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Abstract

Exploration of DNA Binding Selectivity, Transcriptional 

Regulation, and Evolutionary Relationships of the Hox Protein

Ultrabithorax

by 

Ying Liu

Hox transcription factors direct differentiation in all tissue layers and many organ 

systems and therefore have highly specific tissue-dependent functions. The DNA-binding 

homeodomain of Hox proteins can bind a wide array of nucleotide sequences with similar 

high affinities, suggesting regions outside the homeodomain must impact DNA 

interaction. Utilizing a series of deletion mutants, we identified three binding affinity 

modulation regions outside the homeodomain. DNA binding is inhibited ~2-fold by the 

YPWM motif and microexon regions (II) and ~40-fold by the large disordered 12 region. 

High affinity binding is partially restored by the N-terminal 174 residues (R region) in a 

length-dependent manner. Both 12 and R regions partially overlap the Ubx transcription 

activation domain, allowing communication between these functional systems. 

Evolutionary variations in the amino acid sequences of most of these regions potentially 

differentiate Ubx»DNA interactions.
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Hox proteins must also select different target DNAs. The impact of the YPWM 

motif and surrounding regions on selective DNA binding was explored using six 

representative Ubx binding sequences. While the YPWM motif inhibits binding only to a 

Hox*Exd composite binding site in Ubxla, shortening the region linking YPWM to the 

homeodomain allows the YPWM to also weaken binding to high affinity Hox-only sites. 

Both the regions N- and C-terminal to the YPWM motif modulate binding specificity. 

These studies suggest that multiple regions of Ubx and DNA sequence may form a 

complicated network to specify Ubx functions in vivo.

We further explored the functional evolution of Ubx proteins by identifying and 

comparing the transcription activation domains of Ubx orthologues. Ubx activation 

domains differ in activation strength, location, domain composition and disorder tendency, 

providing a means to differentiate Hox functions and thus diversify animal body 

structures.
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Chapter 1 

Background and Introduction

1.1 Hox, evo-devo, a new insight into evolution:

It is difficult to imagine our planet without an array of different species, and yet 

Earth’s staggering biodiversity is also difficult to comprehend. Arthropoda, the phylum 

with the most species (Akam, 2000; Hughes and Kaufamn, 2002c; Vervoort, 2002), 

represents a spectacular range of complex body plans and specialized -  if not bizarre -  

appendages. One immediately wonders how such diverse body structures originated.

How could a pair of functional antenna sprout where none had grown before, and why do 

bugs have different numbers of limbs? For the past two centuries, natural philosophers, 

morphologists and biologists have been asking whether there is a fundamental 

relationship between development and evolution.

Charles Darwin first pointed out that the appearance of novel forms occurs by 

changing development; however, this hypothesis would not be tested until the advent of 

genetic engineering and molecular biology techniques in the late 1970’s / early 1980’s. 

These studies founded a new field known as evo-devo (evolutionary developmental 

biology) (Roush and Pennisi, 1997; Goodman and Coughlin 2000). The goal of evo-devo 

researchers is to relate the differences in body forms to the molecules that direct their 

construction (Hall, 2003; Jenner and Wills, 2007). Intuitively, one would think generation 

of a novel body structure would require many mutations to generate each of its 

constituent tissues, such as muscle, ectoderm, nerve, and so on. Evo-devo investigators,
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however, found that creating a new complex body plan, rather than requiring many new 

mutations or many new genes, can instead be accomplished by a much simpler process 

that modifies a small number of already existing genes or their protein products 

(Krumlauf, 1994; Carroll et al., 1995; Carroll, 2000). These genes, which are critical 

during the developmental process, are described as the genetic toolkit (Krumlauf, 1994; 

Carroll et al., 2005). Their products determine the overall morphology -  the number, 

identity, and pattern of body structures (Carroll 1995; McGinnis and Kuziora, 1994).

The genetic pathways are arrayed as a pyramidal hierarchy, with a few “master 

regulator” genes at the top that control the fate of large regions within the developing 

animal (Krumlauf 1994; Akam 1998; Mann and Morata, 2000). Therefore, even small 

variations in master regulator genes can result in dramatic changes in body structures 

(Carroll et al., 2004; Krumlauf, 1994). The first identified and the most important players 

in this mechanism are members of the Hox family (Gellon and McGinnis, 1998; Carroll 

1995). During the last ten years of the 20th century, genetic approaches disclosed many 

important roles of Hox genes in animal development and morphological evolution (Akam 

1998; Lumsden and Krumlauf, 1996; Gellon and McGinnis 1998). More recent in vivo 

studies revealed that functional evolution of Hox proteins also contributes to the design 

of animal body structure (Grenier and Carroll, 2000; Hsia and McGinnis, 2003; Vervoort, 

2002) (see Chapter 5 for details). Thus, the challenge is to establish new ways to 

investigate the structure, function, regulation, and evolution of these proteins at the 

atomic level. In this thesis, for the first time, we combined biochemical and biophysical 

approaches to explore the relationship between Hox sequence, function, and 

morphological evolution.
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1.2 Hox genes

The understanding of development from a genetic perspective dates back to the early 

observations of one normal body part being replaced with another. In 1894, William 

Bateson coined the term "homeosis" to designate the presence in animals or plants of 

well-formed structures or organs located in abnormal places (Lewis, 1998; Akam, 1998b). 

Twenty-one years later, Calvin Bridges isolated the first homeotic mutant, Bithorax 

(Bridge and Morgan, 1923; Lewis, 1978). This spontaneous mutation in Drosophila 

transformed the haltere, which formed on the third thoracic segment, into wing tissue, 

which normally developed on the second thoracic segment. Haltere and wing are serially 

homologous appendages, so this mutant causes the partial transformation of the identity 

of one structure into its serial homolog (Bridge and Morgan, 1923; Lewis, 1998).

Further understanding of homeotic genes and their contribution to animal 

development was postponed until the development of gene cloning techniques. In 1984, 

several homeotic genes, including Antennapedia (Antp), fushi tarazu (ftz), and 

Ultrabithorax {Ubx) were first cloned (Duboule, 1994; McGinnis et al., 1984a; McGinnis 

et al., 1984b). Further, utilizing a low-stringency hybridization technique, a very 

important cross-hybridizing DNA sequence, the homeobox, was identified that appears 

not only in most homeotic genes, but also in some of the genes specifying molecular 

gradients and segmentation patterns at other levels of the regulatory hierarchy (Hafen et 

al., 1983; Levine et al., 1983). In fact, extensive studies revealed that homeobox genes 

not only exist in annelids (protostomes) and vertebrates (deuterostomes), but also are 

present in fungi and plants (Ruberti et al., 1991; Stanway et al., 1987).

The homeotic mutations discussed above were all traced to the Hox gene family,
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which regionalizes body plans in bilaterally symmetric animals -  the metazoans. Genes 

for Hox members contain the highly-conserved homeobox (Graba et al., 1997; McGinnis 

and Krumlauf, 1992), which encodes a 60-amino acid DNA-binding domain (DBD), the 

homeodomain (Gehring et al., 1994; Kornberg et al., 1993). The genes in homeobox- 

containing genes belong to a class known as selector genes. Selector genes, which encode 

transcription factors, regulate (turning on or off) the expression of other genes 

(Weatherbee and Carroll, 1999). They can specify cell, tissue, organ, as well as regional 

identity in animals; therefore, these proteins are described as "master regulators" in 

development. According to their functional specificity, selector genes are classified into 

five categories as shown in Figure 1.1. Hox genes fall into the region-specific selector 

gene category (Mann and Carroll 2002).

Hox genes are genomically clustered. Arthropods and nematodes have only one 

cluster (Carroll, 1995; Balavoine et al., 2002). The Drosophila Hox cluster contains eight 

genes, which are split into two complexes (McGinnis et al., 1984c; Garcia-Fernandez, 

2005) (Fig. 1.2). Vertebrates have four clusters that are believed to have derived from one 

ancestral cluster (Fenier and Minguillon, 2003), with each cluster containing a subset of 

13 possible Hox genes (Fig. 1.2) (Ferrier et al., 2000; Aboobaker and Blaxter, 2003b). 

Genes that correspond to each other in each duplicated cluster (i.e., A4, B4, C4, D4) are 

called paralogous and are more closely related to each other than to genes within a cluster 

(homologues). Paralogues have similar, and often overlapping, functions in the animal 

(Brooke et al., 1998). Intriguingly, Hox genes are expressed in stripes perpendicular to 

the anterior-posterior (A-P) axis. Their expression order is colinear with their physical 

location within the cluster (Gehring, 1994; Castelli-Gair, 1998) (Fig. 1.3).
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Fig.1.1 Types of selector proteins and their functions. This classification is 
based primarily on how broadly a selector functions in development. Region- 
specific selectors, such as Hox proteins, govern the development of a discrete 
region of the body plan, often a subset of the anterior-posterior axis. 
Compartment-specific selectors, such as Engrailed (En) and Apterous, govern 
the development of compartments, such as the posterior or dorsal compartments 
in Drosophila. Field-specific selectors, such as Vestigial (Vg) or distal-less (Dll), 
govern the development of fields of cells, such as the wing blade or leg fields. 
Tissue- or organ-specific selectors, such as Twist (Twi), govern the development 
of a specific tissue or organ, such as the mesoderm. Cell-type specific selectors, 
such as myocyte enhancer factor-related B (Mef2), govern the development of a 
specific cell type, such as a muscle cell. For simplicity, only a subset of the 
expression patterns for each of these selectors is shown. This figure is modified 
from (Mann and Carroll, 2002).
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Fig. 1.2 Hox genes are genomically clustered. Arthropods and nematodes have only one cluster. The Drosophila Hox 
cluster contains eight genes, which are split into two complexes. The Antennapedia complex includes Labial (Lab), 
Proboscipedia (Pd), Deformed (Dfd), Sex combs reduced (Scr), and Antennapedia (Antp). The Bithorax complex includes 
Ultrabithorax (Ubx), Abdominal-A (abd-A), and Abdominal-B (Abd-B) (McGinnis et al., 1984c; Garcia-Femandez,
2005). Vertebrates have four clusters that are believed to have derived from one ancestral cluster (Ferrier et al., 2000; 
Aboobaker and Blaxter, 2003b). These four clusters are located on four different chromosomes, and each of them contains 
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Fig. 1.3 Hox genes are expressed in stripes perpendicular to the anterior- 
posterior (A-P) axis. Their expression order is colinear with their physical location 
within the genome (Castelli-Gair, 1998; Gellon and McGinnis, 1998). The inside 
black image is a confocal image of a Drosophila embryo, stained with 7 fluorescent 
probes against different Hox genes (Lemons and McGinnis, 2006). Hox genes are laid 
out in order from the head end (at the left) to the tail end (which extends to the right, 
and then jackknifes over the top). Canonically, that order of expression along the body 
axis corresponds to the order of the genes in a cluster. This figure is derived and 
modified from (Lemons and McGinnis, 2006; Gellon and McGinnis, 1998)
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1.3 Hox proteins

The products of Hox genes are Hox proteins, which differentiate segmental 

identities along the anterior-posterior axis during metazoan development (Carroll, 1995; 

Mahaffey, 2005). Hox orthologues, which are the same protein in different animal 

species, are expressed in analogous regions of animals with comparable body plans, yet 

generate morphologically different body structures (Fig. 1.4). Misexpression or ectopic 

expression of a single Hox protein can result in the transformation of one body part into 

another (Lamka et al., 1992; Lewis, 1978). For example, overexpression of Ubx in the 

head of a fruit fly causes an antenna-to-leg transformation (Fig. 1.5) (Carroll et al., 2001; 

Schnewly et al., 1987). Thus, Hox proteins control morphology in much of the animal 

kingdom.
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Fig. 1.4 Hox orthologues drive formation of morphologically 
different body structures. Hox orthologues are the same Hox 
proteins in different animal species. (This image was adapted and 
modified from http://www.sfn.org.).
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Mutant

Fig. 1.5 Misexpression or ectopic expression of a single Hox protein can result 
in the transformation of one body part into another. Electron microscope 
images show that overexpression of Ubx on the head of a fruit fly can result in the 
antenna-to-leg transformation. Arrows point at the position of antenna. (Images are 
adapted and modified from http://www.sciencemuseum.org.uk.~)
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1.3.1 Hox proteins contain intrinsically disordered domains

All eight Hox proteins in D rosophila  are predicted to be largely unstructured by 

IUPred (Fig. 1.6), which identifies a reduction in the total interaction energy of all 

possible pairs of amino acids within a region, a characteristic of unfolded domains 

(Dosztanyi et al., 2005a; Dosztanyi et al., 2005b). This feature was also observed for Hox 

proteins from other organisms. Important features within intrinsically disordered regions 

are required to coordinate gene regulation, target recognition, and cell signaling processes 

(Bustos and Iglesias, 2006; Cheng et al., 2006; Dunker et al., 2002; Haynes et al., 2006; 

Iakoucheva et al., 2002; Liu et al., 2006; Mark et al., 2005; Tompa et al., 2005). However, 

due to their dynamic nature, largely disordered proteins are difficult to handle and 

aggregate easily, impeding a mechanistic understanding. Given the frequently repetitive 

nature of their amino acid sequence and the lack of detailed structural information, 

investigation by point mutagenesis, which is commonly employed for the 

structure/function studies of globular proteins, is not appropriate here. Therefore, 

establishing a procedure to investigate structure/function relationships of largely 

unstructured proteins is crucial. In this thesis, we purified soluble, high activity, full- 

length Ubx protein and a variety of deletion mutants, with which we identified several 

functional important regions (Chapter 3). In addition, utilizing this system, we developed 

biophysical assays to indirectly identify intramolecular contacts and conformational 

changes upon DNA binding (see Chapter 3 for detail), since direct methods are unreliable 

for disordered, sticky proteins. We believe that this approach may provide helpful 

guidance for structure/function studies of disordered proteins.
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Figure 1.6 Disorder tendency analyses of 8 Drosophila Hox proteins. Disorder 
tendency was predicted by the IUPred algorithm. Values above 0.5 (grey line) 
indicate predicted disorder in the corresponding region. Homeodomains are 
highlighted in grey boxes. In general, Hox proteins are very disordered.
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1.3.2 Hox proteins are transcription factors

Hox proteins are transcription factors with three basic functions, DNA binding, 

transcription repression, and transcription activation (Tan et al, 2002; Pavlopoulos and 

Averof, 2002). DNA binding is mediated by the homeodomain, a highly conserved motif 

in Hox homologues, orthologues, and paralogues (Piper et al., 1999; Wilson and Desplan, 

1995; Kornberg, 1993; Gehring et al., 1994a) (Fig. 1.7). Spanning 540 million years of 

evolution, there are only two amino acid differences between the Ubx homeodomain 

from fruit fly and velvet worm, indicating a highly conserved function (Grenier and 

Carroll, 2000).

Further, NMR and crystal structures reveal that the folds of homeodomains and their 

contacts with DNA are also highly conserved (Kissinger et al., 1990; Billeter et al., 1993; 

Qian et al., 1994; Gehring et al., 1994). The first three-dimensional structure of a 

homeodomain was determined for this region isolated from Antennapedia by NMR 

spectroscopy in 1989 (Qian et al., 1989). Up to this time about 70 homeodomain 

structures or homeodomain»DNA complexes have been solved (http://www.pdb.org).

The sixty amino acids within the homeodomains fold into three a-helices and an N- 

terminal arm (Gehring et al., 1994, Manak and Scott, 1994). The third helix of the 

homeodomain, in particular residues 47, 50, 51 and 54, directly contacts positions 3 

through 6 of the recognition sequence (Fig. 1.8). These residues are nearly identical in all 

Hox homeodomains (Fig. 1.7, arrows) (Laughon, 1991; Billeter, 1996). Helix 3 fits into 

the major groove of DNA, making extensive contacts with specific bases. The N-terminal 

arm of the homeodomain contacts the minor groove of DNA and influences the 

interaction of the recognition helix by specifying its orientation. The other two helices
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serve to position the "recognition helix" by interacting with sequences 5' of the consensus

site (Gehring et al., 1994; Desplan et al., 1988; Passner et al., 1999) (Fig. 1.8).

47 50 51 54
1 i l  I

NN5GRTNFTNKQLTELEKEFHFNRYLTRARRIEIANTLQLNETQVKIWFQNRRMKQKKRV
PRRLRTAYTNTQLLELEKEFHFNKYLCRPRRIEIAASLDLTERQVKVWFQNRRMKHKRQT
PKRQRTAYTRHQILELEKEFHYNRYLTRRRRIEIAHTLVLSERQIKIWFQNRRMKWKKDN
TKRQRTSYTRYQTLELEKEFHFNRYLTRRRRIEIAHALCLTERQIKIWFQNRRMKWKKEH
RKRGRQTYTRYQTLELEKEFHFNRYLTRRRRIEIAHALCLTERQIKIWFQNRRMKWKKEN
RRRGRQTYTRYQTLELEKEFHTNHYLTRRRRIEMAHALCLTERQIKIWFQNRRMKLKKEI
RRRGRQTYTRFQTLELEKEFHFNHYLTRRRRIEIAHALCLTERQIKIWFQNRRMKLKKEL
VRkKRKPYSKFQTLELEKEFLFNAYVSKQKRWELARNLQLTERQVKIWFQNRRMKNKKNS

Helix I Helix II Helix III

RRRGRQTYTRYQTLELEKEFHTNHYLTRRRRIEMAHALCLTERQIKIWFQNRRMKLKKEI
RRRGRQTYTRYQTLELEKEFHTNHYLTRRRRIEMAHALCLTERQIKIWFQNRRMKLKKEI
RRRGRQTYTRYQTLELEKEFHTNHYLTRRRRIEMAHALCLTERQIKIWFQNRRMKLKKEI
RRRGRQTYTRYQTLELEKEFHTNHYLTRRRRIEMAHSLCLTERQIKIWFQNRRMKLKKEI
RKRGRQTYTRYQTLELEKEFHTNHYLTRRRRIEMAHALCLTERQIKIWFQNRRMKLKKEM

t f t  f
47 50 51 54

Fig. 1.7 Highly conserved homeodomains. Group A shows the sequences of 
the homeodomains from all the eight Hox genes in Drosophila. Group B shows 
the sequences of the homeodomains of five Ubx orthologues from different 
animal species, including fruit fly Drosophila melanogaster (Dm), beetle 
Tribolium castaneum (Tc), butterfly Junonia coenia (Jc), shrimp Artemia 
franciscana (Af) and the velvet worm Akanthokara kaputensis (Ak). In group A 
and B, conserved residues are shown in black and blue, respectively. Stands 
for amino acids that contact the major groove of DNA and “ ” stands for 
residues that contact the DNA backbone. Amino acids 47, 50, 51, and 54 are 
highlighted by red arrows (Kissinger et al., 1990; Wolberger et al., 1991; Billeter 
et al., 1993; Qian et al., 1994).
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Figure 1.8 NMR structure of Antp homeodomain bound by DNA. A. The
homeodomain contains three helices. The third helix inserts into the major 
groove of DNA, and the N-terminal arm fits into the minor groove. B. Helix 3 
contacts DNA via 147, Q50. N51, and M54 located in the third helix. This 
structure is derived from PDB lahd (Billeter et al., 1993).
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All homeodomains poorly discriminate between similar DNA sequences (Beachy et 

al., 1988; Beachy et al., 1993; Manak and Scott, 1994; Gehring et al., 1994). 

Homeodomains bind to a short and partially redundant sequence (5'-TNAT(G/T)(G/A)- 

3'), where N is variable (Billeter, 1996; Gehring et al., 1994b; Desplan et al., 1988). 

Mathematically, this short sequence can occur > 106 times in the Drosophila genome. As 

might be expected given the conserved DNA binding amino acids, the DNA binding 

affinities of homeodomains isolated from various Hox proteins are very similar (Manak 

and Scott, 1994). Collectively, the sequence, structure, function, DNA binding targets, 

and the DNA binding affinities of homeodomains are extremely similar, a sharp contrast 

to the necessity for differential Hox functions in vivo. Regions outside the homeodomain 

may therefore be required to regulate HD*DNA interactions. This hypothesis is explored 

in Chapters 3, 4, 7, and 8.

Once bound by DNA, Hox transcription factors can either activate or repress 

transcription (Krasnow et al., 1989; Ma 2005; Tour et al., 2005). Hox transcription 

activation domains vary in position relative to the homeodomain, in amino acid 

composition, and in disorder tendency (Tan et al., 2002; Vigano et al., 1998). The criteria 

for activation domain evaluation will be further discussed in Chapter 5. These differences 

in Hox transcription activation may therefore help distinguish the function of Hox 

orthologues and paralogues. The transcription activation domain in Drosophila 

melanogaster Ubx has been well characterized using deletion mutants in the LexA yeast 

one-hybrid system (Tan et al., 2002). The entire transcription activation domain includes 

an activation core (AC), which provides 50% transcription activity, and an activation 

enhancement region (AER), which is required for complete function. Interestingly, there
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is a strongly predicted a-helix between amino acids 221-234, which is critical for the 

transcription activity of Dm Ubx (Fig. 1.9). Mutants containing proline substitutions, 

which are predicted to interrupt the helical structure, were not able to activate 

transcription, whereas helix-strengthening substitutions of alanine appeared to enhance 

the activation strength. Importantly, this helical structure is only observed in Ubx proteins 

from fly species (Tan et al., 2002), providing further evidence of Ubx transcription 

activation evolution.
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Another basic function, transcription repression, has been investigated in several 

Hox proteins, but most extensively studied in Ubx (Galant and Carroll, 2002; Schnabel 

and Abate-Shen, 1996; Capovilla and Botas, 1998; Tour et al., 2005; Ronshaugen et al., 

2002b; Tan et al., 2002). Repression appears to be a separate function that competes with 

Ubx transcription activation (Tan et al., 2002). The known portion of the Dm Ubx 

repression domain, located at the very C-terminus of Ubx protein (Fig. 1.9), is highly 

conserved in the insect Ubx orthologues. Addition of this repression region from 

Drosophila Ubx allows the Onychophoran Akanthokara kaputensis Ubx (Ak Ubx) to 

repress distalless (Dll) in vivo (Grenier and Carroll, 2000). However, this region is not 

necessary for repression, since Dm Ubx can still repress Dll even when this region is 

removed, indicating a redundant repression domain is present within the Dm Ubx 

sequence (Galant and Carroll, 2002; Levine, 2002; Ronshaugen et al., 2002). Detailed 

examination suggests that the C-terminal transcription repression domain, present in the 

Dm Ubx, is absent in all non-insect arthropods and results in animals with more than six 

legs (Ronshaugen et al., 2002; Galant and Carroll, 2002).

The study of Ubx transcription repression has suggested an alternative mechanism 

for morphological evolution. Traditionally, the shift of Hox gene expression patterns and 

alterations in Hox binding sites were presumed to be the primary mechanism through 

which Hox members influenced evolution (Carroll, 2005; Carroll et al., 1995; Levine, 

2002; Hughes and Kaufman, 2002b; Gellon and McGinnis, 1998). For example, as shown 

in Figure 1.10 A, the expression pattern of Hoxc-6 gene in the developing chicken is very 

different from that in garter snake. This difference results in dramatic body structure 

variation between these two animal species (Carroll, 2005).
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Figure 1.10 Traditional mechanisms of Hox gene’s contribution to 
morphological evolution. A. Changes of gene expression pattern contribute to 
morphological evolution. In the developing chick, the Hoxc-6 gene, which is 
shown in purple, controls the pattern of the seven thoracic vertebrae, all of which 
develop ribs. In the garter snake, the expression of Hoxc-6 gene (purple) is 
expanded dramatically forward to the head and rear-ward to the cloaca. The 
variation of Hoxc-6 expression pattern results in significant body structure changes 
between chicks and snakes (Carroll, 2005). B. Differentiated downstream targets 
contribute to morphological evolution. In fly the c/s-regulatory sequences of 
wigless and decapentaplegic genes contain Ubx binding sites. Ubx is able to 
repress them and built halteres. In butterfly these regulatory sequences are missing, 
Ubx cannot repress these growth genes required for hindwing development (Levin, 
2002). Figures are derived and modified from (Carroll, 2005).
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Evidence of differentiation between Hox binding sites regulating downstream genes 

arose from the comparison between rudimentary wings with halteres in dipterans (e.g., 

fly) and the well-developed hindwings in lepidopterans (e.g., butterfly) (Fig. 1.10B). The 

promoters of wingless and decapentaplegic growth genes appear to have gradually 

acquired Ubx binding sites. Ubx was thus able to repress these growth genes and produce 

a pair of highly reduced hindwings, the halteres, in flies. In contrast, in the butterfly these 

same m-regulatory sequences lack Ubx binding sites. Therefore, Ubx cannot repress the 

growth genes required for hindwing development (Levine, 2002).

The contribution of functional evolution of Hox proteins has been largely ignored 

for at least two reasons: First, since Hox proteins pattern many crucial tissues, their 

variation was presumed to result in lethal pleiotropic effects. Second, ectopic expression 

studies revealed that many Hox orthologues can functionally substitute for each other. 

However, the evolution of Ubx transcription repression described by Galant and Carroll 

(2002) demonstrated that functional evolution of Hox proteins can contribute to body 

structure variation. Hox transcription activation has also evolved and thus may also 

contribute to morphological evolution (Tan et al., 2002).

Each Hox protein has to sense the environment and perform specific functions in a 

context-dependent manner. The complexity of Hox functions can be demonstrated by the 

following two aspects: First, as described previously, ectopic expression or misexpression 

of a given Hox protein can result in multiple dramatic morphological variations (Lewis,

1978). Indeed, this occurs because Hox proteins have different effects in each tissue in 

which they are expressed (Biggin and McGinnis, 1997). They can activate and repress the 

same gene from the same regulatory (enhancer or repressor) region in an environment-
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specific manner (Beachy et al., 1988). For example, in the visceral mesoderm, AbdA 

activates DWnt-4 in the 8th parasegment, yet represses this gene expression in 

parasegments 5-7 and 9-12 (Graba et al., 1997). Ubx activates centrosomin (cnn) in the 

visceral mesoderm, but represses it in the central nervous system (Graba et al., 1997).

Second, the multiple regulatory proteins need to coordinate, and in some cases 

antagonize, to execute appropriate functions. For example, in the visceral mesoderm, the 

expression of decapentaplegic (dpp) can be activated by Ubx, but repressed by AbdA 

(Graba et al., 1997). Therefore, differences in transcription regulation, between Hox 

proteins or caused by environmental cues, are important contributors to differential Hox 

function.

1.3.3 Hox paradox and current solutions

The previous information highlights a conflict between the highly-specified Hox 

activities in vivo and significantly conserved DNA binding properties in v/tro-termed the 

“Hox paradox” (Mann and Affolter, 1988; Mann and Morata, 2000). In fact, there are two 

levels of disagreement underlying this paradox. First, the highly conserved homeodomain 

has millions of potential high affinity binding targets in vivo, obscuring how specific 

target DNA sequence are reliably selected. Second, a single Hox protein has multiple 

roles during development. How do these regulators sense environmental signals and thus 

modify their regulatory roles?

Previous studies have provided several models to address the Hox paradox. First, the 

N-terminal arm of homeodomain contributes to the binding site specificity. As described 

above, the N-terminal arm of homeodomain fits into the minor groove of DNA and
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specifies the orientation o f this structure. In fact, compared with the rest o f the 

homeodomain, the N-terminal arms of homeodomains are more variable (Fig. 1.7) 

(Manak and Scott, 1994; Wolberger, 1999; Phelan and Featherstone, 1997; Mann 1995). 

The amino acid sequence of the N-terminal arm prefers different DNA bases (Frazee et 

al., 2002; Chang et al., 1996; Phelan et al., 1994; Phelan et al., 1995). For example, Dfd, 

Antp and Ubx, which have arginine residues at position 3, prefer TAAT(G/T)(G/A), and 

Abd-B, which has a lysine at this position, prefers TTAT(G/T)(G/A) (Gehring et al., 

1994b; Wilson etal., 1996).

Second, interactions between Hox proteins and heterologous transcription factors 

acting on the same promoter/enhancer may enhance functional specificity. The best 

characterized Hox cofactors are members of the three amino acid loop extension family, 

including extradenticle (Exd) in fly and PBX in vertebrates (Mann and Chan, 1996).

Reduction in Exd function causes homeotic transformations similar to Hox 

mutations (Peifer and Wieschaus, 1990). Exd is expressed during embryogenesis during 

the period that Hox proteins establish segmental identity (Rauskolb et al., 1995). Exd can 

interact with certain Ubx isoforms and with Abdominal-A (AbdA), but not with 

Antennapedia or more distant homeodomain proteins (Rauskolb and Wieschaus, 1994). 

Utilizing a yeast two-hybrid system, Johnson and colleagues (1995) found that a 

tetrapeptide YPWM motif, N terminal to the Ubx-HD, was involved in the interaction 

with Exd. In fact, except for the homeodomain, YPWM is the only other sequence feature 

common to most of the Hox proteins (Note: AbdB and its orthologues do not possess 

YPWM motif) (Duboule, 1994). Extensive studies revealed that both DNA binding and 

transcriptional regulation of Hox proteins are differentially dependent on Exd (Mann and
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Morata, 2000; Pinsonneault et al., 1997). For example, Ubx and Exd can bind 

cooperatively on a decapentaplegic (dpp) enhancer and thus increase the specificity on 

this binding site (Graba et al., 1997; Chan et al., 1994). Intriguingly, McGinnis and 

colleagues (Pinsonneault et al., 1997) proposed that Exd might function as an 

activation/repression-switch to convert the regulatory mode of Hox proteins from 

activation to repression and vice versa (Pinsonneault et al., 1997; Merabet, 2003)

Interestingly, the expression pattern of Exd does not completely overlap with Hox 

proteins (Galant et al., 2002; Mann and Affolter, 1998). Further, many Exd-independent 

Hox functions have been observed (Galant et al., 2002). Therefore, other cofactors or 

mechanisms must exist (Bondos et al., 2004). In fact, utilizing a yeast two-hybrid system 

and phage display, 29 potential Ubx partners were identified (Bondos et al., 2004). 

Among them, DIP1 (Disconnected Interaction Protein 1) has been characterized in detail 

and inhibits transcription activation by Ubx without preventing DNA binding (Bondos et 

al., 2004). No one mechanism is likely to completely solve the Hox paradox, and the true 

solution may be a context-dependent combination of multiple effects.

