
bound to Protein-A sephacryl prepared as above. After binding, the following washes were
performed: 1) IP buffer for 5min 2) IP Buffer for 10min 3) two washes of 0.5x IP Buffer
for 20min ea 4) LiCl Buffer (10mM Tris,lmM EDTA, 250mM LiCl, 1%NP-40, 1% Sodium
Deoxycholate) for 20min 5) TE for 10min. Samples were treated with 1uL. RNAse A (Fer-
mentas) for 30 min, then with 1.8uL Proteinase K (Fermentas) at 55 °C overnight. Samples
were then incubated at 65 °C for 6 hours to reverse formaldehyde crosslinks. De-crosslinked
samples were eluted with TE, extracted with phenol-chloroform, and resuspended in TE.

3.3.4 Immunoprecipitation and Western Blots

Immunoprecipitation for antibody tests was performed on nuclear extracts pre-
pared from 10g 0-12h Drosophila melanogaster embryos (extract kindly provided by Malik
Francis). 250uL of extract was incubated with 3ug of her antibody (herNt or herCt) or
3ug normal rabbit IgG at 4°C for lhr. Samples were then bound to Protein A-sephacryl
beads (prepared as above) and washed 3 times with IP was buffer (25mM HEPES pH7.6,
150mM KCl, 1mM EDTA, 1mM EGTA, 10%Glycerol, 1mM DTT, 0.4mM PMSF). After



46

washes, the supernatant was removed and beads were boiled for 7min with SDS-PAGE
sample buffer and loaded directly onto 4-12% PAGE gel (Biorad, Inc).

Gels were transferred to nitrocellulose paper, blocked with Infrared Western Block-
ing Buffer (LiCor Biosciences), and incubated with 1:1000 diluted primary antibody. For
IPs performed with herNt, herCt was used as the primary; for herNt IPs, herCt was used
as the primary; for IgG IPs, herNt was used as the primary. All blots were incubated
with IRDye-700 Protein-A secondary (Rockland Immunochemicals) and imaged using an
Odyssey infrared scanner (LiCor Biosciences).

3.3.5 Illumina Library Preparation and Sequencing

Illumina Library preparation followed the protocol outlined in the Illumina ChIP-
seq Sample Preparation handbook (Illumina). ChIP samples in TE were end-repaired using
T4 DNA Polymerase, T4 Polynucleotide Kinase, and Klenow Polymerase (New England Bi-
olabs), and A-tailed with (3’->5" exo™) Klenow (New England Biolabs). Illumina single-end
adaptors were ligated using Quick T4 DNA Ligase (New England Biolabs). Library PCR
amplification was performed using cycle parameters outlined in Illumina ChIP-seq Sample
Preparation handbook (Illumina) for 16 cycles, followed by size selection in 2% agarose gels
for sequences 200-500bp in length. DNA purification in between steps was carried out us-
ing either QIAquick PCR Cleanup Kit (Qiagen) or QIAquick MinElute PCR Cleanup Kit
(Qiagen). Purification following size selection was carried out using QIAquick MinElute
Gel Extraction Kit (Qiagen). Libraries were quantitated using either a Bioanalyzer 2100
(Agilent Technologies) or quantitative PCR using a similarly sized library as a standard.

3.3.6 Data Analysis

Samples were sequenced using a Genome Analyzer 2 (Illumina, Inc). Image analy-
sis and base calling were performed using the Illumina Analysis Pipeline version 1.3. Read
mapping was performed using either Eland from Illumina Pipeline v1.3 or Bowtie [301]
to the Drosophila melanogaster genome version 5.18. Peak calling was performed using
MACS [302]. All other analysis performed using custom scripts written in Python.

3.4 Results

3.4.1 ChIP-seq analysis shows that her binds DNA

In order to determine the DNA-binding behavior of the HER protein, I performed
ChIP-seq analysis using two antibodies prepared from her rabbit antiserum affinity-purified
against either the N-terminal (herNt) or C-terminal (herCt) portion of the her protein. A
control for nonspecific antibody binding (normal rabbit IgG) was included, as well as an
input control. I chose to use 4-6h embryos for this analysis as previous work showed the
peak of zygotic her expression occurred during this time period [267].

Illumina sequencing generated millions of reads for each sample as shown in Ta-
ble 3.1. Reads were mapped to version 5.18 of the Drosophila melanogaster genome using
Bowtie [301], with variable fractions of mapping reads shown in Table 3.1. Reads that
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mapped to more than two positions in the genome were discarded to eliminate repetetive
sequences from further analysis. Both herNt and herCt samples showed significant enrich-
ment over the input control sample Fig. 3.2, Fig. 3.1. In contrast, IgG control samples
showed no significant enrichment over background (data not shown).  Excellent agree-
ment was observed between herNt and herCt samples (Fig. 3.3) with normalized tag counts
between the two samples for 100-bp windows giving R? = 0.97.

In order to confirm that the herNt and herCt antibodies were specifically recog-
nizing the HER protein in vivo, I also performed immunoprecipitation followed by western
blots on 0-12h embryo nuclear extracts. Immunoprecipitation with the herCt antibody fol-
lowed by blotting with the herNt antibody showed enrichment of an approximately 60kD
protein, close to the predicted size for the HER protein of 57kD (Fig. 3.4, center panel).
Similar results were obtained for the converse experiment in which I immunoprecipitated
using the herNt antibody and blotted using the herCt antibody (Fig. 3.4, left panel). Im-
munoprecipitation with Normal Rabbit IgG and probing with herNt as a control showed
no enrichment (Fig. 3.4, right panel).

3.4.2 Distribution of HER-bound peaks is consistent with a role for her
in transcriptional regulation

Peaks of her binding were identified from mapped ChIP-seq reads using MACS
[302], using input reads as a negative control. MACS called 1484 total peaks for the herNt
sample, and 1412 peaks for the herCt sample. Slight differences in the signal to noise ratio
between the two samples meant that the false discovery rate (FDR) reported by MACS
differed between samples for overlapping peaks. In order to choose a set of high-confidence
peaks for further analysis, I identified overlapping peaks for the two IP samples at 1% ,
2%, and 5% FDR and chose to use the set of overlapping peaks with FDR < 5% from the
herCt set and < 1% FDR from the herNt set as it gave the best agreement between the
two samples. This gave a total of 302 "high confidence” peaks.

I next examined distribution of these peaks relative to structural features of genes
(Fig. 3.5 A). Most peaks fall either in intergenic regions (132) or within introns (87), with
smaller numbers occuring in 5" untranslated regions (40) and coding sequences (41) and
few (2) occuring in 3’ untranslated regions. In addition, I calculated the distribution of
distances from each peak to the nearest annotated mRNA transcription start site (Fig. 3.5
B). 67% of peaks occured within 1000bp of an annotated transcription start, and the peak
of this distribution occurs near 0. These data are consistent with patterns observed for most
transcriptional regulators examined by ChIP-Chip [66,67], although the preference for the
basal promoter region observed for HER is unusual. Taken together, I believe this pattern
supports a role for her as transcriptional regulator.

3.4.3 HER peaks show enrichment of a novel 15-bp sequence motif

In order to determine if HER binding showed any sequence specificity, I used
the motif-finding software MEME [303] to search for enriched sequences in 200bp windows
surrounding the high-confidence peaks. This gave strong enrichment of 15-bp sequence motif
(Fig. 3.6A) (MEME E-value = 1.6x107152). Searching peak regions with Patser [304] shows
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that > 80% of bound regions contain a significant hit for this motif, and that this motif is
most strongly enriched in the region immediately surrounding the peak (Fig. 3.6B).

