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Abstract

CHARACTERIZATION OF THE DYNAMIC INTERACTIONS OF
TRANSCRIPTIONAL ACTIVATORS

by

Amberlyn M. Wands

Chair: Anna K. Mapp

Transcription is initiated through a series of coupled binding equilibria between
transcriptional activators and their array of protein targets within the transcriptional
machinery. However, previous efforts to kinetically characterize these interactions have
produced conflicting models for the mechanism of complex formation, which is
hampering the discovery of non-natural mimics of their transcriptional activation
domains (TADs). Using fluorescence stopped-flow techniques, we determined that the
activators Gal4, Gen4, and VP16 interact with the same coactivator, Med15, via a two-
step binding mechanism comprised of a bimolecular association step and a

conformational change. We further hypothesized that the life-times of these interactions

xii



should be more revealing of differences in activator potency (i.e., transcriptional output);
thus, we analyzed the microscopic rate and equilibrium constants defining the individual
steps within our mechanism, in order to identify key trends that can differentiate the
activators from one another in terms of their ability to recruit the transcriptional
machinery to a gene promoter. We determined that it is the favorability of the
conformational change step and its partition ratio that correlates with the ability of an
activator to stimulate transcription. Future studies will focus on determining how the
different structural propensities of the TAD sequences contribute to the stability of the
intermediate that they form.

Furthermore, another significant challenge in the development of artificial
transcription factors (ATFs) is a lack of small molecules that can be used to localize them
to a gene promoter in a cellular context. We propose a novel approach to accomplish this
task which relies on the interaction of a ligand with an endogenous DNA-bound protein.
To this end, we have successfully used an in vitro phage display selection with a random
12 amino acid peptide library to isolate ligands that are capable of interacting with DNA-
binding proteins, such as the DNA-binding domain of the yeast transcriptional activator
Gal4 (residues 1-100) and the bacterial repressor LexA (residues 1-202). Future studies
will entail the implementation of a selection with a conformation-constrained peptide
library to obtain ligands that may possess increased stability and specificity within the
cellular milieu. In particular, protein scaffolds that promote helix stabilization would aid

in the future identification of peptidomimetic or small molecule replacements.

Xiii



CHAPTER 1

INTRODUCTION

A. Introduction

Nature has developed an intricate system to control the differential expression of
protein-encoding genes from a common genome, thus giving rise to various cell and
tissue types within the human body [1]. In order to turn on a desired set of genes in
response to signaling cues, proteins known as transcriptional activators interact with and
recruit the transcriptional machinery to the appropriate promoter regions (Figure 1.1) [2].
The dynamic protein-DNA and protein-protein interactions that activators form
throughout this process regulate the timing and extent of mMRNA levels produced [3]. It is
therefore not surprising that malfunctioning transcription factors can lead to aberrant
gene expression profiles and disease states, including developmental defects, cancer, and
diabetes [4-7]. My thesis research efforts have focused on studying the mechanism by
which natural activators carry out these functions to aid in the development of artificial

replacements that can be used as mechanistic tools and therapeutic agents.

B. Activated transcription
RNA polymerase Il (RNA Pol II) is responsible for synthesizing messenger RNA
transcripts (MRNA) from a genomic DNA template [8]. RNA Pol Il activity requires the

assembly of general transcription factors (GTFs) onto core promoter elements of a gene

1
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Figure 1.1: Function of a transcriptional activator. Transcriptional activators contain
two essential domains, a DNA-binding domain (DBD, blue circle) and a
transcriptional activation domain (TAD, red square). The cell uses a number of
mechanisms to regulate activator function, including masking proteins (mp) that
preclude exposure of the TAD until signaling pathways (such as post-translational
modifications) render it available. During transcriptional activation, activators bind to
specific sites on DNA and recruit transcriptional coactivators to gene promoters, thus
facilitating assembly of the pre-initiation complex (PIC).
which serve to specifically position the polymerase to recognize the transcription start
site and aid in the initiation of transcription; this is known as the pre-initiation complex
(PIC), and its assembly is sufficient to support basal transcription levels [3, 9]. Activated
transcription occurs when sequence-specific DNA-binding proteins called transcriptional
activators facilitate assembly of the PIC at the promoter in a timely manner by the
recruitment of proteins termed coactivators [10]. One class of coactivators achieves this
by serving as adapters to components of the general transcriptional machinery [11]. For
example, transcriptional activators are unable to stimulate transcription in a reconstituted

yeast system with pure RNA Pol Il and GTFs (regardless of the fact that they have been

shown to bind many of these components in vitro) until addition of a 20-25 polypeptide



complex termed Mediator [2, 9, 12-17]. Consistent with the role of Mediator as an
intermediary factor, a cryo-electron microscopy (EM) image of the yeast Mediator-RNA
Pol Il complex reveals the existence of ‘head” and ‘middle’ domains which make
multiple contacts on the back face of the polymerase, leaving ~75% of the RNA Pol Il
surface available for interactions with other components of the PIC, while a ‘tail’ domain
of Mediator extends away from RNA Pol Il and contains proteins that have been shown
to be targets of transcriptional activators (Figure 1.2) [14, 18]. Another class of
coactivators functions to overcome the repressive effects of chromatin packaging at the
promoter [19-23]. This is achieved by their modification of the structure of chromatin via
ATP-dependent remodeling (e.g., Swi/Snf complex) or histone-modification (e.g., SAGA
complex) [23-25]. However, although recruitment is the general mechanism of
transcriptional activation in eukaryotes, the identity and timing of the complexes that are

recruited are gene-specific events [26].