1.3.4 New solutions for Hox paradox

In order to understand the mechanism underlying Hox structure, function, and 

morphological evolution, the fundamental question in this thesis is how the Hox proteins 

achieve their functional specificities in vivo despite the very similar DNA binding 

properties of isolated homeodomain in vitro. Two further areas are explored in this thesis: 

(1) Less conserved regions outside the homeodomain may modulate the DNA binding 

properties of Hox proteins and result in unique in vivo functions. (2) Transcription
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activation, like transcription repression, is dependent on non-homeodomain sequences, 

and these functions have differentially evolved, allowing variation among Hox 

homologues and Hox orthologues.

1.4 Ultrabithorax model system:

In this thesis, we focus on Ultrabithorax from fruit fly Drosophila melanogaster 

(Dm Ubx) and its orthologues. Dm Ubx is selected as our model system for several 

reasons: (1) Ubx is one of the very first homeotic genes identified and thus has been 

studied for 30 years (Lewis, 1998). This protein presents an excellent genetic system with 

easily visualized phenotypes. Moreover, rich genetic data for this gene provides a basis 

for the biophysical studies of this protein (Capovilla et al., 1994; Castelli-Gair et al., 

1992a; Castelli-Gair et al., 1992b; Castelli-Gair et al., 1990; Martinez-Laborda et al., 

1996; Tour et al., 2005). (2) An in vitro optimal binding site of this protein has been 

identified, which allows for biochemical and biophysical characterization of this protein 

(Ekker et al., 1991). (3) Monoclonal antibodies to various regions of Dm Ubx are 

available (Lopez and Hogness, 1991) (obtained from Dr. Javier Lopez). (4) Many direct 

downstream regulatory targets of Ubx have been identified in different tissues (Krasnow 

et al., 1989; Sun et al., 1995; Pearson et al., 2005). (5) In vivo promoter sequences for 

both transcription activation and transcription repression have been identified (Beachy et 

al., 1988; Capovilla et al., 1994), allowing for the comparison between in vitro 

measurements and in vivo observations. (6) Dm Ubx has mammalian homologues, and 

general principles for Ubx regulation could thus apply to human Hox proteins (Naora et 

al., 2001).

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



26

1.4.1 General characteristics of Dm Ubx:

Dm Ubx, one of eight Hox proteins in Drosophila, specifies the identities of 

parasegments 5 and 6, comprising the posterior thorax and a portion of first abdominal 

segment (Beachy et al., 1985; Roch and Akam, 2000; Lewis, 1978) (Fig. 1.3). Dm Ubx is 

expressed throughout the life cycle of Drosophila and contributes to the development of 

the central and peripheral nervous systems, as well as the posterior aorta, midgut, T3 legs, 

and haltere (a balancing organ unique to dipterans) (Bomze and Lopez, 1994; Gavis and 

Hogness, 1991). Mutations of Dm Ubx can result in strong or lethal transformations 

within a single parasegment (Lewis, 1998; Lawrence, 1992). Loss-of-function Ubx 

mutants can lead to a transformation of the third thoracic segment (T3) to a second 

thoracic segment (T2) and the corresponding transformation of halteres into a second pair 

of wings (Fig. 1.11). Gain-of-function Ubx mutants can lead to the transformation of the 

wings into a second pair of halteres (Fig. 1.11) (Lewis, 1978; Lewis, 1998; Lawrence, 

1992).
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Loss-of-function gain-of-function

Figure 1.11 Homeotic mutations. Loss-of-function mutant of the 
Ultrabithorax (Ubx) gene leads to a transformation of the third thoracic 
segment (T3) to a second thoracic segment (T2) and the corresponding 
transformation of halteres into a second pair of wings (B and A) (Lawrence, 
1992). Gain-of-function Ubx mutant leads to the development of another pair 
of halteres in the T2 segment (C) (Lawrence, 1992). In Tribolium castaneum, 
the knockdown of Ubx leads to a second set of elytra (D and E) (Tomoyasu et 
al., 2004). Figures are derived from (Lawrence, 1992; Tomoyasu et al., 2004).
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The in vivo functions of Ubx are complicated since its mRNA is differentially 

spliced (Subramaniam et al., 1994; Hatton et al., 1998; Bomze and Lopez, 1994). Ubx 

contains three microexons, the b, ml, and mil elements, which have 9, 17, and 17 amino 

acids, respectively (Fig. 1.12). Only five of the eight possible isoforms have been 

identified in vivo: Ubxla, Ubxlb, UbxIIa, UbxIIb, and UbxIVa (Busturia et al., 1990; 

O’Conner et al., 1988; Kornfeld et al., 1989). These isoforms differ from each other in 

both their temporal and tissue-specific expression patterns (Bomze and Lopez, 1994; 

O’Conner et al., 1988.). For example, Ubxla is primarily expressed in epidermal tissues 

during early embryogenesis (Bomze and Lopez, 1994), while UbxIVa is primarily 

expressed in the central nervous system during late embryogenesis (Lopez and Hogness, 

1994; Bomze and Lopez, 1994). These observations suggest that Ubx isoforms may have 

different functions in vivo (Subramaniam et al., 1994; Hatton et al., 1998; Bomze and 

Lopez, 1994). Given Ubxla has the highest expression level in vivo, this isoform has been 

utilized in most in vivo and in vitro studies (Chan et al., 1994; Grenier and Carroll, 2000; 

Tour et al., 2005). Dm Ubxlb contains all the potential coding sequences (Bondos et al., 

2004) and thus has also been commonly studied. In this thesis, Dm Ubxla was employed 

in Chapters 3 and 4, and Ubxlb was utilized in Chapters 7 and 8.
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Microexons

i - S
Ubx lb

Figure 1.12 Schematic representation of Ubx isoforms. The microexons, b, ml 
and mil are shown by different hatch patterns. Elements b and/or ml are missing 
in Ubx la, Ubx Ha, Ubx lib, Ubx IVa, and Ubx IVb isoforms (O'Connor et al., 
1988). Ubxla and Ubxlb are employed in this thesis.
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1.4.2 Ubx orthologues in other systems

Functional comparison among Hox orthologues can explore the range of possible 

Hox function and regulatory mechanisms, as well as potentially correlate in vitro activity 

with morphological changes in vivo. In addition to Dm Ubx, four additional Ubx 

orthologues were selected in this study: beetle Tribolium castaneum (Tc Ubx), butterfly 

Junonia coenia (Jc Ubx), shrimp Artemia franciscana (Af Ubx), and onychophran 

Akanthokara kaputensis (Ak Ubx). In general, these Ubx orthologues are selected 

according to the following criteria: 1) The selected species appear at important 

evolutionary divergence points and are the representative model organisms in their 

phylum, class, or order (Nielsen, 2001) (Fig. 1.13). 2) The body plan and appendage 

design of these organisms differ (Galant and Carroll, 2002; Ronshaugen et al., 2002b)

(Fig. 1.14). 3) From the protein sequence perspective, these orthologues share conserved 

motifs but also contain very distinct sequences (Galant and Carroll, 2002; Ronshaugen et 

al., 2002b). The common motifs among them may function as references points and thus 

aid the comparison between these Ubx orthologues, but the remaining sequence is 

sufficiently different to suggest functional changes (Fig. 1.15). Since these Arthropod 

species arise from a common ancestor, comparison of Ubx function among them may 

reveal functional evolutionary changes in this family. Ak Ubx provides an excellent 

outgroup protein for functional, evolutionary, and structural studies. This protein has a 

simpler amino acid composition compared with all the other Ubx orthologues. Further, 

this ancient relative of Drosophila has a simpler body plan (Fig. 1.14), which may imply 

simpler regulatory mechanisms. These features provide opportunity to explore the ancient, 

or basic, Hox functions.
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Figure 1.15 Amino acid sequence alignment of Dm Ubx, Jc Ubx, Tc Ubx, Af 
Ubx, and Ak Ubx. Amino acids shaded in black are shared among all five Ubx 
orthologues, those shaded in grey are shared by at least three of them. Activation 
enhancement region (AER), activation core (AC), homeodomain (HD), 
transcription repression domain (RD), and predicted a-helix in fly Ubx are shown 
(Tan et al., 2002; Galant and Carroll 2002).
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In this thesis, we utilize Hox protein Ultrabithorax as a model system to explore the 

mechanism of morphological evolution from a protein function perspective. We aim to 

address two underlying questions: How do sequences outside homeodomain contribute to 

Hox functional specificity? And how does functional evolution of Hox orthologues 

contribute to the design of animal body plan? Our studies will not only contribute to the 

understanding of morphological evolution, but also aid understanding of multiple 

functional transcription factors and provide a new approach for examining natively 

unstructured proteins.
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Chapter 2 

Materials and Methods

2.1 Molecular Cloning Protocols

In this thesis full-length Dm Ubx and orthologues were introduced into different 

vectors for various research purposes. In addition, I constructed about 60 deletion 

mutants and more than 10 point mutants. Here I describe the construction details on a 

project basis and summarize all the information in tables. Six vectors, including pET3c, 

pET19b, pET28a, pLexA, pGEMT, and pGEX-6p-2 were used in our studies. The vector 

maps and their cloning/expression regions are shown in Figures 2.1 -  2.6. All the 

restriction enzymes mentioned in this section were purchased either from Promega or 

New England BioLabs. All the constructs described here were confirmed by restriction 

digestion and complete DNA sequencing of the relevant regions.

2.1.1 Cloning of the constructs for pH/affinity studies

The original Ubxla gene, a gift from Dr. William McGinnis (University of 

California, San Diego), was cloned into the pTNT vector between the Ndel and Xhol 

restriction sites. For the purpose of our studies, this gene was cloned into both pET3c and 

pET19b vectors (Novagen) by PCR with primers that introduce an Ndel site at the 5' end 

and a BamHI site at the 3' end following two stop codons. Various Ubx truncation 

mutations, including Ubxla-N19’, Ubxla-N49, Ubxla-N88, Ubxla-N139, Ubxla-N149,
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Ubxla-N174, Ubxla-N216, and Ubxla-N235 were produced from UbxIa-pET19b by 

engineering a second Ndel restriction cutting site before the selected amino acid residues. 

Truncated amino acids were excised by Ndel digestion, and the remaining plasmid was 

ligated. UbxIa-N235C24 was constructed by introducing two stop codons immediately 

after the homeodomain of UbxIa-N235C24.

An internal deletion mutant UbxIa-42-pET3c, in which amino acids 174 to 215 were 

deleted, was constructed by Quickchange PCR. Since the removal of 126 bp is difficult 

and different than all the other constructs, the primer sequences, the reaction components, 

and the PCR program of this construct are given in Figure 2.7

A construct containing two Ubx homeodomains with additional sequences on either 

side (Fig. 2.8), cloned tandem into the Ndel and BamHI sites of pET3c, was a gift from 

Dr. Philip A. Beachy (Johns Hopkins University). For the purpose of pH studies, all the 

three histidine residues in the homeodomain were mutated to lysine residues (HD-HK- 

pET3c). In order to mutate the histidine residues in the HD, one of the two HD genes was 

deleted by introducing another BamHI cutting site before the second homeodomain. After 

BamHI single digestion, the remaining plasmid was relegated, and one copy of the 

homeodomain gene was left in the construct. The three histidine residues in the HD were 

then mutated to lysine residues by two rounds of PCR mutagenesis. In the first round 

PCR mutagenesis process, HD-H21K H24K-pET3C or HD-H36K-pET3C were created, 

then in the second round PCR mutagenesis, HD-HK-pET3C with three histidine to lysine 

mutations was constructed. The studies of these constructs are described in Chapter 3, 

and their detailed information is summarized in Table 2.1.

'For the mutations, the numbers after “N ” correspond to the first amino acid residue after initiating methionine, and the 

number after “C” is the number o f  amino acids deleted from Ubx C-terminus.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



37

Ssp t*'1

pET -  3c
(4640 bp)

r et
' i tp M M m *  ^  Ww: rbs

AiC*TCTCCATC(̂tC6AAATTAATACCACTCACTIlTA«CC>̂CACCACAikC:SGTTTCCCTCTA£AAATAAITTT«'rTTAA£TTTJLA£AA$&A4A
r w i  T7-IW__________ fT -* »  H 5 ? n  flW:ilKI ________

T*T»̂ iTiiMCT»tWTtWT<r,tt»WM««ieterC«CM«C'iiSKi8CT««tM*tCC{t**«6We6Tt««iT6«CT8CietC«Cati6*«WTi>*(;T«ttt«TM 
IM U l« $ a r’M tTlvGlyGly$l>>GIMM<<lyAi'iiGlyGai’G ly ty tE ft«  ■ # ---------— ---------------

1 1 l e n w n a t e f  p n m e r  w j :  ':■■■■ ■

y»ET-:

.  .T a c e a ie e c n G C -____BataiaGar.

y E T -J tt . . .  ctt-ctttfcTCCGttTtCTMCMMicccGAMtGMtCTtt&rieGCTGeTettMcecTGrtcuTMeTAteATJut 
. .  .CIyAr*ttpPra*laAlaM M -y«AlttrGLytGluAlaGlia-M iAlaAlDAIaThrAlaGluGlaEai

. .  .CGrrCGMTCCeGCreCTAMuMCCCtuuuuStluKTGMTTGeCTGCIGCCACCWTtAGCMTMCTAiKATU . - -GiyAfaiiaAraAjayLaMThrt.y«PfGlMAraLyal-aMSarTraLaMLaaFraPrai.avSayataaaAEft<___
WCGTrGGGGeeieiMAtGGGfrCTTGnGGGGTiTinS

pET-3a -  d cloning/expression region

Figure 2.1: pET3c vector map and multiple cloning sites. A. Representation 
of the pET3c vector (Novagen). pET3c, which contains ampicillin resistance, 
allows for the inducible expression of the protein of interest using the 
bacteriophage T7 RNA polymerase. B. The multiple cloning site of the pET3c 
vector. In this thesis, all the constructs in this vector were cloned in between 
Ndel and BamHI sites.
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Figure 2.2: pET19b vector map and multiple cloning sites. A. Representation 
of the pET19b vector (Novagen). pET19b, which contains ampicillin resistance, 
allows for the inducible expression of the protein of interest using the 
bacteriophage T7 RNA polymerase. B. The multiple cloning site of the pET19b 
vector. The expressed protein will contain an N-terminal his10 tag. In this thesis, 
all the constructs in this vector were cloned in between Ndel and BamHI sites.
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7 7 vr.cr o'nri" Ws.'i. •i

pET-28a-c(+) cloning/expression region

Figure 2.3: pET-28a vector map and multiple cloning sites A.
Representation of the pET28a vector (Novagen). pET-28a, which contains 
kanamycin resistance, allows for the inducible expression of the protein of 
interest using the bacteriophage T7 RNA polymerase. B. The multiple 
cloning site of the pET-28a vector. This vector contains two his-tag regions. 
The expressed protein will contain an N-terminal his6 tag, which can be 
removed by thrombin digestion. Ak Ubx and Dm UbxIb6CA were cloned in 
between Ndel and Xhol sites.
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A

B

^pLexA^SequencingJPHmer^^

CTG CAG CAG AGC TTC ACC ATT GAA GGG CTG GCG GTT GGG GTT ATT CGC AAC GGC GAC

TGG CTG GAA TTC CCG GGG ATC CGT CGA CCA TGG CGG CCG CTC GAG TCG ACC TGC AGC

E c° R l X m a| Bam H I S ati N col N ot| Xhol Sall P stl

CAAGCTAATTCCGGGCGAAI I 1C I IATGATTTATGAI I I I IATTATTAAATAAGTTATAAAAAAAATAAGTGTAT

STOP STOP STOP
(ORF3) (ORF1) (ORF2)

pLexA Sequencing Primer^

CTG CAG CAG AGC TTC ACC ATT GAA GGG CTG GCG GTT GGG GTT ATT CGC AAC GGC GAC

TGG CTG GAA TTC JCCG GGG;ATC CGT CGA CCA TGG CGG CCG CTC GAG TCG ACC TGC AGC

E coR I X m al Bam H I Sail Nco1 Notl xho1 S all P stl

CAAGCTAATTCCGGGCGAA T I ICI IATGATTTATGAI I I I I ATTATTAAATAAGTTATAAAAAAAATAAGTGTAT

STOP STOP STOP
(ORF3) (ORF1) (ORF2)

Figure 2.4: pLexA vector multiple cloning sites. A. The multiple cloning site of the 
pLexA vector (Clotech). In this thesis, various restriction enzyme cutting sites are used. 
B. The modified pLexA vector applied for Ak Ubx and Af Ubx and variants (see Chapter 
5 for detail). In order to obtain correct reading frame, two nucleotides shown in the red 
box were engineered into the pLexA vector.
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\  I ' 9 0 4 — " J i " \ ”'V -v
s ' *j | s..-‘ 11’* *■?.»

* % 
\ \

V,
■’ s.

f  1 start 
01 on '• \

-‘•rr
3000bp

/

T7 Transcription Start

till
.'I ?*

i pGEM-T — \ i ....
t , T >
} y  V -V A I

v.\— v I
■ i »MJ*

V'
or* I

J^b'PS

5 '  TGTAA TACGA CTCAC TATAG GGCGA ATTGG GCCCG ACGTC GCATG CTCCC GGCCG CCATG GCCGC
3'  ACATT ATGCT GAGTG ATATC CCGCT TAACC CGGGC TCGAG CGTAC GAGGG CCGGC GGTAC CGGCG

T7 Promoter Apa I Aat II Sphl BstZI Ncol

GGGATT 
CCCTA

ATCAC TAGTG CGGCC GCCTG CAGGT CGACC ATATG GGAGA GCTCC 
TTAGTG ATCAC GCCGG CGGAC GTCCA GCTGG TATAC CCTCT CGAGG

Spel Notl Pstl Sail Ndel Sacl

CAACG CGTTG CATGC ATAGC TTGAG TATTC TATAG TGTCA CCTAA AT 
GTTGC GCAAC GTACG TATCG AACTC ATAAG ATATC ACAGT GGATT TA

Nsil

Figure 2.5: pGEM-T vector map and multiple cloning sites. pGEM-T 
vector, which has ampicillin resistance, is designed for the amplification of 
PCR products. PCR products are engineered between the two “T”s shown 
in red boxes.
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 P reScission™  P ro le ase
Ilsii Glu Val Leu P he  Gln ' Gly P ro  I Leu Gly Sei P ro  Gly lie P ro  Gly S er Thr A m  Ala Ala Ala Ser
CTG GAA GTT CTG TTC CAG GGG CCC CTG.GGA TCC.CCA GGA ATT CCC GG.G TCG ACJ CGA,GCG GCC GC.A TCG

I BamHTI Sal 1 1 '  X|l„  | J  Mot I

pGEX-6p-2

4900bp

Figure 2.6: pGEX-6p-2 vector map and multiple cloning sites. pGEx- 
6p-2 has ampicillin resistance. In this thesis all the constructs are cloned in 
between BamHI and EcoRI sites.
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Number of amino acid of template: am ino acid 173 amino acid 176

1  1i 1 I Plan to delete amino acids 174-215 i-*-*—i
GAGTGGGCGGCTACTTGGACACGTCGGGQGGa--------------------------------------------- [l^ACCATCTCGGGCGCCGCTGCCCAAACGGTemplate: Ubxla

5 ' primer: Ubxla-40(F) g a g tg ggcggctacttggacacgtcaggagga

Number of nucleotide of primer : 1 32

TGCACCATCTCGGGCGCCGCTGCCCAAACGG

I i
33 63

C: PCR program:B: Reaction:

DNA: 0.5 pi (~ 50 ng, as usual)
Primer (F) : 1.5 (0.1 (~ 200 ng, more than u s u a l )

Primer (R ): 1.5 (ol (~ 200 ng, more than usual)

10 X buffer: 5 pi (as usual) 
dNTP: 1 pi (as usual)
DMSO: 4  p i  (maxim amount)

Turbo: 1.5 pi (more than usual) 

dd H20: 35 pi 
Total: 50 pi (as usual)

Figure 2.7 Site directed mutagenesis PCR of UbxIa-42. A. Primer design for UbxIa-42. Only 5' primer is shown. This primer is 
much longer than usual. In order to avoid secondary structure, several nucleotides were substituted, while the encoding amino acids 
remain same. B and C are the reaction and the PCR program, respectively. They are slightly different from normal set up.

1.
2 .

3.
4.
5.
6 .

95 °C 2 min (as usual)
95 °C 30 Sec (as usual)
55 °C 1 min (as usual)
68 °C 15 min (longer than usual) 
go to step to 18 times (as usual) 
4 °C (as usual)

4̂U)
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Extended HD

M
Q A I K E L N E Q E K

B
Extended HD 
Beachy version

,pET 3c
AA GGA GAT CAT TAG GAT T

BamHI

pET 3c. 
TAG GAT CC — -------->

1 t
Stop S to p

Extended HD 
Matthews version

Ndel

pET 3c<------------  AA GGA GAT CAT

BamHI

/----*---- s
I TAG GAT CC

I
Stop

pET 3c

Figure 2.8 Homeodomains applied in our study. The extended homeodomain (homeodomain), including the real homeodomain (60 
residues), one methionine on its N-terminus, and 11 amino acids on its C-terminus (A), was a gift from Dr. Philip Beachy (Johns Hopkins 
University). Indeed, two Ubx homeodomains with the same additional sequences on either side were cloned in tandem into the Ndel and 
BamHI sites of pET3c (B). To simplify mutagenesis of the homeodomain, one of the two HD genes was deleted by introducing another 
BamHI cutting site before the second homeodomain. After BamHI single digestion, the remaining plasmid was religated and one copy of 
the homeodomain gene was left in the construct (C).
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No. Name Restriction
Enzymes Description Location Constructor

01 Ubxla-
pET3c

5' Ndel 
3' BamHI Full-length, Ch 3 and 4 Box II 

G1,G2 YFL

02 Ubxla-
pET19b

5' Ndel 
3' BamHI Full-length, N-term his tag, Ch 3 Box III 

Cl, C2 YFL

03 Ubxla-N19
pET19b

5' Ndel 
3' BamHI a.a. 19 -  a.a. 380 (end) Ch 3 YFL

04 Ubxla-N49
pET19b

5' Ndel 
3' BamHI a.a. 49 -  a.a. 380 (end) Ch 3 Box IV 

H3,H4 YFL

05 Ubxla-N88
pET19b

5' Ndel 
3' BamHI a.a. 88 -  a.a. 380 (end) Ch 3 Box IV 

H7, H8 YFL

06 Ubxla-N139
pET19b

5' Ndel 
3' BamHI a.a. 139 — a.a. 380 (end) Ch 3 Box III 

Gl, G2 YFL

07 Ubxla-N149
pET19b

5' Ndel 
3' BamHI a.a. 149 — a.a. 380 (end) Ch 3 Box III 

D1,D2 YFL

08 Ubxla-N174
pET19b

5' Ndel 
3' BamHI a.a. 174 — a.a. 380 (end) Ch 3 Box III 

G5, G6 YFL

09 Ubxla-N216
pET19b

5' Ndel 
3' BamHI a.a. 216-a.a. 380 (end) Ch 3 Box m 

E5,E6 YFL

10 Ubxla-N235
pET19b

5' Ndel 
3' BamHI a.a. 235 -  a.a. 380 (end) Ch 3 Box IV 

G5, G6 YFL

11 UbxIa-N235C24
pET19b

5' Ndel 
3' BamHI a.a. 235 — a.a. 3356 (delete 24 amino acids) Ch 3 Box III 

HI, H2 YFL

12 Ubxla-N133
pET19b

5' Ndel 
3' BamHI a.a. 133 — a.a. 380 (end) not used Box III 

Gl, G10 YFL
-£*■
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No. Name Restriction
Enzymes

Description Location Constructor

13 Ubxlb-N149
pET19b

5' Ndel 
3' BamHI a.a. 149 -  a.a. 389 (end) not used Box III 

F1,F2 YFL

14 HD2
pET3c

5' Ndel 
3' BamHI

in Ubxla version, it is from a.a.286 to a.a. 357, total 72 
amino acids. There are two copies of this gene in this 
construct.

Beachy Lab

15 HD1
pET3c

5' Ndel 
3' BamHI

in Ubxla version, it is from a.a.286 to a.a. 357, total 72 
amino acids. There is one copy of this gene in this 
construct.

Box IV 
El, E2 YFL

16 HD-HK
pET3c

5' Ndel 
3' BamHI

Histine 21, 24, 36 (in HD version) are mutated to lysine 
residues, Ch 3

Box IV 
F1,F2 YFL

17 HD-H36K
pET3c

5' Ndel 
3' BamHI

Histine 36 (in HD version) is mutated to lysine residue, 
not used

Box IV
E7, E8 YFL

18 HD-H21KH24K
pET3c

5' Ndel 
3' BamHI

Histine 2 land 24 (in HD version) are mutated to lysine 
residues, not used

Box IV 
E5,E6 YFL

19 UbxIa-42
pET3c

5' Ndel 
3' BamHI a.a 174 — a.a 215 were deleted, Ch3 Box I 

11,12 YFL

20 pET 19b vector Empty vector Box II 
18,19 Novagen

21 pET 3c vector Empty vector Novagen

Table 2.1: Constructs in pH/affinity studies. Most of them are used in Chapter 3.
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2.1.2 Generating mutants in the YPWM motif region

For the examination of the YPWM motif and surrounding region, five internal 

deletion mutants, including Ubxla-18, Ubxla-14, UbxIa-4, UbxIa-6, UbxIa-8, and two 

point mutants, Ubxla-YAAA and Ubxla-GPGG, were constructed. The Ubxla-18 gene, 

in which amino acids 234A to 25IS were deleted, was also a gift from Dr. McGinnis 

(University of California, San Diego). This gene was originally cloned into the pTNT 

vector between Ndel and BamHI restriction sites. We cloned this gene into the pET3c 

vector by PCR with primers that introduce an Ndel site at the 5' end and a BamHI site at 

the 3' end following two stop codons. Both the PCR products and empty pET3c vectors 

were digested with Ndel and BamHI restriction enzymes. The digested fragment was then 

ligated into the pET3c vector. The remaining mutants were created using Quickchange 

PCR mutagenesis (Stratagene).

Ubxla-14 in pET3c was constructed by introducing YPWM residues into the Ubxla- 

18 construct through two rounds of PCR mutagenesis. In the first round, residues YP 

were inserted and in the second round WM residues were introduced.

UbxIa-4, Ubxla-GPGG, and Ubxla-YAAA were constructed by one or two rounds 

of Quickchange PCR mutagenesis using Ubxla in pET3c as a template. YPWM residues 

were deleted in the UbxIa-4 in pET3c and were mutated to GPGG or YAAA in Ubxla- 

GPGG and Ubxla-YAAA mutants, respectively.

Two internal deletion mutants UbxIa-6 and UbxIa-8 were constructed in pET3c by 

one round of PCR mutagenesis. Like the construction of UbxIa-42, the primers for these 

two mutants are longer than usual; DMSO was added to the PCR reaction to prevent 

secondary structure formation, and the extension time for PCR reactions was increased

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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two 2.5 minutes/kb. The studies of these constructs are described in Chapter 4, and the 

detailed information on them is summarized in Table 2.2.
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No. Name Restriction
Enzymes Description Location Constructor

01 UbxIa-4
pET3c

5' Ndel 
3' BamHI In Ubxla, YPWM residues were deleted Box III 

B5, B6 YFL

02 UbxIa-6
pET3c

5' Ndel 
3' BamHI In Ubxla version, a.a. 234 to a.a. 239 were deleted, Ch 4 Box III 

G3, G4 YFL

03 UbxIa-8
pET3c

5' Ndel 
3' BamHI In Ubxla version, a.a. 244 to a.a. 251 were deleted, Ch 4 Box III 

G5, G6 YFL

04 Ubxla-14 
pET3c

5' Ndel 
3' BamHI

In Ubxla version, a.a. 234 to a.a. 239 and a.a. 244 to a.a. 
251 were deleted, Ch 4

Box n 
17 YFL

05 Ubxla-18 
pET3c

5' Ndel 
3' BamHI

In Ubxla version, a.a. 234 to a.a. 251 were deleted, Ch 3 
and 4

Box II 
F3,F4 YFL

06 Ubxla-YAAA 
pET3c

5' Ndel 
3' BamHI YPWM residues were mutated to YAAA residues, Ch 4 Box II 

16 YFL

07 Ubxla-YP 
pET3c

5' Ndel 
3' BamHI

In Ubxla version, a.a. 234 to 239 and a.a. 242 to a.a. 251 
were deleted

Box II 
15 YFL

08 Ubxla-GPGG
pET3c

5' Ndel 
3' BamHI In Ubxla, YPWM residues were mutated to GPGG, Ch 4 Box III 

El, E2 YFL

09 Ubxla-YAAA 
pET19b

5' Ndel 
3' BamHI YPWM residues were mutated to YAAA residues Box III 

C3, C4 YFL

10 Exd
pET9a Full-length, Ch 4 Box n 

F1,F2 Gift from 
McGinnis Lab

11 Hth Full-length, Ch 4 Box n
F5,F6

Table 2.2: Constructs studied in Chapter 4. 4̂\o
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2.1.3 Cloning of the constructs for the identification of Ubx 

transcription activation domains

Cloning of the genes for the project to examine evolutionary relationships of 

activation domains started with the construction of full-length Ubx genes from different 

sources into the pLexA vector. Beetle Tribolium castaneum Ubx (Tc Ubx) and butterfly 

Junonia coenia Ubx (Jc Ubx) were gifts from Dr. Sean Carroll at the University of 

Wisconsin Madison. Unfortunately, 33 base pairs, including an extremely high GC rich 

region, at the C-terminus of Jc Ubx gene were missing. This gene was reconstructed 

through several rounds of PCR reactions. Since the information on plasmid vectors is not 

available, a 5' EcoRl site and a 3' Xhol site were introduced at the selected sites by PCR. 

PCR products were amplified in the pGEMT system, followed by digestion with EcoRI 

and Xhol. Full-length shrimp Artemia franciscana Ubx (Af Ubx) and several Af Ubx 

internal deletion mutants in pGEXT vectors were gifts from the McGinnis’ lab at UCSD. 

Af Ubx and its derivatives were originally inserted between 5' BamHI and 3' Xhol 

restriction sites in the pGEXT vector, which has a different reading frame than the pLexA 

vector required. Therefore, a two base pair insertion was introduced into the pLexA 

plasmid to restore the proper reading frame for Af Ubx and Ak Ubx mutant series. The 

detailed information of this modified pLexA vector is shown in Figure 2.4. All the Af 

Ubx constructions were subsequently removed from the pGEX vector by BamHI and 

Xhol digestion. Ak Ubx - pLexA was generated from Ak Ubx-pET28a by engineering 

BamHI and Xhol sites via mutagenesis, followed by the digestion with the same enzyme 

combination. All the digested (mutation) fragments were cloned into pLexA vectors 

digested with the appropriate enzyme combination. Worth noting, however, for the Af

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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Ubx and Ak Ubx constructs, a two base pair insertion was introduced into the pLexA 

plasmid to restore the proper reading frame.