The motif I identify does not appear to be similar to either any known core pro-
moter motif [305] or known Drosophila transcription factor binding motif [224,306] (data
not shown). I also am able to recover a nearly identical motif when only peaks located >
1000bp from transcription starts are used for MEME analysis, indicating that the motif is
likely a true her binding sequence and not an unknown core-promoter motif.

3.4.4 HER target genes show a wide range of functions and expression
patterns

In order to gain further insight into the possible biological role of her , I examined
putative her target genes. Targets for each bound region in my high-confidence set were
defined as the gene whose transcription start was closest to the peak of binding. Putative her
target genes are enriched for transcription factors and components of signaling pathways,
including genes known to be involved in EGF(csw, Srcf2A, sty, CrebB-17A, p38b, Csk),
FGF(csw, Pk61C, SNF1-A, CG13398, Mio), Notch(H, DI, dz, numb), and TGF-5(dpp,shn)
signaling [307]. I also find strong binding in the promoter region of the transcriptional
cofactor intersex [308], a core component of the Drosophila sex-determination pathway
(Fig. 3.7).

I also examined mRNA expression timecourse data (taken from the modENCODE
project [309]) for putative target genes for the set of 302 high-confidence HER-bound peaks.
These data are shown in Fig. 3.8. Several temporal patterns are apparent among the her
targets: many show strong maternal expression (Fig. 3.8, red box), a small subset show
strong expression throughout development (Fig. 3.8, grey box), and some show sex-specific
expresion in adult flies (Fig. 3.8, magenta box). In addition, a subset of genes shows
a pattern of embryonic expression that is similar to that of her , with strong maternal
expression and a peak of expression at 4-6h of development (Fig. 3.8, orange box).

Finally, I examined spatial expression patterns of target genes using in situ hy-
bridization data from the BDGP FlyExpress database [310] (http://www.flyexpress.org).
Expression patterns for the 83 genes with images in the database are shown in Fig. 3.9. 1
again observed that many of the putative her targets are expressed maternally (Fig. 3.9,
First column). Genes that are zygotically expressed show mostly ubiquitous expression,
with only a few showing evidence for Anterior / Posterior (Fig. 3.9, magenta arrows) or
Dorsal / Ventral (Fig. 3.9, green arrows) or other tissue-specific patterns (Fig. 3.9, orange
arrows)

3.5 Discussion

3.5.1 her As a Seqeunce-Specific Transcription Factor

Because of its ability to bind DNA, its limited distribution in the genome, the
presence of a strongly supported binding motif, and its localization to transcriptional start
sites, I believe that her functions as a seqeunce-specific transcription factor. Although my
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data cannot directly support a role for her as either an activator or repressor of transcription,
the presence of a subset of target genes whose temporal expression pattern matches up well
with her indicates that it may act as an activator in some contexts (also see discussion
of the relationship between her and iz below). The close proximity of her binding peaks
to core promoters is somewhat unusual in comparison to other transcription factors active
in the early Drosophila embryo, which tend to bind in more distant enhancer regions (e.g.
[66, 67,311, 312]). However, cases of sequence-specific transcriptional regulators binding
near the core promoter are known in Drosophila melanogaster , such as ovo [313]. Further
experiments using transgenic reporters for her targets and modified her proteins should
allow us to resolve the exact molecular role of her in transcription.

3.5.2 The Role of her in Sex Determination and Other Pathways

The direct binding of her to the promoter of the transcriptional cofactor iz, a key
component of the somatic sex determination pathway [308], may provide an explanation
for sex-specific phenotypes observed in many her mutants. If her functions as an activator
of iz, then we would expect that loss of her would lead to loss of iz expression; as iz is
required as a cofactor for DSX* this would lead to a female-specific intersexual phenotype
as is observed for both iz [295,308] and her mutants [265-268]. However, a model of her
function in which the only input of her into the sex determination pathway is through iz and
DSX* cannot explain all of the available genetic data, as some effects of her mutations are
still visible in dsz null mutants [265]. This model also cannot explain the weak male-specific
intersexual phenotypes observed in some experiments [265,266], or the observation that at
least some of the effect of her on Yp gene expression requires DNA sequences outside of the
DSX-regulated Fat Body Enhancer [267]. It is therefore likely that her can also influence
development of sex-specific structures via other mechanisms, though whether these take
place through components of the canonical sex deterimination pathway is not clear.

Since I assayed embryos 4-6h old, I cannot draw any conclusions about the effects
of her seen upstream of Szl , which would be expected to take place prior to cellularization
[290]. However, no binding to any of the XSE genes sisA, sisB, or sisC, or to Szl itself was
observed. Interestingly, binding by HER is seen near the promoter of the transcription factor
Stat92E (data not shown), which acts as the transcriptional effector for the extracellular
signaling initiated by sisC' and may directly bind the Szl pe promoter [314,315]. Although
most of the effect on Szl pe expresion is expected to be through maternal Stat92F [314],
if her is found to have a similar binding pattern in the early embryo or in the ovary, this
model may explain the maternal her effects on sex determination. Experiments in progress
to examine her binding at earlier stages in development may help to resolve this hypothesis.

Finally, the fact that the vast majority of her binding I observe is to genes outside
of the core sex-determination pathway supports the hypothesis that her likely plays a broad
pleiotropic role in many developmental pathways in the Drosophila embryo. Many her tar-
get genes have lethal mutant phenotypes (e.g. dpp [316], ed [317], DI [318]), which may
explain the non-sex-specific maternal and zygotic lethality observed for strong her alleles.
The fact that her targets include components of a wide variety of signaling pathways ac-
tive in many different tissues and embryonic stages is difficult to resolve with the apparent
lack of tissue-specific expression for her . One possibility is that her provides a general-
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ized activation of transcription for its targets, which are then acted on by tissue-specific
repressors to restrict expression to a smaller anatomical region; alternatively, her may act
combinatorially with other transcriptional activators to activate targets in a specific tissue.
Given that there is not a unifying pattern to expression of her targets, it is also possible
that her may act as a repressor in some cases, or that much of the binding we observe
may be non-functional. Conditional expression and knockdown experiments may be able
to shed some light on these issues in the future. In any case, I believe that her represents
an important component of Drosophila melanogaster development, and this combined with
its interesting evolutionary properties (see Ch. 2 and 4) makes it worthy of further study.
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Table 3.1: dmel ChIP-seq [llumina Sequencing and Mapping