C. Natural transcriptional activators

C.1.Modular architecture

In order to carry out their function, activators must participate in many protein—-DNA
and protein—protein interactions, yet this can be accomplished with a fairly simple
architecture. Transcriptional activators utilize minimally two key domains: a DNA-
binding domain (DBD) that localizes the activator to the appropriate site within the
genome, and a transcriptional activation domain (TAD) that interacts with targets within
the transcriptional machinery [2, 10]. This modularity was originally demonstrated by

Brent and Ptashne in a ‘domain-swapping’ experiment, in which the DBD of the bacterial
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Figure 1.2: Mediator complex in yeast. The Mediator complex is composed of 20-25
proteins and is thought to serve as a conduit between transcriptional activators and
RNA polymerase Il. The cryo-EM image of the yeast Mediator-RNA Pol 1l complex
reveals the three domains of Mediator termed Head (H), Middle (M) and Tail (T).
Scale bar = 100 A. Reprinted from Molecular Cell, v10, Davis, J.A.; Takagi, Y.;
Kornberg, R.D.; Asturias, F.J., Structure of the yeast RNA Polymerase Il
Holoenzyme: Mediator Conformation and Polymerase Interaction, 409-415,
Copyright (2002), with permission from Elsevier.



transcriptional repressor LexA was fused to the TAD of the yeast transcriptional activator
Gal4, resulting in a hybrid protein that was able to function as a transcriptional activator
at LexA binding sites [27]. Indeed, this revelation has allowed for the implementation of
a modular replacement strategy for the development of artificial transcription factors
(ATFs), in which the functional domains of endogenous transcriptional regulators are
substituted with artificial counterparts [28]. Therefore, in this section the important
structural and binding characteristics of DBDs and TADs from natural activators that are

required to reconstitute activator function will be further discussed.

C.1.A. DNA-binding domain (DBD)

DNA-binding domains (DBDs) utilized by transcriptional activators are typically
composed of globular yet diverse protein folds, as determined by their extensive
structural characterization by nuclear magnetic resonance (NMR) spectroscopy and X-ray
crystallography [29]. DBDs bind to a specific DNA sequence by possessing a
complementary surface of favorable electrostatic and/or van der Waals interactions with
the base pairs and sugar-phosphate backbone, most commonly through the use of side
chains protruding from recognition motifs that can interact with the major and minor
grooves of B-form DNA [30-31]. Moreover, multimerization of these polypeptide chains
can increase the specificity of the sequences that activators are capable of targeting, as
well as their binding affinity. For example, due to the ability of the yeast activator Gcn4
to form a coiled-coil homodimer via its leucine zipper, the basic region of its continuous
alpha helices are positioned to interact with adjacent pseudo-palindromic 4 bp half sites

(Figure 1.3a) [30, 32]. Similarly, the Zn(I1),Cysg binuclear clusters of a homodimer of the



Figure 1.3: DBD-DNA interactions. a) Ribbon diagram of the crystal structure of the
basic region leucine zipper (bZIP) DNA-binding motif of Gen4 bound to DNA as a
dimer (PDB ID: 1YSA). b) Ribbon diagram of the crystal structure of the zinc cluster
DNA-binding motif of Gal4 bound to DNA as a dimer (PDB ID: 1D66).

yeast activator Gal4 can make base-pair specific contacts to highly conserved CGG
triplets located at the ends of a 17 bp recognition sequence (Figure 1.3b) [33-34]. Even
further, the viral activator VP16 utilizes protein-protein interactions with two host-cell
factors, HCF-1 and Oct-1, to assemble a multiprotein complex that enhances its affinity
for a “TAATGARAT” recognition element [35]. To this end, Chapter 3 of this
dissertation discusses a new strategy to utilize peptide-protein interactions to hijack these

DNA-binding properties.

C.1.B. Transcriptional activation domain (TAD)
C.1.B.1. Structural studies
Transcriptional activation domains (TADs) have been classified based on their amino
acid composition as amphipathic (containing an interspersion of polar and hydrophobic

residues), proline-rich, or glutamine-rich [4, 28]. The largest and best-studied class of



Figure 1.4: TAD-target interactions. a) Ribbon diagram of the crystal structure of the
Gal4 TAD (orange) bound as an a-helix to its masking protein Gal80 (cyan) (PDB ID:
3E1K). b) Ribbon diagram of the crystal structure of the p53 TAD (orange) bound as
an a-helix to its masking protein MDM2 (cyan) (PDB ID: 1YCR).

activators is the amphipathic class [2]. They are classified as intrinsically unstructured or
disordered proteins (IUPs or IDPs), defined as proteins that lack intrinsic globular
structure or contain long disordered segments in their normal, functional state [26, 36-
39]. This common structural feature was initially established from circular dichroism
(CD) and/or nuclear magnetic resonance (NMR) experiments performed on isolated
TADs (e.g., TADs from p53, Gal4, Gen4, VP16, c-Myc, NF-kB, GR, AR, ER), which
illustrated their largely unstructured character in aqueous solution and neutral pH [25-26,
37-38, 40-48]. However, under specific conditions, such as hydrophobic solvents or
lowered pH, these TADs have a propensity for a-helix or 3-sheet formation; conditions
that are fulfilled upon interaction with target proteins as well [43-44, 49]. For example,
the crystal structures of the TADemasking protein complexes of Gal4+Gal80 and

p53*MDM2 show the TADs bound as a helices (Figure 1.4) [50-52]. However, with



these limited structural studies it remains unclear if there is a common structural motif,
such as an a-helix, that is utilized by all activators of this class.

Recent studies have shown that the coactivator-binding motifs located within
activators are primed for target recognition by the presence of transiently-structured
motifs. For example, the N-terminus of the tumor suppressor p53 (residues 1-93) consists
of a transcriptional activation domain (TAD, residues 1-67) followed by a proline-rich
region (PRR, residues 67-93), both of which are intrinsically disordered [53-56]. Residual
dipolar couplings (RDCs) measured to characterize the local structure and dynamics of its
conformational ensembles have shown that isolated p53(1-93) is intrinsically disordered,
but with two regions of nascent secondary structure: a single helix turn populated at a
level of =30% at residues 22-25 within the TAD (compared with the 2.5 turn helix that
residues 18-26 form in complex with MDM2), and an elevated degree of stiffness in the
PRR due to a raised population of polyproline 1l (PPII) conformations [40]. Furthermore,
these conformational preferences were also observed in the context of the DNA-full-
length p53 complex. A model generated of the DNA-full-length p53 complex suggests
that the rigid PRR plays a structural role in projecting the TAD away from the surface of
the protein, most likely to be positioned for interaction with coactivator targets. Similarly,
the molecular shape of the full-length viral coactivator VP16 (residues 1-490) has been
elucidated by Luisi and coworkers using small-angle x-ray scattering (SAXS), which
revealed a globular structural core from which the essentially disordered C-terminal TAD
extends (residues 412-490) [36]. NMR analysis by Han and coworkers of this isolated
VP16 TAD indicates that although the polypeptide is completely devoid of globular

structure in aqueous solution, it does contain four regions with transient structural order



in 5% of the conformers; in particular, residues 472-479 are able to form a relatively
well-defined helix [57]. However, it is still unknown what the impact these pre-structured
motifs have on the binding mechanism of VP16 with its target proteins, as well as if this
feature is shared by all TADs of this class; these questions will be discussed further in

Chapter 2 of this dissertation.