Further, about 40 deletion mutants were constructed as part of this project. In 

general, the C-terminal deletions were constructed by introducing stop codons at selected 

positions using site-directed PCR mutagenesis. The N-terminal deletion mutants were 

constructed by engineering Ndel or BamHI restriction sites to match the 5' restriction 

sites of the corresponding genes before selected amino acid residues. Truncated amino 

acids were excised by Ndel digestion, and the remaining plasmid was ligated. The 

detailed information for these constructs is listed in Table 2.3.1-2.3.5, and the studies of 

these constructs are described in Chapter 5.
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No. Name Restriction
Enzymes Description Location Constructor

01 Jc
pLexA

5 ; EcoRI 
3' Sail a.a. 1 -  a.a. 253 (end) Ch 5 Box n 

HI, H2 YFL

02 JcDl
pLexA

5' EcoRI 
3' Sail a.a. 42 -  a.a. 253 (end) Ch 5 Box III 

B1,B2 YFL

03 JcD2
pLexA

5' EcoRI 
3' Sail a.a. 93 -  a.a. 253 (end) Ch 5 Box in  

B3,B4 YFL

04 JcD3
pLexA

5' EcoRI 
3' Xhol a.a. 1 — a.a. 242 Ch 5 Box I 

C3 YFL

05 JcD4
pLexA

5' EcoRI 
3' Sail a.a. 67 -  a.a. 253 (end) Ch 5 Box IV 

D5,D6 YFL

06 JcD5
pLexA

5' EcoRI 
3' Sail a.a. 123 -  a.a. 253 (end)Ch5 Box IV 

HI, H2 YFL

07 JcD6
pLexA

5' EcoRI 
3' Sail a.a. 1 -  a.a. 145 Ch 5 Box IV 

Gl, G2 YFL

08 JcD7
pLexA

5' EcoRI 
3' Sail a.a. 14 — a.a. 253 (end) Ch 5 Box IV 

Jl, J2 YFL

09 JcD8
pLexA

5' EcoRI 
3' Sail a.a. 1 -  a.a. 66 Ch 5 Box IV 

J3, J4 YFL

10 JcD9
pLexA

5' EcoRI 
3' Sail a.a. 1 -  a.a. 92 Ch 5 Box IV 

11,12 YFL

11 JcDIO
pLexA

5' Ndel 
3' BamHI a.a. 1 -  a.a. 41 Ch 5 Box in  

D9, D10 YFL

Table 2.3.1: Butterfly Junonia coenia (JcUbx) constructs (Chapter 5)
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No. Name Restriction
Enzymes Description Location Constructor

01 Tc
pLexA

5' EcoRI 
3' Xhol a.a.l -  a.a. 279 (end) Ch 5 Box I 

H3, H4 YFL

02 TcDl
pLexA

5' EcoRI 
3' Xhol a.a. 44 — a.a. 279 (end) Ch 5 Box I 

Cl YFL

03 TcD2
pLexA

5' EcoRI 
3' Xhol a.a. 123 -  a.a. 279 (end) Ch 5 Box I 

C2 YFL

04 TcD4
pLexA

5' EcoRI 
3' Xhol a.a. 1 -  a.a. 195 Ch 5 Box II 

H5, H6 YFL

05 TcD5
pLexA

5' EcoRI 
3' Xhol a.a.l -  a.a. 151 Ch5 Box II 

H7, H8 YFL

06 TcD7
pLexA

5' EcoRI 
3' Xhol a.a. 1 -  a.a. 50 Ch 5 Box II 

11,12 YFL

07 Tc-12
pLexA

5' EcoRI 
3' Xhol a.a. 12 — a.a. 279 (end) Ch 5 Box IV 

F9, F10 YFL

08 Tc-ACTP
pLexA

5' EcoRI 
3' Xhol a.a.l -  a.a. 146 (stop condon after ACTP motif) Ch 5 Box IV 

D9, D10 YFL

Table 2.3.2: Beetle Tribolium castaneum (TcUbx) constructs (Chapter 5)

Ln
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No. Name Restriction
Enzymes Description Location Constructor

01 Af
pLexA

5' BamHI 
3' Xhol a.a. 1 -  a.a. 259 (end) Ch 5 Box I 

D2 YFL

02 Af 16 
pLexA

5' BamHI 
3' Xhol a.a. 13 — a.a. 51 were deleted Ch 5 Box I 

D1 YFL

03 Af 52 
pLexA

5' BamHI 
3' Xhol a.a. 52 a.a. 100 were deleted Ch 5 Box I 

CIO YFL

04 Af 101 
pLexA

5' BamHI 
3' Xhol a.a. 101 -  a.a. 125 were deleted Ch 5 Box I 

C9 YFL

05 Af 126 
pLexA

5' BamHI 
3' Xhol a. a. 126 -  a.a. 160 were deleted Ch 5 Box I 

C8 YFL

06 Af 161 
pLexA

5' BamHI 
3' Xhol a.a. 161 — a.a. 177 were deleted Ch 5 Box I 

C7 YFL

07 Af52C
pLexA

5' BamHI 
3' Xhol a.a. 1 -  a.a. 96 Ch 5 Box I 

D4 YFL

08 AflOlC
pLexA

5' BamHI 
3' Xhol a.a. 1 -  a.a. 125 Ch 5 Box I 

D5 YFL

09 Afl03C
pLexA

5' BamHI 
3' Xhol a.a. 1 -  a.a. 103 Ch 5 Box II 

F7, F8 YFL

10 A flllC
pLexA

5' BamHI 
3' Xhol a.a. 1 -  a.a. I l l  Ch 5 Box II 

F9, D9 YFL

11 Afl4
pLexA

5' BamHI 
3' Xhol a.a. 14 -  a.a. 259 (end) Ch 5 Box IV 

J5, J6 YFL

12 Afl4-103
pLexA

5' BamHI 
3' Xhol a.a. 14 -  a.a. 103 Ch 5 Box m 

B8, B9 YFL
Ux
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No. Name Restriction
Enzymes Description Location Constructor

13 Af252
pLexA

5' BamHI 
3' Xhol a.a. 1 -  a.a. 252 Ch 5 Box III 

D5, D6 YFL

14 Af23-103
pLexA

5' BamHI 
3' Xhol a.a. 23 -  a.a. 103 Ch 5 Box III 

B8, B9 YFL

15 Af52C
pLexA

5' BamHI 
3' Xhol a.a. 14 —a.a. 103 Ch 5 Box in 

C9, CIO YFL

16 Afl61N
pLexA

5' BamHI 
3' Xhol a.a. 161- a.a. 259 (end) Ch 5 Box 1 

E10 YFL

17 Afl26N
pLexA

5' BamHI 
3' Xhol a.a. 126— a.a. 259 (end) Ch5 Box I 

H3.H4 YFL

18 Afl60
pLexA

5' BamHI 
3' Xhol a.a. 1 - a.a. 160 Ch 5 Box IV 

15,16 YFL

19 Afl77
pLexA

5' BamHI 
3' Xhol a.a. 1— a.a. 177 Ch 5 Box IV 

17,18 YFL

Table 2.3.3: Shrimp Artima franciscana (AfUbx) constructs (Chapter 5)
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No. Name Restriction
Enzymes Description Location Constructor

01 Ak
pLexA

5' BamHI 
3' Xhol a.a. 1- a.a. 214 (end) Ch 5 Box IV 

E9, E10 YFL

02 AkDl
pLexA

5' BamHI 
3' Xhol a.a. 29- a.a. 214 (end) Ch 5 Box I 

C4 YFL

03 AkD2
pLexA

5' BamHI 
3' Xhol a.a. 79- a.a. 214 (end) Ch 5 Box I 

C5 YFL

04 AkD3
pLexA

5' BamHI 
3' Xhol a.a. 14- a.a. 214 (end) Ch 5 Box IV 

J7,J8 YFL

05 AkD4
pLexA

5' BamHI 
3' Xhol a.a. 1- a.a. 28 Ch 5 Box IV 

A9, A10 YFL

06 AkD5
pLexA

5' BamHI 
3' Xhol a.a. 1- a.a. 78 Ch 5 Box IV 

B9, B10 YFL

07 AkD6
pLexA

5' BamHI 
3' Xhol a.a. 1- a.a. 140 Ch 5 Box in 

D7, D8 YFL

Table 2.3.4: Onychophoran Akanthokara kaputensis (AkUbx) constructs (Chapter 5)
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No. Name Restriction
Enzymes Description Location Constructor

01 Af
pGEX

5' BamHI 
3' Xhol a.a. 1 -  a.a. 259 (end, original construct) Box I 

A3 McGinnis Lab

02 Af 16 
pGEX

5' BamHI 
3' Xhol a.a. 13 -  a.a. 51 were deleted (original construct) Box I 

A4 McGinnis Lab

03 Af 52 
pGEX

5' BamHI 
3' Xhol a.a. 52 a.a. 100 were deleted (original construct) Box I 

A5 McGinnis Lab

04 Af 101 
pGEX

5' BamHI 
3' Xhol a. a. 101 -  a.a. 125 were deleted (original construct) Box I 

A6 McGinnis Lab

05 Af 126 
pGEX

5' BamHI 
3' Xhol a.a. 126 -  a.a. 160 were deleted (original construct) Box I 

A7 McGinnis Lab

06 Af 161 
pGEX

5' BamHI 
3' Xhol a.a. 161 — a.a. 177 were deleted (original construct) Box I 

A8 McGinnis Lab

07 pLexA Empty vector Box I 
A9 Clontech

08 Modified
pLexA

Two nucleotides were inserted into the vector to shift the 
reading frame. Used in AfUbx and AkUbx constructs.

Box I 
A10 YFL

09 Pos
pLexA Positive control provided by Clontech Box IV 

19,110 Clontech

10 UbxIb-PP2
pLexA

Ubxlb proline mutant, used as negative control in 
evolution project

Box n 
D3,D4 XXT

11 UbxIb-pLexA used as positive control in evolution project XXT

Table 2.3.5: Several original constructs and controls used in evolution project. UtO
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2.1.4 Cloning of the constructs for redox studies

A single cysteine to alanine mutant, UbxC74A, and five multiple cysteine to alanine 

mutants were designed for the redox studies. These were constructed by standard site- 

directed PCR mutagenesis using UbxIb-pET3c as a template, in which Ubxlb was 

inserted between 5' Ndel and 3' BamHI restriction cutting sites of pET3c.

Ubx6CA, in which all the six cysteines were mutated to alanine residues 

simultaneously, was constructed in the pET28a vector (Novagen) between 5' Ndel and 3' 

Xhol sites by standard PCR followed by digestion and ligation. This construct contains an 

N-terminal His6tag that can be cleaved by thrombin. Note the previous Ubx6CA-pET3c 

construct did not bind to the phosphocellulose column. The study of these constructs is 

described in Chapter 7. The information is summarized in Table 2.4.

2.1.5 Cloning of the constructs for OUbx characterization

The entire sequence of OUbx (amino acids 1 to 214) was first cloned into the Ndel 

and Xhol restriction sites of pET28a (Novagen) by standard PCR followed by digestion 

and ligation. This construct contains an N-terminal His6tag that can be cleaved by 

thrombin. Due to expression problems, an additional His6-tag on the 3' end was further 

engineered by mutating out the stop codons after the OUbx gene. The studies of these 

two constructs are described in Chapter 9, and their information is listed in Table 2.5.
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No. Name Restriction
Enzymes Description Location Constructor

01 Ubxlb-C158A, 
C249A- pET3c

5' Ndel 
3' BamHI Designed for redox project, not used Box I 

D7 YFL

02 Ubx Ib-C89A, C l 58 A, 
C249A- pET3c

5' Ndel 
3' BamHI Designed for redox project, not used Box I 

D10 YFL

03 Ubx Ib-C89A, C158A, 
C249A- pET28a

5' Ndel 
3' BamHI Designed for redox project, not used Box I 

HI YFL

04
Ubxlb-C89A, C l58A, 

C249A, C333A -  
pET3c

5' Ndel 
3' BamHI Designed for redox project, not used Box I 

E 8 .D 9 YFL

05
Ubxlb- C74A, C89A, 

C158A, C216A, 
C249A -  pET28a

5' Ndel 
3' BamHI Designed for redox project, not used Box I 

F7 YFL

06
U bxlb- C89A, C158A, 

C216A, C249A, 
C333A -  pET28a

5' Ndel 
3' BamHI Designed for redox project, not used B ox II 

B l, B2 YFL

07 Ubxlb 6CA  
pET28a

5' Ndel 
3' BamHI Ch7 Box II 

A5, A6 YFL

08 Ubxlb C74A  
pET3c

5' Ndel 
3' BamHI Ch7 B ox II 

A l, A2 YFL

09 Ubxlb C74S 
pET3c

5' Ndel 
3' BamHI Designed for redox project, not used Box II 

A7, A8 YFL

10 Ubxlb C89A  
pET3c

5' Ndel 
3' BamHI Characterized by SEB Box I 

FI SEB

vC
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Name Restriction
Enzymes Description Location Constructor

11 Ubxlb C216A  
pET3c

5' Ndel 
3' BamHI Characterized by SEB Box I 

F2 SEB

12
Ubxlb C249A pET3c

5' Ndel 
3' BamHI Characterized by SEB Box I 

F3 SEB

13 Ubxlb C333A  
pET3c

5' Ndel 
3' BamHI Characterized by SEB Box I 

F4 SEB

Table 2.4 Constructs used in redox project (Chapter 7).

No. Name Restriction
Enzymes Description Location Constructor

01 N-Oubx
pET28a

5' Ndel 
3' Xhol N-terminal tagged full-length OUbx, Ch9 Box I 

E3 YFL

02 NC-Oubx
pET28a

5' Ndel 
3' Xhol double-tagged full-length OUbx, Ch9 Box I 

E4,E5 YFL

03 pET28a Empty vector Box I 
F5,F6

Table 2.5: Constructs used in the characterization of Ak Ubx (Chapter 8).

O'O
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2.1.6 Cloning of the constructs for GST-pull down experiment

I also introduced many genes into the pGEX-6p-2 vector for GST-pull down 

experiments. Although, GST pull -  down experiments were not performed in this thesis, 

these constructs might be useful for future studies in the lab; therefore, I also describe the 

construction of these genes here and summarize them in Table 2.6. Ubxla, Ubxla-18, 

Ubxla-14, UbxIa-4, Ubxla-GPGG, Ubxla-YAAA, and HD genes were digested out from 

pET3c vector with Ndel and EcoRI restriction enzymes and were ligated into pGEX-6p-2 

vector, which was digested by the same restriction enzyme pair.
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No. Name Restriction
Enzymes Description Location Constructor

01 UbxIa-4
pGEXT

5' Ndel
3' EcoRI In Ubxla, YPWM residues were deleted Box IV 

B3, B4 YFL

02 Ubxla-YAAA 
pGEXT

5' Ndel
3' EcoRI YPWM residues were mutated to YAAA residues Box IV 

B1,B2 YFL

03 Ubxla-GPGG
pGEXT

5' Ndel
3' EcoRI In Ubxla, YPWM residues were mutated to GPGG Box IV 

A7, A8 YFL

04 Ubxla
pGEXT

5' Ndel
3' EcoRI Full-length Box IV 

A5, A6 YFL

05 Ubxla-18 
pGEXT

5' Ndel
3' EcoRI In Ubxla version, a.a. 234 to a.a. 251 were deleted, Box IV 

B7, B8 YFL

06 HD
pGEXT

5' Ndel
3' EcoRI

From the first amino acid in homeodomain to the end of 
the protein

Box III 
F9, F10 YFL

07 TNT-UbxIbN19
pGEMT a.a 1 to a.a 18 Box in 

A5, A6 YFL

08 TNT-UbxIbN49
pGEMT a.a 1 to a.a 48 Box HI 

A7,A8 YFL

09 pGEXT-6p-2 Empty vector Box HI 
E9, E10 Amersham

10 Ubxlb-N49
pGEXT

5' Ndel
3' EcoRI

pH/affinity project, performed by Dr. Bondos, not 
described in this thesis

Box HI 
H9, H10 YFL

11 Ubxlb-N88
pGEXT

5' Ndel
3' EcoRI

pH/affinity project, performed by Dr. Bondos, not 
described in this thesis

Box III 
11,12 YFL

Table 2.6 Constructs useful for future GST-pull down experiments. Os
to
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2.2 Protein expression protocols

In this thesis, 26 genes were expressed: 12 genes, including Ubxla, Ubxlb, UbxIa-6, 

UbxIa-8, Ubxla-14, Ubxla-18, UbxIa-40, Ubxla-YAAA, Ubxla-GPGG, HD, HD-HK, 

and Ubxlb C74A, were constructed into the pET3c expression vector; 10 genes, including 

Ubxla, Ubxla-N19, Ubxla-N49, Ubxla-N88, Ubxla-N139, Ubxla-N149, Ubxla-N174, 

Ubxla-N216, Ubxla-N235, and UbxIa-N235C24, were constructed into the pET19b 

expression vector; and 2 genes including, Ubx6CA and OUbx, were constructed into the 

pET28a expression vector. All of these genes were successfully expressed in 

BL21(DE3)pLysS cells (Novagen). Exd-pET9a and Hth-pET28a, which were gifts from 

Dr. William McGinnis (University of California, San Diego), were coexpressed in 

BL21(DE3)pLysS cells.

2.2.1 Standard protein expression procedure

Except for Exd and Hth, all the other genes were expressed with very similar 

procedures. DNAs were transformed into BL21 (DE3)pLysS E. coli cells. Overnight 

Luria Broth culture (10 mL) was used to inoculate each of twelve 1 L LB cultures. Cell 

cultures were grown at 37 °C and were induced with 1 mM IPTG when absorbance at 600 

nm was between 0.6-0.8. The cell culture was cooled to room temperature and grown for 

another 105-120 minutes. Cells were collected from 1 L or 2 L cultures and stored at -20 

°C for later use.
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2.2.2 Exd-Hth co-expression procedure

pET9a carrying Exd and pET28a carrying Hth were transformed together into 

BL21(DE3)pLysS cells, selecting for double resistance to kanamycin and ampicillin. A 

10 mL overnight Luria Broth (LB) culture was used to inoculate each of twelve 1 L LB 

cultures. Cell cultures were grown at 37 °C and were induced with 1 mM IPTG when 

absorbance at 600 nm was between 0.6-0.8. The cell culture was cooled to room 

temperature and grown for another 105 minutes. Cells were collected from 1 L culture 

and stored at -20 °C for later use.

2.3 Protein purification procedures

In this thesis four major purification procedures were applied, and they are descried 

in the subsequent sections.

2.3.1 Purification of proteins encoded in pET3c constructs

Cell pellets (1 or 2 L) were thawed at room temperature and lysed in lysis buffer 

containing 50 mM Tris-HCl, pH 8.0, 800 mM NaCl, 1 mM DTT, a quarter tablet of 

Complete Proteinase Inhibitor Cocktail (Roche), and 20 mM EDTA. DNasel (20 mg/mL, 

40 pi) was used to digest the released DNA, followed by centrifugation at 14,000 x g for 

20 minutes. PEI (50% W/V, 200 pi) was added to supernatant to precipitate DNA and the 

mixture centrifuged at the same speed for another 20 minutes. Phosphocellulose, a cation 

exchange resin, mimics the sugar-phosphate backbone of nucleic acids, and a P-cell 

column was applied first for the purification of this DNA binding protein. The 

phosphocellulose column was pre-equilibrated with 10 column volumes of buffer Z (pH
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6.8), containing 10% glycerol, 1 mM DTT, 0.1 mM EDTA, 25 mM NaH2PC>4 and 100 

mM NaCl. Protein samples were mixed with buffer Z to a final volume of 100 mL and 

loaded onto the column. The column was then eluted until the basal level of absorbance 

was observed. Protein was eluted with a 0.1-1.1 M NaCl gradient. Appropriate protein 

fractions were dialyzed against 10% glycerol, 1 mM DTT, 100 mM NaCl, and 50 mM 

Tris (pH 8.0) for 40 minutes. Protein samples were then incubated with 4 mL nickel- 

nitrilotriacetic acid (Ni-NTA) agarose resin, which had been pre-equilibrated with about 

40 mL dialysis buffer. The slurry was loaded into the column body and the resin allowed 

to settle while the liquid drained. The resulting column was washed with 40 mL dialysis 

buffer, 25 mL wash buffer, containing 50 mM NaH2P04 (pH 8.0), 300 mM NaCl, 10 mM 

imidazole, and 5% glucose, and 10 mL 20 mM wash buffer (wash buffer with 20 mM 

imidazole). Protein was eluted with 20 mL of elution buffer (wash buffer with 100 mM 

imidazole) and analyzed by SDS-PAGE and western blotting.

The purification procedures for HD-pET3c and HD-HK-pET3c are similar to that 

described above with minor modification. These proteins were eluted from the 

phosphocellulose column with a 0.6 - 1.4 M NaCl gradient. Fractions were collected and 

concentrated using YM-3 Centrifugal Filter Devices (Amicon). No subsequent 

purification steps after phosphocellulose chromatography were required.

2.3.2 Purification of pET19b constructs

Cell pellets from 1 L of culture, containing His-tagged Ubx or variants, were thawed 

at room temperature and lysed in buffer containing 800 mM NaCl, 10 mM P- 

mercaptoethanol (BME), a quarter tablet of Complete proteinase inhibitor cocktail, 5%
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glucose, 5 mM imidazole, and 50 mM NaH^PC^. DNasel (20 mg/mL, 40 (0.1) was used to 

digest released DNA, followed by centrifugation at 14,500 x rpm for 20 minutes. PEI 

(50% W/V, 200 pi) was added to the supernatant, and the mixture was centrifuged at the 

same speed for another 20 minutes. Protein samples were then incubated with 4 mL Ni- 

NTA agarose resin (Qiagen), which had been pre-equilibrated with about 40 mL wash 

buffer containing 300 or 500 mM NaCl, 10 mM BME, 5% glucose, 5 mM imidazole, and 

50 mM NaH2 PC>4 at 4°C. This mixture was loaded onto the column, which was washed 

with 80 mL wash buffer containing 5 mM imidazole, 80 ml of wash buffer containing 20 

mM imidazole, and 40 mL wash buffer containing 80-100 mM imidazole. Proteins were 

eluted by elution buffer (wash buffer with 200 mM imidazole).

2.3.3 Purification of pET28a construct, Ubxlb 6CA

The early steps of the purification procedure of Ubxlb 6CA-pET28a are very similar 

to those described in Section 2.3.2. After incubation with Ni-NTA resin for 10 minutes at 

4°C, protein and resin mixture were poured into the column. Packed resin was washed 

with (1) 50 mL wash buffer containing 5 mM imidazole, (2) 50 mL wash buffer 

containing 20 mM imidazole, (3) 10 mL wash buffer containing 50 mM imidazole, and (4) 

10 mL wash buffer containing 80 mM imidazole. Protein was eluted with wash buffer 

containing 200 mM imidazole.

2.3.4 Copurification of Exd and Hth

Exd-Hth cell pellet from 1 L of growth medium was thawed at room temperature 

and lysed in lysis buffer containing 50 mM NaPLPCL (pH 8.0), 300 mM NaCl, 1 mM
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imidazole, 5% glucose, 0.1% (by vol) (3-mercaptoethanol, a quarter tablet of proteinase 

inhibitor cocktail (from Roche), 20 mM EDTA, and 20 mg/mL DNasel. The cell lysate 

was sonicated with twelve pulses of 15 s at 15 s intervals using a VWR Bronson 

Scientific sonicator followed by centrifugation at 22,000 X g for 20 minutes. PEI (50% 

W/V, 200 pi) was added to the supernatant and the mixture centrifuged at the same speed 

for 15 minutes. Protein samples were then incubated with 4 mL nickel-nitrilotriacetic 

acid (Ni-NTA) agarose resin (slurry), which was pre-equilibrated with about 40 mL wash 

buffer, containing 50 mM NatLPCL (pH 8.0), 300 mM NaCl, 10 mM imidazole, and 5% 

glucose. The protein mixture was loaded onto the column, washed with 50 mL wash 

buffer with 20 mM imidazole, 30 mL wash buffer with 40 mM imidazole, 20 mL wash 

buffer with 80 mM imidazole. Protein was eluted by elution buffer (wash buffer with 100 

mM imidazole) and analyzed by SDS-PAGE and western blotting.

All purified proteins were analyzed by SDS-PAGE and/or western blotting. Protein 

concentrations were measured by Bradford assays, which will be described below, and 

the protein aliquots were dialyzed into storage buffer containing 10% glycerol, 200 mM 

NaCl, 1 mM DTT, and 50 mM Tris-HCl pH 7.5.

2.4 BioRad Assay

The Commercial BioRad assay is based on the Bradford assay (Bradford, 1976). The 

Bradford reagent is Coomassie Brilliant Blue G-250, which reacts with basic amino acids 

(especially arginine) and aromatic amino residues on the protein surface to produce a 

blue color. A standard curve using known concentrations of bovine serum albumin (BSA) 

(Pierce Biotechnology) was generated for reference. BioRad reagent (200 pi) and 800 pi
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of water were mixed in a plastic cuvette (VWR International). The baseline was acquired 

at 595 nm. Protein sample (20 pi) was then added into the mixture followed by several 

cycles of inversion. The absorbance of the sample at 595 nm was taken and the protein 

concentration was then calculated by fitting the absorbance value into the equation 

derived from the BSA standard curve.

2.5 Aggregation Assay

Purified proteins were diluted or dialyzed into storage buffer and binding buffer 

(described above). Proteins were incubated at room temperature in the test buffer for 1 h. 

Soluble proteins were then separated from aggregated protein using a Microcon 

concentrator (Millipore), with a molecular weight cut-off of lOOkDa. The Microcon units 

were spun in a desktop centrifuge at 16,000 X g for 15 min. Aggregated protein retained 

on the membrane was resuspended in 30 pi of dfEO, pipeting repeatedly across the 

membrane to ensure that as much protein as possible was removed. Soluble protein and 

aggregated protein samples were then run on 10% (29: 1 acrylamide:bisacrylamide) SDS- 

PAGE gels (Bondos and Bicknell, 2003).

2.6 Western blotting

Western blotting was employed to confirm the purified proteins. After SDS-PAGE 

(10%), the expected proteins were transferred onto nitrocellulose filter paper in transfer 

buffer (0.025M Tris, 20% methanol, 0.2 mM glycine). Following blockage with 10% 

defatted milk in PBST containing 80 mM Na2P0 4 , 20 mM NatEPO^ 100 mM NaCl,
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0.1% Tween 20, pH 7.5, for 1 hour, the nitrocellulose membrane was incubated with 

1:1000 diluted selected primary antibodies (mouse monoclonal Penta-His antibody, 

Qiagen or antibodies against various regions of Ubx) for 1 hour. After incubating with 

1:5000 diluted goat anti-mouse IgG secondary antibody for 1 hour, the nitrocellulose 

membrane was exposed to Western developer for a specific time, dependent on the 

amount of protein loaded on SDS-PAGE, following addition of substrates (Amersham).

2.7 DNA annealing and purification

Equimolar amounts of the synthesized sense and anti-sense strands were annealed 

and separated from residual single-stranded DNA using a 10% 19:1 polyacrylamide gel. 

The corresponding band was excised from the gel, crushed, mixed with 2 volumes of 

elution buffer (20 mM Tris-HCl, pH 7.5), and incubated at 37 °C for at least three hours. 

DNA samples were purified by filtration followed by ethanol precipitation.

2.8 DNA labeling

Annealed double stranded DNAs were radiolabeled with [y32 PJ-ATP (MP 

Biomedicals, Inc.) using polynucleotide kinase (New England Biolabs). The DNAs were 

radiolabeled for 90-105 minutes in a reaction containing ~ 100 nM DNA, 10 U 

polynucleotide kinase, 1 X kinase buffer (70 mM Tris-HCl, 10 mM M gCf, 5 mM DTT, 

pH 7.6), and 100 pCi of [y32 PJ-ATP in a final volume of 15 pi at 37 °C. The reactions 

were terminated by adding 1 pi of 0.5 M EDTA, pH 8.0. Unincorporated [y32 PJ-ATP 

was removed with a Nick column (Amersham Biosciences, Inc.). The Nick column was
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pre-equilibrated in TE pH 7.5. The column was washed with 380 pi TE buffer and eluted 

with an additional 380 pi TE buffer. The radioactivity of DNAs was measured with a 

scintillation counter (Beckman LS 1801), in which 1-3 pi of “hot” DNA was added to 5 

mL of scintillation cocktail (Research Products International Corp.). Typical results were 

around 100,000 cpm/pl. Aliquots of labeled DNA were stored at -20 °C.

2.9 DNA gel retardation (gel shift) experiments

Both protein affinity and activity were determined using gel retardation assays. The 

affinity gel retardation assays were performed under equilibrium conditions, where DNA 

concentration was well below A'd, generally 10"13 to 10"10 M. DNA binding buffer 

contained 5 mM DTT, 50 pg/mL bovine serum albumin (BSA), and 10% glycerol, and 20 

mM Tris-HCl at pH 7.5, unless otherwise specified. Total ionic strength was constant in 

all experiments with variable pH. In binding affinity experiments, the concentrations of 

freshly thawed, active proteins ranged through four orders of magnitude centered on the 

K(i of each variant. The oligonucleotide concentration was less than 10% of Kd, with -100 

cpm/^L. Binding reactions containing 20 pL of buffer/protein and 10 juL of DNA were 

incubated for 20 to 25 min at room temperature (22 °C).

Activity gel retardation experiments measured the fraction of protein capable of 

binding DNA. Activity assays were performed under stoichiometric conditions ([DNA] 

»  Kd). In typical activity experiments, the concentrations of freshly thawed proteins 

ranged through 1 order to 4 orders magnitude above the Kd of each variant. The “cold” 

oligonucleotide concentration exceeded Kd by at least 10-fold. A small fraction of radio- 

labeled DNA with -100 cpm //uL was added to the reaction to yield radiation signals.
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Binding reactions containing 20 fiL of buffer/protein and I0//L of DNA (mixture of 

“cold” DNA and radio-labeled DNA) were incubated for 20 to 25 min at room 

temperature (22 °C).

Retardation gels contained 4% -10% polyacrylamide, 0.5 X TBE (IX TBE: 0.045 

M Tris-borate, pH 8.0, 0.001 M EDTA), and 3% glycerol. The gels were pre- 

electrophoresed at 110 V with buffer recirculation for 0.5 hours. A 15 pi aliquot of each 

sample was loaded onto the gels while running at 270 V. After approximately 5-8 

minutes, the voltage was reduced to 120 V for a further 1.5 hours. The gels were blotted 

on filter paper, dried on a vacuum slab gel dryer, and exposed to a FUJI phosphorimaging 

plate for 3 to 16 hours.