Sample | Total Reads Mapped Reads Percent Mapped
Input 22029632 7785127 35%
herNt 15298874 5849141 38%
herCt 16052607 4107609 25%
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Figure 3.1: Enrichment of herCt ChIP-seq tags relative to Input control:
Drosophila melanogaster herCt ChIP-seq tag counts (shifted to account for fragment size
estimated by MACS [302]). Each point represents tag count in herCt (y-axis) and Input
(x-axis) samples for a single 100bp window. Axes are scaled logarithmically. Blue line rep-
resents x=y. High point density above and left of the diagonal indicates that a high level
of enrichment was achieved.
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Figure 3.2: Enrichment of herNt ChIP-seq tags relative to Input control:
Drosophila melanogaster herNt ChIP-seq tag counts (shifted to account for fragment size
estimated by MACS [302]). Each point represents tag count in herNt (y-axis) and Input
(x-axis) samples for a single 100bp window. Axes are scaled logarithmically. Blue line rep-
resents x=y. High point density above and left of the diagonal indicates that a high level
of enrichment was achieved.
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Figure 3.3: Correlation of herCt and herNt Tag Counts: Each point represents tag
count in herNt (x-axis) and herCt (y-axis) samples for a single 100bp window. Axes are
scaled logarithmically. Blue line represents x=y. Note that samples are highly correlated;
R? =0.97.
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Figure 3.5: Location of her Peaks Relative to Gene Structural Features: (A)
Shows the number of HER-boung peaks from the "high confidence” dataset lying within
various gene features. (B) Shows a histogram of the distribution of the distance from each
HER binding peak to the nearest annotated transcription start. Rug at bottom has a line
indicating the position of each individual data point. Note that only peaks < 1000bp from
an annotated promoter were included, representing 67% of peaks.
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Figure 3.6: Motif Enriched in Drosophila melanogaster HER-bound Regions and
Distribution Relative to Binding Peaks: (A) shows the motif identified by MEME
[303] as being enriched in the Drosophila melanogaster HER-bound regions. Sequence
logo generated using weblogo (http://weblogo.berkeley.edu [319]) (B) shows a histogram
of hits for this motif called by Patser [304] in 100-bp regions centered around Drosophila
melanogaster binding peaks. Note that the density is located near the center (peak) position.
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Figure 3.7: HER Binding to the iz locus: Tags from herNt for are shown in the
top track. Middle track shows the location of iz exons; note that the transcription start
lies almost directly below the peak. Plot generated using the Kelp Genome Browser
(https://sourceforge.net /projects/kelpgenomebrows/).
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Figure 3.8: Expression profiles of Putative her Targets during Development:
Heatmap shows expression level from modENCODE microarray data ( [309]). Yellow rep-
resents is high expression, blue is low. Red box highlights genes with maternal expression;
orange box highlights genes whose expression may track with her expression; magenta box
highlights genes that show sexually dimorphic expression in adults; grey box highlights
ubiquitously expressed genes. erh = xhours embryonic development; Lx = Larval instar
x; WPP = Pupal; AFdl = Adult Female, 1 day post eclosion; AMdl = Adult Male 1 day
post eclosion; AFd5 = Adult Female 5 days post eclosion; AMd5 = Adult Male, 5 days
post eclosion
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Chapter 4

Comparative Analysis of DNA
binding by the Transcription
Factor hermaphrodite in
Drosophila melanogaster and
Drosophila pseudoobscura
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4.1 Abstract

In previous work I identified the Drosophila gene hermaphrodite (her ), as a tran-
scription factor that exhibits a high degree of divergence within its DNA-biding among sev-
eral species of the genus Drosophila. The HER proteins present in Drosophila melanogaster
and Drosophila pseudoobscura show a high degree of divergence within their 4 shared C2H2
zinc finger binding domains, and Drosophila pseudoobscura HER contains 3 extra copies of
the C-terminal-most finger. Here I analyze in vivo binding of HER in both of these species
using ChIP-seq, and find evidence of large-scale differences in binding targets between the
species, as well as possible evidence for a shift in the DNA-binding specificity of HER.

4.2 Introduction

Although the idea that changes in transcription factor proteins can play an impor-
tant role in regulatory evolution has gained some traction in recent years [7,13,14], there are
still relatively few examples of this process in the literature, and most cases involve changes
outside the DNA-binding domain ( [135, 136, 198]). In addition, only a handful of cases
have examined the relationship between changes in the transcription factor and changes in
its target cis-acting sequences [147,182], none of them in a metazoan system. The evo-
lutionary importance of changes in transcription factor binding specificity, particularly in
species with complex development and physiology, and the evolutionary mechanisms that
allow such changes to take place therefore remain unknown.

The Drosophila gene hermaphrodite (her) displays several unique features which
make it an attractive candidate for studying these questions in a well-established model
system. A previous computational study (see Ch. 2) identified her as having an elevated
rate of substitutions within the 4 C2H2 zinc fingers of its DNA binding domain. The changes
are most dramatic in the species Drosophila pseudoobscura and Drosophila persimilis in the
emphobscura subgroup, which show extensive changes at positions outside of the canonical
specificity-determining positions (-1,2,3,6) of the zinc finger binding helices [26], and an
A—G substitution at the 2 position of the fourth zinc finger. These species were also found
to contain a large insertion downstream of the DNA-binding domain consisting of a 3-fold
tandem duplication of the C-terminal-most zinc finger. Expansions of this type have been
observed in zinc finger proteins from other species following gene duplication [132,256], and
may therefore represent a common mechanism through which zinc fingers can alter their
binding specificity.

Genetic experiments have implicated a role for hermaphrodite in the Drosophila
melanogaster sex determination pathway, both in the initial activation of the master sex
regulator Szl (although this result has been disputed - see [299]) and in the somatic sex
pathway with the sex-specific transcription factor Dsz [265-268]. Interestingly, the sex
determination pathway is known to be among the more rapidly evolving regulatory systems
in insects. For example, the position of Szl at the top of the pathway is specific to the
family Drosophilidae [320]. In the fruitfly Ceratitis capitata, Szl is non-sex-specifically
expressed, with the gene tra, which acts downstream of Szl in Drosophila melanogaster ,
under control of other mechanisms [282-284]. In addition, many sexually dimorphic traits
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are divergent among Drosophila species, including male sex combs and genitalia [285] and
body pigmentation [35].

Previous work in Drosophila melanogaster (see Ch. 3) confirmed that HER binds
DNA, identified a set of potential HER target genes, and established a possible HER binding
motif. In this work I compare and contrast these data with the genome wide DNA-binding
behavior of the HER protein in Drosophila pseudoobscura , assessed using ChIP-seq. I find
evidence for differences in both the genome-wide target sets and DNA binding preference
between the HER proteins for these species.

4.3 Materials and Methods

4.3.1 RACE PCR and Cloning

I extracted total RNA from 0-12h Drosophila pseudoobscura embryos using Tri-
zol (Invitrogen). 100uL of flash-frozen embryos were homogenized directly into Trizol
buffer for RNA extraction. The aqueous fraction was removed and extracted with chlo-
roform, precipitated in isopropanol, and resuspended in RNAse-free water. Six 100uL
samples were pooled and concentrated using a Microcon centrifugal concentrator (Milli-
pore). mRNA was isolated from total RNA using the Oligotex mRNA Midi Kit (Qiagen).
Reverse Transcription and 5’ and 3° RACE were carried out using the Marathon RACE kit
(ClonTech) with 5’ Gene-specific primer CGTCCCACCAAAAAGGAAAGTCATCC and
3’ gene-specific primer CAACAATCCATTGAGAGGCGACAAGG. Final amplification of
the transcript used primers CAATATTTGTTTTGGAAAATGCACAACA TATTTTAAG-
GACTCATCTTTATTGGTTT. Amplified transcript was cloned into the pGEM-T EZ vec-
tor (Promega) for sequencing.

4.3.2 Degenerate PCR

I prepared genomic DNA from the following species for use in degenerate PCR
reactions: Drosophila affinis (stock #14012-0141.06), Drosophila obscura (stock #14011-
0151.00), Drosophila subobscura (stock #14011-0131.08), Drosophila  sturtevanti
(stock #14043-0871.14), and Drosophila miranda(stock #14011-0101.08). Whole adult flies
were homogenized in grinding buffer (5% sucrose, 80mM NaCl, 0.1M Tris-HCI pH8.5, 0.5%
SDS, 50mM EDTA), centrifuged, and the supernatant precipitated in KOAc and Acetic
Acid. PCR was carried out using the degenerate primers CCRTGYGCGTTGGCCAGCTG
and GCGWTYYTCCTTGAAVGGYTTGTA which were designed to amplify regions cor-
responding to the insert region in Drosophila pseudoobscura . PCR reactions were prepared
using 5mM MgCl and 20mM of each primer and amplified using Bio-X-Act short poly-
merase (Bioline). Amplified sequences were cloned into the pGEM-T EZ vector (Promega)
and Sanger sequnced at the UC Berkeley Sequencing Core Facility.