C.1.B.2. Target binding specificity

In general, amphipathic TADs are capable of interacting with and recruiting an
overlapping subset of coactivator protein complexes to the promoters of the genes they
are regulating [24, 48, 58-60]. This idea was first illustrated by research conducted within
the model system of Saccharomyces cerevisiae using chromatin immunoprecipitation
(ChIP) techniques, in which proteins that are indirectly associated with DNA were
identified via formaldehyde crosslinking [19-20, 26, 61]. For example, Bryant and
Ptashne used ChIP to measure the Gal4-dependent appearance of the SAGA histone-
acetyltransferase (HAT) and Mediator complexes to the promoters of the coordinately
induced GAL genes of GALL and GAL7 following galactose induction, while work by
Lemieux and Gaudreau detected the recruitment of the Swi/Snf complex as well [62].
Similarly, ChIP analysis of the Gen4-regulated ARG1 gene upon induction of amino acid
starvation revealed a greater recruitment of the SAGA, Mediator, and Swi/Snf complexes
over that of the Mbf1 protein and the CCR4-NOT, Pafl, and RSC complexes which have
been shown to be required at other Gen4-dependent promoters [24, 60, 63-64].

Researchers have since been developing an array of chemical crosslinking techniques

that can identify the direct TAD binding partners located within these protein complexes,



in order to characterize the binding interactions that are responsible for recruitment [65-
68]. To achieve this, a nondiffusible crosslinking probe is placed in proximity to the
TAD, which forms a covalent linkage nonspecifically to proteins separated by very short
distances (on the order of angstroms) [24, 67, 69-77]. One such in vitro experiment
performed by Hahn and coworkers on the TADs of Gal4 and Gcn4 in their DNA-bound
forms identified their direct binding partners within preinitiation complexes (PICs) that
had been assembled on a HIS4 promoter containing one upstream Gcn4 binding site.
Both Gal4 and Gcn4 TADs crosslinked with Tral (located within both the SAGA and
NuA4 complexes), Tafl2 (located within both the SAGA and TFIID complexes), and
Med15(Galll) (located within the tail module of the Mediator complex) [76-77].
Significantly, these types of studies illustrate that TADs of this class are not only capable
of recruiting shared complexes, but do so by interacting with shared coactivator targets
(Table 1.1). Furthermore, ongoing work by Mapp and coworkers entails using non-
natural amino acid incorporation methods to perform these crosslinking studies in an in
vivo setting. Using this method, they have successfully characterized the Gal4-Gal80
binding interface, and are currently optimizing methods to identify additional partners

within the crosslinked adducts using mass spectrometry [78-79].

C.1.B.3. Potency
Historically, it has been found that the affinity by which a TAD interacts with
transcriptional machinery targets correlates with its transcriptional output (i.e., its
potency). For instance, this phenomenon was observed by Ptashne and coworkers when

they analyzed deletion mutants of the TAD Gal4(840-881) to determine if there existed a
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Table 1.1: Comparison of representative targets of Gal4, Gen4, and VP16 within the

Protein

Saccharomyces cerevisiae transcriptional machinery.

VP16

ﬁiﬁgig}m - Pull-down [81]' L
TBP S NA Cross-linking (indirect) [59]'
GTFs Cross-linking L . i
(direct) [73]' Cross-linking (direct) [73]
TFIIB SPR [80] NA Cross-linking (indirect) [59]"
_— Pull-down [82]" R, ;
Cross-linking S Cross-linking (indirect) [59]"
Tafl2(yTaf61/68) . + | Cross-linking ik . T
(direct) [73, 77] (direct) [76]" Cross-linking (direct) [73]
Tafo(yTaf17/20) | NA Pull-down [83]" | Cross-linking (indirect) [59]"
TFIID/SAGA Cross-linkin Pull-down [83]"
Taf6(yTaf60) (direct) [73]-9 Pull-down [83]" | Cross-linking (indirect) [59]"
Cross-linking (direct) [73]"
+ | Pull-down [83]"
Taf5(yTaf90) NA Pull-down [83] Cross-linking (indirect) [59]'
Pull-down [84
Cross-linkiLg 1| pull-down [s4
SAGA Tral . E Cross-linking Pull-down [84]
(direct) [77] (direct) [76]'
FRET [85]
. Cross-linking SPR [25]
Swil SPR[25] (direct) [24]' | Pull-down [24]
. Cross-linking SPR [25]
Swi/Snf Snf5 SPR[25] (direct) [24]' | Pull-down [24]
. Cross-linking
Swi2/Snf2 NA (direct) [24]' Pull-down [24]
Cross-linking
Cdk8(Srb10) (direct) [86]' Pull-down [86] | Pull-down [86]
Mediator Pull-down [87]" | Pull-down [87]" .
Med15(Galll) Cross-linking Cross-linking Pull-down [87]"
(direct) [77]" (direct) [76]"

+ Targets are located within a multi-protein complex.

correlation between their ability to upregulate expression of a reporter gene in yeast with
their ability to bind target proteins in vitro [80]. The authors observed that the activators
Gal4(DBD)-(840-854), (840-857), (840-869), and (840-881) elicit transcriptional activity
approximately proportional to the length of the TAD, and that this trend is additionally
reflected in their binding affinities (Kqapparent) for the general transcription factors TBP
and TFIIB. In addition, Sung and coworkers observed similar results with the p53 TAD
when various hydrophobic amino acids (positionally conserved to those within the VP16

TAD that are critical for activity) were replaced with hydrophilic ones and investigated
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for their ability to interact with TBP [88]. In order to determine whether this hypothesis
holds upon comparing TADs derived from different activators, Melcher determined the
binding affinities of TADs from both strong (Gal4, VP16, p53) and weak (AH, Gcn4,
TAT) activators for TBP, in which he found that their activating potentials correlated
with their ability to bind to this transcriptional machinery target [89].