To analyze the DNA binding data, image plates were scanned on a Fuji Imaging 

Analyzer BAS 1000 (Fuji Photo Film Co., Ltd, Japan). The relative amount of 

radioactivity within the “bound” and “free” species on the gel for each condition was 

determined by digitizing the gel images using MacBAS 2.0, ImageGauge 4.0, and 

MultiGauge 2.3 software.

2.10 Data fitting of gel retardation experiments

The equilibrium dissociation constant (Xd) was determined for the binding of 

interest proteins, to various target DNA sequences. In order to determine the amount of 

radioactivity in bound and free DNA, the gel images were digitized with MacBAS 2.0 

and ImageGuage 4.0. Data from bound and free bands were fit with the following two 

equations, respectively, using Igor Pro (Wavemetrics, CA)
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“Bound” data fitting equation:

R = Y„
[protein]11

[protein]0 + Kdn Equation 1

“Free” data fitting equation:

r
R —  VI mov

V

[protein]0

[protein]0 + K6n Equation 2

R is the fraction saturation, Ymax is a correction factor that allows for the R value at 

saturation to float, and n is the Hill coefficient and was allowed to float. The resulting Kci 

values once adjusted for protein activity (generally around 80% and never less than 60%), 

were averaged. Each reported K(\ and standard deviation included data from at least three 

experiments. Each experiment consisted of three measurements averaged together and 

one activity measurement. All binding experiments utilized at least two separate protein 

and DNA purifications.

2.11 Gel super-shift experiment

Gel super-shift experiments were performed by incubating purified Ubxla or Ubxla- 

18 (concentrations ranging from 4 x 10'11 to 1.6 x 10~6 M) with a constant concentration 

of purified Exd • Hth and a constant concentration of oligonucleotide with the Dll 

regulatory sequence (1 0 12 M) in 20 mM Tris-HCl (pH 7.5), 100 mM KCI, 100 pg/mL
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BSA, 5 mM DTT, and 10% glycerol for 30 minutes at room temperature. Retardation 

gels contained 4% polyacrylamide (37.5:1 acrylamide:bisacrylamide), or 0.5 % agarose 

and 3% polyacrylamide (37.5:1 acrylamide:bisacrylamide), 0.5 x TBE (0.045 M Tris- 

borate, 1 mM EDTA, pH 8.0), and 3% glycerol. Gel conditions were therefore kept 

constant while reaction conditions were altered. The gels were pre-electrophoresed at 

constant current (150 V) with circulation of 0.5 x TBE buffer for at least 30 min. To 

avoid sample diffusion and protein-DNA complex dissociation, especially for samples 

without addition of neutral solutes, 10 pi samples were loaded slowly onto the bottom of 

wells with microcapillary gel tips. Orange loading dye (6X) (NEB) was loaded side by 

side with the samples. The voltage for the running gel was 300 V and turned to 150 V 

after dye separation. Gels were run at room temperature for about three hours. Gels were 

blotted onto filter paper, dried on a vacuum dryer, and exposed to a FUJI 

phosphorimaging plate overnight. Images of protein-DNA complexes were scanned with 

a Fuji Imager and quantified using the MacBASlOOO 2.0 program. The DNA binding 

data were analyzed and fit with nonlinear Igor program version 2.0 according to the 

indicated.

2.12 MMTS modification

Methyl methanethiosulfonate (MMTS) was obtained from Aldrich Chemical Co. A 

10:1 molar ratio of MMTS and Ubxlb, which was previously dialyzed into nitrogen- 

purged 0.1 M Tris-HCl, pH 7.6, was incubated at room temperature for 1 hour. Following 

modification, unreacted MMTS was removed by dialysis against at 10 volumes of 0.1 M 

Tris-HCl, pH 7.6.
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Figure 2.9 A typical binding affinity (K d) measurement experiment. Both protein 
affinity and activity were determined using gel retardation assays. Each experiment 
consisted of three affinity measurements averaged together and one activity 
measurement.
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2.13 MNP titration

2-(Chloromercuri)-4-nitrophenol (MNP) was purchased from Aldrich Chemical Co. 

Ubxlb was dialyzed against 0.1 M Tris-HCl, pH 7.0. Protein solution (~ 0.7 mL) with 

known concentration (usually -10 pM) was added to 0.1 mL of 1 M Tris-HCl, pH 7.0, 

and 50 mM EDTA. Solid urea was added to 8 M, and the final volume was adjusted to 1 

mL. Aliquots (2 pi) of MNP solution (1 mM in 0.1 M NaOH) were added to protein 

sample followed by mixing and measurement of absorbance at 410 nm. Since the MNP 

and cysteine reaction product has an absorbance at 410 nm, when free cysteines are 

available, reaction will occur, and the absorbance at 410 nm will increase; otherwise the 

absorbance will remain constant. Using this characteristic behavior, the concentration of 

free cysteine in the protein was then determined from the titration curve.

2.14 Yeast Transformation

Yeast transformations were performed according to the Clontech Yeast Protocols 

Handbook. Reporter plasmid p8op-lacZ was transformed into yeast EGY48 strain. Yeast 

cells were incubated at 30 °C in liquid YPD, containing 1.0% yeast extract, 2.0% peptone, 

2.0% glucose, pH 7.0, and grown to an absorbance around 1.0 at 600 nm before 

transformation. Plasmid DNA (500 ng) encoding a LexA fusion protein was transformed 

into yeast EGY48 strain cells carrying the reporter plasmid. Yeast transformants were 

plated onto Ura' and His' X-gal plates and incubated at 30 °C until colonies became 

visible (-3 days). The yeast transformation experiments were mostly performed by the 

following undergraduate students: Zabeena Merchant, Karuna Munjal, and Eileen Shi.
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2.15 B-Galactosidase Assay

Transcription activation of the lacZ reporter gene was determined by monitoring P~ 

galactosidase production by blue/white colony assessment. Blue colonies indicate 

transcription activation by the Ubx fragment in the construct, and the relative shade of 

blue reflects transcription activation strength. Full-length Drosophila Ubxlb with 

confirmed transcription activation and pos-pLexA (provided by the company) were used 

as positive controls. Ubxlb proline mutant with disrupted transcription activation domain 

and empty plexA without transcription activation domain served as negative controls. 

The color of colonies was visualized on Ura' and His' X-gal selection plates.

2.16 Disorder prediction of Ubx orthologues

Several algorithms available online were applied to predict the tendency toward 

disorder of Ubx and its orthologues. IUPred (Prediction of Intrinsically Unstructured 

Proteins), PONDR (Prediction of Natural Disordered Regions), and DisEMBL (Intrinsic 

Protein Disorder Prediction) were used. These programs are available at 

http://iupred.enzim.hu/. http://www.pondr.com. and http://dis.embl.de/. respectively.
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Chapter 3 “

Multiple Sequences outside the Homeodomain of 

the Drosophila Hox Protein Ultrabithorax Alter

DNA Binding

3.1 Introduction:

To regulate tissue development, individual Hox family members control 

transcription of unique batteries of downstream genes (Pearson et al., 2005; Graba et al., 

1997). The homeodomain of a Hox protein mediates DNA binding with high affinity but 

low specificity (Bondos et al., 2004). In Drosophila, the amino acid sequences of Hox 

homeodomains range from 73% to 98% identical (Fig. 1.7). In general, Hox proteins 

expressed in adjacent tissues in vivo have more similar homeodomain sequences (Ekker 

et al., 1994; Mann and Chan, 1996). For instance, the Ultrabithorax and Deformed 

homeodomains bind with just 3-fold difference in affinity to the Ubx optimal DNA site 

(Li et al., 1996), a difference greatly amplified by altering pH or osmotic strength (Li et 

al., 1996; Li and Matthews 1997). The DNA binding properties of Hox homeodomains 

with higher sequence identity are even more similar (Wilson and Desplan, 1995).

“ S ign ifican t portions o f  th is chapter are d erived  from  a m anuscript in  preparation w ith  Dr. Sarah B ondos  

and Dr. K ath leen  M atthew s.
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The Antennapedia and Ultrabithorax homeodomains are 90% identical, and all DNA- 

contacting residues are identical. Consequently, DNA affinity and specificity are also 

very similar (Beachy et al., 1993, Bondos and Bicknell, 2003). However, in vivo 

Ultrabithorax and Antennapedia regulate different genes and drive development of 

different body structures (Pearson et al., 2005; Dessain et al., 1992): Drosophila mid- 

thoracic legs and wings are formed within the Antennapedia expression domain, whereas 

development of posterior thoracic legs and halteres from analogous tissues requires 

Ultrabithorax (Shiga et al., 2002). This disparity between the absolute requirement for 

distinct Hox activities in vivo and the similarity of homeodomain *DNA recognition in 

vitro has been termed the “Hox paradox” (Mann and Chan 1996; Mann 1995).

We hypothesize that amino acid sequences outside the homeodomain contribute to 

differences in binding site selection by Hox proteins during animal development. These 

sequences vary significantly between Hox proteins (Figure 3.1) and thus potentially 

permit distinct Hox functions in vivo. The first step in testing this hypothesis is to 

quantitatively determine whether sequences outside the homeodomain impact DNA 

binding as compared to that of the isolated homeodomain. As described in Chapter 1, the 

Drosophila Hox protein Ultrabithorax and its optimal DNA binding sequence (Ekker et 

al., 1991) were selected as a model system. By focusing on the Ubx isoform la (Ubxla) 

(Fig. 1.12), our in vitro measurements can be correlated with previous in vivo 

observations (Tour et al., 2005; Rozowski and Akam, 2002; Subramaniam et al., 1994).
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Figure 3.1 Sequence alignment of eight Drosophila Hox proteins. Aligned amino acid sequences are: Lab, Pb, Dfd, Scr,
Antp, Ubx, Abd A and Abd B. Completely and highly conserved residues are shaded in red and yellow, respectively. Only 
the homeodomain sequence and YPWM motif are highly conserved among Drosophila Hox proteins.
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3.2 Results:

3.2.1: Approaches to quantitatively measure DNA binding by full-length 

Ubxla and its variants

Initial studies in our lab revealed that the Ubxlb isoform is very sensitive to buffer 

conditions and aggregates easily in vitro (Bondos and Bicknell, 2003). Using a filter- 

based aggregation assay (Bondos and Bicknell, 2003), Dr. Bondos optimized Ubx buffer 

conditions and established the purification protocol of Ubxlb. With minor modifications,

I successfully purified pure, active, full-length Ubxla, Ubxla deletions, and Ubx 

homeodomain (see Chapter 2 for details) and measured the equilibrium dissociation 

constant, Kd, for each protein. Quantification by either free DNA or bound protein*DNA 

complexes produced similar results. To standardize procedures, free DNA was always 

measured to evaluate Kj since other studies involve DNAs with multiple binding sites 

(see Chapter 4). Each Kd measurement reflects no less than nine affinity measurements 

using at least two protein purifications to ensure differences in DNA binding were not a 

purification artifact. Furthermore, each measurement was corrected for protein activity 

which was simultaneously evaluated, allowing even small changes in binding affinity to 

be confidently assessed.

3.2.2 Remote regions modulate Ubx* DNA binding

Isolated homeodomains, with very similar sequence and structure characteristics, 

bind DNA with high affinity yet very low specificity (Billeter, 1996; Li et al., 1996; Li 

and Matthews, 1997; Galang and Hauser, 1993). Dr. Bondos’ previous studies using Ubx
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isoform lb indicated that isolated Ubx homeodomain and full-length Ubxlb differ in 

binding affinity, pH dependence, osmotic response, and redox sensitivity. According to 

these observations, we proposed that non-conserved regions outside the homeodomain 

potentially modulate homeodomain»DNA interactions. As a first step in testing this 

hypothesis, I measured the DNA binding affinity of Ubx-HD and full-length Ubxla to 

their optimal DNA binding sequence, TTAATGG, contained within a 40 bp 

oligonucleotide termed “Ubx40AB” (Galang and Hauser, 1993). Ubx-HD binds to 

Ubx40AB with an affinity of 60 ± 24 pM, consistent with previous measurements 

conducted in our laboratory and by others (Li et al., 1996; Li and Matthews, 1997; 

Galang and Hauser 1993). In contrast, full-length Ubxla has a binding constant of 160 ± 

33 pM, which is slightly lower than that of Ubxlb (-250 pM). The binding affinity of 

Ubxla is roughly 2.5-fold weaker than that of Ubx-HD (Fig. 3.2, and Table 3.1), 

confirming the hypothesis that sequences outside the Ubx homeodomain modulate the 

DNA binding by this region.
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Figure 3.2 DNA binding by full-length Ubxla and isolated Ubx-HD measured 
by gel shift assay. A. Equilibrium gel shift images for Ubx-HD and full-length 
Ubx, indicating bands with bound (B) and free (F) DNA. Lane 1 for both gels 
contained no protein, and lanes 2-20 contained Ubx-HD and Ubx increasing from 
4 nM to 160 nM and 50 nM to 2.0 pM, respectively. B. Binding curves for Ubx 
( ) and Ubx-HD (■). Each point in a curve was derived from three replicates 
within a single experiment, and the error bars indicate the standard deviation for 
these experiments. Only the fraction of free DNA is shown to simplify 
comparison. C. A bar graph shows the binding affinities of Ubx-HD and full- 
length Ubxla. The error bars represent the standard deviation of multiple repeats.
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Ubx Constructs Kd( pM) Kd7'5/  Kd6'0 Total Charges
pH 7.5 pH 6.0 + -

Ubx-HD-HK 55 ±12 3.2 ± 1.1 13 9
Ubx-HDb 63 ±24 3.5 ± 0.8 10 9
UbxIaN235C24 140 ± 60 25 ± 4.5 5.6 15 13
Ubxla-N235 130 ±49 17 ± 7.6 7.6 28 14
Ubxla-N216 190 ± 58 33 ± 0.9 5.8 36 14
Ubxla-N174 5200 ± 2000 770 ± 200 6.8 41 14
Ubxla-N139 3700 ± 2000 740 ±310 44 16
Ubxla-N88 2400 ± 570 3500 ± 500 6.7 53 19
Ubxla-N49 2500 ± 220 2500 ± 160 1.0 61 22
Ubxla-N19 1500± 120 1400 ± 540 1.1 69 23
Ubxla (tag 
ged)

160 ± 33 160 ±70 1.0 70 24

Ubxla-18 104 ±50 98 ±29 1.1 68 22
UbxIa-40 368 ± 132 430 ± 72 0.9 65 24
Ubxla (untagged) 180 ±30 110 ±23 1.6 70 24
a The equilibrium dissociation constant (Kd) was measured in TBB (see Materials and Methods for details). The reported IQs are the 
average from at least nine repeats, along with the standard deviation for all the replicates. 
b Amino acids 286-356

Table 3.1 DNA binding affinity and pH dependence of full-length Ubxla (tagged and untagged), Ubxla deletions, 
Ubx-HD“, and Ubx-HD-HK.

0 0



8 4

The next step in understanding Ubx*DNA interaction is to identify which non- 

homeodomain regions impact binding. Ubxla, like many eukaryotic transcription factors, 

has no recognizable features outside its DNA binding domain that could guide point 

mutagenesis. In fact, disorder tendency analysis studies showed that this protein contains 

several small disordered areas and a very big unstructured region, located in the middle 

of this protein (Fig. 3.3). We therefore located regulatory regions by measuring DNA 

binding affinity for a series of Ubx deletion mutants. This approach parallels many in 

vivo and in vitro studies of eukaryotic transcription factor function (Ronshaugen et al., 

2002; Chang et al., 1997; Vigano et al., 1998; Zhang et al., 1994; Wang et al., 2002; Tour 

and McGinnis 2005). Ubxla deletions were designed to iteratively remove roughly 40 

amino acid sections (Fig. 3.3). The deletion boundaries do not bisect the few secondary 

structural elements outside the homeodomain (Tan et al., 2002), the YPWM motif, a 

series of loosely conserved motifs (O'Connor et al., 1988; Galant and Carroll 2002), or 

the alternatively spliced microexons (Subramaniam et al., 1994, Wang et al., 2002;

Garvie et al., 2002). Barring the initiator methionine, each deletion mutant is named for 

the terminus removed and the first amino acid present after the deleted sequence (Fig. 

3.3). Successive removal of each section tests whether that section enhances, inhibits, or 

has no effect upon DNA binding.

Purifying deletion mutants of an aggregation-prone protein is challenging, since 

aggregation is generally dependent on amino acid sequence (Bondos and Bicknell, 2003). 

Therefore, truncated Ubx variants are likely to differentially respond to -  and potentially 

aggregate in -  the multiple buffer changes required for purification of untagged, full- 

length protein. In order to avoid this issue, the purification procedures were simplified

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



8 5

and standardized by engineering histidine tags for full-length Ubxla and deletions. We 

first introduced a histidine tag to the N-terminus of full-length Ubxla, comparing the 

binding affinity and pH dependence of tagged-UbxIa and untagged Ubxla. Since our data 

showed that this tag does not significantly alter either Ubx*DNA affinity or the pH 

response of full-length Ubx (Fig. 3.4 and Table 3.1), histidine tags were therefore 

engineered for all the deletion mutants.
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Figure 3.3 Sequence schematic for Ubxla and its variants. The homeodomain (HD), activation domain, subdivided into the core region 
required for function (AC) and the enhancement region that boosts activity (AER), and a partial repression domain (R) (Tan et al., 2002; 
Galant and Carroll, 2002) are shown. The highly conserved YPWM Exd interaction motif (Y), five moderately conserved motifs (1-5), the 
poly-glycine region (G), and the microexons (ml and mil) are also indicated. The predicted disordered regions are represented by blue 
lines below. The boundaries for the 9 deletion mutants and relative to these domains are also shown. For the two internal deletion mutants, 
red dashed lines represent deleted regions. 00On
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Figure 3.4 DNA binding affinities of untagged Ubxla and his-tagged 
Ubxla measured under different conditions. DNA binding affinities of 
tagged and untagged Ubxla were measured at pH 7.5 (■) and pH 6.0 (* ) in 
Tris binding buffer. Binding curves reported in this figure were derived 
from replicates within a single experiment, which includes three individual 
affinity measurements. The results from multiple determinations are 
summarized in Table 3.1, and the error bars indicate the standard deviation 
for these replicates.
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The aggregation propensity, activity (percentage of protein capable of binding 

DNA), and affinity (the propensity of active protein to bind to DNA) were determined for 

each deletion mutant (Table 3.2). One deletion, N149, easily aggregated and was 

therefore not investigated further (Fig. 3.5). The remaining proteins were both soluble 

and active, indicating the structure and DNA binding capacity of the homeodomain were 

not compromised.

S t o r a g e  B u f f e r B in d in g  B u f f e r
r \ r

1 2 3 4
A g g S o l A g g S o l

Figure 3.5 Aggregation assay of Ubxla-N149. Aggregation 
experiments are conducted in both protein storage buffer (lane 1 
and 2), and binding buffer (lane 3 and 4). The soluble protein and 
aggregated protein are indicted by Sol and Agg, respectively.
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Name Size (KD) Expression Purified by Activity Aggregation
UbxIa-pET3c 39.1 Good Phosphocellulose and Ni-NTA columns 80% No
UbxIa-pET19b 41.8 Good Ni-NTA column 80% No
UbxIa-N19-pET19b 40.0 Good Ni-NTA column 60% No
UbxIa-N49-pET 19b 36.9 Good Ni-NTA column 60% No
UbxIa-N88-pET19b 32.8 Good Ni-NTA column 70% No
UbxIa-N139-pET19b 29.5 Good Ni-NTA column 75% No
UbxIa-N149-pET19b 27.5 Good Ni-NTA column Low Yes
UbxIa-N174-pET19b 26.1 Good Ni-NTA column 75% No
UbxIa-N216-pET19b 21.4 Good Ni-NTA column 60% No
UbxIa-N235-pET19b 19.7 Good Ni-NTA column 75% No
UbxIa-N235C24-pET19b 15.6 Good Ni-NTA column 70% No
Ubxla-18-pET3c 37.0 Good Phosphocellulose and Ni-NTA columns 75% No
UbxIa-42-pET3c 34.9 Good Phosphocellulose and Ni-NTA column 70% No
HD-pET3c 9.2 Good Phosphocellulose column 70% No
HD-HK- pET3c 9.2 Good Phosphocellulose column 70% No

Table 3. 2 Expression, purification, activity, and aggregation tests of studied Ubx constructs.
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We sequentially evaluated increasingly long Ubx variants to determine which 

regions impact HD*DNA affinity. Comparing the DNA binding affinities for this set of 

deletion mutants, we found the region between amino acids 235 and 286 confers a 2-fold 

decrease in affinity compared to Ubx-HD. We defined this region as a weak inhibition 

region, II (Fig. 3.6 and Table 3.1). The DNA binding affinities of both N216 and N235 

are similar, therefore amino acids 216-235 do not significantly impact binding (Figure

3.6 and Table 3.1). Indeed, multiple point mutations in this region did not harm the 

ability of full-length Ubx to regulate an enhancer-reporter construct, which relies upon 

Ubx*DNA binding, in yeast cell culture (Tan et al., 2002).

The N-terminal 174 amino acids exhibit large and compensation effects on DNA 

binding (Fig. 3.6 and Table 3.1). Strikingly, the DNA binding affinity of N174 is -80- 

fold lower than that of Ubx-HD. This strong inhibition of DNA binding by the 12 region, 

amino acids 174-216, is not caused by aggregation or lower protein activity. Iterative 

inclusion of amino acid sequences from 1-174 gradually improved DNA binding affinity, 

although amino acids 49-88 appear to have little impact. Intriguingly, this effect is 

roughly linear with the number of amino acids removed (Fig. 3.6, R2 = 0.92), although 

the error in measuring DNA binding for low affinity (high K,i) proteins may obscure non

linear effects. In general, we conclude that amino acids 1 -  174 restore the majority of 

DNA binding affinity lost by II and 12. This region is termed the R region.

According to these data, two key mechanisms can be proposed to explain the II and 

12 inhibition in the context of Ubxla deletion mutants. First, in the context of full-length 

Ubxla, the U , 12, and R regions all impact the ability of Ubx-HD to bind to DNA. II and 

12 may prevent HD*DNA contacts or destabilize the Ubx-HD, whereas the R region can
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independently facilitate HD»DNA contacts or stabilize the Ubx-HD. The competition 

between the opposite behaviors of 11/12 and R results in a 2.5-fold lower binding affinity 

of full-length Ubxla compared to Ubx-HD. Therefore, in the context of Ubx N-terminal 

deletions, without the R competitor, II and 12 dramatically decrease the binding affinity 

of Ubx-HD. In the second mechanism, high affinity binding requires contacts or 

communication between II and/or 12 with the Ubx N-terminus to create an energetic or 

structurally favorable state: In the context of Ubx N-terminal deletions, this state is not 

available, and higher binding affinity cannot be achieved. These two potential 

mechanisms are summarized in Table 3.3.

These mechanisms can be distinguished by two approaches. First, theoretically they 

could be distinguished by the ability of II and/or 12 to bind to the Ubx N-terminus. 

However, since Ubxla is a largely unstructured and highly aggregation-prone protein, any 

examination of intramolecular interactions requires caution, and approaches to explore 

this possibility are complicated. Practically, these potential mechanisms can be 

distinguished by examining critical internal deletions. One difference between 

mechanism 1 and mechanism 2 is whether the functions of the Ubx N-terminus (R region) 

and the II, 12 regions are independent. If they are independent functions (mechanism 1), 

the behavior of II and 12 N-terminal deletions and their corresponding internal deletions 

should be similar. We have used this approach by constructing two internal deletion 

mutants, Ubxla-18 and UbxIa-42.

In the Ubxla-18 mutant, part of the II region, including the highly conserved 

YPWM motif and its surrounding area, were deleted. This mutant was previously utilized 

in in vivo studies and therefore allows correlation of our in vitro measurements with in
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vivo observations. We first compared the binding affinity of Ubxla-18 with wild-type 

Ubxla, Ubxlb, Ubxla-N235, and Ubx-HD. The binding affinity of Ubxla-18 is slightly 

higher than that of full-length Ubxla, indicating that the 18 residues within the II region 

can also inhibit binding in the context of full-length protein (Fig. 3.7 and Table 3.1). 

According to our logic presented above, the same effects of (partial) II region observed 

in the context of an Ubx external deletion (UbxIa-N235C24 vs. Ubx-HD) and full-length 

Ubx (Ubxla-18 vs. Ubxla) indicate that this region may utilize mechanism 1 to fulfill its 

function. In addition, we noticed that among Ubxlb, Ubxla, and Ubxla-18, the binding 

affinities gradually increased (Fig. 3.7). One difference among these proteins is the length 

of the Ubx microexon region, suggesting that Ubx isoforms may have varied binding 

affinities in vivo.

We then examined the binding of UbxIa-42. The binding affinity of this internal 

deletion is lower than that of full-length Ubxla (Table 3.1). Apparently, the function of 

the 12 region depends on the presence of the N-terminus, suggesting mechanism 2 might 

apply to the 12 region.

3.2.3: pH regulation of Ubx*DNA binding

Regions outside the homeodomain may also be sensitive to the chemical 

environment, but their impact on DNA binding is hidden by invariant buffer conditions. 

For instance, homeodomains isolated from the fly Hox proteins Ubx and Deformed only 

have a ~2.9-fold difference in affinity for the Ubx optimal sequence at pH 7.5, yet this 

difference increases to 49-fold at pH 6.0 (Li et al., 1996). Therefore, we explored whether 

differences in binding by Ubxla and Ubx-HD would also be amplified by pH variation.
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Ubx-HD«DNA binding affinity is maximum (Kd is minimum) at pH 6.0 with a roughly 

20-fold higher affinity than at pH 7.5 (Fig. 3.8). Therefore, changes in the chemical 

environment significantly impact protein function in vitro and possibly in vivo.

Before we explored the functional domain responsible for the differentiated pH 

sensitivity between Ubxla and Ubx-HD, we first asked why isolated HD has higher 

binding affinity at pH 6. It is most likely that low pH may generate a protein 

configuration that optimizes HD contacts along the DNA backbone for increased 

contribution of ionic interactions to overall affinity. Since the pKa of histidine is 6.1, we 

first determined whether protonation of histidine residues can add HD*DNA contacts and 

thereby enhance binding. As shown in Figure 3.9, Ubx-HD contains three histidine 

residues, two of which are somewhat conserved in Hox homeodomains. None of the 

histidines contacts the DNA (Fig. 3.9). We converted all of the three histidines to lysine 

residues (HD-HK) simultaneously. If histidine protonation increases binding at pH 6.0 

due to its positive charge, the lysine substitutions should increase binding at all measured 

pHs due to the higher pK for the amino group. Our data indicated that, like HD, the HD- 

HK mutant is still pH sensitive (Fig. 3.9). This observation suggested that other ionizable 

groups with shifted pKas may contribute to both Ubx-HD»DNA affinity and the pH effect.

We compared the DNA binding affinity of Ubxla from pH 5.0 to 10.0 (Fig. 3.8). 

Although the pH profile of Ubx-HD*DNA affinity has a sharp peak at pH 6.0, 

UbxIa*DNA affinity remains constant above -pH 6.0, below which the affinity gradually 

weakens. The histidine tag also does not alter the effect of pH on Ubx*DNA binding (Fig.

3.6 and Table 3.1). Therefore, regions outside the homeodomain mask or dominate the 

pH sensitivities of the homeodomain.
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terminal deletion mutants, and IN - and C- terminal double mutant. The
low affinities of N 139 and N174 are near the experimental limits of gel 
retardation assays and therefore have larger errors. Data for full-length Ubxla 
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suggesting a linear rather than cooperative effect. Sequences outside the Ubx- 
HD dramatically impact DNA affinity.
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Description Is Ubx N-terminus Possible
(in the context o f  full-length U bxla) required? conductor

Ml Ubx N-terminus (R region) and 11 and/or 12 regions impact DNA binding 
independently and compete with each other. No 11

M2 Interactions between 11 and/or 12 and the R region are energetically or 
structurally favorable for high affinity DNA binding. Yes 12

Table 3.3 Binding affinity models.
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Figure 3.7 DNA binding affinity of Ubxlb, Ubxla, Ubxla-18, and 
Ubx-HD. A. Schematic representation of Ubxlb, Ubxla and Ubxla-18. 
B. Bar graph representation of binding affinity.
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Ubxla

K d (pM )

pH 5.0 pH 6.0 pH 7.0 pH 7.5 pH 8.0 pH 9.0 pH 10.0

Ubxla 540 +  240 260 +  130 160 +  70 160 ±  33 110 +  40 120 +  40 110 ±  9.0

Ubx-HD 25 +  2.6 2.0 +  0.3 32 +  3.8 50 ±  2.1 63 +  5.5 79 +  8.2 130 +  20

Figure 3.8 pH differentially affects Ubx-HD and Ubxla DNA binding.
A. Ubx-HD (Li et al., 1996) and Ubxla binding to Ubx40AB were measured 
over the pH range 5.0 to 10.0 in Tris binding buffer at constant ionic 
strength. Log (Kd) values are reported. B. Kd values of Ubx-HD (Li et al., 
1996) and Ubxla binding to Ubx40AB measured over the pH range 5.0 to 
10.0
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Figure 3.9 Exploration of the Histidine residues in homeodomains. A. Sequence 
alignment of homeodomains from 8 Drosophila Hox proteins. Completely 
conserved residues and histidine residues are shown in red and yellow, respectively. 
B. Crystal structure of Ubx-DNA complex. This structure is deduced from DNA 
bound Exd and Ubx homeodomain complex (PDB lb8i, Passner et al., 1999). 
Histidine residues are highlighted in yellow. None of these histidines touch the 
DNA. C. pH dependence of HD-HK. DNA binding affinities HD-HK were 
measured at pH 7.5 (■) and pH 6.0 (» ) in Tris binding buffer. The results from 
multiple determinations are summarized in Table 3.1.
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The region(s) impairing the pH response was located by assessing the ratio of DNA 

binding affinities of Ubxla deletion mutant series at pH 7.5 and 6.0, thus normalizing for 

inherent changes in DNA affinity. The Kd7'5/K /  0 ratio for homeodomain was 18, 

whereas that for full-length Ubxla was 1.0. The binding affinity ratio between Kd7'5 and 

Kd60 reveals two break points within the Ubx deletion mutant series (Figs. 3.10 and 3.11 

and Table 3.1). N19, N49, and N88 do not respond to pH, despite the dramatically 

decreased DNA binding affinities of N88 and N139. The affinity ratios increased from 

0.7 for N88 to 5.0 for N139, indicating the intervening amino acids not only enhance 

binding affinity as described above, but also restrict the Ubx pH response. This moderate 

level of pH dependence (Kd7'5/Kd6'° = 5.0-7.6) was observed for deletions with low DNA 

affinity (N139, N174) as well as those with high affinity (N216, N235). Therefore, the 

pH effect reports on a different aspect of DNA binding than affinity modulation.