4.3.3 Protein Expression and Purification

Sequences representing amino acid residues 1—149 ( D. pse herA) and 541 to 731
(D. pse herB) were amplified from the full-length Drosophila pseudoobscura her cDNA and
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cloned into the Gateway pDEST17 vector using BP and LR recombinase (Invitrogen), and
into the pProEX-Htb vector (Invitrogen). Peptide expression in E. Coli and purification
were carried out as described in Ch. 3.

4.3.4 Antibody Purification and Testing

Antiserum was raised in rabbits against both the Drosophila pseudoobscura herA
and herB peptides. The independent antiserum samples were then affinity-purified against
the herA and herB peptides using the methods described in Ch. 3. Antibodies were tested
by western blot using either whole embryos lysed in SDS-Page sample buffer or nuclear
extract prepared from 0-12h Drosophila pseudoobscura embryos. Blots were probed with
herA or herB antibodies diluted 1:1000 in blocking buffer, then with 1:10,000 infrared
fluorescent Goat anti-Rabbit secondary antibody (Rockland Immunochemicals). Scanning
was performed using an Odyssey Infrared Scanner (LiCor Biosciences).

4.3.5 Chromatin Immunoprecipitation and Sequencing

Chromatin was prepared from Drosophila pseudoobscura embryos aged at 25 Cdeg
to 4.5-6.5h post fertilization. This stage matches the 4-6h time window I used for exper-
iments carried out with Drosophila melanogaster discussed in Chapter 3. Embryos were
fixed using the procedure outlined in Chapter 3, and chromatin purification was carried out
by CsCl gradient centrifugation as in [66,67]. Purified chromatin was fragmented using 16
cycles of 10 min ea. (15s on, 45s off ) in a Bioruptor bath-type sonicator (Diagenode), giving
an average fragment size between 250 and 350 bp.

Two different methods were used for chromatin immunoprecipitation. In the first,
I followed the procedure from Ch. 3 using 100ug of Drosophila pseudoobscura chromatin
and 3ng of either the herA or herB antibody. In the second method, I pooled 50% each of
4-6h Drosophila melanogaster chromatin and 4.5-6.5h Drosophila pseudoobscura chromatin
prior to sonication. 100ug of pooled, fragmented chromatin was then used for immunopre-
cipitation and sequencing.

Illumina library construction and sequencing were carried out as in Ch. 3. Tag
mapping was performed using Bowtie [301], with filtering applied for sequencing quality
scores and tags which map to more than two locations in the genome. Peak calling was
performed using MACS [302] or a custom algorithm which fits a theoretically predicted
peak shape to the peak distribution within the genome (Tommy Kaplan, unpublished).
Analysis of peak enrichment was performed using custom Python scripts. Motif finding was
perfomed using MEME [303], and motif finding within sequences performed using custom
Python scripts and Patser [304].
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4.4 Results

4.4.1 The Drosophila pseudoobscura and Drosophila persimilis her
mRNA contains a 3-Fold tandem duplication of the C-terminal
C2H2 zinc finger domain

Computational analysis had previously shown the DNA-binding domain of the
Drosophila pseudoobscura HER protein to contain many amino acid substitutions relative
to Drosophila melanogaster , including several at predicted DNA-contacting residues. In
addition, this analysis showed the presence of a large insertion in the hermaphrodite gene
in the region 3’ of the putative DNA-binding domain, which was found to contain 3 dupli-
cations of the 3’-most C2H2 zinc finger domain. In order to confirm that her is expressed
in Drosophila pseudoobscura and that the insertion is present in the final transcript, I used
RACE PCR on total mRNA from 0-12h Drosophila pseudoobscura embryos to clone the her
mRNA. A single transcript was recovered, which contained the insertion, and was missing
both of the predicted intron sequences, indicating that it had been fully processed.

4.4.2 The zinc finger duplication seen in Drosophila pseudoobscura and
Drosophila persimilis is conserved throughout the Obscura group

In order to determine the extent of conservation of the insertion observed in the
Drosophila pseudoobscura and Drosophila persimilis her genes, I performed degenerate PCR
using primers flanking a region of the her locus containing the 3’-most zinc finger domain
shared with Drosophila melanogaster and all three of the duplicated C2H2 zinc fingers
present in Drosophila pseudoobscura . 1 attempted to amplify this region from genomic DNA
prepared from 4 other species with the emphObscura group (Drosophila miranda,Drosophila
obscura,Drosophila subobscura,Drosophila affinis), and a closely related species outside of
the Obscura group (Drosophila sturtevanti). T was able to clone and sequence the insertion
region from all of these species with the exception of D. sturtevanti; alignments of these
sequences with the D. pseudoobscura and D. persimilis sequences are shown in Fig. 4.1. The
sequences showed that the duplicated zinc finger domains are present in all of these species,
and that several of the species show further diversification of these binding domains, with
multiple substitutions occuring at predicted DNA-contacting residues (Fig. 4.1, red boxes).

4.4.3 ChlIP-seq analysis of Drosophila pseudoobscura HER Shows Sig-
nificantly enriched Peaks

I examined the binding of Drosophila pseudoobscura HER by ChIP-seq, using anti-
serum raised against two independent peptides selected from the HER protein: D.pse herA
(pA) (residues 1-149), which contains 4 of the 7 HER CyHj -zf domains, and D. pse herB
(pB) (residues 541 — 731) from the well-conserved C-terminal domain of Drosophila pseu-
doobscura HER Fig. 4.2. Antiserum from the first and second bleeds was purified against
the corresponding peptides. Antibodies were tested by probing western blots prepared with
either whole embryo or nuclear extract prepared from 0-14h Drosophila pseudoobscura em-
bryos. Blotting results are shown in Fig. 4.3. The pA blot (Fig. 4.3, left panel) showed a
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band between the 75kD and 100kD size markers in both the whole-embryo and nuclear ex-
tract lanes (Fig. 4.3, red box), near the expected size for the full-length HER protein (83kD).
The pB antibody showed no strong signal in the nuclear extract lane (Fig. 4.3, right panel),
and no bands that clearly match the 83kD band from the pA blot in the whole-embryo sam-
ple, although a band is present below the 75kD marker that may be shifted due to differences
in how the two gels were run. The absence of signal was consistent across independent pB
antibodies prepared using antiserum obtained from different animals and different bleeds.
The absence of pB signal in these western blots is puzzling, because in subsequent ChIP
analysis pB was able to specifically enrich a region of the Drosophila pseudoobscura genome
which had been shown to be bound by HER in previous analysis, as measured by semi-
quantitative PCR (data not shown); this may reflect differences in the epitopes recognized
by pA and pB.

Because of the conflicting results from antibody tests, both pA and pB were used
for subsequent ChIP experiments. Chromatin immunoprecipitation was performed using
chromatin purified from 4.5-6.5h Drosophila pseudoobscura embryos, as previous analysis
had indicated that this time period represents similar developmental stages to the 4-6h
time period used for the Drosophila melanogaster ChIP experiments (see Ch. 3). A control
ChIP reaction using normal rabbit IgG was also performed alongside the treatment samples.
Results of Illumina high-throughput sequencing of ChIP samples are shown in Table 4.1.
Mapping of reads was performed using BowTie [301], with settings to eliminate sequences
which map to more than two sequences in the genome. The low percent of mapping reads
(28%) in D. pse pB may due to higher than normal amounts of Illumina library adapter
contamination.