More recent studies have provided evidence that in fact Kgapp is not a uniformly good
predictor of activator function. For instance, Mapp and coworkers isolated ligands from
eight-residue synthetic peptide libraries (#28: AHYYYPSE and #17: AQRRVLSE) that
were capable of binding to the coactivator Med15(Galll) with binding affinities
comparable to that of the extremely potent P201 peptide (YLLPTCIP) [90]. In addition,
Schepartz and coworkers isolated a pair of ligands, PPKID4" (4°) and PPKID6" (6Y), that
possess similar binding affinities for the KIX domain of the coactivator CBP, yet 6" is a
less potent transcriptional activator than 47 [91]. Rather, because transcription is initiated
through a series of coupled binding equilibria between activators and their array of
coactivator targets within the transcriptional machinery, we hypothesized that a kinetic
analysis of the life-times of these interactions should be more revealing of activator
potency. Even further, such an analysis could provide a mechanistic explanation for the

ability of activators to interact differently with the same coactivator target (Chapter 2).

D. Activator artificial transcription factors (activator ATFS)
Considerable interest exists in the discovery of molecules that can mimic the function
of a transcriptional activator for use as mechanistic tools and therapeutic agents [92]. In

the following section, progress towards the development of non-natural DNA-binding
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domain (DBD) and transcriptional activation domain (TAD) replacements for use in
activator artificial transcription factors (activator ATFs) will be described, with a focus
on optimizing fundamental properties including DNA binding specificity, stability from

degradation, delivery into cells, and potency.

D.1.Artificial DNA-binding domains (DBDs)

Much work has been done to develop artificial DBDs that can bind with high
specificity and affinity to predetermined DNA sequences [28]. One way in which this
binding has been achieved is by mutating amino acids on natural protein scaffolds to
recognize novel sequences [93-95]. The Cys;His;, zinc finger (ZF) fold has proven to be
enormously versatile as a DNA-targeting entity, and is composed of ~30 amino acids
folded into a PPa structure that is stabilized by hydrophobic interactions and the
coordination of a zinc ion. In terms of sequence recognition, each ZF makes its primary
sidechain—base interactions to three adjacent nucleotides in the sense strand of the DNA
duplex by inserting its o helix into the major groove (Figure 1.5a) [29, 96]. One simple
method for creating a ZF protein capable of binding to a predetermined DNA sequence is
through the “modular assembly” approach, in which pre-existing, single finger ‘modules’
with known specificities are assembled into a multifinger array [96-97]. In practice, ZF
proteins composed of 3—6 fingers with apparent dissociation constants in the picomolar to
nanomolar range have been attached to proteinacious transcriptional activation domains
and used successfully to upregulate endogenous genes in both mammalian cell culture

and animal models [93, 97-98]. Despite this success, stable delivery of these proteins
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Figure 1.5: Artificial DNA-binding domains (artificial DBDs). a) Ribbon diagram of
the crystal structure of three zinc fingers from Zif268 bound to the major groove of
DNA (PDB ID: 1AAY). b) Crystal structure of polyamides bound as a dimer to the
minor groove of DNA (PDB ID: 407D).

remains a challenge because they must be administered by viral vectors [99].

Another approach is using the hydrogen bonding properties of nucleic acid-like
molecules as sequence-specific gene targeting agents. Triplex-forming oligonucleotides
(TFOs), for example, bind to the major groove of DNA by forming Hoogsteen or reverse
Hoogsteen hydrogen bonds with purine bases of Watson-Crick base pairs, thus utilizing a
third strand binding code [100-101]. For instance, in purine TFOs Gs bind the G of a G*C
pair and As bind the A of an AT pair, while in pyrimidine TFOs protonated Cs bind the
G of a G*C pair and Ts bind the A of an AT pair [101]. Although triplex binding is
restricted to polypurine stretches of DNA, recent bioinformatic studies have found that
the largest relative concentrations of these sequences are found in regulatory regions
(especially in promoter zones) [102]. In addition, modifications to the sugar-phosphate

backbone and nucleoside bases can be made in order to improve their binding properties
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and stability under physiological conditions; although limitations still exist on their
efficient delivery into cells [103]. For example, attachment of a VP16-derived peptide to
a TFO by Young and coworkers created a transcriptional activator that upregulated
expression of a reporter gene up to 30-fold upon delivery into mammalian cell culture via
liposome transfection techniques [104].

Finally, tailoring the DNA-binding properties of natural products is another attractive
choice for the development of non-natural DBDs. In particular, considerable progress has
occurred in developing programmable polyamides that can readily target specific DNA
sequences [105]. Polyamides are inspired from the natural products distamycin and
netropsin; they consist of pyrrole (Py), imidazole (Im), and hydroxypyrrole (Hp) amino
acids linked through amide bonds that enable recognition of A«T, T<A, C+G, and G+C
base pairs through the formation of specific hydrogen bonds with minor groove
functionality (Figure 1.5b), although overall specificity varies with sequence context [95,
106-108]. Although several different polyamide structural motifs exist, the hairpin
polyamide in which a flexible amino acid tether connects two polyamide arms is used
most commonly [105, 107, 109]. Hairpin polyamides exhibit DNA binding affinities with
dissociation constants in the picomolar to nanomolar range, and have been shown in
several applications to traffic to the nucleus and to interact with their cognate DNA sites
[110-112]. They have also been used as the basis for several different activator ATF
constructs that function in cell-free and in cellular systems [113-115]. In contrast to
protein DBDs, polyamides are synthesized on solid-phase and can be conjugated to either
peptidic or nonpeptidic TADs; however, since activator ATFs that contain such non-

protein DBDs typically use much smaller TADs to minimize the overall size of the
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construct, this can impose limitations on their eventual potency [116-117]. In addition, in
cellular systems these constructs often require special modifications to enhance
permeability and typically target shorter DNA sequences (6-8 base pairs for an eight-ring
hairpin) relative to proteins. Thus, an alternative approach to obtain cell-permeable
molecules that can achieve the DNA-binding specificity equal to that of a protein would

be an important contribution to the field (Chapter 3).