A significant difference in affinity ratios occurs between Ubx-HD and N235, which 

includes the II region (N-terminal to Ubx-HD) and an additional 24 residues C-terminal 

to the homeodomain. The affinity and the pH ratio of N235C24, which also removes the 

C-terminal 24 amino acids, is comparable with N235 (Table 3.1). Therefore, the C- 

terminal 24 amino acids in Ubx do not modulate DNA binding, and the effect is due to 

amino acids 235 to 286. Thus, the II region has multiple roles: binding affinity inhibition 

and modulating pH response. Note that two regions of Ubx -  one that inhibits and one 

that restores DNA binding by the homeodomain -  are required to generate the pH 

insensitivity characteristic of full-length protein. None of the full-length deletions had as 

high a pH ratio as Ubx-HD.
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We also evaluated the pH dependence of the two internal deletion mutants, Ubxla- 

18 and UbxIa-42. As expected the UbxIa-42 mutant is not sensitive to pH environment 

(Table 3.1), since Ubxla-N174 and UbxIa-216 have comparable ratios. However, our 

data showed that the Ubxla-18 mutant did not respond to pH variation, which is 

inconsistent with the observation obtained from the Ubx N-terminal deletion mutants. We 

suggest that in the context of full-length protein, the pH regulation role of residues 235 to 

286 is obscured by the large unstructured region. It is also possible that the pH effect 

arises from the C-terminal portion of II, which is not deleted by Ubxla-18.

3.3 Conclusions and Discussion:

3.3.1: Sequences outside the homeodomain significantly impact 

Hox* DNA binding

As a first step to understanding how Hox proteins differentially recognize DNA 

targets, we have identified three regions outside the DNA binding domain that modulate 

HD'DNA recognition in Ubx (Fig. 3.12). The II region spans amino acids 235 to 286 

and inhibits DNA binding by 2-fold. This region includes the alternatively spliced 

microexon region and the YPWM motif, which binds the general Hox cofactor 

Extradenticle (Exd) (Mann and Chan, 1996; Mann and Affolter, 1998; Mann, 1995). The 

YPWM motif also inhibits binding by Drosophila Hox protein Labial deletion mutant to 

a Hox-Exd composite DNA binding site (Ebner et al., 2005). Although the YPWM motif 

is absolutely conserved among all known Ubx orthologues, only dipteran species (fly, 

mosquito) are alternatively spliced between the YPWM motif and the homeodomain (Tan 

et al., 2002). Indeed, 5 of the 8 Hox family members in Drosophila are alternatively

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



101

spliced in this region. Therefore, regulation of DNA binding by this region may be a 

highly evolved Hox function unique to dipterans.

The strongly inhibitory 12 region is located between amino acids 174 and 216, a 

portion of the activation domain that is absolutely required for transcription activation in 

cell culture (Tan et al., 2002). In Drosophila cell culture, DNA sequence is sufficient to 

determine whether Ubx will activate or repress a reporter gene (Krasnow et al., 1989). 

This shared regulatory domain may allow sequence-specific DNA binding to influence 

transcription regulation. The amino acid sequence in this region is extremely variable, 

even among closely related orthologues (Galant et al., 2002) (Figure 3.13). In general, 

this area and its corresponding regions in other Ubx orthologues are unstructured. 

Disordered prediction analysis showed that the disordered tendency of these related 

regions is at least 0.5, and some regions are, in fact, as high as 0.8 (Fig. 1.6). Since the 

disorder in this region is evolutionarily preserved, this character may be a conserved 

feature in the Ubx family. Differences in tendency to disorder may modulate regulation 

by this region among Hox orthologues and therefore differentiate Hox functions in vivo.

The removal of the 12 region does not result in increased binding affinity of Ubxla, 

indicating that this region cannot fulfill the inhibition role on its own. This region may 

coordinate with the R region to execute the observed impacts. Most of the DNA binding 

affinity lost due to the II and 12 regions is cumulatively restored by amino acids 1-174, 

which comprise the restoration region, R. Within this region, amino acids 49-88 appear 

to have little influence on binding. The enhancement of DNA binding affinity by the R 

domain is linearly proportional to its length (Fig. 3.6, R2 = 0.92). Potential mechanisms, 

which were described in the Section 3.2, were proposed to explain the binding affinity
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regulation observed in our study. From our analyses, the II region can modify Ubx 

binding affinity independently of the N-terminus, a unique feature of mechanism 1. 

However, the function of the 12 region requires coordination with the Ubx N-terminal 

sequence (R region), which fits mechanism 2.

We noticed that the R region encompasses the activation enhancement domain 

(amino acids 68-159, Fig. 3.12), for which sequence length linearly correlates with the 

enhancement of transcription activation in yeast cell culture assays that monitor this 

feature independent of DNA binding by the homeodomain (Tan et al., 2002). Such 

behavior is in striking contrast to that of cooperatively folded domains, which require the 

entire sequence for function. The R region also contains the N-terminal 19 amino acids, a 

region that is required to activate the decapentaplegic and teashirt genes in vivo (Wang et 

al., 2002; Tour et al., 2005). The differences in DNA binding in vitro are sufficiently 

large to account for the failure to regulate target genes in vivo, and thus may explain why 

this region impedes activation of multiple genes in ectopic expression assays (Wang et al., 

2002). Significantly, these results suggest the regulation of DNA binding affinity 

observed in vitro also impacts Ubx function in vivo.

The amino acid sequence of the Ubx N-terminus is conserved, suggesting this region 

is crucial for protein function. The N-terminal 19 amino acids are 68% identical in 

selected arthropod species, representing 400 million years of evolution (Fig. 3.13). This 

motif is only 32% identical with the N-terminus of an Onychophoran Ubx, which is the 

last shared common ancestor with Drosophila Ubx (Grenier and Carroll, 2000; Galant et 

al., 2002). It will be interesting to determine whether regulation of DNA binding affinity 

correlates with sequence conservation in these Ubx orthologues.
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Figure 3.10 Ratio of the DNA binding affinities measured at pH 7.5 and 
pH 6.0 for Ubxla, Ubx-HD, and deletion mutants. The experiments were 
performed in Tris binding buffer. Constructs with similar pH sensitivity are in 
same color. Wild-type Ubxla, tagged Ubxla, Ubxla-N19, Ubxla-N49, and 
Ubxla-N88 are not pH sensitive; however, Ubxla-139, Ubxla-174, Ubxla- 
N216, Ubxla-N235, HD-HK, and HD are pH dependent. The additional C- 
terminal deletion did not impact Ubxla-N235. Residues 88-138 and 235-286 
contribute to the pH sensitivity of full-length Ubx. This effect suggests these 
regions can directly impact the structure and/or energetic state of the 
homeodomain.
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Figure 3.11: pH Dependence of full-length Ubxla, critical Ubx deletion mutants, and isolated Ubx-HD. DNA binding affinities of 
full-length Ubx, Ubx deletion mutants, and isolated Ubx-HD were measured at pH 7.5 (■) and pH 6.0 ( 8) in Tris binding buffer. Binding 
curves of critical proteins including Ubx-HD (1), N235 (2), N139 (3), N88 (4), and full-length Ubxla (5) were derived from replicates 
within a single experiment, which includes three individual affinity measurements, and the error bars indicate the standard deviation for 
these replicates. The results from multiple determinations are summarized in Table 3.1.
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Figure 3.12: Most sequences outside the homeodomain regulate DNA binding. The conserved motifs (1-5), poly-glycine region (G), 
YPWM motif (Y), microexons (ml and mil), homeodomain (HD), transcription enhancement region (AER), transcription activation core 
(AC), and transcription repression domain (R) are indicated (Tan et al., 2002; Galant and Carroll, 2002). The high affinity binding by 
homeodomain can be slightly inhibited by amino acids 235 to 286 (II, light red), including the conserved YPWM motif and Ubx 
microexons. The middle part of Ubx (amino acids 174 to 216,12, red) overlaps a large portion of the Ubx transcription activation core and 
strongly inhibits DNA binding. The decreased binding affinity can be restored by amino acids 1 to 174 (R, green), in a length-dependent 
manner. The II region and amino acids 88-139 (blue) regulate the pH dependence of Ubx protein.
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Figure 3.13 Sequence alignm ent o f six Ubx orthologues. Aligned amino 
acid sequences are: fly Ubx from Drosophila melanogaster, mosquito Ubx 
from Anopheles gambiae, butterfly Ubx from Junonia coenia, beetle Ubx 
from Tribolium castaneum, shrimp Ubx from Artima franciscana, and 
worm Ubx from onychophoran Akanthokara kaputensis. These six animal 
species represent the evolution of 540 million years. Amino acids shaded in 
red are shared among all the six Ubx orthologues, those shaded in blue are 
shared by at least four Ubx orthologues. Highly conserved motifs, YPWM 
and Ubx homeodomain, are highlighted by solid lines. Five moderately 
conserved regions outside homeodomain are highlighted by dashed lines.
12 region and transcription activation core (AC) are emphasized in black 
and green boxes, respectively.
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The effects of the N-terminus on DNA binding may extend to other Hox proteins as 

well. A weakly conserved SSYF motif is located near the N-terminus of a subset of Hox 

proteins, including Ubx (Tour et al., 2005). An N-terminal deletion mutant of the 

Drosophila Hox protein Sex Combs Reduced, which removes this motif, fails to activate 

transcription offorkhead and CrebA (Tour et al., 2005). Therefore, changes in DNA 

binding affinity by Sex Combs Reduced may also contribute to this phenotype. 

Importantly, this motif is absent in the Drosophila Hox proteins Proboscipedia, 

Abdominal A, and Abdominal B and therefore may also differentiate DNA binding 

among Hox proteins within a single organism (Tour et al., 2005).

3.3.2: Environmental effects on Hox*DNA binding

The lack of pH-sensitive residues in the Ubx-HD*DNA interface implied the 

increase in affinity at pH 6.0 was due to cumulative small changes in the strength of 

many intramolecular contacts (Li et al., 1996). Both missing nucleotide experiments and 

structural information suggest the HD»DNA interface is very malleable (Frazee et al., 

2002; Draganescu et al., 1995; Billeter et al., 1993; Billeter, 1996). Many of these 

contacts are water-mediated, and the hydration of the interface is predicted to be highly 

dynamic (Billeter et al., 1996; Fraenkel and Pabo, 1998). Together, these data suggest an 

ensemble of HD*DNA interaction modes rapidly interconvert in a manner that is 

sensitive to the chemical environment.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



108

3.3.3: Implications for the Hox paradox

The Hox paradox stems from two DNA binding results: first, all Hox homeodomains 

bind a wide variety of DNA target sequences with similar affinity, and second, HD»DNA 

interactions are extremely conserved within the Hox family. The strong affinity, low 

specificity, and high conservation of homeodomains raise several important questions 

regarding Hox function in vivo: (1) How do Hox proteins select a specific target when 

they are capable of binding a very wide array of DNA sequences? (2) How does a single 

Hox protein bind to a unique subset targets in different tissues to drive context-specific 

gene regulatory cascades? (3) How do Hox family members from the same organism 

function differently to generate different Hox-dependent morphologies? (4) How do 

orthologues of a single Hox protein vary their function to contribute to the evolution of 

animal body plans? We have identified multiple regions outside the homeodomain that 

impact DNA binding. These complex regulatory pathways provide the opportunity to 

diversify DNA binding by Ubx, and potentially any Hox protein, in response to the 

cellular context or evolutionary pressure. These regions also provide a means to 

coordinate DNA binding with other Hox functions, such as transcription activation. 

Therefore, identification of protein regions that modify homeodomain »DNA interactions 

is a critical first step in resolving the Hox paradox at the molecular level.
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Chapter 4 

Multiple Cross-domain Regulatory Interactions 

Differentiate DNA Binding 

by Hox Transcription Factors

4.1 Introduction:

Studies presented in Chapter 3 demonstrate that regions outside homeodomain 

modify DNA binding by the homeodomain; however, binding specificity must also 

change for this mechanism to provide even a partial solution to the Hox paradox. Because 

the II region appears to impact homeodomain»DNA binding directly, this region is also a 

good candidate for determining DNA binding specificity. The II region contains a 

tetrapeptide motif Tyr-Pro-Trp-Met (YPWM), which is present in almost all Hox proteins 

from different animal species with the exception of Abdominal-B and its orthologues (Fig. 

3.1) (Johnson et al., 1995; Mann and Affolter, 1998). The YPWM motif (or its related 

sequence in other Hox proteins) forms a reverse turn to interact with homeodomains of 

the Pre-B cell (PBC) family, such as Exd in Drosophila (Fig. 4.1) (Passner et al., 1999; 

Piper et al., 1999; Laronde-Leblanc and Wolberger, 2003).
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YPWM

Fig 4.1 Crystal structures of homeodomains of Hox protein and PBC protein bound by DNA. A. Crystal structure of a 
DNA-bound Ubx*Exd homeodomain complex. Ubx and Exd homeodomains bind in tandem on opposite faces of the DNA. 
The YPWM motif reaches into a hydrophobic pocket on the surface of the Exd homeodomain. This structure was created using 
the PDB lb8i (Passner et al., 1999). B. Structure of a DNA-bound HoxBl»PBXl homeodomain complex. The FDWM motif 
of HoxB 1-HD touches the homeodomain of PBX1. This structure is derived from PDB lb72 file and serves as another 
example of FDWM (YPWM related motif)-mediated interaction between homeodomains of Hox and PBC proteins.
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The ability of Hox proteins to regulate transcription in conjunction with a cofactor 

can potentially solve the Hox paradox by doubling the DNA sequence recognized. 

However, Exd is crucial for all Hox functions. Although Ubx is expressed throughout the 

haltere imaginal disc, Exd is not expressed within the central part of this disc; therefore, 

Ubx must utilize other mechanisms or coordinate with other cofactors to fulfill its 

functions (Galant et al., 2002; Bondos et al., 2004). Furthermore, the YPWM motif, as 

part of I I , may also contribute to DNA binding specificity. Indeed, different YPWM 

mutants used in examining gene regulation by different laboratories have generated 

inconsistent conclusions (Ryoo et al., 1999; Galant et al., 2002; Mann, 1995) ranging 

from loss of gene regulation (Chan and Mann, 1996), to a reduction in gene regulation 

(Tour et al., 2005), to having little or no effect (Galant et al., 2002). These differing 

results may be caused by several possibilities: (1) the YPWM motif may have multiple 

functions (Tour et al., 2005); (2) tissue- or gene-specific effects may influence 

regulation; (3) regions around the YPWM motif, which were also mutated or deleted in 

severe truncation mutants in a subset in vivo experiments (Fig. 4.2), may contribute to its 

function; and (4) other contact surfaces may exist between Hox and Exd (Galant et al., 

2002). In this chapter, full-length, purified proteins are used to quantitatively assess the 

potential roles of YPWM in Exd interaction and in generating DNA binding specificity.
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Figure 4.2 Mutants in the YPWM region utilized in previous and 
current studies. The schematic structures of Ubxlb and Ubxla are 
shown. The relative positions of YPWM motif (Y), homeodomain (HD), 
and Ubx microexons are emphasized. Ubx and variants utilized in 
current studies are shown in red. The mutants that have been utilized in 
in vivo experiments are indicated by stars.
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4.2 Results:

4.2.1 Co-expression and co-purification of Exd and Hth

The first priority of this part of work was to express and purify the required proteins. 

Previous studies showed that Exd is translocated from cytoplasm into the nuclei through 

a direct interaction with the homeodomain containing protein, Homothorax (Hth) (Jaw et 

al., 2000). Importantly, these two proteins remain bound to each other in nuclei (Jaw et 

al., 2000; Rieckhof et al., 1997; Abu-Shaar et al., 1999). Since Exd was not soluble as a 

monomer, Exd»Hth were co-expressed and co-purified via a histidine tag on Hth (Fig. 4.3) 

(see Chapter 2 for details).

4.2.2 Comparison of the interactions of Ubxla and Ubxla-18 with 

Exd • H th complex on the DII regulatory sequence

Whereas the YPWM motif has traditionally been regarded as the core Hox 

interaction surface with PBC proteins, recent data suggest other surfaces may not only 

participate in the interaction, but may also be strong enough to stabilize complex 

formation in the absence of the YPWM motif (Merabet et al., 2007). To coordinate with 

in vivo studies, Exd interaction was compared for full-length Ubxla and Ubxla-18, an 

internal deletion mutant removing 18 amino acids including the YPWM motif. Super

shift experiments were performed with purified proteins and target DNA with known 

concentrations. The theoretical results for a super-shift experiment are shown in Figure 

4.4. An initial super-shift experiment was conducted with a native gel containing 4% 

polyacrylamide (37.5:1 acrylamide:bisacrylamide), 0.5 x TBE, and 3% glycerol. Both
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wild-type Ubx la and Ubx la-18 mutant were shown to interact with the Exd*Hth 

complex (Fig. 4.5). However, protein*protein interactions tend to have affinities near the 

upper separation limit for gel shifts. Therefore, the complex can dissociate before 

separating.

The effect is diminished in less tightly cross-linked gel matrices. As shown in Figure 

4.6, this large complex is more easily separated in a gel matrix containing 0.5% agarose 

and 3% poly-acryl amide (condition C). Using this gel matrix, quaternary complexes 

were observed under conditions in which neither Ubxla/Ubxla-18 nor Exd*Hth bind 

DNA (Fig. 4.7). Therefore, Ubxla is not binding independently of the Exd*Hth complex. 

Exd*Hth can super shift both Ubxla and Ubxla-18, demonstrating that the YPWM motif 

and its surrounding region are not required for Exd interaction with full-length Ubx.

4.2.3 The YPWM motif and surrounding region modify the binding 

specificity of Ubx protein

At least two mechanisms may allow Hox proteins to recognize specific binding 

targets in vivo: (1) coordination with cofactors or (2) alteration of binding specificity by 

non-homeodomain regions. To investigate the DNA binding specificity of Ubx, we 

selected five representative natural Ubx binding targets (Fig. 4.8 and Table. 4.1) that 

maximize the functions and sequence variety of the promoters regulated by Ubx in vivo. 

Target sequences were also selected to represent the diverse roles of Ubx in vivo. The 

corresponding Ubx downstream genes are expressed in different developmental stages 

and various tissue layers. Ubx activates the genes associated with some of these target 

sequences, whereas others are repressed. The Dll DNA is bound in vivo in conjunction
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with Exd. Note that Ubx#Exd binding sites occur at much lower density than sites for 

Ubx monomers (Fig. 4.8).

DNA binding affinity was quantitatively measured by gel shift assays for Ubxla and 

each mutant. These assays employed full-length, purified proteins, since partially purified 

extracts cannot be measured quantitatively and may contain contaminants that can alter 

DNA interactions. Stoichiometric DNA binding assays and aggregation assays (Bondos 

and Bicknell, 2003) ensured each purification yielded active, soluble, high quality 

proteins.

We first measured the DNA binding affinities of full-length Ubxla and its isolated 

Ubx homeodomain (Ubx-HD) on all the selected binding targets (Fig. 4.9). Our data 

revealed that Ubx-HD can bind to all target sequences with similar high affinity. 

Therefore the specificity, or sequence-selection of Ubx-HD, is very poor. Whereas the 

binding affinities of Ubx-HD to different DNAs varied ~ 2-fold, full-length Ubxla 

affinities spanned a ~ 12-fold range. Thus, the degree to which regions outside the 

homeodomain affect binding varied from ~3 fold for Ubx 40AB and Dpp DNAs, to -15 

fold for Sal, and -24 fold for Dll and A l. Full-length Ubx is more sensitive to DNA 

sequence than Ubx-HD. Furthermore, the binding affinities of Ubxla to the natural 

binding targets were lower than that to the optimal binding site, suggesting the lower 

affinity for the non-optimal site was not compensated by Ubx*Ubx interactions on 

multiple DNAs. Ubxla binds Dll 27-fold less tightly than Ubx-HD, compared to a 3-fold 

affinity difference for the optimal DNA. Therefore, sequences outside the HD prevent 

Ubxla monomer from inappropriate binding on Ubx*Exd composite sites. A greater than 

4-fold difference in affinity separates the remaining DNAs, suggesting non-HD regions
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also help distinguish Ubx binding sites. Note that in many cases multiple Hox proteins 

utilize same binding site, such as UA and A l, in various contexts for different purposes.

4.2.3.1 Affinity of YPWM-region mutants for Ubx40AB

Identification of regions that generate sequence-specific binding is key to 

understanding context-dependent Ubx functions in vivo. Based on available data, the 

YPWM motif and its surrounding area provide an ideal region to explore Ubx binding 

specificity. This region i) participates in DNA binding affinity regulation; ii) modulates 

pH response of HD«DNA interactions (Chan et al., 1996); and iii) is adjacent to the N- 

terminal arm of Ubx homeodomain, which contacts DNA (Passner et al., 1999; Phelan 

and Featherstone, 1997; Gutierrez et al., 2003). With guidance from in vivo studies, a 

series of mutants were designed to probe this region (Fig. 4.2). The parent mutants 

YAAA and Ubx-18 were first constructed to mimic versions tested in vivo (Tour et al., 

2005; Galant et al., 2002). Unfortunately, YAAA forms inclusion bodies and could not be 

purified. This aggregation may be due to extending the activation domain a-helix (Tan et 

al., 2002), which increasingly promotes aggregation as the alanine content is increased 

(Sarah Bondos, personal communication).

Previous structural studies revealed that the YPWM motif can form a reverse turn 

(Fig. 4.1 A). Because we were concerned that its removal could rearrange the structure of 

other regions of the protein, a new mutant with a GPGG substitution for YPWM was 

designed. Since the Ubxla-18 deletion removes the YPWM motif as well as amino acids 

to both sides, several other derivatives, Ubxla-14, UbxIa-6 and UbxIa-8 were also 

constructed to parse effects of the YPWM motif and adjacent sequences (Figure 4.2).
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Figure 4.3 Expression and purification of Exd*Hth complex. A and B are
western blot analysis of Hth expression probed by anti-His antibody and western 
blot analysis of Exd expression probed by anti-Exd antibody, respectively. The 
expression time (h), markers (M), and control (C) are noted. C is Coomassie 
stained SDS-PAGE gel for the analysis o f Exd, Hth copurification. Histidine 
tagged Hth*Exd complex was loaded onto Ni+2 - NTA resin, the resin was 
washed, and the protein complex was eluted using imidazole. The control (C), 
marker (M), supernatant (S), pellet (P) and flow-through fraction (FT) are 
labeled. Note that the Hth to Exd ratio is always -1:1.
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Figure 4.4 Super-shift experiment. The anticipated results of a super-shift 
experiment are shown. A super-shift experiment is usually conducted in a non
denaturing polyacrylamide gel matrix. This system takes the advantage of 
migration speed of different molecules and complexes. Free DNA moves faster 
than protein*DNA complexes, which migrate faster than protein* protein*DNA 
complexes. In this system, radio-labeled DNA and Exd*Hth are set at constant 
concentrations, whereas concentrations of Ubxla and Ubxla-18 are increased.
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Figure 4.5 Both Ubxla and Ubxla-18 can simultaneously bind Exd-Hth 
complex and Dll DNA. Super-shift assays were performed to study the interaction 
of Ubxla or Ubxla-18 with Exd*Hth complex and Dll DNA. A: Ubxla binds Exd- 
Hth and Dll. B. Ubxla-18 binds Exd*Hth and Dll. Lane 1 for both gels contained 
no protein, lanes 2 to 17 contained Exd*Hth at a constant concentration of 10 nM, 
and lanes 4 to 17 contained increasing concentrations of Ubxla or Ubxla-18 from 
50 pM to 1.5 pM. DNA concentration was -10 pM.
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Figure 4.6 Super-shift experiment performed in different gel conditions.
Super-shift assays were performed in gels containing different percentages of 
agarose and polyacrylamide. Ubxla, Exd'Hth complex, and Dll DNA are 
represented by blue, brown, and black dashed lines, respectively. Red arrows 
show the position of uncorporated [y’32P]-ATP. Lane 1 in all the gels contained 
no protein, lanes 2 to 13 contained Exd*Hth with constant concentration of 2 
nM, and lanes 4 to lane 13 contained increasing concentration of Ubxla from 
10 pM to 100 nM. DNA concentration was around 10 pM. The best separation 
was generated in condition C.
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Figure 4.7 Super-shift experiment conducted under optimal separation 
conditions. The interaction of Ubxla and Ubxla-18 with Exd*Hth and Dll was 
examined in gels containing 0.5% agarose and 3% polyacrylamide. Lane 1 contained 
no protein, lanes 2 to 11 contained Exd*Hth at a constant concentration of 1 nM, and 
lanes 4 to lane 11 and lanes 4' to lane 11' contained increasing concentrations of Ubxla 
from 100 pM to 100 nM. The concentrations of Ubxla and Ubxla-18 in corresponding 
lanes were identical. DNA concentration was -10 pM. This experiment showed that 
both Ubxla and Ubxla-18 can super shift Exd-Hth complex, indicating that regions 
other than the YPWM motif and its surrounding area contribute to cofactor interaction.
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Figure 4.9 Sequences outside Ubx-HD modulate Ubx binding 
specificities. A. Binding affinities of Ubxla (grey) and Ubx-HD (red) to 
various target DNA sequences. Ubx-HD binds to all the DNAs with similar 
high affinities indicating less specificity. Full-length Ubxla is more 
sensitive to DNA sequences. B. Binding affinity comparisons. Ubx-HD has 
comparable binding affinities on all the selected binding sites, whereas the 
affinity o f full-length Ubxla varied a lot. In addition, the binding affinity 
ratios between Ubxla and Ubx-HD on the same binding site are very 
different. These comparisons indicate that sequences outside homeodomain 
modify Ubx binding specificity.
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All mutants were first evaluated by testing their activity and affinity for the optimal 

Ubx binding sequence. Our previous studies demonstrated that the region between amino 

acids 235 to 286 (Ubxla-N235 versus Ubx-HD) inhibits binding by the homeodomain by 

~ 2-fold (Fig. 4.10). The DNA binding affinities of all the mutants are lower (K<i higher) 

than that of Ubx-HD (Fig. 4.10), consistent with general inhibition of DNA binding by 

the full-length protein (Ryoo et al., 1999). Ubxla-GPGG, UbxIa-6, and Ubxla-l 8 have 

comparable binding affinities to wild-type Ubxla on the optimal DNA sequence; however, 

the binding affinities of Ubxla-14 and UbxIa-6 are both roughly 3-fold lower than that of 

wild-type Ubxla. Interestingly, Ubx-18 has a binding affinity to near wild-type, 

suggesting the YPWM motif inhibits DNA binding in the -14 background. Since all of 

these mutants bind well to DNA, binding specificity studies were further pursued.

4.2.3.2 YPWM motif inhibits monomer binding on a composite binding site

Although effects of mutations on affinity for the optimal Ubx DNA binding site 

were minimal, sequence impact on lower affinity DNAs was more dramatic. Because the 

YPWM motif had previously been shown to inhibit DNA binding by Drosophila Hox 

protein Labial deletion mutant (Chan et al., 1996), the binding behavior of the GPGG 

mutant was first evaluated. GPGG and Ubxla exhibited similar binding properties for all 

DNAs except for Dll (Figure 4.11). To normalize for non-specific changes in DNA 

binding affinity, we compared the binding affinity ratio of Dll:Ubx40AB. The ratio of 

GPGG affinity for Dll:Ubx40AB is 6, whereas the same ratio is 12 for wild-type Ubxla. 

Therefore, we conclude that the YPWM motif contributes to binding on the Ubx*Exd 

composite binding site, consistent with in vivo observations.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



126

800

600

£  400

200

Figure 4.10 Binding affinities of Ubx-HD, Ubxla-N235, Ubxla, and its 
variants to optimal Ubx binding site. The binding affinity of Ubxla-N235 is 
lower than that of Ubx-HD, indicating that amino acids 235-286 inhibit 
binding. In general, the binding affinities of full-length Ubxla and all the 
YPWM mutants are lower than that of Ubx-HD. Except for Ubxla-14 and 
UbxIa-6, all the other mutants have comparable binding affinities to wild-type 
Ubxla.
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4.2.3.3 YPWM motif with surrounding region modulates Ubx binding specificity in 

a DNA sequence dependent manner.

To examine the YPWM region, we deleted YPWM and 14 amino acids around it to 

generate Ubxla-18 (Tour et al., 2005). Compared with wild-type Ubxla, Ubxla-18 has 

comparable binding affinities on Ubx40AB, Dpp, and UA, increased binding affinities on 

Al and Sal, and decreased binding affinity on Dll (Fig 4.12). Because the GPGG mutant 

alone did not alter the binding on Al and Sal sites, we conclude that the region 

surrounding the YPWM motif must also modulate the binding specificity of Ubx protein.

McGinnis and colleagues utilized this mutant to investigate Ubx repression of Dll in 

the embryo (Tour et al., 2005). Their studies showed that a 3-fold change of Ubx 

concentration can switch repression of Keilin’s organs from 0 to higher than 90%,with 

the shift from 5% to 90% within a 4-fold range of Ubx concentration. Importantly, they 

found that this steep sigmoidal relationship between in vivo Ubx concentration and Dll 

repression is dependent on the Ubx YPWM motif and its surrounding area. These 

observations strongly suggested that even a very small variation of Ubx concentration or 

its binding affinity can yield significant outcomes in vivo. Therefore, the binding affinity 

difference between wild-type Ubxla and Ubxla-18 on Dll DNA is potentially sufficient to 

account for different behavior in Dll regulation in vivo.

Since Ubxla-18 and Ubxla-GPGG mutants differentially alter binding site selection, 

we decided to add back the critical YPWM residues (Ubxla-14) and separately verify the 

effects of the YPWM surrounding region on binding sites. Compared with wild-type 

Ubxla, Ubxla-14 has an increased binding affinity on Dll DNA, decreased binding 

affinities for Ubx40AB and Dpp, and comparable binding affinities for UA, Al and Sal
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binding sites (Fig. 4.13 A). Therefore, the YPWM motif has a much stronger effect on 

affinity and specificity when these 14 amino acids are removed. Importantly, Ubxla-14 

binds with lower affinity to all the tested binding sequences, though only marginally for 

the UA DNA. This comparison differs from that between Ubxla-GPGG and wild-type 

Ubxla (Fig. 4.13 B), suggesting that the YPWM surrounding region may dampen the 

impact of the YPWM motif on binding affinity.