Peak calling was performed using a custom algorithm, which scores the fit of
enriched regions in the genome with a theoretical peak model (Tommy Kaplan, unpublished
results). Results using this algorithm were similar to those obtained using MACS [302],
with fewer low-significance peaks (Data not shown). This analysis resulted in 1109 bound
regions called for D.pse pA and 1102 bound regions called for pB using standard cutoff
values. Similar analysis of the Input sample alone yielded 103 regions. To account for
differences in total tag counts between the samples, all subsequent analysis was performed
on datasets normalized to the equivalent of 1000000 tags. In order to confirm that peaks are
significantly enriched with respect to background signals, the normalized tag count (with
normalized input tags subtracted) within each bound region was calculated for the IgG and
treatment samples; these results are shown in figure Fig. 4.4A. Distributions of tag counts
for pA and pB were found to be significantly different from the tag count distributions for
matching regions in the IgG data (K-S p-value = 0.0 for both datasets). Median normalized
tag counts were 13.3 for D. pse pA peaks and 19.0 for pB, compared to -0.677 and -0.12 for
the respective IgG sets. Mean tag counts were 19.26 for pA and 37.4 for pB.

Examination of normalized tag counts for pA and pB antibody datasets across
the pooled set of peaks showed that a subset of peaks from both antibodies show strong
enrichment in one dataset, but low or nonexistent enrichment in the other Fig. 4.4(B). These
likely represent some cross-reaction by both antibodies with other DNA-binding factors. In
order to correct for these discrepancies, all subsequent analysis was performed using the set
of peaks that overlap between the two datasets; since the two antibodies were raised against
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independent peptides that have low sequence similarity, this set most likely represents true
HER binding. 396 bound regions (35% percent of peaks for each antibody) show overlap
between the two datasets; when the set of overlapping regions are considered in isolation,
the regions of differential enrichment disappear Fig. 4.4(B). Correlation coefficient does
not change significantly between the full and overlap-filtered sets (pearson r = 93.8 and
93.0, respectively), although the mean and median tag count shifts slightly towards higher
values ( median = 18.99 for pA, 26.8 for pB; mean = 26.4 for pA, 41.7 for pB). Most of the
peaks that are eliminated by filtering are in the lower part of the distribution of tag counts
(Fig. 4.4(C), although there is a set of highly enriched peaks that were eliminated from the
pB dataset. Median tag count values are similar to that obtained from a similar analysis
of the Drosophila melanogaster HER peaks identified in Chapter 3 (23.12 tag equivalents),
although this value masks a set of peaks with higher values in the D. mel data reflected
in a higher mean (90.5 tag equivalents). This may indicate stronger DNA binding by the
Drosophila melanogaster HER protein, or may be due to differences in affinity between the
antibodies raised against the D. mel and D. pse HER proetins.

4.4.4 Most HER Binding is Divergent Between Drosophila melanogaster
and Drosophila pseudoobscura

In order to assess conservation of binding, I used a D. pse - D. mel whole genome
alignment constructed using the alignment software FSA [321]. For this analysis, I used
the set of D. mel bound regions which overlap between peak calls made using the new
peak-fitting algorithm and the set found by MACS used in Ch. 3 (n=256). Peaks from
each species were mapped onto genomic coordinates from the other using the alignment as
a guide, and divided into three categories: overlapping peaks (peak summit within 100bp
of summit in other species), shifted peaks (bound region occurs within 1kb of bound region
in second species) and species-specific peaks. Fig. 4.6 shows the distribution of these peak
categories in both datasets. The majority of observed strong binding (93% of D. pse regions
and 89% of D. mel regions) is species-specific; however, a small number of conserved cases
were observed. Nine peaks (3.5% of D. mel and 3.0% of D. pse) are located at overlapping
positions in the two species, and 15 peaks (6.6% of D. mel and 4.2% of D. pse regions) are
shifted relative to one another.

Among the overlapping and shifted peaks sets, 17 pairs of Drosophila melanogaster
-Drosophila pseudoobscura peaks were found to bind near a common orthologous gene be-
tween the two species (listed in Table 4.2). These genes show no obvious relationship in
terms of function, but they do include a number of developmental transcription factors
(tribbles (trbl), [322], schnurri (shn) [323], spalt minor (salm) [324], no ocelli (noc) [325], a
Mediator subunit ((MED10) [326], and two [GAP]s, RhoGAP71E and RhoGAP93B [327].
Notably, one of the shared genes is separation anziety(san) [328], which directly flanks the
sex determination gene intersex (iz [295]); binding is conserved within the short intergenic
region between the san and iz transcription start sites so the regulatory relationship
between her and 4x may also be conserved.
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4.4.5 HER-bound regions in Drosophila pseudoobscura are enriched for
a 15-bp motif which differs from the Drosophila melanogaster HER
binding motif

I also used MEME [303] to analyze 100-bp windows around peaks within the 396
Drosophila pseudoobscura HER-bound peaks for evidence of motif enrichment. This analysis
gave a well supported motif shown in Fig. 4.7A (MEME E-value = 1.4210207), which
is enriched near the center of Drosophila pseudoobscura binding peaks (Fig. 4.7B). This
motif closely resembles that obtained from a similar analysis in Drosophila melanogaster ,
with high information CGC and GAG positions separated by a 6-bp linker. In spite of this
similarity, the motif obtained from the Drosophila pseudoobscura data is more specific, with
a higher information content linker region with a stronger preference for Adenosine. Of the
396 bound regions, 217 (54%, 226 sites total) have an occurrence of this motif within 100 bp
of a peak summit, representing 13% of the total predicted binding sites in the genome (1471).
This is a remarkably high occurrence and occupancy compared to other fly transcription
factors which have been examined using ChIP-seq; only 20% of the regions bound by the A-P
morphogen TF Bed, for example, show a strong match for the in vitro BCD binding site [66],
and there are tens of thousands of unbound sites for this factor distuributed throughout the
genome. Because the sequences matching the Drosophila pseudoobscura HER motif are a
subset of those that match the Drosophila melanogaster HER motif, most of the observed
Drosophila pseudoobscura HER sites are also strong Drosophila melanogaster HER sites;
51 sites within Drosophila pseudoobscura HER-bound regions are predicted matches for the
Drosophila melanogaster HER motif but not the Drosophila pseudoobscura HER motif.

4.4.6 The relationship between HER binding conservation and conserva-
tion of the predicted HER binding site

In order to determine whether the large-scale divergence in binding observed
for HER proteins from the two species was due to cis changes, I examined the bound
peaks in each species for occurrences of either the Drosophila pseudoobscura or Drosophila
melanogaster hermaphrodite motif. Sequences lying within each bound region from both
species were obtained from the whole-genome alignment, and each sequence was searched
for instances of either the Drosophila melanogaster HER motif or the D. pse HER motif.
For regions bound in D. mel but not in D. pse , 8% of peaks contain a conserved D. mel
motif, of which 28% (2.3% of total) also match the D. pse HER motif Fig. 4.8; in com-
parison, only 0.3% of peaks in D. pse contain a conserved instance of either motif. 50% of
D. mel species-specific peaks contain a non-conserved instance of the D. mel HER motif,
compared to 66.9% of D. pse species specific peaks. Of these species specific D. pse HER
sites, 84% (56.6% of total) are D. pse HER sites which do not have a corresponding D. mel
site; in contrast, only 13.3% of D. mel HER peaks contain a non-conserved site matching
the D. pse HER motif. This indicates that D. pse HER may be binding to a large novel
pool of strong binding sites in D. pse .

Of the nine shared peaks, more than half (5/9) contain a conserved instance of the
D. pse HER motif (Fig. 4.9A), and all but one peak contains at least one instance of HER
motif in both species. Fig. 4.9B) shows examples of conserved binding which appears to
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be driven by conservation of a HER motif. For the 15 shifted binding regions (Fig. 4.10),
the members of each pair were considered separately. For D. pse regions in a shifted pair, 7
showed a species-specific binding site, 5 a conserved site, and 3 no site in either species. For
D. mel regions, 7 peaks contained a site in both species, 5 contained a species-specific site,
3 contained no motif, and one region contained a site in D. pse but not D. mel . Notably,
of the seven species-specific sites in D. pse peaks, 5 are D. pse HER sites. The locus shown
in Fig. 4.10 is an example of a peak shift which may be driven by reciprocal gain and loss
of binding sites in each species.