D.2. Artificial transcriptional activation domains (TADs)

The most common TADs used in the construction of activator ATFs are derived from
the activation domains of natural proteins [4, 28]. Activating sequences from the viral
protein VP16, the yeast activator Gal4, and the p65 subunit of the human activator NF-xB
have all been attached to ZF proteins and function as activator ATFs in mammalian cell
culture, while smaller peptides have even been used on non-proteinacious DBDs [100,
118-119]. For instance, a monomeric or dimeric repeat of eight residues of VP16 (VP1
and VP2) could upregulate a reporter gene in vitro using yeast nuclear extracts when
attached to a polyamide, and a monomeric or dimeric repeat of an 11 residue sequence
taken from VP16 (ATF14 and ATF29, respectively) could upregulate a reporter gene in
mammalian cell culture when attached to a TFO [104, 113-114]. However, a screen in
Saccharomyces cerevisiae of random 8-residue peptides attached to the DBD of Gal4
(residues 1-100) identified P201, a peptidic TAD that is as potent as full-length Gal4
[120]. This enhanced transcriptional activity of a small peptide was later attributed to a

second binding interaction with the dimerization domain of Gal4 that protects P201 from
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Figure 1.6: Small molecule/peptidomimetic-based artificial transcriptional activation
domains (artificial TADs).
proteolytic degradation [121]. Therefore, small molecules and peptidomimetics that can
mimic TAD function and bypass the degradation pathway of the cell are desirable
alternatives.

Small molecules and peptidomimetics are often considerably smaller than protein-
derived TADs and thus may exhibit advantageous cell permeability properties [92]. The
first small molecule TAD to be reported was an amphipathic isoxazolidine (Figure 1.6a),
and its ability to upregulate transcription was demonstrated initially in a cell-free assay
where it proved to be as active as a larger peptidic activator (MW 290 vs 1674) [122].
This amphipathic isoxazolidine also functions in mammalian cell culture in a dose-
dependent manner with up to 80-fold activation at 1 puM [123]. In addition, a
hydrophobic molecule named wrenchnolol (Figure 1.6b) designed originally as an
inhibitor of the ESX-Sur2 interaction is also capable of functioning as an activation
domain upon localization to DNA [115]. When conjugated to a polyamide, this molecule
upregulated transcription in a cell-free system 3.5-fold over background [124]. This
synthetic activator ATF was, however, inactive in mammalian cell culture, which was
possibly caused by limited nuclear localization. Finally, a peptoid (oligo-N-substituted
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glycines) named KBPo02, which was identified from a library screen against the KIX
domain of CBP (Figure 1.6c), is capable of activating robustly (up to 1000-fold)
transcription of a reporter gene in mammalian cells in a 2-hybrid assay with an ECsg of
10uM [125]. Furthermore, a polyamide-peptoid conjugate is capable of activating
transcription of 45 endogenous genes that contain multiple binding sites for the
polyamide within their promoters by at least 3-fold in HeLa cells [117]. These examples
illustrate the types of functional groups that are conducive to mediating interactions with
components of the transcriptional machinery. Yet, it is still not known if these types of
molecules are also able to utilize the same binding mechanism as natural TADs, be it
simple colocalization or the involvement of a conformational change step, and what

effect this might have on their potency (Chapter 2).

E. Thesis summary

Although to date it has been established that purely synthetic activator ATFs are
indeed capable of perturbing the expression profiles of cellular systems, there is a need to
increase activation potency and gene-targeting specificity before their full potential as
therapeutic agents can be assessed [5, 126-127].

In order to examine the factors that influence natural TAD potency, a further
understanding of the mechanism of activatoretarget complex formation is therefore
required. To this end, Chapter 2 discusses the utilization of fluorescence stopped flow
techniques to Kkinetically characterize the ability of three prototypical eukaryotic
activators with differential potency to interact with the key coactivator Med15. These

studies have revealed that the ability of TADs to undergo a conformational change to
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form a final stable complex with its target, relative to dissociation, correlates with the
extent to which they can upregulate transcription. This partition ratio appears to be
dictated by the amount of inherent structural stability of the TAD within the intermediate
complex, and is an important consideration for the development of future generations of
nonnatural TAD mimics.

Furthermore, due to the difficulty of developing cell-permeable molecules that can
bind to unique sites within the genome, another approach to localizing a transcriptional
regulatory domain to a gene of interest would be to hijack the DNA-binding specificity of
an endogenous protein. To this end, Chapter 3 focuses on the applicability of various
screening/selection techniques of random peptide libraries to identify novel binding
surfaces on DNA-binding proteins, with future implications to the discovery of their

small molecule or peptidomimetic replacements.
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CHAPTER 2

TRANSIENT KINETIC ANALYSIS OF TRANSCRIPTIONAL
ACTIVATOR*DNA COMPLEXES INTERACTING WITH THE KEY
COACTIVATOR MED15'

A. Introduction

Transcription is initiated through a series of coupled binding equilibria between
transcriptional activators and their array of protein targets within the transcriptional
machinery [2]. However, previous efforts to Kinetically characterize these interactions
have produced conflicting models for the mechanism of complex formation [3-5], which
is hampering the discovery of non-natural mimics of TAD function for use in activator
ATFs. To address this issue, we employed fluorescence stopped-flow techniques to
obtain the minimal mechanism by which three different activators are capable of
interacting with the same coactivator, Med15.