The Ubxla-14 deletion mutant includes sequences both N- and C-terminal to the 

YPWM motif, which may have different roles in the protein. To determine if these 

regions differentially impact binding, the N- and C- terminal regions of YPWM motif 

were separately deleted. Compared with wild-type Ubxla, UbxIa-6 has slightly increased 

binding affinity on Dll sequence and comparable binding affinities on all the other 

selected sites. This behavior is similar to Ubxla-GPGG, indicating that the region N 

terminal to YPWM can inhibit monomer binding on Dll composite binding site, albeit 

more weakly than the YPWM motif. Removal of the 8 amino acids C-terminal to the 

YPWM motif (UbxIa-8) diminishes binding to Ubx 40 AB and increases binding to Dll 

(Fig. 4.14). We conclude that both the regions N- and C-terminal to the YPWM motif 

have the ability to impact YPWM inhibition of DNA binding.
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Figure 4.11 YPWM motif inhibits monomer binding on a composite binding 
site A. Binding affinities of Ubxla (grey), Ubxla-GPGG (green), and Ubx-HD 
(red) to various target DNA sequences. Compared with wild-type Ubxla, Ubxla- 
GPGG has increased binding affinity on Dll and comparable binding affinities to 
all the other binding sites. B. Critical binding affinity comparisons.
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Figure 4.12 Binding affinities of Ubxla (grey), Ubxla-18 (pink), and 
Ubx-HD (red) to various target DNA sequences. Compared with wild- 
type Ubxla, Ubxla-18 has increased binding affinities on Dll, A l, and Sal 
and comparable binding affinities on all the other selected sites. This 
observation indicates that YPWM motif with surrounding region modulates 
Ubx binding specificity in a DNA sequence-dependent manner.
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Figure 4.13 YPWM surrounding region impacts the YPWM inhibition on 
DNA binding. A. Binding affinity comparison between Ubxla-14 (yellow) and 
Ubxla (grey) to various target DNA sequences. Compared with wild-type Ubxla, 
Ubxla-14 has differential effects on the selected binding sites. B. The binding 
affinities of Ubxla-14 are lower than those of Ubxla-18 on all the selected 
binding sites, which is different from UbxIa-GPGG’s inhibition on only the Dll 
composite binding site when compared with wild-type Ubxla. This observation 
indicates that the region surrounding YPWM may amplify the inhibition by 
YPWM motif on binding affinity.
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Figure 4.14 Binding affinities of Ubxla (grey), Ubxla-6 (blue), Ubxla-8 
(purple), and Ubxla-14 (yellow) to various target DNA sequences. In
general, the behavior of Ubxla-6 is similar to that of wild-type Ubxla, and 
Ubxla-8 behaves like Ubxla-14.
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Binding Sites

optimal composite multiple

Ubx40AB Dll Dpp UA A1 Sal

Ubx-HD 63 +  24 72 +  3 76+45 79 +  23 28 +  3 39+10

Ubxla 160+33 1910+284 179 +  59 473+48 681+55 593+146

Ubxla-GPGG 118 +  48 715 +  332 105+142 461+79 528+149 566+98

Ubxla-18 104+50 533 +  70 247 +  83 378+132 358+46 219 +  59

Ubxla-14 561 +  120 1030+170 760+272 574 +  10 614+17 921 +  255

Ubxla-8 415 +  50 1020+183 492+163 453 +  89 546 +  82 794+66

Ubxla-6 170+34 1370+174 314 +  73 506+123 694 +  231 598 +  186

Table 4.2 DNA binding affinities of all the investigated proteins.
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4.3 Conclusion and discussion:

To begin to define the mechanisms by which Hox proteins drive context-specific 

gene regulation, we have quantitatively assessed the role of the YPWM region in cofactor 

interaction and DNA binding specificity.

4.3.1 The importance of utilizing active full-length protein to explore the 

role of critical region in Hox proteins

Hox proteins, like most transcription factors, are prone to aggregation and therefore 

are difficult to handle in vitro. As described in Chapter 3, Ubx protein is intrinsically 

disordered with a large unstructured region in the middle of the protein. Low sequence 

complexity, as observed in this region, is frequently associated with aggregation (Tompa 

et al., 2007). In addition, Ubx contains alanine rich regions, which can drive misfolding, 

degradation and cytoplasmic aggregation of Hox proteins (Albrecht et al., 2004). Ubx is 

sensitive to various physical conditions, such as redox environment, pH, or salt 

concentration, and aggregates easily in vivo and in vitro (Bondos and Bicknell, 2003). 

Therefore, developing methods to prepare and assay soluble, active, full-length Ubx was 

challenging. A rigorous quantitative study utilizing high activity, full-length protein and 

variants is crucial for the understanding of the complicated mechanisms underlying Hox 

DNA-binding specificities.
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4.3.2 Regions other than the YPWM motif also mediate Exd interaction

As described in Section 4.2, Exd*Hth can super-shift both Ubxla and Ubxla-18 

mutant, confirming the Carroll lab reports that the YPWM motif and its surrounding 

region are not required for Exd interaction (Merabet et al., 2007). The YPWM motif is 

not crucial for cofactor interactions, but it may function in other ways to modify Hox 

activities, indicating contribution to binding affinity inhibition, pH dependence regulation 

(see Chapter 3), transcription activation, and cofactor interaction (see Chapter 1) (Fig. 

4.15). Although Exd is frequently co-expressed with Ubx, it is not required for Ubx 

function in the distal appendages (Galant et al., 2002), where Hox proteins must act alone 

or in concert with other factors (Beachy et al., 1993; Bondos et al., 2004). Thus, 

sequences outside the homeodomain may not only diversify DNA recognition by Hox 

proteins, but also allow DNA binding to respond to local cellular information via tissue- 

specific protein interactions (Bondos et al., 2004; Bondos et al., 2006; Galant et al., 2002; 

Mann and Affolter, 1998; Mann and Chan 1996).

A previous in vivo study showed that the YPWM motif can inhibit the interaction of 

the Drosophila Hox protein Labial with DNA containing a Lab*Exd composite binding 

site (Ryoo et al., 1999), although the version of labial used had a severe truncation. This 

body of evidence regarding the YPWM motif encouraged us to parse these effects by 

investigating the impact of mutations in this region on DNA binding specificity by full- 

length Ubx in vitro. For the first time, we demonstrate that sequences outside a Hox 

homeodomain have a significant impact on DNA binding specificity. As shown in this 

chapter, we have measured binding of Ubxla and a variety of DNA sequences, including
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the optimal Ubx binding site and sequences bound by Ubx in vivo in a variety of cellular 

contexts.

4.3.3 Specificity modulation of Hox protein by YPWM motif and its 

surrounding region

The YPWM motif and its surrounding region modify the DNA binding specificity of 

Ubx protein. Given the characteristic amino acid composition of this area and its unique 

location (very close to Ubx-HD), this region may utilize various mechanisms to specify 

Hox functions in vivo. Importantly, the flexible linker between the YPWM sequence and 

the homeodomain may function as a information nexus in the protein, potentially altering 

Exd interaction, heterologous protein interactions, YPWM effects on binding, intrinsic 

disorder, and transcription regulation. Because most Hox proteins are alternatively 

spliced within this region, coordination or selection of functions may vary with the 

temporal-spatial specific expression of splicing isoforms.

Taken together, we hypothesize that inhibition of DNA binding by the YPWM motif 

to Hox*Exd#Hth composite sites serves to minimize binding by Hox monomers, which 

may incorrectly regulate transcription. Hox proteins make slightly different contacts with 

Exd-independent target DNAs such that the YPWM motif is not positioned to affect 

DNA binding. The homeodomain allows high affinity binding to all sequences, and this 

affinity is modulated by different parts of the protein in response to DNA sequence and 

cofactor interaction to generate specific binding.
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4.3.4 Understanding the binding mechanisms of Hox proteins is key to 

understand Hox functional complexity

In order to fulfill their precise regulatory roles, Hox proteins have to select the 

correct binding target from millions of similar sites in vivo. Multiple levels of sequence 

selection modification, including protein‘protein interaction, DNA sequence response, 

alternative splicing, adjacent/remote sequence regulation and so on, contribute to the 

selection. Overlap of functional domains suggests that multiple mechanisms may also 

overlap and thereby construct a more complicated sequence selection network. The 

studies described in this chapter provide key steps toward a new solution for the Hox 

paradox.
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Chapter 5 

Functional Evolution of the Hox Protein 

Ultrabithorax Transcription Activation Domain

5,1 Introduction:

In closely related animal species, Hox orthologues customize similar body structures. 

The ability of multiple Hox members to diversify body structures in a single organism, as 

well as the capacity of Hox orthologues to generate different body structures in analogous 

regions, suggests that Hox genes/proteins may contribute to the evolution of novel body 

plans. For example, wings have diversified to halteres, hindwings, and elytra under Hox 

control (see Chapter 1 for details). Hox evolution has also contributed to changes in the 

number of appendages.

Evo-devo studies revealed that three distinct mechanisms, including shift of gene 

expression patterns (Gellon and McGinnis, 1998; Averof and Patel, 1997; Carroll et al., 

2001), differentiation of downstream target genes (Hall, 2003; Hughes and Kaufman, 

2002; Akam 1998a; Carroll et al., 2001), and evolution of Hox functions contribute to 

morphological evolution (Pavlopoulos and Averof, 2002; Vervoort, 2002). For a long 

time, changes of Hox function were considered improbable to contribute to 

morphological evolution, since many Hox orthologues can substitute functions for each 

other. These observations suggested that Hox orthologues may possess conserved 

functions that have persisted during evolution and do not contribute to body structure
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diversification. In 2000, utilizing an Ubx ectopic expression system, Grenier and Carroll 

(Grenier and Carroll, 2000) found that a very ancient Drosophila Ubx orthologue, Ak 

Ubx, can generate many of the same gain-of-function tissue transformations and can 

regulate many of the same target genes when expressed during Drosophila development. 

However, Ak Ubx cannot transform the segmental identity of the embryonic ectoderm or 

repress Distal-less (Dll), which is a direct Ubx downstream gene and is required for limb 

formation (Mann, 2005; Weatherbee et al., 1998; Weatherbee et al;., 1999). This 

evidence strongly suggested that the function of Ubx orthologues has evolved.

Two further studies provided a mechanistic link between functional evolution in the 

Ubx family and in morphological variation. Both revealed that the lack of a QAQA motif, 

which functions as a partial repression domain in fruit fly Ubx (Galant and Carroll, 2002), 

prevents Ubx from the brine shrimp Af and the velvet worm Ak from repressing dll.

Since dll expression triggers leg development, both shrimp and worm possess abdominal 

legs (Carroll, 2000). These two lines of evidence demonstrate the contribution of Hox 

functional evolution to morphological divergence (Hsia and McGinnis, 2003).

Transcription activation and repression functions sometimes compete for dominance 

on the same DNA sequence (Tan et al., 2002). Therefore, the evolution of the strength 

and regulation of Ubx transcription repression may have required the Ubx transcription 

activation to also evolve to maintain balance. Differences in transcription activation may 

also distinguish Hox homologues. For example, an Ubx-VP16 chimera, which contains a 

strong activation domain, is able to phenocopy Antennapedia in Drosophila (Li and 

McGinnis, 1999). Thus, identification and comparison of the transcription activation
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domains is also very important for unraveling the role of Hox proteins in morphological 

evolution.

The Dm Ubxlb transcription activation domain has been well-characterized (Tan et 

al., 2002) (See Chapter 1 for detail). This study identifies and compares the transcription 

activation domains in other Ubx orthologues. Arthropoda is the largest and most diverse 

phylum in the animal kingdom (Akam, 2000). Three Ubx proteins from different animal 

species were selected: red flour beetle Tribolium castaneum (Tc Ubx), buckeye butterfly 

Junonia coenia (Jc Ubx), and brine shrimp Artemia franciscana (Af Ubx). For this study, 

velvet worm Akanthokara kaputensis (Ak Ubx) represents ancient Hox function and 

primitive body structure.

These animal species appear at important evolution divergence points and are the 

representative model organisms in their phylum, class, or order (Fig. 1.13). Onychophora 

is a sister group to Arthropoda, which last shared a common ancestor at more than 540 

million years ago. Within Arthropoda, six-legged insects diverged from crustacean-like 

ancestors -400 million years ago. The insects butterfly Junonia coenia and beetle 

Tribolium castaneum are phylogenetically intermediate taxa, diverging from flies at 200 

million years and 100 million years ago, respectively. The body plan and appendage 

design of these organisms are highly differentiated (Fig. 1.14). Velvet worm has very 

primitive body structure with legs on every segment. Shrimp possesses many abdominal 

limbs and a soft shell. Interestingly, in beetle, the soft shell evolved to a hard shell and 

the limbs changed to a pair of abdominal legs. The hard shell of beetle was further 

evolved to a pair of highly modified wings in buckeye butterfly. The hindwings were 

then reduced to a pair of balance organ, haltere, in fruit fly.
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From a protein sequence perspective, these orthologues share conserved motifs but 

are mostly composed of very distinct sequences. The common motifs among them may 

function as references for alignment, and thus aid the comparison between these Ubx 

orthologues (Fig. 1.15). Since these Ubx orthologues presumably stem from a common 

ancestor, their comparison may reveal functional evolution in this family. Ak Ubx has a 

simpler amino acid composition compared with all the other Ubx orthologues, but still 

contains most conserved motifs (Fig. 1.15). The velvet worm has a very simple body plan 

(Fig. 1.14), implying fewer (or more basic) functions for Ak Ubx versus other Ubx 

orthologues (Grenier and Carroll, 2000).

We utilized the LexA yeast one-hybrid system to identify the transcription activation 

domains of Ubx orthologues. This powerful method takes the advantage of DNA binding 

by fusion proteins to reporter genes in yeast. LexA, which can interact with its operator 

but cannot activate transcription alone, was used to construct fusion proteins. After yeast 

transformation, fusion proteins carrying activation domains are able to activate a reporter 

gene (lacZ) and generate blue colonies on appropriate X-gal plates; otherwise, white 

colonies are produced (Fig. 5.1). The shade of blue in colonies reflects the relative 

activation strength of the transcription activation domains (Tan et al., 2002; Chen et al.,

1992). Compared with in vivo assays of gene regulation, the LexA yeast one-hybrid 

system allows reliable assessment of transcription activation independent of DNA 

binding or cellular context (Tan et al., 2002). Therefore, in searching for an activation 

domain, we are free to delete regions across the entire protein, including the 

homeodomain, without impacting the assay. In a typical identification process, yeast 

transformation experiments for each Ubx orthologue and its variant were repeated at least
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three times in separate plates. A further three repeats were conducted in large plates with 

subdivisions for different constructs. The blue color produced by the colonies for each 

protein was consistent.

Ubx or 
Variants

LexA operator s ites  TATA LacZ reporter gen e

LexA yeast one-hybrid system

Figure 5.1 Schematic representation of LexA yeast one-hybrid system.
Eight copies of the LexA operator binding sites are placed upstream of the lacZ 
reporter gene. LexA alone can bind to the LexA operators but is unable to 
activate transcription of the reporter gene lacZ unless fused to a transcription 
activation domain. When the fusion protein activates transcription, colonies are 
blue. On the contrary, if the fusion protein does not contain an activation 
domain, lacZ will not be activated, white colonies will be produced. The relative 
blueness of the colonies reflects the strength of transcription activation. Stronger 
activation domains produce darker blue colonies.
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5.2 Results:

5.2.1: Establishment of an appropriate yeast one-hybrid system

In order to screen for transcription activation domains precisely, an acceptable range 

of conditions for the LexA yeast one-hybrid system must be established. Considerations 

include: (1) In general, the LexA yeast one-hybrid system is very sensitive to 

environmental factors, such as pH, salt concentration, media components, and 

temperature. Different conditions yield large changes in the experimental outcome. (2) 

Since the DNA binding properties of Dm Ubx depend on osmotic pressure, pH, and 

redox levels, it is possible that the behavior of Ubx transcription activation is also 

influenced by the physical environment. (3) Given that Ubx can self-associate, the 

concentration of Ubx and the ratio between Ubx and reporter plasmids may also be 

important for the identification of transcription activation domains in the LexA yeast one- 

hybrid system. According to these concerns, many conditions were attempted in the yeast 

transformation procedures. Examined conditions and observed results are listed in Table 

5.1.

According to these observations, we determined that the transformation worked 

optimally under condition 4. Wild type Ubx is blue, but lighter than that of the positive 

control supplied for this system, which contains a very strong transcription activation 

domain. Dm Ubx proline mutant 2 (Pro-2), without the critical activation helix, is white 

to very pale blue, consistent with our previous results (Tan et al., 2002). As shown in 

Table 5.2, in this optimal system, higher DNA concentrations better differentiate between 

wild type Ubx and Pro-2.
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YNB
manufactures

KP
pH

adjustment 

post autoclave

48 hrs observation 60 hrs observation 72 hrs observation

Pos Wt Ubx Pro-2 Pos Wt Ubx Pro-2 Pos W t Ubx Pro-2

1 Sigma 7.0 + +H- +++ + ++++ ++ ++
2 Clontech 7.0 + ++ +++ ++ ++
3 Difco 7.0 + ++ +++ + +++ ++ ++

4 Difco 7.11 - ++ <+ ++++ +++ <+

5 Difco 7.2 - ++s + s ++++s ++s ++s

6 sigma 7.0 - +++ ++++ +++ ++ ++++ +++ ++

Table 5.1 Yeast transformation conditions and corresponding results. “YNB” stands for yeast nitrogen base; “KP” is 0.7 M KP butter; 
“pH adjustment” means pH was adjusted by NaOH after autoclave treatment; “Pos” stands for the positive control with strong 
transcription activation domain, provided by the manufacturer. “Pro-2” is the negative control, in which the critical activation helix of Dm 
Ubx was disrupted. “<+”, “+”, “++”, “+++”, and “++++” stand for the extent of “blueness” of the yeast colonies (“<+” stands for the 
lightest blue); “-’’stands for white colonies; “S” stands for small colonies.
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[DNA] (ng) Wild-type Ubx Ubx Pro-2 mutant

100 ++ <+

200 ++ <+

500 <+

1000 +++ <+

Table 5.2 Yeast transformation experiments performed under 
optimal transformation condition using different DNA 
concentrations. Higher DNA concentrations, 500 ng and 1000 
ng, show better differentiation between wild type Ubx and Pro-2 
mutant. The 500 ng scale was employed in all the following yeast 
transformation experiments. and “+++” stand
for the extent of “blueness” of the yeast colonies (see Fig. 5.2). 
“<+” stands for the lightest blue.
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Utilizing this reproducible system, undergraduate students Zabeena Merchant, 

Karuna Munjal, and Eileen Shi performed most of the yeast transformation experiments. 

Pos-plexA from the manufacture, which has a strong activation domain, and Dm Ubxlb- 

pLexA, with an identified activation domain, commonly served as positive controls in our 

studies. Empty LexA without the transcription activation region was utilized as a 

negative control. Normally, yeast transformation experiments were performed by plating 

each construct on a single transformation plate. Once the precise activation domains were 

located, large plates with subdivisions for each relevant construct were generated. The 

degree of blue color, which reflects the relative activation activity for each plate, was 

compared to positive or negative controls as well as external standards. Four standard 

shades of blue (Fig. 5.2) were utilized to evaluate the activation strength for a potential 

activation domain. In this study, the identified activation domains are normally divided 

into activation core and activation enhancement region. The removal of a portion of the 

core region abrogates the transcription activation activity (blue to white changes). In 

addition, the exclusion of certain regions, normally the C-terminus of Ubx proteins, can 

convert lighter blue colonies to darker blue ones. There are two possibilities to account 

for this behavior: first, (a part of) the repression domain may be deleted, since 

transcription activation and transcription repression are competing functions within Hox 

proteins. Second, a region that regulates transcription activation, but does not impact 

transcription repression, might be deleted.
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5.2.2 The strengths of Ubx transcription activation domains have evolved

We first compared the activity of the transcription activation of the five Ubx 

orthologues (Fig. 5.2). Surprisingly, we found that Ak Ubx is the strongest activator of 

transcription; Dm Ubx is a medium activator; and Tc Ubx, Jc Ubx and Af Ubx poorly 

activate transcription. Previous studies revealed that a redundant 

“QAQAQKAAAAAAAAAA” repression domain, present at the very C-terminus of all 

the insect Ubx orthologues, was lost in worm Ubx (Galant and Carroll, 2002). Therefore, 

the overall high activity of Ak Ubx transcription activation may result from the absence 

of competition by this repression region. Therefore, it will be very informative to also 

locate the transcription repression domains of Ubx proteins and analyze the overall 

regulatory role of Ubx orthologues from an activation-repression competition perspective.

5.2.3 Identifying the transcription activation domains in Ubx 

orthologues

In order to refine the precise boundaries of the Ubx transcription activation domains 

within the Ubx orthologues, normally 3 to 4 rounds of Ubx deletion mutants were 

constructed. In general, in the first round construction, evolutionarily conserved motifs 

were sequentially deleted to assess the roles of these regions in transcription regulation; 

subsequent rounds of construction to address the boundaries more precisely were 

performed. Given activation and repression are competing functions, we also utilized the 

yeast one-hybrid system to roughly localize the repression region within the Ubx 

orthologues.
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5.2.3.1 Identifying the transcription activation domain of butterfly Jc Ubx

Butterfly Jc Ubx contains 253 amino acids residues, which is much shorter than the 

Dm Ubx lb (389 amino acids) used in our previous studies. Much of the large disordered 

region found in Dm Ubx is missing, including the long poly-glycine region involved in 

transcription activation by Drosophila Ubx. The other large missing region is the 

microexon region in Dm Ubx; nonetheless, about 70% of the sequence present in Jc Ubx 

is identical to Dm Ubx. Both proteins have an identical homeodomains, a highly 

conserved C-terminus, and several conserved motifs.

We found that the N-terminus of Jc Ubx, including residues 1 to 42, contributes to 

Jc Ubx transcription activation (Fig. 5.3). The full activity requires amino acids from 1 to 

123, and the smallest piece of Jc Ubx with the activity of transcription activation is amino 

acids from 1 to 41. Compared with Dm Ubx, the activation domain of Jc Ubx is shifted 

towards the N-terminus of the protein. The activation domain of Jc Ubx includes the first 

four conserved motifs, overlapping with the activation enhancement region of Dm Ubx 

and part of the Dm Ubx activation core.

With this sensitive LexA yeast one-hybrid system, we also roughly locate the 

transcription repression domains of Ubx orthologues. We found that the yeast colonies 

produced by JcD5 and JcD6 are much darker than those generated by full-length Jc Ubx, 

indicating that repression regions were deleted in JcD5 and JcD6. Since the activities of 

JcD3 and Jc-11 are similar to that of full-length Jc Ubx, we conclude that the potential 

repression region of Jc Ubx lies between amino acids 124 and 229, including the YPWM 

motif and homeodomain region. In fact, a dual role of homeodomain has been observed 

in HoxA7 and several other homeodomain containing proteins (Schnabel and Abate-Shen,

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



150

1996). Further comparison among JcD5, JcD6, and JcD3 revealed that within amino 

acids 123 to 229 region, the activity of Jc Ubx transcription repression appears additive, 

which is similar to the behavior of the Dm Ubx transcription activation domain. This 

result may provide the first evidence of a linear dependence of transcription repression 

activity on the length of repression domain. The linear dependence of protein sequence 

and transcription activation, transcription repression, and binding affinity restoration 

(observed in Dm Ubx) strongly suggests that during evolution the insertion or deletion of 

amino acid sequence may change the functional strength of Hox proteins and therefore 

result in differential functions in vivo. Importantly, we noticed that JcD5 behaves like a 

strong activator, with an activity comparable to Ak Ubx. Given the competition between 

activation and repression, it makes sense that the repression domain of Jc Ubx 

ameliorates the activity of Jc Ubx transcription activation. Therefore, full-length Jc Ubx 

behaves like a weak activator.

5.2.3.2 Identifying the transcription activation domain of beetle Tc Ubx

Like butterfly Jc Ubx, beetle Tc Ubx is shorter than Dm Ubx but retains all the 

evolutionarily conserved motifs. Using similar principles, we localized the potential 

transcription activation domain of Tc Ubx within amino acids 1 to 214, with an activation 

core from amino acids 44 to 123 (Fig. 5.4). Tc Ubx also has a potential repression 

domain, which is located from amino acids 204 to 294 - before the redundant repression 

domain of Dm Ubx and overlapping that of Jc Ubx. Different from Jc Ubx, Tc Ubx has a 

mild activation domain since the activity of TcDl 1 is lower than that of JcD5 and Ak 

Ubx.
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k Ubx Af Ubx

Tc Ubx Jc Ubx Dm Ubx

pos-pLexA

pLexA

negative control

Ak Ubx Dm Ubx

Activation strength evaluation standard:

+++ ++ + <+

dark blue blue light blue pale blue white

Figure 5.2 Comparison of the strength of Ubx transcription activation domains.
Four shades of blue are applied as activation strength evaluation standard to assess the 
color of the yeast colonies and thus the activity of Ubx transcription activation.
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Pos-
pLexA pLexA

Dm Ub:JcUbxJcD2

JcD3JcD4JcD6

IcST,

JcD11

B  MNSYFEQ PLSL KLY NGYK YPWM HD QAQAQK

Jc  Ubx I ^
JcD7 (14-2531 I 
JcD1 (42-253) I
JcD4 (67-253) I
JcD2 (93-253) I

JcD3 (1-229)

41 66
Activation Region Repression Ffc

Figure 5.3 Identification of the transcription activation domain of Jc Ubx. A
is a comprehensive yeast transformation plate with all the important Jc Ubx 
constructs. B is the schematic structure of Jc Ubx and deletions. The degree of 
blueness represents the color of the colonies observed in yeast one-hybrid 
experiments and yellow bars represent the conserved motifs. The green box 
below depicts the activation region, and the red box represents the repression 
region. Full activity requires amino acids from 1 to 123. The C-terminus, 
including the homeodomain, has the activity of transcription repression.
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MNSYFEQ PLSLKLY NGYK YPWM HD G A Q A Q K

Tc (1-309)

Tc-12 (12-309) 

TcD1 (44-309) 

TcD2 (123-309) 

TcD7 (1-50) 

TcDS (1-150) 

TcD11 (1-204) 

TcD10 (1-294)

Activation Region pressicwi Kecjioi

Figure 5.4 Identification of the transcription activation domain of Tc Ubx.
Schematic structure of Tc Ubx and deletions are shown. The degree of blueness 
represents the color of the colonies observed in yeast one-hybrid experiments, and 
yellow bars represent the conserved motifs. The green box, green shade, and red box 
below depict the potential transcription activation domain, activation core, and 
repression domain, respectively.
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5.2.3.3 Identifying the transcription activation domain of shrimp Af Ubx

In order to identify the transcription activation domain of Af Ubx, 6 internal deletion 

mutants and 10 N- or C- terminal deletion mutants were constructed. We found that the 

full activity of shrimp Af Ubx transcription activation requires amino acids 1 to 103 (Fig. 

5.5).

We also roughly located the transcription repression region of Af Ubx. Previous 

studies already suggested that the C-terminal 29 residues of Af Ubx have the ability to 

inhibit a repression domain elsewhere in this protein (Ronshaugen et al., 2002). 

Comparison of the activity of full-length Af Ubx and internal deletion mutants, Afl 26 

and Afl61, and C-terminal deletion mutants, Af 1-215 and Af 1-177, reveals that the 

homeodomain and the region just N-terminal to it (amino acids 144 to 252, including the 

YPWM motif) may function as a repression domain (see Figure 5.5). Indeed, deleting 

from the C-terminus up to amino acid 177 dramatically increases transcription activation. 

The C-terminal deletion mutants Afl-177, Afl-160, AflOlC, Afl 1C, and Afl03C have 

similar high activity, indicating that amino acids 103-177 may not be involved in any 

regulatory mechanisms. However, this observation is not consistent with what was found 

by comparing the activity between full-length Af Ubx and internal deletion mutants,

Afl 26 and Afl 61, since the latter comparison indicates that amino acids 126-161 are part 

of the potential repression domain. The system may thus be too sensitive to monitor 

activity levels higher than that of Af Ubx 1-177. Once again, we observed two regions 

that impact transcription activation levels: an activation domain and a region that inhibits 

its function. Given the correspondence between our activation inhibition domain and the
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repression domain identified by McGinnis lab (Ronshaugen et al., 2002), it is likely that 

this region is, indeed, a repression domain.

5.2.3.4 Identifying the transcription activation domain of worm Ak Ubx

The velvet worm is a very ancient animal species. Its simple body structure with 

repeating segments suggests less evolved and/or less specialized Hox function (Grenier 

and Carroll, 2000). Ak Ubx only contains 214 amino acid residues, which is only about 

55% the length of Dm Ubx. Interestingly, in this short protein, more than 50% of the 

sequences fall into the “highly conserved m otif’ category, including the MNSYFEQ 

motif, NGYK motif, YPWM motif, and the Homeodomain. Given the relatively short 

sequence of Ak Ubx, only 6 Ak Ubx deletion mutants were constructed to locate its 

activation domain. The full activity of Ak Ubx transcription activation requires amino 

acids from 1 to 78, and amino acids 12-28 are critical for this activity (activation core) 

(Fig. 5.6). Different from all the other Ubx orthologues, no potential repression domain 

was identified in this protein, consistent with in vivo studies demonstrating Ak Ubx fails 

to repress dll and hence leg development (Galant et al., 2002). The absence of a 

repression domain may account for the overall high activation activity observed in the 

full-length protein.
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M N SY FE Q  P L S L

A t 1 -2 5 2  
Af 1 -1 7 7  
A t 1 -1 6 0  
Af 1 0 1 C  (1 -1 2 5 ) 
A H 1 4 C  (1 -1 1 4 ) 
Af 1 0 3 C  (1 -1 0 3 ) 
Af 52C (1-96)
Af 1 4 -1 0 3  
Af 23-103  
Af 14-279 
A f 1-279 
Af 16 
Af 52  
Af 101 
Af 126 
Af 161 

Conclusion

KLY NfiYK YPWM HD

A ctivation Region Repression Region

Figure 5.5 Identification of the transcription activation domain of Af Ubx.
Schematic structure of Af Ubx and deletions are shown. The degree of blueness 
represents the color of the colonies observed in yeast one-hybrid experiments, and 
yellow bars represent the conserved motifs. The green box below depicts the 
activation region, and the red box represents the repression region. Full activity 
requires amino acids from 1 to 103. Residues from 1 to 13 and 96 to 103 are 
critical for the activity of Af Ubx transcription activation (green shade). A 
potential repression domain is located at the C-terminus of Af Ubx, including the 
YPWM motif and homeodomain.
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and green shade below depict the activation region and activation core, 
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5.3 Conclusion and discussion:

5.3.1 Activation domains vary in net strength and are present at 

different locations within Ubx orthologues

Strikingly, when comparing the net strength o f the identified transcription activation 

domains, we found Ak Ubx yields the strongest response, Dm Ubx exhibits moderate- 

strength activation, and Jc Ubx, Tc Ubx and Af Ubx have weaker activation for full- 

length proteins. The overall activation strength observed in Ubx orthologues is the 

balance between transcription activation and transcription repression. Interestingly, we 

found that in these Ubx proteins separated by significant evolutionary times, transcription 

activation is a conserved function, although varied net activation strength was observed. 