4.4.7 Secondary Motifs With a Defined Linear Order are found in
Drosophila pseudoobscura HER-bound regions

In addition to the primary D. pse HER motif identified by MEME, four other
highly significant motifs were also enriched within 100bp of a HER binding peak (Fig. 4.11).
These motifs do not appear to be related to either the D. mel or D. pse HER motif, or
to one another. MEME E-values for these motifs range from le — 253 for dpse-motif-
4 to 3.8 — 296 for dpse-motrif 3. Enrichment of these motifs is specific to Drosophila
pseudoobscura HER-bound sequences; as shown in the right-hand column of figure 4, all 4
motifs are present in significant numbers in D. pse HER-bound regions (13.6% of regions for
dpse-motif-2, 13.3% of regions for dpse-motif-3, 19.6% of peaks for dpse-motif-4, and 3.5%
of peaks for dpse-motif-5), but are almost entirely absent from D. mel HER-bound regions
(one occurrence of dpse-motif-3 (0.3%), ten occurrences of dpse-motif-4 (3.9%). All of the
motifs with the exception of dpse-motif-4 (which most likely represents a simple sequence
repeat) are highly specific and are found at a small number of locations within the genome
— the 54 dpse-motif-2 sites represent 10% of the total predicted sites in the genome, and
the 53 dpse-motif-3 sites more than a third of the genomic total (34.4%).

When the locations of these motifs were mapped back to the D. pse HER-bound
sequences, a striking pattern was observed. 12.6% of D. pse bound regions contain at least 3
instances of these motifs, and they are found in a well-defined linear order within the bound
region with respect to one another and the primary D. pse HER motif. Fig. 4.12 shows the
position of these five motifs within the 50 D. pse HER-bound regions which contain at least
3 distinct motifs (sequences are sorted by position of the primary HER motif to emphasize
order). Most of the sequences contain at least a partial match to the linear sequence dpse-
her-mtx4+, dpse-her-mtx14, dpse-her-mtx3-+,dpse-her-mtx2+,dpse-her-mtx5. Spacing is
also well conserved between sequences, particularly among the D. pse HER primary motif,
dpse-mtx-3, and dpse-mtx4.

Because of the apparent high sequence similarity among the subset of D. pse HER
targets containing these motifs, I hypothesized that the presence of a highly similar D. pse
HER motif match in these sequences may be partially responsible for the differences in
the motifs learned by MEME from the HER binding data for Drosophila melanogaster and
Drosophila pseudoobscura . In order to test this, I split the sequences into three groups: one
containing sequences which had at least three separate motif matches, one containing motifs
with exactly two motif matches, and one containing only instances of the D. pse primary
motif. D. pse primary motifs were then extracted from each set and used in separate MEME
runs to reconstruct the D. pse HER primary PWM. The results of this analysis are shown
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in Fig. 4.13. The PWM reconstructed from sequences containing two or more motifs in
addition to the D. pse HER primary motif is highly specific, most notably within the 6-bp
central linker region which differentiates the D. mel and D. pse HER motifs. The PWMs
reconstructed from the 2-motif and single-motif sets show more degeneracy, with the single-
motif PWM closely resembling that obtained from the whole dataset. The presence of the
set of highly similar HER primary motifs alone therefore does not explain the difference in
the motifs learned from the HER bound regions from the two species, although it is likely
to be a contributing factor.

Finally, the sequence similarity among the bound regions in the 3-motif set extends
beyond the regions containing the HER secondary motifs. A portion of the alignment of
200-bp regions containing the 50 3-motif sequences is shown in Fig. 4.14; although the
highlighted motifs are clearly well conserved, many flanking positions also show a high
degree of similarity among sequences; this may imply that the D. pse HER 3-motif regions
may in fact be repetitive sequence elements (see Discussion).

4.5 Discussion

4.5.1 Evolution of the her DNA-binding domain

I showed that the three extra C2H2 zinc fingers unique to the Drosophila pseu-
doobscura and Drosophila persimils her gene are present in a spliced, A-tailed transcript
that is expressed in Drosophila pseudoobscura embryos. I also showed that this insertion is
conserved over 2 million years of evolution within the Obscura group [329]. This indicates
that the insertion was present in the common ancestor of the Obscura group species. The
timing of the duplication events is difficult to resolve since Drosophila willistoni, the most
divergent species relative to Drosophila melanogaster , contains 5 zinc fingers. It is not clear
whether the extra domain in Drosophila willistoni is orthologous to the Obscura group du-
plicated zinc fingers, so I cannot say with certainty whether the ancestral her gene contained
4 fingers (with a single duplication in Drosophila willistoni and a triple duplication in the
lineage leading to the Obscura group) or 5 (with a double duplication in the Obscura group
and a loss in the branch leading to the melanogaster group), as both possibilities are equally
parsimonious.

4.5.2 Divergence of HER binding between Drosophila melanogaster and
Drosophila pseudoobscura

ChIP-seq analysis of Drosophila pseudoobscura 4.5-6.5h embryos using two inde-
pendent antibodies yielded a robust set of HER bound regions. Comparison with peaks
derived from a similar analysis in Drosophila melanogaster showed that 90% of binding
events are divergent between the two species, with a small set of clear examples of conserved
binding events. This amount of divergence is much higher than what has been observed for
other TFs in flies; for 6 A-P patterning factors examined in Drosophila melanogaster and
D. yakuba [330], for example, only 0.3% - 14.2% of binding peaks were found to be species-
specific. A similar pattern of extensive conservation has been observed for these factors in
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Drosophila pseudoobscura as well (Mathilde Paris and Xiaoyong Li, personal communica-
tion). Lower levels of conservation have been observed for TFs in some yeast species; for
example, ChIP analysis of the Tecl and Stel2 proteins from S. cerevisiae, S. mikatae, and S.
bayanus found conservation of only 20% of binding events among species [105], even though
these species span a similar evolutionary distance to D. mel and D. yak ( 10 myr). Exten-
sive divergence in TF binding has also been observed in the vertebrate TFs CEBPA and
HNF4A among human, mouse, dog, possum and chick [106,107], although these species are
more divergent than the yeast and fly cases (80myr-300myr). No examples of TF binding
divergence on the scale of that observed for HER over such a short evolutionary timescale
(25myr between D. pse and D. mel ) have yet been found for a metazooan, although given
the patterns observed for more divergent species divergence is likely to be the rule rather
than the exception [104].

My data indicate that the extensive divergence in HER binding is at least partially
due to changes in the cissequences that are predicted to be bound by HER. Examination
of aligned sequences underlying divergent peaks shows that the majority of examples of
differential binding between D. pse and D. mel are accompanied by the occurrence of a
species-specific binding site near the binding peak. Conversely, 8 out of 9 shared peaks
contain a conserved binding site or shifted binding site in both species. Although many
shared peaks contain species-specific binding sites, a larger portion contain conserved sites
than was observed for sites that have completely diverged. This indicates that factors other
than gain and loss of binding sites could be responsible for the shift in binding in these
species.

The effect of these massive changes in binding on HER function in each species is
unclear; however, the clearest link between HER binding and the known mutant phenotypes
of HER for somatic sex determination, the binding of HER to the intergenic region upstream
of iz, does appear to be conserved. In other cases of large-scale binding divergence (e.g.
[106,107]), the conserved target genes appear to represent a core set of target genes that
are known to be functionally regulated by the divergent factor. Other than iz, there are
no obvious connections between the conserved target genes (Table 4.2) and known HER
functions, although a number of them (e.g. salm) have lethal phenotypes and could therefore
be involved in the functions of her outside of the sex-determination pathway.