We further hypothesized that the life-times of these interactions should be more
revealing of activator potency. Thus, we analyzed the microscopic rate and equilibrium
constants defining the individual steps within our mechanism, in order to identify key
trends that can differentiate the activators from one another in terms of their ability to

recruit the transcriptional machinery to a gene promoter (Figure 2.1).

! This project was a collaborative effort with Dr. Carol Fierke and Dr. John Hsieh, for which a manuscript
has been submitted for publication.
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Figure 2.1: Incomplete mechanism of transcriptional activation. Schematic of a
transcriptional activator localized upstream of a gene promoter through a DNA-
binding domain (DBD) (blue circle) which is poised for recruitment of the
transcriptional machinery through interaction with the transcriptional activation
domain (TAD) (red square). Analysis of the life-times of TAD-target interactions
should be more revealing of activator potency (i.e., transcriptional output).

B. Background: TAD*Target complex formation

The largest class of activators, the amphipathic class, is characterized by interspersed
polar and hydrophobic amino acid residues within their TADs despite little sequence
homology within the class (Figure 2.2a). TADs of this class are largely devoid of
secondary structural elements in aqueous solution [6-8], and are classified as intrinsically
disordered [9-11]. However, the TAD segments involved in the binding interaction with a
target protein are found predominantly as amphipathic helices within the complex [12-
14]. In particular, it is the hydrophobic face of the amphipathic helix that participates in
the majority of the contacts, which have also been shown through mutational analysis to
be important for transcriptional activity [15]. For example, three hydrophobic residues
(Phe*”™, Met*®, and Phe*"®) within the 9-residue helix (Asp*’2-Thr*®%) of the VP164s6.490

TAD make crucial contacts with Tfbl/TFIIH (Figure 2.2b) [16].
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TAD Sequence
Gald OWTDQTAYNAFGITTGMFNTTTMDDVYNYLFDDEDTPPNPKKE®®!

Gend  """MFEYENLEDNSKEWTSLFDNDIPVTTDDVSLADKAIES'#
VP16 “*GFTPHDSAPYGALDMADFEFEQMFTDALGIDEYGG#9
p53 TMEEPQSDPSVEPPLSQETFSDLWKLLPENNVLSPLPSQAM?*
KID "8DSVTDSQKRREILSRRPSYRKILNDLSSDAPG™!

The side chains of the amino acids shown in green are hydrophobic; those in red are polar.

Figure 2.2: Natural TADs. (a) Sequences from the TADs of Gal4, Gcn4, and VP16
used in this study for fluorescence stopped-flow experiments and for transcriptional
activation assays in yeast. Sequences from the TADs of p53 and KID have been
previously characterized by NMR methods. (b) Ribbon diagram of the lowest-energy
structure of the TAD of VP164s6.490 (Orange) bound to Tfbl;115 (cyan) (PDB ID:
2K2U). Residues 472-480 of VP16 form an a-helix.
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Due to the inherent structural flexibility of the TADs, they are composed of a vast
ensemble of conformational isomers that are in dynamic equilibrium, with the population
time of each conformer following statistical thermodynamic distributions dictated by the
heights of the energy barriers separating them [17]. Thus, the mechanism of molecular
recognition that occurs during the process of TAD-etarget complex formation has been
proposed to occur via three potential models (Figure 2.3) [18]. In the first model, that of
conformational selection, the TAD conformers responsible for molecular recognition are
not necessarily present at the highest populations in solution, but rather are selected for
binding by the transcriptional machinery target because they more closely resemble the
conformer present in the bound state [19]. Furthermore, as these binding conformers are
depleted from the solution, there is a shift in equilibrium toward these conformers that
subsequently propagates the binding event [17, 19]. In the second model, that of induced-
fit, folding of the intrinsically disordered TAD is induced by association with the target
protein (a.k.a., coupled binding and folding) [18, 20]. According to this model, an
ensemble of unstructured TAD conformers bind to the target and evolve into a final high-
affinity complex as the TAD forms intermolecular interactions with the binding site
residues. In the third model, that of conformational adaption, a combination of
conformational selection and induced-fit occurs. In the remainder of this section, results
from previous studies using nuclear magnetic resonance (NMR) and surface plasmon
resonance (SPR) spectroscopy to characterize TAD-target interactions will be presented
in support of these potential models. In addition, the limitations of using SPR to perform
such a transient kinetic analysis will be discussed, which we hypothesize can be

addressed upon implementation of fluorescence stopped-flow techniques.
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Figure 2.3: Schematic representation of potential two-step binding models for
TAD-target complex formation.

B.1. Nuclear magnetic resonance (NMR) spectroscopic analysis of TAD structure

NMR spectroscopy is commonly used to obtain structures of the low-energy (or
ground-state) conformers of a protein that are present at equilibrium using experimentally
generated distance, angle, and orientation restraints [21-22]; however, it is the high-
energy (or excited-state) conformers, which are virtually invisible to conventional
biophysical tools due to their sparse population, that are hypothesized to provide a more
complete understanding of protein function (e.g., molecular recognition) [23].
Nevertheless, because the kinetic barriers separating the ground and excited-state
conformers typically results in molecular rearrangements that occur on the micro- to

millisecond timescale or longer, detailed information on the exchange event between
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these two states can be gathered through the use of Carr-Purcell-Meiboom-Gill relaxation
dispersion (CPMG RD) NMR methods [23-24].

Briefly, CPMG RD NMR methods take advantage of the fact that a single NMR spin
(probe) evolves at different frequencies (the chemical shift) when in states A and B. If the
spin exists in a single state for time T and a 'refocusing' pulse is applied exactly in the
center of this interval, then the overall frequency evolution of the spin for the total T
period is reduced to zero. By contrast, if the pulse is applied 'off center' such that the
probe is not in a single state during T, then refocusing is not complete, so that by the end
of the total time period the spin will have evolved at an effective frequency that depends
on the duration of the probe in each state and the number of jumps that were executed. If
the rate of application of the pulses increases, the effects of the jumps are smaller in the
sense that refocusing is improved. By measuring peak intensities as a function of the
number of pulses (CPMG frequency (vepma)), expressed as a relaxation rate, R, (s7), a
'relaxation-dispersion’ curve is obtained (Figure 2.4). From these data, values for the
chemical shift of the excited state, as well as the rate constants of exchange between
states A and B (kag and kga, and thus the populations of interconverting conformers), can
be obtained.