Conversely, the function of Ubx transcription repression also differs among these 

proteins. Table 5.3 summarizes the activity of intrinsic Ubx transcription activation, 

repression, and the overall outcomes. We infer that, except for Ak Ubx, strong activation 

domains are accompanied by strong repression domains, resulting in the overall weak 

activation strength observed in Jc Ubx, Tc Ubx, and Af Ubx.

As shown in Figure 5.7, except for Dm Ubx, all the other Ubx orthologues utilize 

the very N-terminus to activate transcription. In general, the N-terminus of Ubx proteins 

is more conserved than their middle region; therefore, the shift of Dm Ubx transcription 

activation domain to an unconserved area might be an evolved feature in the Hox family. 

Surprisingly, their transcription activation domains overlap with the transcription 

enhancement region of Dm Ubx, suggesting the enhancement region, and not the 

activation core, is derived from the ancestral activation domain. According to the studies
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described in Chapter 3, the transcription activation domain of Dm Ubx overlaps with the 

pH regulator, 12 and R DNA binding regulatory domains, and DIP1 interaction domain. 

This overlap may permit cross-talk between functional domains. If similar schemes of 

binding affinity regulation, pH regulation, and cofactor interaction exist in other Ubx 

orthologues, the communication between transcription regulation and other functions 

may vary within the Ubx family. Thus, a more complicated functional domain 

cooperative network in a modern orthologue, like Dm Ubx, is very reasonable.

5.3.2 Activation domains lack consistent predictions of secondary 

structure

Activation domains tend to be unstructured and can be categorized by the degree of 

disorder (Roberts et al., 2000; Triezenberg et al., 1995; Tan et al., 2002). We analyzed the 

disorder tendency of the identified transcription activation domains. As shown in Figure 

5.8, Dm Ubx, Jc Ubx, and Tc Ubx utilize the most disordered regions to activation 

transcription. Af Ubx, however, utilized a less disordered region. A big relatively 

structured region within the Ak Ubx sequence functions as an activation domain. 

Interestingly, even though Af Ubx is much more disordered than Ak Ubx, it still tends to 

use a relatively ordered region to regulate transcription. Apparently, the simple Ak Ubx is 

more structured and possesses the basic Hox functions; however, during evolution, more 

flexible regions have emerged to regulate transcription.
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Dm Ubx Jc Ubx Tc Ubx Af Ubx Ak Ubx

Intrinsic
activation

strong strong mild strong strong

Deduced
repression not assessed strong mild strong not

detected

Overall
activation moderate weak weak weak strong

Table 5.3 Activity of intrinsic activation, deduced repression, and overall 
activation of all the selected Ubx orthologues. Repression values were deduced 
based on the activation by full-length protein compared to deletions with higher 
activation.
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5.3.3 Activation domains from Ubx orthologues have different amino 

acid compositions

Due to the general lack of structure by which domains are ususlly categorized, 

activation domains are loosely classified according to the relative abundance of particular 

amino acids. They are normally divided into four classes: glutamine-rich, proline-rich, 

serine/threonine-rich, and acid-rich (Triezenberg, 1995; Mitchell and Tjian, 1989; 

Roberts, 2000). Different types of activation domains may utilize different mechanisms 

to regulate activation or to respond to cofactors. This possibility is best illustrated by the 

three different types of transcription activation domains within bicoid (bed). Bed is a 

Drosophila morphogenetic protein required for the development of anterior structures in 

the embryo (Zhao et a l, 2002). The transcriptional activity of this protein is directly 

downregulated by the Torso signal transduction cascade at the anterior pole of the 

Drosophila embryo (Bellaiche, 1996). Using a Gal-4 system, three autonomous 

activation domains, serine/threonine-rich, acid-rich, and glutamine-rich, were identified 

in Bed (Janody et al., 2001). Serine/threonine-rich and acid-rich domains are 

downregulated by Torso, whereas glutamine-rich activation domain is not sensitive to 

Torso (Janody et al., 2001). Given the different sensitivity of these three activation 

domains to Torso, they may have varied activating potential in vivo and interact with 

different and specific co-factors (Janody et al., 2001). Table 5.4 lists the amino acid 

composition of the critical residues in the Ubx activation regions and in the full-length 

proteins examined. The potential activation domain of Tc Ubx contains 18% serine and 

threonine residues, enriched compared to the full-length protein, indicating that 

posttranslational modification may regulate transcription activation by this protein. The
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potential activation domains of Jc Ubx and Af Ubx contain 7.3% and 9.7% proline 

residues, respectively. The proline contents in these two activation domains are higher 

than those in the other Ubx proteins. Given the different amino acid compositions of the 

potential activation domains of Ubx orthologues, the mechanism of transcription 

regulation as well as the location of activation domains may have changed during 

evolution. In addition, previous studies revealed that the proteins bound by disordered 

domains are determined primarily by amino acid composition (Adams et al., 2007). Since 

the amino acid compositions of the disordered activation domains of Dm Ubx, Tc Ubx, 

and Jc Ubx are different, distinct activation cofactors may be selected by these Ubx 

orthologues and thus result in differential activation activities.

5.3.4 Models of the evolution of Ubx transcription activation domain

With the previous investigation of Dm Ubx transcription activation domain (Tan et 

al., 2002) and our current identification of the transcription activation domains in Ubx 

orthologues, several models of the evolution of transcription activation domain can be 

proposed: First, ancestral Hox proteins, like Ak Ubx, possess some basal ability to 

activate transcription. Second, the study of Dm Ubx transcription activation domain 

revealed that the activity of Ubx transcription activation is proportional to the length, and 

multiple domains are possible. Previous studies revealed that in multi-domain protein 

evolution, insertions and deletions are the most common events (Rasteiro and Pereira- 

Leal, 2007; Bornberg-Bauer et al., 2005); therefore, during evolution new sequences may 

be added or deleted to the core activation domain to alter its activity. Third, further 

regulatory elements may be added to regulate the strength of Hox transcription activation; 

for example, phosphorylation sites are found in the activation core of Dm Ubx (Gavis and
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Hogness, 1991). Finally, activation can be changed by altering the strength of the 

repression domain-as seen in our orthologue series. Hox proteins may utilize one or 

more of the proposed mechanisms to specify their regulatory outcomes over time.

In all, the evolution o f Ubx transcription repression and the differences in 

transcription activation mechanisms within Ubx orthologues suggest that Hox functions 

outside the homeodomain have undergone dramatic changes/modifications during 

evolution. In fact, this same conclusion was drawn from many other observations. For 

example, the YPWM motif in ancestral Ftz protein has been replaced by an LXXLL 

motif in its insect orthologue (Alonso, 2001). Accompanying the alteration of ftz  

expression pattern, Ftz protein lost its axial identity specification functions and gained the 

ability to control segment number in early embryos (Lohr and Pick, 2001).

These significant functional changes within Hox orthologues allow this protein 

family to be "the best current system for understanding how transcription-factor functions 

evolve in animal.” (Pearson et al., 2005). Since dramatic changes of Hox functions do not 

necessarily interfere with animal viability and reproductive fitness, they are excellent 

candidates for promoting morphological change over time.

5.3.5 Insight into the potential Ubx transcription repression domain

Previous studies of Ubx transcription repression have identified a sufficient but not 

necessary transcription repression domain at the C-terminus of Dm Ubx (Galant et al., 

2002; Ronshaugen et al., 2002). With the LexA yeast one-hybrid system, we roughly 

located the repression region of Jc Ubx, Tc Ubx, and Af Ubx. Interestingly, all of these 

three Ubx orthologues utilize their C-terminus, including the YPWM motif and 

homeodomain, to regulate repression. The dual role of homeodomain was also observed
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in HoxA7 (Schnabel and Abate-Shen, 1996). In contrast to the identified activation 

domains, the potential repression regions are in general more structured. It is possible that 

the repression regions restrain disorder on the activation domains. Therefore, we propose 

that the disorder/order switch may trigger the balance between activation and repression 

and thus control the regulatory behavior of Ubx proteins.
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P%
4.92%

Full-length
protein

AD
region

Full-length
protein

AD
region

Full-length
protein

AD
region

Full-length
protein

AD
region

Dm Ubx 5.7 2.9 6.9 3.4 13.1 13.7 3.3 3.4

Jc Ubx 9.5 8.1 7.9 8.2 8.0 8.8 7.3

Tc Ubx 7.6 8.2 6.7 6.6 12.6 4.8 4.9

A f Ubx 9.0 8.8 9.6 9.7 14.7 12.6 9.7

Ak Ubx 7.5 7.7 7.9 7.7 20.6 16.6 7.0 5.1

Table 5.4 Amino acid composition of critical residues in full-length Ubx orthologues and identified activation domain.
The activation domain of TcUbx falls into the serine/threonine-rich category.
1The amino acid frequency from 2912 protein sequences (White et al., 1994).
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Chapter 6 

Conclusions

Understanding mechanisms of morphological evolution is one of the paramount 

challenges within the animal kingdom. Today, a new paradigm, evo-devo, applies 

molecular biology techniques to investigate animal evolution from a developmental 

perspective. Evo-devo researchers have revealed that Hox proteins are prominent players 

during morphological evolution (Carroll 2005), because they design the animal’s body 

plan (Pavlopoulos and Averof, 2002). However, the mechanisms underlying 

context-dependent, specific Hox functions remain largely unknown.

Utilizing the Hox protein Ultrabithorax and its orthologues as models, this thesis has 

investigated how sequences outside the homeodomain modulate the functional specificity 

of Hox proteins and has explored connections to morphological evolution. With 

biochemical and biophysical approaches, we tried to answer two questions: How do the 

regions outside the homeodomain modulate the functional specificities of Ultrabithorax 

(Chapters 3 and 4)? Based on our understanding of one Hox protein, Ubx, how does the 

functional evolution of its orthologues contribute to the morphological diversification in 

comparable body structures (Chapter 5)?

In addition to their roles in animal development and morphological evolution, Hox 

proteins contribute to many important cellular events, such as wound repair, cell 

differentiation, and carcinogenesis (Naora et al., 2001; Cillo et al., 1999; Hombria and 

Lovegrove, 2003). DNA binding is the fundamental function of the Hox proteins and
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provided the first target for studies of Hox mechanism (Manak and Scott, 1994). 

However, due to the disordered character of Hox family proteins, Hox*DNA binding 

studies have generally been limited to the homeodomain region or unpurified proteins 

(Wilson et al., 1996; Dragan et al., 2006). Dr. Bondos’ preliminary studies revealed that 

full-length Ubx and Ubx-HD differ in binding affinity, pH dependence, osmotic response, 

and redox sensitivity, which strongly indicated that sequences outside homeodomain may 

modulate the DNA binding of Hox proteins.

Ubx contains intrinsically disordered segments conserved throughout 540 million 

years of evolution (Chapter 5). Much of the disorder is present in the microexon region 

and the activation domain, providing Ubx greater flexibility and presumably enhanced 

capacity to communicate with other cellular regulators. Since site-directed mutagenesis is 

not appropriate for the study of proteins with large unstructured domains, we constructed 

more than 10 external and internal deletion mutants to locate the regions that modulate 

Ubx homeodomain DNA binding. We have also utilized pH as a probe to explore the 

sensitivity of Ubx protein to chemical environment. We discovered three regions that 

impact DNA binding (Fig. 3.12), all of which exhibit disordered character. The II region 

directly inhibits DNA binding by homeodomain (Chapter 4). Not surprisingly, this region 

includes the YPWM motif and microexons and is adjacent to the N-terminal arm of the 

homeodomain. The N-terminal arm of Ubx-HD is also disordered and directly contacts 

DNA in the minor groove (Gehring et al., 1994b; Hayashi and Scott, 1990). Therefore, 

structural fluctuations in the II region may influence the disordered character of the 

N-terminal arm and thus modulate DNA binding. The strong inhibitory 12 region partially 

overlaps with the transcription activation domain of Ubx protein (Chapter 4), which may
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allow sequence-specific DNA binding to influence transcription regulation. In general, 

the middle regions of Ubx orthologues are disordered, though differing in degree. 

Therefore, this character may be a conserved feature in the Ubx family, and the 

differences in tendency to disorder may modulate the regulation by this region among 

Hox orthologues and also differentiate Hox functions in vivo. The binding affinity 

restoration region (R) is located at the Ubx N-terminus, partially overlapping with the 

activation enhancement region (Fig. 3.12). The sequence length of the R region linearly 

correlates with the restoration of Ubx DNA binding affinity (Chapter 4).

Interestingly, we found that the II region and a portion of the R region are required 

to suppress the pH effect observed for Ubx-HD»DNA binding. Therefore, full-length 

Ubx may allow/enhance multiple HD»DNA binding modes, reducing the overall DNA 

affinity and rendering the protein insensitive to pH.

In summary, our studies presented in Chapter 3 revealed that large regions outside 

the Ubx homeodomain may impact DNA binding. The coordination among these binding 

modulation regions may provide the opportunity to diversify DNA binding by Ubx, and 

potentially any Hox protein, in response to the cellular context or evolutionary pressure. 

These regions overlap with other functional domains, such as transcription activation 

domain, cofactor interaction region, and microexons, providing a means for cross-talk 

with other Hox functions and thus the potential to specify Hox activities in vivo.

Another big mystery in the Hox family is how to bind the correct site with 

specificity. To address this problem, in Chapter 4, we investigated DNA binding of 

Ubxla to multiple sequences. Since the II region, including the YPWM motif and the 

microexons, can directly impact HD*DNA binding, and the YPWM motif is highly
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conserved in the Hox family during evolution, we further explored their contribution to 

DNA binding specificities. Six natural Ubx binding targets, which represent the functions 

and sequence variety of the promoters regulated by Ubx in vivo, were employed in our 

study. We found that regions outside the homeodomain do impact DNA binding 

specificity. The YPWM motif can inhibit DNA binding, which is dependent on DNA 

sequence and the surrounding amino acid sequences. Importantly, the study of the Dll 

composite binding site revealed that the YPWM motif may preclude monomeric Ubx 

from binding DNA targets that should be regulated only by Ubx»Exd heterodimers. 

Shortening the region between the YPWM motif and homeodomain can amplify the 

impact of YPWM inhibition. In addition, both regions N- and C-terminal to the YPWM 

motif modulate binding specificity. The YPWM motif is flexible, highly conserved, and 

located at a special position, overlapping in Ubx with the DIP1 interaction domain, 

transcription activation domain, and part of Ubx microexon region. This juxtaposition 

potentially allows communication with other functional machineries and thus a more 

complicated functional modulation network in vivo.

Our studies have also demonstrated the importance of utilizing active full-length 

proteins to explore the role of critical regions in Hox proteins. Our rigorous binding 

studies revealed that the YPWM motif and its surrounding region are not required for 

Exd interaction, which may help to explain the inconsistent results observed in in vivo 

studies (see Chapter 4 for details).

In addition to the DNA binding studies, in Chapter 5 we investigated transcription 

regulation by Ubx orthologues. Functional alteration of Ubx transcription repression 

provided novel insight into morphological evolution (Grenier and Carroll, 2000; Yervoort,
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2002; Carroll, 2002). Hox proteins can both activate and repress transcription. These two 

functions can compete for dominance on the same DNA sequence (Tan et al., 2002; Ma, 

2005). Utilizing the LexA yeast-one-hybrid system, we identified the transcription 

activation domains of Ubx orthologues from butterfly Junonia coenia (Jc Ubx), beetle 

Tribolium castaneum (Tc Ubx), shrimp Artima franciscana (Af Ubx), and onychophran 

Akanthokara kaputensis (Ak Ubx). Four interesting observations were obtained from our 

studies:

The net strength of transcription activation varies between Ubx orthologues. Ak Ubx 

exhibits the strongest activation, Dm Ubx yields a moderate response, whereas Jc Ubx,

Tc Ubx and Af Ubx have weaker activation. Differences in activation can impact gene 

regulation in vivo and may affect the recruitment of general transcription factors (Zhang 

et al., 1996; Roberts, 2000; Triezenberg, 1995).

The activation domains are present at different locations within Ubx orthologues 

(Roberts, 2000; Triezenberg, 1995; Tan et al., 2002). Except for Dm Ubx, all the other 

Ubx proteins utilize the very N-terminus to activate transcription. In general, the 

N-termini of Ubx proteins are more conserved than their middle regions; therefore, the 

shift of Dm Ubx transcription activation domain to an unconserved area might reflect an 

evolved feature in the Hox family.

Activation domains lack consistent predictions of secondary structure. Activation 

domains tend to be unstructured and are normally categorized by the degree of disorder. 

The activation domain of Dm Ubx is most disordered, and the activation domain of Ak 

Ubx is most structured. Therefore, during evolution, more flexible regions have emerged 

to regulate transcription, potentially providing more gene regulation opportunities.
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The activation domains from Ubx orthologues have sufficiently different amino acid 

compositions to place them in different functional classes (Roberts, 2000; Triezenberg, 

1995; Tan et al., 2002). The activation domain of Tc Ubx is enriched in serine and 

threonine residues. The activation domains of Jc Ubx and Af Ubx fall into the 

proline-rich category. Given the different amino acid compositions of the potential 

activation domains of Ubx orthologues, the mechanism of transcription activation may 

have evolved during evolution.

According to these observations we propose that: 1) Ancestral Hox proteins may 

have possessed some basal ability to activate transcription. 2) During evolution, new 

sequences may have been added to the core activation domain to boost its activity. 3) 

Additional elements have been added to regulate the strength of Hox transcription 

activation. 4) Activation strength can be lost by removing pieces of the activation 

domain.

Regions that inhibit transcription activation, likely the transcription repression 

domain, were located as well. Jc Ubx, Tc Ubx, and Af Ubx utilize their C-termini, 

including the YPWM motif and homeodomain, to repress transcription. These results 

correlate with location of repression domains determined by in vivo studies. Importantly, 

we noticed that, except for Ak Ubx, strong activation domains are accompanied by strong 

repression domains. Therefore, the strength of Hox transcription activation and 

transcription repression may have evolved in concert during evolution.

In summary, this thesis contributes essential information on the mechanisms 

underlying animal body plan diversification. Our research focused on the sequences 

outside the homeodomain in regulating DNA binding by Hox proteins, providing a novel
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solution for the Hox paradox. Functional evolution in the Hox family provides a novel 

mechanism for animal body structure diversification (Grenier and Carroll, 2000;

Vervoort, 2002; Carroll, 2002). This work provides insights into the evolution of 

transcription activation in Hox orthologues in an effort to provide a more complete 

understanding of this mechanism.

Many proteins with disordered regions are required for regulation of key cellular 

events (Iakoucheva et al., 2002; Liu et al., 2006; Tompa et al., 2005), but traditional 

site-directed mutagenesis methods are not suitable. Our approach for investigating 

unstructured proteins may be helpful in studies of many transcription factors and proteins 

involved in signaling pathways.

Ubx proteins have mammalian homologues, which are involved in carcinogenesis 

and metastasis (Naora et al., 2001; Cillo et al., 1999). The detailed characterization of 

Ubx proteins in this thesis will hopefully provide information and approaches that 

promote investigation of mechanisms behind human disease connected with Hox proteins. 

The important conclusions and significance of this thesis are summarized in Figure 6.1.
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Figure 6.1 Important conclusions and significance of this thesis. Our studies revealed 
that large regions outside the Ubx-HD modulate the DNA binding affinity by Ubx-HD. 
YPWM motif and surrounding regions impact the DNA binding specificity. Moreover, 
Ubx orthologues possess distinct activation domains, which may contribute to the design 
of animal body plan. The studies presented in this thesis contribute to the understanding 
of morphological evolution and also shed light on the understanding of Hox paradox, 
multiple functional transcription factors, intrinsically disordered proteins, and human 
Hox orthologues.
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Appendix I 

Chapter 7 

Differential Redox Regulation of DNA Binding 

by Hox Proteins

7.1 Introduction:

As described in Chapter 3, differences in DNA binding between isolated Ubx 

homeodomain (Ubx-HD) versus full-length Ubx protein elicited by the chemical 

environment suggest regions outside the homeodomain interact physically or 

energetically with the core DNA binding motif. In order to locate these functional 

region(s), we took the advantage of three different DNA binding properties between full- 

length Ubx and Ubx homeodomain, using them as probes to explore the tertiary structure 

as well as potential regulatory mechanisms of Ubx protein. These probes include pH 

dependence, redox sensitivity, and osmotic response. The studies of Ubx pH dependence 

and osmotic response are described in Chapter 3 and Chapter 8, respectively. In this 

section, I will focus on the redox regulation of Ubx DNA binding. Ubx isoform lb 

(Ubxlb) and its variants are utilized in this work.

Previous studies by Dr. Bondos suggest that Ubx-HD*DNA binding is not sensitive 

to oxidizing/reducing conditions; however, DNA binding by intact Ubxlb is reversibly 

lost under oxidizing conditions. Therefore, sequences outside the homeodomain must
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modulate the redox sensitivity of Ubxlb, providing an opportunity to probe Ubx structure. 

This probe may raise the discrimination of impacts at a single residue level, since fewer 

amino acids are capable of reversible oxidization than protonation by low pH. 

Interestingly, although full-length Ubxlb can be reversibly oxidized, Ubx-HD does not 

exhibit this behavior. Therefore, a redox-regulated conformational change upon DNA 

binding may occur. This hypothesis is supported by the analysis of water release upon 

DNA binding, which will be further discussed in Chapter 8. Importantly, if Ubx is 

oxidized in vivo, this process may regulate both its DNA binding and protein interactions 

by restricting required conformations.

7.2 Results:

7.2.1 DNA binding by full-length Ubxlb and isolated Ubx-HD 

is differentially perturbed by redox conditions

To initiate the exploration of the redox regulation of Ubx protein, the redox 

sensitivity of full-length Ubxlb and isolated Ubx-HD were first confirmed by gel 

retardation assay performed under various oxidizing/reducing conditions, including 10 

mM DTT, 5 mM H2 O2 , and 5 mM oxidized glutathione (GSSG). The results shown in 

Figure 7.1 are consistent with Dr. Bondos’ previous observations. Ubx-HD can bind 

DNA with high affinity under both oxidizing and reducing conditions. Full-length Ubxlb 

is, in contrast, redox sensitive, since high affinity association of Ubx and DNA can only 

be obtained under strong reducing conditions. Oxidants, GSSG or H2 O2 , completely 

abolish the binding activity of Ubxlb. However, since reduced glutathione (GSH) can
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inhibit the interaction between Ubxlb and DNA, we focused on H2O2  to avoid secondary 

effects presumably caused by glutathione*Ubx interactions.

Full-length Ubx Ubx -HD
A : 10 m M  D T T  - . A : 10 m M  D T T

C: 5  mM  G S SG  —

Figure 7.1: Differential redox response of full-length Ubxlb and isolated 
Ubx-HD. Gel shift results for Ubxlb and HD binding to optimal target DNA 
sequence performed under various oxidizing-reducing conditions are shown. 
For each gel, redox conditions are constant (as labeled), and increasing protein 
concentrations are marked by wedges. The range of protein concentration is ~4 
x 10'11 M to 1.6 x 10'8 M for Ubxlb and ~4 x 10'12M to 1.6 x 10'9 M for Ubx- 
HD. The different redox response of Ubxlb must employ sequences outside the 
homeodomain to mediate this property.
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7.2.2 Reversible oxidization of full-length Ubxlb

Interestingly, the DNA binding capacity of oxidized full-length Ubxlb can be 

rescued, at least in part, by adding reducing agent to the reaction, after oxidant removal 

by dialysis (Fig. 7.2). Even though many amino acids can be oxidized, generally only 

cysteine and methionine residues undergo reversible oxidation (Table 1 and Fig. 7.3). 

Therefore, this effect must be mediated by these residues.

7.2.3 A single cysteine residue does not regulate the redox 

sensitivity of Ubxlb

Ubxlb contains six cysteine and nine methionine residues. Cysteines were first 

examined due to their high reactivity and identified functional roles in many transcription 

factors, including several homeodomain-containing proteins (Akamatsu et al., 1997; 

Galang and Hauser, 1993; Tron et al., 2002). Alanine has similar size and hydrophobic 

character to cysteine and therefore was selected in our mutagenesis studies. Previous 

studies by Dr. Bondos and her undergraduate students, Shiyama Mudali and Meredith 

Hanson, indicated that none of five single cysteine mutants, including Ubx C89A, Cl 58A, 

C216A, C249A and C333A, altered the redox response of full-length Ubxlb (Table 7.2). I 

constructed, purified, and examined the redox property of the last cysteine to alanine 

mutant, C74A. As shown in Figure 7.4, similar to wild-type Ubxlb and all the other five 

single cysteine mutants, Ubx C74A also can only bind DNA under reducing conditions. 

Collectively, a single cysteine residue does not control the redox response of Ubxlb; 

therefore, it is possible that a combination of multiple cysteine or methionine residues
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may be involved in this mechanism. Several multiple cysteine mutants have been 

constructed, which might be useful in future studies (Table 7.2).

10 mM DTT 1 mM H20 2 1 mM H20 2

I

10 mM DTT

Figure 7.2: Reversible redox effects on DNA binding by full-length 
Ubxlb measured by gel shift assay. A: Binding buffer contained 10 
mM DTT. B: Binding buffer contained 1 mM H2 O2 .C  Binding buffer, 
in which protein was incubated with 1 mM H2 O2  for 60 minutes before 
H2O2  removal by dialysis and subsequent addition of 10 mM DTT. 
Lane 1 for these gels contained no protein, and lanes 2-4 contained 
increasing concentrations of Ubxlb from 10'8 to 10"6 M.
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Amino Acid Physiological oxidation products Reversibility

Cysteine Disulfides, mixed disulfides (e.g., glutathiolation) Yes

Methionine Methionine sulfoxide Yes

Tyrosine Dityrosine, nitrotyrosine, chlorotyrosines, dopa No

Tryptophan Hydroxy- and nitro-tryptophans, kynurenines No

Phenylalanine Hydroxyphenylalanines No

Valine,

Leucine
Hydro(pero)xides No

Histidine 2-Oxohistidine, asparagine, aspartate, HNE-His No8

Glutamyl Oxalic acid, pyruvic acid No

Proline Hydroxyproline, pyrrolidone, glutamic semialdehyde No

Threonine 2-Amino-3-ketobutyric acid No

Arginine Glutamic semialdehyde, chloramines No

Lysine
a-Aminoadipic semialdehyde, chloramines, MDA-Lys, 

HNE-Lys, acrolein-Lys, carboxymethyllysine, pHA-Lys
No

“Recent reports indicate the potential for reversible histidine oxidation (Lee and Mann, 2006). 

Table 7.1 Oxidizable amino acids.
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Figure 7.3 Oxidization of cysteine and methionine residues. Reversible 
reactions are shown by red color.
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Name Location Constructor

Ubx Ib-C158A, C-249A- pET3c Box I-D 7 YFL

Ubx Ib-C89A, C158A, C249A- pET3c Box I-D IO YFL

Ubx Ib-C89A, C158A, C249A- pET28a Box I - H I YFL

Ubx Ib-C89A, C158A, C249A, C333A -  

pET3c Box I -  E8, D9 YFL

Ubx lb- C74A, C89A, C158A, C216A, 

C249A -  pET28a Box I -  F7 YFL

Ubx lb- C89A, C158A, C216A, C249A, 

C333A -  pET28a Box II -  B l, B2 YFL

lh\lhM'-\ pKl 28j Box II -  A5. A6 YFL
■ ''' ?j'1!̂'K1! if •;■

Ubx lb C74A -  pHT3c Box I I - A l .  A2 YFL

Ubx lb C74S -  pET3c Box II -  A7, A8 YFL

Ubx lb C89A -  pET3c Box I - F I SEB

Ubx lb C 216A -  pET3c Box I -  F2 SEB

Ubx lb C249A -  pET3c Box I -  F3 SEB

Ubx lb C333A -  pET3c Box I -  F4 SEB

Table 7.2 Cysteine mutants. All the cysteine mutants constructed (including by others) 
are listed. The redox sensitivities of the mutants shaded in dark grey and light grey were 
examined by me and Dr. Bondos, respectively. Several multiple cysteine mutants are 
available for future studies.
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Figure 7.4 Redox effects on DNA binding by Ubx C74A measured by 
gel retardation assay. A. Binding buffer contained 10 mM DTT. B. 
Binding buffer contained ImM H20 2. Lane 1 for each gel contained no 
protein, whereas lanes 2-7 contained increasing concentration of Ubx 
C74A from 10 pM to 1 jxM. DNA concentration was ~1 pM.
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7.2.4. Cysteine residues are not completely responsible for the redox 

regulation of Ubxlb

The best and simplest way to dissect the contribution of multiple cysteines from 

methionines is to modify/substitute all six cysteines simultaneously. If the redox effect is 

caused by simultaneous oxidization of multiple cysteines, modification or mutation of 

cysteines should abolish the redox sensitivity of Ubx. However, if methionines are 

required, exclusively or in combination with cysteines, the alteration of cysteines will not 

completely abrogate the redox response. In order to explore these possibilities, two 

approaches, including methyl methanethiosulfonate (MMTS) modification of cysteine 

residues and mutation of all six cysteines to alanines to creat Ubx 6CA, were conducted 

simultaneously.

7.2.4.1 MMTS modified Ubxlb is redox sensitive

Chemical modification is a simple technique for the study of functional residues by 

taking the advantage of the interaction between reagents and a subset of amino acids, 

thereby omitting the purification of new mutants. The structures and reactions of several 

commonly used chemicals for cysteine modification are shown in Figure 7.5. MMTS was 

selected to modify cysteine residues for several reasons. First, it is a small molecule, able 

to penetrate hydrophobic regions in proteins and modify both exposed and buried 

cysteines (Jaffe et al., 1984). Second, the small size may limit its influence on DNA 

binding under reducing conditions in control reactions. Third, the extent of MMTS 

modification can be quantitatively monitored by 2-chloromercuri-4-nitrophenol (MNP) 

interaction. Fourth, the combination of MMTS and MNP can parse exposed versus buried
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cysteines: under native conditions, MMTS can modify both exposed and buried cysteines, 

whereas due to the larger size and polar nature of MNP, only exposed cysteines can be 

modified; therefore, the comparison between these two chemical modifications may 

reveal the number of exposed and buried cysteines. Lastly, MMTS modification was 

successfully applied in our laboratory for the modification of the cysteine residues in the 

LacI repressor (Royer et al., 1986; Daly et al., 1986; Daly and Matthews, 1986).