4.5.3 Divergence of the HER binding motif between Drosophila
melanogaster and Drosophila pseudoobscura

The original motivation for this study was to determine the effects of the sequence
differences observed between the Drosophila pseudoobscura and Drosophila melanogaster
HER proteins, specifically whether these changes had any effect on the DNA-binding pref-
erence of this protein in the two species. MEME motif enrichment analysis showed that
peaks of HER binding in Drosophila pseudoobscura are enriched for a motif that closely
resembles that observed from a similar analysis of D. mel HER bound regions. Both motifs
show a strong preference for CGC and GAG, at the 5 and 3’ ends respectively; how-
ever, the motif created from D. pse her-bound sequences shows a stronger preference for
As within the six base pair linker region that connects these two regions. This signifi-
cantly increases the specificity of the motif — although the HER position weight matrix
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constructed using the Drosophila melanogaster data predicts 20,000 binding sites genome
wide for both Drosophila pseudoobscura and Drosophila melanogaster , the Drosophila pseu-
doobscura motif predicts 1400 sites for D. pse and 1200 sites for D. mel . Although one
appealing explanation for this difference is that the HER protein has diverged in its DNA-
binding preference between the two species, without in wvitro binding data for HER it is
not possible to definitively say that this is the case. Since the size of the datasets (number
of bound regions) examined in the two species was similar, it is unlikely that this differ-
ence could be due to a sampling effect; furthermore, the number of peaks containing a site
matching the D. pse motif is more than 4 times in the D. pse dataset compared to the D.
mel data, even though enrichment for D. mel data was generally higher. If the Drosophila
pseudoobscura antibody had a lower affinity for HER compared to the D. mel antibody, a
more specific motif could be obtained simply from the D. pse antibody only giving signal
at the strongest-bound regions; if this were the case we would expect D. pse HER binding
to be a subset of D. mel binding, and the number of Drosophila pseudoobscura motifs to
be similar between the two species, neither of which is true in my data.

4.5.4 D. pse -specific Secondary HER motifs May explain the Divergence
in Binding

The most striking feature of the Drosophila pseudoobscura HER data is the pres-
ence of a large subset of bound regions that are strongly enriched for a set of sequence motifs
separate from the primary HER motif. Instances of these secondary HER motifs tend to
co-occur within the same sequence, where they show remarkably tight linear ordering and
spacing. These sequences are specific to the D. pse data; with the exception of her-mtx-4,
which appears to be a simple repeat, only a single occurrence of any secondary motif is
found within any of the D. mel HER bound regions. Although it is possible that these
sequences could be a novel cis-regulatory element with strict requirements for site spacing,
it is unlikely that such an element could have proliferated to such a great extent between
D. mel and D. pse by point mutations alone.

Interestingly, alignments of the bound regions that contain hits for these motifs
show extensive similarity even outside of the regions corresponding to motif hits. This in-
dicates that the similarity between the bound regions is due not to common transcription
factor binding sites, but rather to a common sequence origin for these regions, possibly from
a transposon or other repetetive sequence element. The exaption of transposable elements
for use in gene-regulatory roles is known to be a common mechanism for gene regulatory
divergence [331, 332]; many of these elements have been shown to exhibit enhancer-like
effects on gene expression and pre-existing TF binding sites [333], and a significant propor-
tion of human cis-regulatory elements are known to be derived from transposons [334,335].
However, this mechanism has not been observed in other cases of Drosophila cis-regulatory
evolution, which generally focus on gain and loss of binding sites by point mutations. Inter-
estingly, the sequences containing the D. pse HER secondary motifs appear to be specific
to the obscura group — BLAST searches against other fly species using these sequences do
not return any similar results for species other than Drosophila pseudoobscura and D. per-
stmilis, although it is possible that such sequences could be too divergent to be recognized.
Although the sequences are similar to one another, they do not appear to have the high level
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of sequence similarity usually observed for active transposons [336]; it is therefore possible
that these elements are the result of a burst of sequence duplication or transposition events
rather than an ongoing transposition process.

The relationship between these repeated sequences and the divergence within the
HER DNA binding domain is as yet unclear, but their presence does hint at some possible
novel mechanisms for evolutionary change in transcription factor DNA-binding preference.
One possibility is that HER has not changed its DNA binding preference, and that the
observed difference in the motifs learned from MEME is due to the larger pool of identical
binding sites contained within the repetitive elements. If HER can bind these sequences
strongly, then even if no change in binding preference has occurred, any motif-enrichment
analysis of bound regions would show a strong enrichment for the binding site contained
in the repetetive element. Examination of the putative HER binding sites contained in the
repetitive bound regions did show a strong enrichment for sequences matching the D. pse
-specific motif; however, this alone does not explain all of the divergence in the D. pse HER
motif because even binding sites not contained within repetitive regions are enriched for the
D. pse -specific motif.

It is possible that some or all of these could be degenerate versions of the repet-
itive element. It is also possible that the proliferation of the repetitive element during
Drosophila pseudoobscura evolution could have played a role in the divergence of HER in
dpse. Because her appears to be a relatively young gene, with no close fly orthologs beyond
D. willistoni (see Ch. 1), it is likely that hermaphrodite experienced a period of functional
redundancy in the common ancestor of D. wil,D. pse , and D. mel ; if this redundancy
led to subfunctionalization of target genes between her and its (unknown) paralog, it is
possible that HER could have bound a relatively small set of targets in this ancestor. If
the D. pse -specific repetetive element proliferated after the split of the D. pse and D. mel
lineages, these sequences could have acquired regulatory function in the D. pse ancestor by
inserting near promoters; HER could then bind to these novel regulatory regions, and if
this binding were adaptive, there could be selective pressure to change binding preference
to match the new targets. If the original set of HER targets were small, there would not
be much selective pressure to maintain the wide range of binding specificity observed in
Drosophila melanogaster her , and the Drosophila pseudoobscura HER, could have acccu-
mulated mutations that allowed it to strengthen its interaction with the binding site in the
repetetive element by becoming more specific. Alternatively, this loss of selective pressure
could have led to accumulation of neutral mutations that destroyed the ability of HER to
bind a wide range of sequences while maintaining binding to the repetitive sequence and
the original targets. Finally, it is possible that binding to these sequences is unrelated to
the the change in binding — it is certainly conceivable that the hermaphrodite binding to
these sequences is purely coincidental, and has no function consequence beyond acting as a
binding ”sink.”

Although more experiments are needed to determine the exact basis of the differ-
ences in HER specificity and genome wide binding between the D. pse and D. mel HER
proteins, it seems likely that HER represents an interesting and unusual case of regula-
tory divergence. In particular, newly-developed in vitro binding techniques such as MIT-
OMI [337] should be able to definitively determine whether the differences in the sequences
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HER binds in these two species is due to sequence changes in the protein or to a pro-
liferation of Drosophila pseudoobscura HER binding sites within the genome, or both in
combination. Better characterization of HER function in these species should also provide
insight into possible selective mechanisms that may have influenced the changes in HER;
in particular, it would be useful to know if the role of her in sex determination is in fact
conserved in Drosophila pseudoobscura , and whether the extensive changes in target genes
between these two species is reflected in novel functions for her in Drosophila pseudoobscura
. Tests of the repetetive regions for regulatory function would also be help to determine
whether the observed novel HER binding is in fact functional. Regardless of the exact mech-
anisms, the large scale divergence of her makes it unique, at least among fly TFs, and it
therefore represents an excellent candidate for future studies of both cisand transregulatory
evolution.