To this end, these NMR methods have recently facilitated the detection of preformed
secondary structure elements within the excited-state conformers of isolated TADs. For
example, Han and coworkers examined the unbound full-length TAD of VP16 (residues
412-490) and observed four short regions with a propensity for a-helicity in 5% of the
conformers, the most stable of which occurs at residues 472-479 [25]; this region

encompasses the hTAF;31-binding motif (residues 472-483) identified by Verdine and
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Figure 2.4: Relaxation dispersion NMR spectroscopy. A single NMR spin (probe)
interconverts between two conformational states, A and B, as a function of time with
its own trajectory (i.e., with regards to the time it spends in each state and the number
of times it jumps between states). During the trajectory, pulses are applied that lead to
a modulation of the relaxation rate of the probe. By measuring the peak intensity as a
function of the number of pulses (CPMG frequency), expressed as a relaxation rate,
R,® a relaxation-dispersion curve is obtained, from which details of the exchange
reaction can be obtained.

coworkers [12], as well as the Tfb1/TFIIH-binding motif (residues 472-480) identified by
Omichinski and coworkers [16]. Similarly, Fersht and coworkers were able to analyze the
unbound full-length TAD of p53 (residues 1-93) to identify a 4-amino acid polypeptide
region of helical structure populated to a level of ~30% for residues 22-25 [8], which is

encompassed by the region found fully helical when bound to MDM2 (residues 18-25)
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[14]. Yet, the primary role that these low-populated conformers with transiently formed
structures serve during TADetarget complex formation has yet to be determined. For
instance, if proceeding via the conformational selection model, they would be the
conformers which are solely responsible for complex formation; alternatively, their
presence may simply illustrate which polypeptide regions are most primed for induced
folding upon interaction with a binding partner [26]. In support of the latter, NMR studies
by Wright and coworkers on the TAD of KID (residues 116-147) demonstrated that it
binds to the KIX domain of the coactivator CBP via an induced-fit mechanism, in which
an ensemble of non-specifically associated encounter complexes evolve to the final
bound state via a low-affinity intermediate (in which the ag region (residues 133 - 138
and 141) of KID possesses up to 70% of their helical character) [5, 27]. However, the
actual molecular recognition pathway most likely lies between these two extremes; due to
the fact that the short segments of pre-structured motifs observed within the isolated
TADs do not encompass the whole region found structured in the final complexes, these
conformers probably serve as primary sites of contact which undergo further
rearrangements to optimize their intermolecular interactions within the binding site [19,
26]. Overall, these structural studies have provided valuable information about the

dynamic equilibrium that exists within the TADs.

B.2. Surface plasmon resonance (SPR) spectroscopic analysis of TAD-Target
interactions
In principle, the time-course of a reaction from the moment when the species are

mixed (t = 0) until equilibrium is established (and its concentration dependence) contains
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all the information for the evaluation of the individual steps along the reaction pathway,
including the formation/decay of intermediates [28]. Thus, transient state kinetic methods
provide a means by which to elucidate the binding mechanism of protein complex
assembly. To this end, surface plasmon resonance (SPR) spectroscopy coupled with a
flow system creates a label-free method with which to analyze the interactions of
biomolecules in real-time [29-30].

In a typical SPR experiment, a ligand is first immobilized onto the surface of a sensor
chip, whereby an analyte is then passed over the chip in a continuous flow (Figure 2.5).
Interaction of the analyte with the ligand increases the molecular mass near the chip
surface, causing a change in the refractive index that can be monitored over time in order
to obtain information about the association rate of the complex. Upon reaching
equilibrium, sample buffer is then injected over the surface in order to obtain information
about the dissociation rate of the complex. The experiment is subsequently repeated at
various analyte concentrations, and the resulting sensograms (commonly described by
either a single or double exponential) can then be analyzed by global analysis.
Experimental conditions required to obtain accurate kinetic information are different
from those used for affinity determination [30]. For instance, high flow rate of analyte
(>30 pL/min) and low surface capacity of ligand (<100 RU) can minimize the
underestimation of the association rate (kon) caused by limitations in transferring the
analyte from bulk solution to the chip surface (mass transport effects). These conditions
can also minimize re-binding of the analyte during the dissociation phase, which would

lead to an underestimation of K.
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Figure 2.5: Surface plasmon resonance (SPR). SPR occurs when light is reflected
from a conducting film at the interface between two media with different refractive
indices. A change in the intensity of reflected light is dependent on the refractive
index close to chip surface. When the refractive index changes due to protein binding,
it changes the resonance signal monitored by the instrument and can be used to extract
thermodynamic and kinetic information.

To date, analysis of TAD-target interactions using SPR has not yielded a unified
binding mechanism. For instance, the simplest possible mechanism by which activators
could interact with targets within the transcriptional machinery is by a single bimolecular
collision step. Indeed, in support of this model, measurement of the kinetic rate constants
for the association and dissociation of TAD-target interactions using SPR has resulted in
sensograms that fit well to a one-step (Langmuir) binding isotherm (A + B < AB),
which predicts that both the association and dissociation phases are described by a single

exponential term [31]. For example, Schmitz and coworkers reported one-step binding
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when the NF-xB p65 TAD (residues 471-551) attached to the Gal4 DBD was
immobilized to a sensor chip using amine coupling and the general transcription factors
TBP, TFIIB, as well as the viral coactivator E1A 13S were injected over the surface [32].
In addition, Ptashne and coworkers also reported one-step binding when Gal4(1-100)-
Gal4(TAD) constructs pre-bound to an immobilized DNA duplex containing two Gal4
binding sites interacted with either TBP and TFIIB (which can occur simultaneously) or
its masking protein Gal80 (which blocks the interaction of TBP and TFIIB) [33]. One
interpretation of this data supports a recruitment model in which assembly of the pre-
initiation complex in vivo proceeds via the simultaneous association of multiple
promoter-bound activators to multiple binding partners within the transcriptional
machinery, and therefore a conformational change in the unstructured TAD is not
required for stable complex formation.