The MMTS modification -  redox exploration strategy is outlined in Figure 7.6. 

Wild-type Ubxlb was purified and modified by MMTS, and the extent of reaction was 

monitored by MNP. If all the cysteines in Ubxlb were modified by MMTS, the number 

of cysteines calculated by MNP titration under denaturing condition will be zero. 

Otherwise, the number of un-modified cysteine(s) will be obtained. Once all the cysteines 

were occupied by MMTS, gel retardation assays were carried out under various redox 

conditions, including 10 mM DTT, 1 mM H2O2 and 10 mM H2 O2 . As shown in Figure 

7.7, MMTS-modified Ubxlb still can only bind DNA under reducing conditions. This 

observation indicates that cysteine residues are not solely responsible for the redox 

regulation of Ubx. Note, however that the DNA binding affinity of MMTS-modified Ubx 

is slightly stronger than wild-type Ubx, suggesting one or more cysteines might impact 

binding affinity.

7.2.4.2 Ubxlb six cysteine to alanine mutant (Ubx6 CA) is still redox 

sensitive

In order to further investigate the contribution of cysteine residues to the redox 

regulation of Ubx, all the six cysteines were mutated to alanine residues simutaneously

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



187

(Ubx6CA). To facilitate the purification of this mutant, a His-tag was engineered at the 

N-terminus of this protein. Examination of the redox response of Ubx 6CA revealed high 

DNA binding affinity under reducing conditions. Although weak binding in oxidative 

conditions was still observed at high Ubx concentrations (Fig. 7.8), the difference in 

affinity suggests that methionine residues also contribute to the redox regulation of Ubx 

protein.

A. 5 ,5 '  - Dithio-bis-(2-nitrobenzoate) (DTNB, Ellman Reagent)

y-COOH

pH 8 Mixed disulfide

COGH + R S H  >

DTNB
Thionitrobenzoate 

e = 13600 at 412 nM
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B. 2. 2-Chloromercuri-4-nitrophenol (MNP)

rn
H u '

S-R| O'

O ,. + RSH
N
it

+ HCI

e = 17400 at 405 nm 410 nm

C. Iodoacetic acid and Iodoacetamide

R-SH + l-CH2-COOH ------► R-S-CH2-COOH + HI

Cysteine Iodoacetic acid S-carboxymethylcysteine

R-SH + l-CH2-CONH2  ► R-S-CH2-CONH2 + HI

Cysteine Iodoacetamide S-carbamidomethyl cysteine

D. Methyl methanethiosulfonate (MMTS)

CH3 SSCH3  + P-SH -------- ► P-S-SCH3 + CH3SH

MMTS Mixed disulfide

Figure 7.5 Commonly used regents for cysteine modification.
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Figure 7.6 MMTS modification -  redox exploration strategy. Solid lines direct 
our designed experiments, while dashed lines show the other possible applications of 
MNP.

r
p o r t i o n  o f  m o d i f i e d  p r o t e i n  t h e  o t h e r  p o r t i o n  o f  

I  m o d i f i e d  p r o t e i n

M N P  t i t r a t i o n  

( u n d e r  d e n a t u r i n g  c o n d i t i o n s )

A r e  a l l  c y s t e i n e s  a r e  m o d i f i e d  b y  M M T S ?

( nT) (Yes

U n d e r  n a t i v e  /

c o n d i t i o n s  /

N u m b e r  o f  e x p o s e d  

c y s t e i n e s

G e l  r e t a r d a t i o n  e x p e r i m e n t s  

u n d e r  v a r i o u s  r e d o x  c o n d i t i o n s

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



190

+ MMTS a
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i ; M > - f -  T ;^  v-r ;3K 'S f t i i ^ l ^ i l

No MMTS B 

Wild-type 

Ubx

4  ; f . ,  ; - •*  %  ft  $  f |  #  . #

10 mM D TT 1 mM H20 2 10 mM H20 2

Figure 7.7 Redox sensitivity comparison of MMTS-modified Ubx and 
wild-type Ubx measured by gel retardation assay. A. Redox sensitivity of 
MMTS-modified Ubx. B. Redox sensitivity of wild-type Ubx. A1& B1: 
Binding buffer contained 10 mM DTT; A2 & B2: Binding buffer contained 1 
mM H2 O2 ; A3 & B3: Binding buffer contained 10 mM H2O2 . Lane 1 for all 
these six gels contained no protein, and lanes 2-5 contained increasing 
concentrations of MMTS-modified Ubx or wild-type Ubx from 10‘8 to 10~6 M.
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10mMDTT 10mMGSSG 1 mM H20 2 0.1 mM H20 2

Figure 7.8 Redox sensitivity comparison between Ubx 6CA and wild- 
type Ubxlb measured by gel retardation assay. A. Redox sensitivity of 
Ubx 6CA. B. Redox sensitivity of wild-type Ubxlb. A1& Bl: Binding 
buffer contained 10 mM DTT; A2 & B2: Binding buffer contained 10 mM 
GSSG; A3 & B3: Binding buffer contained 1 mM H20 2; A4 & B4: 
Binding buffer contained 0.1 mM H2 O2 . Lane 1 for all eight gels contained 
no protein, and lanes 2-7 contained increasing concentration of Ubx 6CA 
or wt Ubx from 100 pM to 10 pM. DNA concentration was around lpM.
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7.3 Conclusions and Discussions:

Collectively, our preliminary results indicate that cysteine and methionine may work 

together to modulate the redox sensitivity o f Ubx. Further, one or more cysteines m ight

impact DNA binding affinity of Ubx under reducing conditions, since the DNA binding 

affinities of both MMTS-modified Ubx and Ubx 6CA are higher than wild-type Ubx.

Although redox conditions influence DNA-binding of Ubx, the underlying 

mechanism may be complicated. A unique methionine rich region is present in the N- 

terminus of the Ubx, and these methionines may influence redox activity. Indeed, 

pH/affinity studies described in Chapter 3 suggest the N- and C- termini of Ubx protein 

do interact. Alternatively, Ubx may utilize another region that includes both methionines 

and cysteines to regulate its redox response and contribute to the differentiation of Ubx 

functions. Some of the cysteine and methionine residues are conserved in this protein. 

Therefore, once key residues are identified, we can postulate whether this is an ancient or 

modern feature. A resent study revealed the potential for reversible histidine oxidation 

(Lee and Helmann, 2006); therefore, histidine residues may also contribute to the redox 

sensitivity of Ubx protein.

Redox regulation appears to be a fundamental feature in living cells in processes 

such as oxidative phosphorylation, cell proliferation, programmed cell death, and gene 

regulation (Agarwal and Auchus, 2005; Shiva et al., 2004). Previous in vivo studies 

revealed that oxidizing conditions can lead to developmental defects (Hutter et al., 1997) 

and may play important roles in the Ubx family. Our in vitro studies here suggest that 

oxidation of Ubx may affect both DNA binding and protein interactions, potentially by 

restricting required conformations. Importantly, the reversible oxidization of this Hox
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protein indicates that redox signaling may function as a switch to reversibly regulate the 

behavior of Hox transcription factors in vivo (Tron et al., 2002; Agarwal et al., 2005).

7.4 Future Work:

In order to identify the responsible region/amino acids, a multi-step strategy can be 

designed. We can first take advantage of the available deletion mutants in Ubx isoform la 

to try to identify the responsible region. Several rounds of exploration might be required 

with a gradual resolution of localization. Once the functional region is determined, 

important amino acids (cysteines and/or methionines) in this region can be mutated in the 

corresponding sites in the full-length protein by site-directed mutagenesis. Selected 

residues can first be mutated to alanines; if necessary, cysteine(s) can be further mutated 

to serine(s), and methionine(s) can be further substituted to alanines. In fact, several 

cysteine mutants have been constructed (Table 7.2). These constructs may be useful in 

future studies.
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Appendix II 

Chapter 8 

Conformational Change Accompanies 

Hox*DNA Binding

8.1 Introduction:

The physical environment, including water activity, pH, ionic strength, and pressure, 

can strongly influence binding properties by modifying the weak chemical bonds that 

collectively mediate macromolecular interactions (Li and Matthews, 1997; Robinson and 

Sligar, 1998). Exploitation of these phenomena can identify differences in binding by 

proteins that bind similarly under common, optimal conditions and help decipher the 

underlying mechanisms of Hox»DNA interactions (Li and Matthews 1997).

We hypothesize that Ubx undergoes conformational changes during DNA binding, 

shifts that potentially relay information from the DNA binding site (including the 

sequence bound) to the rest of protein. Unfortunately, due to the high degree of flexibility 

of much of this protein, our understanding of full-length Ubx*DNA interaction is limited. 

However, our previous DNA binding studies suggest that, upon DNA binding, Ubx 

protein may undergo conformational changes. First, our DNA binding affinity studies 

showed that the extensive disordered region located in the mid-region of Ubx can 

strongly inhibit Ubx*DNA interactions. If this binding inhibition is due to conformation
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fluctuations in vivo, once bound to DNA, the movement of the flexible region will be 

restricted. According to the binding affinity data, we also propose that the N-terminal arm 

is likely to restrict motion in the disordered microexon region. In fact, the differential 

redox-sensitivity of full-length Ubx and Ubx-HD also suggested a redox regulated 

conformational alteration. Finally Dr. Bondos’ proteolysis experiments revealed both 

increased exposure and protection of different regions of Ubxlb on DNA binding, 

presumably due to conformational changes upon binding.

Binding by isolated Dm Ubx-HD to the optimal site releases 25 water molecules (Li 

and Matthews, 1997). Interestingly, when binding with the same target DNA sequence, 

Ubx-HD released more water molecules than Dfd-HD; this is mediated by the third helix 

of the Ubx homeodomain, which binds the minor groove of target DNA. This observation 

indicates that physical environment in vivo may contribute to discrimination for 

HD*DNA interactions, even when intrinsic binding affinity is similar.

Conformational changes upon binding were probed by monitoring changes in 

surface area, assessed by varying osmolyte concentrations in DNA binding experiments. 

Protein»DNA interactions displace water molecules previously associated with their 

respective contact surfaces. Protein and DNA are surrounded by surface water (the 

hydration shell) and bulk water (water molecules outside hydration shell). When 

osmolytes are added into a solution, the osmotic pressure outside the hydration shell 

(bulk water) will be higher than that inside the hydration shell. In order to balance these 

osmotic pressures, a system previously at equilibrium will shift towards the state with the 

smallest surface area, thus decreasing the hydration shell and releasing bound water 

(Timasheff, 1993; Timasheff, 2002a; Timasheff, 2002b). This phenomenon is controlled
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by the free energy for the specific protein-DNA interaction and water activity, which can 

be altered by varying osmolyte concentration (Fig 8.1) (Robinson and Sligar 1996; 

Robinson and Sligar 1998). In this chapter, the number of released water molecules upon 

full-length UbxIb'DNA interaction was determined by utilizing different osmolytes.

8.2 Results:

8.2.1: Osmotic stress experiments

The net number of water molecules released, Anw, provides a convenient link to 

gather information on binding thermodynamics and functional or structural properties of 

proteins or protein*DNA complexes. The addition of solutes (osmolytes) that are 

excluded from surface water to bulk water alters the water activity or osmotic pressure 

primarily in bulk water and allows calculation of Anw. In order to explore the osmotic 

effect on DNA binding by full-length Ubx, three chemically diverse neutral solutes 

(sucrose, betaine, and glycerol) were selected to vary the water activity (Fig. 8.2 and 

Table 8.1). Correlation of Anw values obtained with all solutes would indicate they are 

indeed neutral with respect to Ubx and do not interact with the protein surface. Osmotic 

pressure data for sucrose and glycerol were obtained from the Handbook of Chemistry 

and Physics, 67th edition. The osmolal concentrations for betaine (P) were derived from 

molal concentrations (m) according to data previously measured with a Wescor model 

5100C vapor pressure osmometer. The number of water molecules released was 

quantified by the equation
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d[ln(Ka)]/d[solute]= -Anw/55.6 Equation 3

where Ka is the equilibrium association constant, [solute] is the osmolal concentration of 

the neutral solute employed, A nw is the change in the number of water molecules in the 

hydration shell as a result of protein'DNA association, and 55.6 is the number of moles 

of water in 1 L.

8.2.2: Full-length Ubxlb is not sensitive to osmotic conditions.

Similar to previous measurements by Dr. Bondos, varying osmolal concentrations of 

glycerol and betaine did not significantly alter the binding affinity of full-length Ubxlb 

(Fig. 8.3 and Table 8.2), suggesting a net zero water release. However, with increasing 

sucrose concentration, the full-length Ubxlb binding constant slightly decreased (Figure 

8.3 and Table 8.2), indicating possible water association during complex formation.

There are multiple possible interpretations for the difference between glycerol and 

betaine versus sucrose results. Importantly, sucrose may either impact the association rate 

constant or may bind to the protein and impact its binding properties. This differential 

effect is a major motivation for examining multiple osmolytes. Because the results 

obtained from glycerol and betaine correspond, these osmolytes are likely free from 

specific interactions, and therefore suitable for our studies.

When binding to the same target DNA, isolated Ubx homeodomain released -25 

water molecules in both glycerol and betaine (Li and Matthews, 1997), whereas full- 

length Ubx released no net water. This varied osmotic response between Ubx-HD and 

full-length Ubx indicates that sequences outside the homeodomain influence Ubx-target 

DNA interactions.
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Exclude
w a te r

Figure 8.1: Cartoon representation of water release upon protein*DNA interactions 
under different osmotic conditions. A. Protein*DNA interactions displace water 
molecules previously associated with their contact surfaces. B. Osmolytes favor the 
smallest surface area. Under different osmotic concentrations, if binding mode alteration 
and/or conformational change accompany protein*DNA interaction, A'd and Kd may 
equal to each other, such as in full-length Ubxlb *DNA interaction.
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CH, -  OH
CB,

iCH -  OH - c h 3

" c h 3

CH Z - OH

CHgOH

.OH
OH

OH
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Figure 8.2 Structures of glycerol, betaine, and sucrose.

Sucrose

Osmolal
Concentration

P (Os/Kg)

Derived Units

Molar Concentration - M (M)
M = 0.026 P3 -0.226P2+0.958P+ 0.003

V %
Vc= -7.014 P2 + 87.375P + 1.764

0.5 0.431 4.37%

1 0.765 8.21%

1.5 1.026 11.70%

2 1.236 14.85%

2.5 1.415 17.64%
Sucrose
Betaine
Glycerol

Sucrose & Betaine Glycerol

Table 8.1 Conversion between osmolal concentration, molar concentration, and
V%. Osmolal concentration is required for the calculation of Anw; derived molar 
concentration and V% are convenient units for the experimental protocol. V% is the 
volume of solute in 100 ml of solution.
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Figure 8.3 Betaine and glycerol effects on DNA binding by full-length 
DmUbx lb measured by gel shift assay. A: Binding buffer contained 0.5 
Os/Kg sucrose. B: Binding buffer contained 2.5 Os/Kg sucrose. Lane 1 for both 
gels contained no protein, and lanes 2-20 contained increasing concentration of 
DmUbx lb from 40 nM to 1.6 |xM. DNA concentration was 3 pM.
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Figure 8.4 Sucrose effects on DNA binding by full-length DmUbx lb 
measured by gel shift assay. A. Binding buffer contained 0.5 Os/Kg 
sucrose. B. Binding buffer contained 2.5 Os/Kg sucrose. Lane 1 for both gels 
contained no protein, and lanes 2-20 contained increasing concentration of 
DmUbx lb from 40 nM to 1.6 pM. DNA concentration was 3 pM. C. K<j 
values for DNA binding by DmUbx lb varied at different sucrose osmolal 
concentrations.
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Osmolytes Glycerol Betaine Sucrose

K,i (pM) at different osmolal 
concentrations 

(Os/Kg)

2.5 275 263 603

0.5 224 245 186

Table 8.2 DNA binding affinities of Ubxlb measured at different osmolal 
concentrations

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



203

8.3 Conclusions and Future Work:

Our current studies indicate that glycerol and betaine are appropriate osmolytes for 

the study of osmotic responses of Dm Ubx. When bound to the same optimal target DNA 

sequence in vitro, isolated Dm Ubx-HD releases 25 water molecules (Li and Matthews, 

1997), whereas the net water release of full-length Dm Ubx is zero. This difference 

suggests that DNA binding may influence sequences outside the Ubx-HD (and vice 

versa). Furthermore, this evidence indicates that conformational changes may expose 

additional surface area in regions of the protein outside the homeodomains, compensating 

for surface area lost upon binding. As discussed in previous chapters, this change may 

impact other functions such as transcription regulation and protein interactions.

Osmolyte effects serve as an effective environmental probe to localize the region(s) 

which respond to water character. Osmolytes are of potential use as a conformational 

probe to explore the region(s) which is/(are) crucial for Ubx*DNA interactions. Thus, 

critical regions outside the homeodomain may not touch DNA directly, but may be 

influenced by protein*DNA interactions or protein*protein interactions. The ten Ubx 

deletion mutants generated for the studies reported here can be used to identify regions 

that participate in the conformational shifts deduced for Ubx in forming DNA complexes. 

With guidance from the previous binding affinity studies and Dr. Bondos’ proteolysis 

experiments, the most promising targets would be Dm Ubx deletions with functional 

regions that influence DNA binding.

The environmental dependence of Dm Ubx* DNA interaction reflects the chemical 

nature of the interface between homeodomain and DNA as well as within Ubx. Thus, 

varying DNA may also be of interest. Further, evidence for the effect of physical

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



204

environment on the DNA binding properties of these transcription factors may suggest in 

vivo regulatory mechanisms. Our methods are particularly useful as an approach to study 

structure/function issues in disordered proteins -  where no X-ray or NMR data are 

available to guide traditional protein mutagenesis approaches.
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Appendix III 

Chapter 9 

Ubx Function/Structure Changes Contribute to 

Animal Body Plan Diversity

9.1 Introduction:

Arthropoda is one of the largest animal phyla (Akam, 2000; Carroll, 2000): Insects 

alone are now believed to comprise several million living species, whereas other 

arthropods number more than 100,000 (Nielsen, 2001). The body plans of arthropods 

include highly diverse elements, including that of Drosophila. In contrast,

Onychophorans are a small phylum of terrestrial animals. Only about 110 species have 

been described (Nielsen, 2001; Grenier et al., 1997), and body plans are simpler. These 

two sister phyla last shared a common ancestor more than 540 million years ago (Galant 

et al., 2002; Grenier and Carroll, 2000).

From the molecular perspective, Onychophoran Akanthokara kaputensis Ubx (Ak 

Ubx) only contains 214 amino acid residues, which is much shorter than Dm Ubxlb’s 389 

amino acid sequence. Ak Ubx contains several conserved functional motifs that are 

shared in the anthropod Ubx family; however, the flexible polyglycine region, the 

activation helix (required for transcription activation in Drosophila Ubx), and the 

repression domain (present in Drosophila Ubx and shrimp Ubx) are missing (Grenier and
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Carroll, 2000; Tan et al., 2002) (Fig 1.15). The small size and less flexible sequence may 

someday make Ak Ubx amenable to structural studies.

We have been the first to investigate structure/function relationships in a Hox 

protein, using the relatively complex Drosophila Ubx as a model system. Extending these 

studies to its more simple and ancient orthologue will allow us to discover how ancient 

these molecular functions are and how they (and their regulatory mechanisms) have 

evolved. Because our most detailed studies have focused on Dm Ubx »DNA binding, we 

are extremely interested in the evolution of Hox'DNA interactions. DNA binding is a 

fundamental aspect of all Hox-mediated events. Indeed, the homeodomain is the most 

conserved part of the Ubx sequence (97% identical for Dm Ubx-HD vs. Ak Ubx-HD, Fig. 

9.1). There are only two amino acid differences between Dm Ubx-HD and Ak Ubx-HD. 

Crystal and NMR structures revealed that the one of these two un-conserved residues is 

located at the C-terminus of HD and does not contact DNA, whereas the other is at the N- 

terminal arm of HD, contacting target DNA directly (Passner et al., 1999; Billeter et al., 

1993). This observation indicates that Dm Ubx-HD and Ak Ubx-HD may prefer different 

target DNA sequences and exhibit different affinities.

Many interesting studies, including DNA binding affinity, osmotic response, pH 

dependence, and redox sensitivity of Ak Ubx, can be pursued to explore the binding 

behavior of this ancient protein. Comparison of DNA binding properties between Dm 

Ubx and Ak Ubx will help to understand how regulation of DNA binding contributed to 

morphological evolution. In addition, the relationships among Ubx structures (amino 

acids compositions), DNA binding properties, and animal body plan diversification may 

be indicated.
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In this appendix chapter, I focus on the construction, expression, and purification of 

N-terminal tagged Ak Ubx (N-Ak Ubx) and double tagged Ak Ubx (NC-AkUbx).

9.2 Results and Conclusions:

Detailed characterization of the DNA binding capacities of Ak Ubx requires 

establishing a protein purification protocol. The Ak Ubx gene was first cloned into the 

pET28a vector between Ndel and Xhol restriction sites. This construct adds an N- 

terminal His6 tag that can be cleaved from Ak Ubx by thrombin. N-terminal his-tags had 

previously been applied to Dm Ubx without harming Ubx solubility or DNA binding.

The expression procedure for Ak Ubx[pET28a] is same as that for Dm Ubx[pET3c] 

(see Materials and Methods section for detail). Frozen cell pellet is thawed at room 

temperature and lysed with buffer containing 50 mM Na^PCTt, 300 mM NaCl, 1 mM 

imidazole, 5% glucose, 1 mM DTT, and 20 mM EDTA (pH 8.0). Cellular debris is 

removed by DNasel and PEI, followed by centrifugation. The remaining purification 

procedure for Ak Ubx is similar as that for Dm Ubx (see Methods and Materials section 

for detail). The supernatant was first loaded onto a phosphocellulose column. After 

column equilibration, protein was eluted by a 0.1-3.1 M sodium chloride gradient. This 

gradient is steeper than that used for Dm Ubx purification, which indicated that Ak Ubx 

probably had a higher binding affinity than Dm Ubx. Fractions were analyzed by SDS- 

PAGE, and appropriate fractions were collected and dialyzed. Following dialysis, pooled 

fractions were loaded onto a Ni-NTA column. Unfortunately, Ak Ubx did not bind well 

to this column. Even though various incubation times, concentrations, volume of wash 

buffer and elution buffer were attempted, no clean protein band was visualized on SDS-
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PAGE gel. There are possibilities that Ak Ubx ran at an unexpected position or formed a 

dimer, both of which may result in the shift of the supposed position corresponding to 

molecular weight on SDS-PAGE. Taking these two possibilities into consideration, 

western blotting assay and mass spectroscopy were performed to detect Ak Ubx in the 

protein mixture. The unexpected results indicated that Ak Ubx might have a specific 

conformation that buried the tag.

9.3 Suggestions for Future Work:

9.3.1 Purification of NC-Ak Ubx

To solve this problem, an additional His6-tag on the 3' end of Ak Ubx[pET28a] was 

constructed. The sequence of this double tagged protein, NC-Ak Ubx [pET28a], was 

confirmed by sequencing.

NC-Ak Ubx [pET28a] could be introduced into BL21(DE3)pLySs cells. Optimal 

expression conditions would need to be established. Expression can be monitored by 

western blot assay using mouse monoclonal anti-His antibody (Promega). The concerns 

regarding protein solubility can be solved by testing different additives in the lysis buffer, 

coexpressing with appropriate chaperone proteins, or fusing with a small, soluble protein 

such as maltose binding protein or EGFP (Enhanced Green Fluorescence Protein). 

Previous studies in our lab have shown that the solubility of Ubx protein increased when 

fused with a N-terminal EGFP. Once Ak Ubx is successfully expressed, Nickel- 

nitrilotriacetic acid (Ni-NTA) chromatography (Qiagen) should be the first applied to 

purify this protein. Since we have successfully purified many histine tagged proteins, 

such as Ubx 6CA [pET28a], Ubx deletion series in pET19b vectors, by only using Ni-
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NTA column, the purification procedure for Ubx 6CA [pET28a] should be the first tried, 

and minor modification applied as needed. However, due to the great difference in amino 

acid composition between Ak Ubx and Dm Ubx, several steps of Ak Ubx purification 

might be varied from the purification of Dm Ubx, such as the DNA clean up procedure 

(PEI), the salt gradient, the strength of buffers, and the concentration of DTT. The 

strength of the elution buffer probably needs to be increased if the double-tagged Ak Ubx 

has higher affinity for Ni-NTA agarose resin than Dm Ubx. If necessary, 

phosphocellulose chromatography could be applied as well. According to the previous 

attempts, the salt gradient on the phosphocellulose column will also need to be increased. 

Since we have extensive experience with the Ni-NTA chromatography and 

phosphocellulose chromatography, once this protein is expressed and soluble, we believe 

it can be purified in amounts for further study.

9.3.2 DNA binding studies of Ak Ubx

A series of binding studies should be performed. In the initial study, an optimal Dm 

Ubx-HD binding sequence, Ubx40AB, would be the best solution. However, as described 

in Section 9.1, due to the N-terminal amino acid difference between Dm Ubx-HD and Ak 

Ubx-HD, full-length Ak Ubx and Dm Ubx may prefer different DNA sequences. In the 

unlikely event that binding affinity of Ak Ubx is > 10-fold lower than Dm Ubx on 

Ubx40AB, then the optimal Ak Ubx binding sequence would need to be identified. The 

DNA binding affinity of Ak Ubx should be established by gel retardation assay 

performed under the standard conditions. It is possible that the DNA binding affinity of 

the intact Ak Ubx is same as that of isolated Ubx homeodomain, which will not only
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suggest that regions outside the homeodomain do not modulate the DNA binding affinity 

of Ak Ubx, but also the possibility that the response of Ak Ubx to various environmental 

signals might be similar to the Ubx homeodomain. If the DNA binding affinity of Ak 

Ubx differs from Dm Ubx homeodomain, the responsible region will need be identified. 

The best approach is to initially take advantage of the three Ak Ubx N-terminal deletion 

mutants applied in our evolution studies (Chapter 5) (Fig. 9.2).

Beyond the DNA binding affinity, two DNA binding properties, osmotic response, 

and redox sensitivity of Ak Ubx, should be examined. The initial characterization should 

be carried out under the conditions summarized in Table 9.1. For each property to be 

tested, Ak Ubx can either be similar to Dm Ubx, similar to isolated Ubx-HD, or uniquely 

different from Ubx-HD and full-length Dm Ubx. Further experiments can be designed 

based on initial results.

If some or all of the examined DNA binding properties of Ak Ubx are same as Dm 

Ubx homeodomain, modulations of the DNA binding properties might be novel 

mechanisms for advanced Hox functions. These modulations, which only exist in the 

modern Ubx proteins, may contribute to the evolution of animal body plan. If the DNA 

binding properties of Ak Ubx are different from the AK Ubx homeodomain, then 

utilizing sequences outside the homeodomain to modulate DNA binding properties is a 

common mechanism in the Ubx family. These regions can be subsequently identified. 

The functional domain comparison between Dm Ubx and Ak Ubx will provide a clear 

picture of the relationship between Ubx sequence, structure, and function. Further, the 

contribution of the evolution of Ubx DNA binding to animal body plan diversification 

will be elucidated.
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N-terminal arm Helix I Helix II Helix III

_________ /------ *------ * t K \ , ----------*----------\
Eta Uhx-HD RRRGRQKlRYQriiEM-5KEFiriMKIjTRRRRIHMW:'-IMjCIjri,’ERQIKIWFQt'IRRM0JKi<EI

Ak Ubx-HD RKRGRQIYIKYC|I'IiEIU3KEFHMIOT iTORr®JEl#OTttJCL±liKQIKIWFQl'>IRRP€<LKI<EM

I'm .■ I s !it i Tt|GO?QryT!RYQIllEXiEKRFHEJ®YLTI?RRRIEIAHALCLTEKQIKIWPQNRRMKWKKEN

B1 B2
I K N

N-terminal arm N-terminal arm1

Dm Ubx-HD • DNA Dm Antp-HD • DNA

Figure 9.1 Comparison between Dm Ubx-HD and Ak Ubx-HD. A. Sequence 
alignment of Dm Ubx-HD, Ak Ubx-HD, and Dm Ubx-Antp. Conserved and non
conserved residues are shown in red and blue, respectively. There are only two 
amino acid differences between Dm Ubx-HD and Ak Ubx-HD. Dashed lines 
represent sequences presented in B 1 and B2 (Note the first four residues of Dm 
Ubx-HD are not shown in Bl). B1 and B2 are structures deduced from crystal 
structure of Exd-HD«Ubx-HD DNA complex, and NMR structure of Antp«DNA 
complex. Non-conserved residues I (in Dm Ubx-HD) and N (in Dm Antp-HD) do 
not contact DNA; however the other non-conserved residue (K), in the N-terminal 
arm of HD contacts DNA, which may result in varied DNA sequence preferences 
between Dm Ubx-HD and Ak Ubx-HD (Passner et al., 1999; Billeter et al., 1993).
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Figure 9.2 Potential Ak Ubx deletion mutants in DNA binding study. Schematic structures of full-length Dm Ubx and Ak Ubx are 
shown. Important motifs are labeled. Highly conserved regions and homeodomain are shown in yellow and red, respectively. Dashed 
lines represent sequences, which are missing in Ak Ubx but present in Dm Ubx. The two DNA binding inhibition regions of Dm Ubx 
are missing in Ak Ubx, whereas the N-terminal binding restoration region is moderately conserved in Ak Ubx. Three Ak Ubx deletion 
mutants applied in the evolution study (blue box) and two potential new deletions (red box) might be applied in the DNA binding study 
of Ak Ubx.
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DNA binding properties of Ak Ubx

A. Osmotic sensitivity B. Redox response

P M V% lOmMDTT(Os/Kg) (Betaine) (Glycerol)
0.25 0.076 0.28%

lOmMBME
0.5 0.431 4.37%
1.0 0.765 8.21%

0.1 mMH20 2
1.5 1.026 11.70%
2.0 1.236 14.85%

1 mM H20 2
2.5 1.415 17.64%

Table 9.1 Buffer conditions for the characterization of the DNA binding 
properties of Ak Ubx. Conditions for osmotic dependence and redox sensitivity are 
listed.
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