Table 4.1: dmel ChIP-seq Illumina Sequencing and Mapping

Sample Total Reads Mapped Reads Percent Mapped
Input 27376945 14068837 51.3%
D. pse herA 27811647 16029714 57.6%
D. pse herB 28692306 8134896 28.3%
IgG 25876520 10192362 39.3%

Table 4.2: Shared Nearby Genes (D. mel Orthologs)

Gene Name FBid Distance to D. mel Peak Distance to D. pse Peak
trbl FBgn0028978 3832 1022
RhoGAPT71E | FBgn0036518 10 768
Mio FBgn0032940 14 1884
shn FBgn0003396 105 1488
CG1504 FBgn0031100 3880 56
RhoGAP93B | FBgn0038853 593 3138
noc FBgn0005771 858 531
Csp FBgn0004179 609 3210
mip40 FBgn0034430 12 908
CGT7137 FBgn0034422 15 1341
CG12163 FBgn0037303 208 224
osa FBgn0003013 41 2095
san FBgn0024188 297 124
MED10 FBgn0036581 159 95
Neb-cGP FBgn0083167 253 384
CG3529 FBgn0035995 165 287
salm FBgn0004579 527 1705
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Figure 4.3: her Drosophila pseudoobscura anti-HER Antibody Western Blots:
Blots using anti-(D. pse) HER antibodies to probe whole embryo (WE) and nuclear (NE)
extracts prepared from 0-12h Drosophila pseudoobscura embryos. The Ponting:2002p7916
blot (left) shows a bands in both the for both nuclear extract and whole embryo extract
between 75kD and 100kD, which matches the expected size of the Drosophila pseudoobscura
HER protein (83kD). The pB blot shows no bands for nuclear extract, and a possible band
near 75kD in the whole-embryo extract
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Figure 4.4: Drosophila pseudoobscura HER ChIP-seq Peak Enrichment: ChIP-seq
was performed with chromatin prepared from 4.5-6.5h Drosophila pseudoobscura embryos ,
using the anti- D.pse HER antibodies pA and pB. Peaks were called using a custom algorithm
which fits a modeled peak shape to the data (Tommy Kaplan, unpublished). Genome-wide
tag counts were normalized to the equivalent of 1000000 total tags, and the normalized
Input DNA tag count was subtracted from each bound region. Plots in (A.) compare the
tag count from the treatment sample for each bound region (red points) with the tag count
from the same region in the control ChIP reaction using normal rabbit IgG (blue points).
Points are ranked left-to-right along the x-axis by the treatment signal. pA ChIP is shown
in the left panel, and pB ChIP in the right. Both reactions show significant enrichment over
control (K-S test p-value = 0.0 for pA, 0.0 for pB). (B.) shows a comparison of enrichment
for pooled bound regions between the two antibody samples. Left panel shows all bound
regions from pA and pB; red points represent the pA tag count, blue points the pB tag
count for each region. Regions are sorted left-to-right by the strength of the pA signal.
Right panel shows a scatterplot of values for the same regions; each datapoint represents
the signal in a bound regions. A number of points show strong enrichment in one antibody,
but not the other (circled). Pearson r = 0.93, Spearman r = 0.99
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Figure 4.5: Overlap in Peaks Between ChIP-seq Datasets for pA and pB Antibod-
ies: Overlap between the pA and pB datasets were taken for further analysis; approximately
35% of called peaks from each dataset overlap with a peak from the other dataset ((A.)).

After filtering for overlaps, agreement between the two datasets is improved (Pearson r =

0.93, Spearman r = 1.0); (B.) shows a scatterplot of tag counts in each dataset following

filtering for non-overlapping peaks (left) and a ranked-enrichment plot for the two datasets
following filtering (right; points are ranked by pA value). (C.) shows histograms of the
distribution of peak heights for each antibody before overlap filtering (blue bars) and after

filtering (green bars). Filtering removed mostly low-enrichment peaks for pA, but a number
of highly enriched peaks for pB.
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Figure 4.9: Conservation and Divergence in Drosophila pseudoobscura and
Drosophila melanogaster motifs in Shared Bound Regions: (A.) Motif occurrence
in 100-bp window flanking the shared peaks. 5/9 of the conserved peaks have a conserved
Drosophila pseudoobscura HER motif (B.) Example plots showing motif conservation in
shared peaks. Left plot shows conservation of the Drosophila pseudoobscura her motif in
both species (blue box), right plot shows conservation of the Drosophila melanogaster motif
in both species (red box).
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D. pse Peaks D. mel Peaks

| D. pse Moif 2 |
| D. pse Motif 3 |
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Figure 4.11: Secondary Motifs Identified in Drosophila pseudoobscura HER-
bound Regions:MEME analysis of her-bound sequences identified four significant motifs
in addition to the primary HER motif (Fig. 4.7) (left column). Plots on the right show the
frequency of each motif in different peak categories for both D. pse and D. mel ; motifs 2,
3 and 5 show strong enrichment only in D. pse peaks; of these three, there is only a single
occurance in a D. mel peak (of Motif 3)
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Position in 100bp Window

XL_group3a:1229830-1230150 | 2 | 2 | 2
XL_groupla:6310860-6311180} > 4 2
XR_group8:1779870-1780150 - > > <
2:25424230-25424610f
2:29498790-29499130 > > 4
2:23009760-23010260f > >
XR_group8:2331930-2332220} 2 | 2
2:25546190-25546600[ > >
2:21379480-21379740} : > >
XL_groupla:7240520-7240870| v R B >
3:13469910-13470140¢ : : > > >
3:12057940-12058320f : e > 2 | 2
3:10002400-10002990} > >
4_group4:6447470-6447860 : | >
XR_group8:1397980-1398340 : > >
2:10060540-10061010f > >
2:16913190-16913550 : >
XR_group6:6846450-6846840 |- : 4
3:2755810-2756220F : >
2:5298880-5299210}
XR_group6:2282350-2282630 :
XL_groupla:2431490-2431870 | >
3:13595390-13595750f >
3:7797480-7797780} | 2 | 2
Unknown_singleton_2854:17090-17470 > >
3:15675900-15676250f 4
XL_grouple:8588700-8588890 | |
2:7918790-7919170} > >
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3:9239870-9240080 4 | 2 | 2
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2:26051580-26051850[ > 4 4 1
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2:27368790-27369090} >
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4_group4:3047720-3048260} > | 2
XR_group6:13086020-13086310} : 4
2:4774150-4774460} : > > | 2
XR_group8:5636620-5636870 : | 4
XL_grouple:3925360-3925700 - - | 2
XR_group3a:1425910-1426330} | 4
XR_group8:3933670-3933960 | : | 4
XL_grouple:3832440-3832650 >

XL_group1a:6192540-6192770 'S i H i
=20 0 20 20 60 80 100 120

> Dpse_mtx_1 } Dpse_mtx_2 > Dpse_mtx_3 > Dpse_mtx_4 [> Dpse_mtx_5

Figure 4.12: Motif Distribution in HER-bound Regions Containing Multiple Oc-
currences of HER Secondary Motifs: Plot shows the inear distribution of D. pse HER
motifs in the 50 HER-bound regions which contain hits for three or more D. pse HER mo-
tifs. Sequences are oriented such that the dpse HER primary matrix (Dpse-mtx-1) is always
in the positive orientation. Sequences are sorted by start position of the most central HER
Dpse-mtx-1. Note that this does not change position or orientation of the other motifs.
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2 or more
secondary motifs
n =46

1 secondary motif
n =50

No secondary
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Figure 4.13: HER Motifs Calculated from HER-bound Regions Containing D.
pse HER Secondary Sites: Motifs on right were re-calculated using predicted HER
primary binding sites from HER bound regions containing two or more secondary motifs
(Top), exactly one secondary motif (Middle) or only a primary HER site (Bottom)
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