Alternatively, if the TAD exits in an equilibrium between populations of “totally
unstructured” low affinity conformations and “mostly unstructured” high-affinity
conformations (i.e., conformations with regions of transient pre-formed secondary
structure), at low enough target (analyte) concentration only the high-affinity
conformation of the TAD (ligand) will bind using SPR and the sensograms will be
monophasic; this model is referred to as heterogenous ligand binding [30, 34-35]. For
example, Han and coworkers examined the binding of Helix 2 (H2) of the VP16 TAD
(residues 469-485) to immobilized hTAF;31 using SPR and analyzed the data according
to a one-step binding isotherm [25]. Rather than binding via an induced-fit “random coil
— o helix” transition of the VP16 TAD after binding, as hypothesized previously by

Verdine and coworkers [12], the authors argue for binding via conformational selection
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Table 2.1: Summary of the analysis of TAD-target interactions via SPR.

Activator Target Binding model Reference
TBP
Gal4(DBD)-NF-«B p65 TFIIB 1:1 Langmuir [32]
E1A 13S
TBP
Gal4(DBD)-Gal4 TFIIB 1:1 Langmuir [33]
Gal80
TAD Target Binding model Reference
hTAF;31 1:1 Langmuir [25]
TBP Rapid equilibrium
VP16 Swil followed by a slow [4]
Snf5 conversion step
TBP Rapid equilibrium
Gal4 Swil followed by a slow [4]
Snf5 conversion step
Rapid equilibrium
c-Myc TBP followed by a slow [36]
conversion step
AR-AF1 RA;;?:T;“F 1:1 Langmuir [37]

of a “pre-formed helix” (residues 472-479). Similarly, SPR sensograms for the binding of
immobilized AR-AF1 (residues 142-485) to both RAP74/TFIIF and the coactivator SRC-
la were analyzed according to a one-step binding mechanism [37], possibly due to the
presence of regions with secondary structure [38].

Finally, there is also evidence that activators could interact with transcriptional
machinery targets through a more complex, two-step mechanism involving a
conformational change step, as evidenced by the observation of biphasic sensograms by
SPR [30, 34]; this is consistent with a model in which the TAD undergoes a
conformational change after binding to the target, regardless of the amount of initial
secondary structure it possesses. Indeed, Wright and coworkers observed biphasic
sensograms between the interaction of the c-Myc TAD (residues 1-143) and TBP, which

involved a fast (rapid-equilibrium) phase that is less favored at elevated salt
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concentrations, as well as a slow phase that is more affected by temperature, thus
supporting a model in which a rapidly forming complex based on electrostatic
interactions converts slowly through hydrophobic interactions to a more stable form [36].
They observed analogous results for the binding of the additional amphipathic TADs of
Gal4 (residues 769-881) and VP16 (residues 413-490) to TBP, as well as the targets Swil
(residues 329-547) and Snf5 (residues 1-334), while the control construct VP16A456
(devoid of the 472-479 helix previous shown to be important for binding to multiple
targets) showed no binding to any of the three targets [4]. It is also important to note that
at high enough target (analyte) concentrations, both high and low-affinity conformations
of the TAD (ligands) are capable of binding, which can also result in the observation of
two phases [30, 34-35]; however, through additional experiments the authors determined
that their data was most consistent with a model involving a conformational change and

not the heterogeneous ligand binding model.

B.2.A. Limitations

From these data, it is evident that SPR is not the optimal method for analysis of the
transient kinetics of TAD-target interactions, as exemplified by the observation of both
mono and biphasic sensograms by the TADs of Gal4 and VP16. One possible explanation
for such inconsistencies is that because the response measured by SPR for the
conformational change step is caused by a change in the hydrodynamic radius of the
complex [39], the technique of SPR may not be sensitive enough to reproducibly detect a
slight “conformational tightening” of pre-structured motifs during the stabilization of the

TAD-target complexes. In order to enhance its sensitivity, researchers have started to
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perform SPR experiments simultaneously with surface plasmon fluorescence
spectroscopy (SPFS) [40]. Furthermore, diffusion-limited association reactions occur on
a time-scale that is too fast for the SPR instrument to accurately measure [41]. Thus,
Wright and coworkers treated the fast phase in their sensograms as a rapid equilibrium,
whereby they lost information pertaining to the bimolecular association and dissociation
rate constants [4]. Rather, as will be presented in the next section, fluorescence stopped-
flow techniques are better suited to address these issues for the accurate study of the

process of TADetarget complex formation.

C. Experimental Design: Characterization of the interactions of DNA-bound

activators with the coactivator Med15 via fluorescence techniques

Due to the limitations presented above, we have implemented a strategy to investigate
TAD-target interactions using fluorescence stopped-flow techniques in order to unravel
the minimal mechanism by which the TADs of the prototypical activators Gal4 (residues
840-881), Gen4 (residues 107-144), and VP16 (residues 456-490) interact with the key
coactivator Med15(Galll). In addition, once obtained, the thermodynamic and Kinetic
rate constants for the individual steps within this mechanism will be used to identify key

trends that provide insight into their differential potency.

C.1.Fluorescence stopped-flow spectroscopy
Fluorescence stopped-flow spectroscopy is a rapid-mixing method that has been
implemented in the elucidation of enzymatic mechanisms, as well as changes in protein

structure [42-43]. In the stopped-flow apparatus, the binding reaction is initiated by
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Figure 2.6: Fluorescence stopped-flow spectroscopy. Small volumes of solutions in
two separate syringes (A and B) are first driven into a rapid mixing chamber. This
freshly mixed solution then flows through the observation cell, displacing its original
contents and filling the stopping syringe. Once the plunger of the stopping syringe hits
a block, the steady-state flow is stopped instantaneously, and data collection is
triggered in the observation cell. The fluorophore is excited and its emission is
recorded over a fixed number of time points within a designated time-domain in order
to generate a curve.

pushing two solutions maintained in separate syringes through a mixing chamber and into
an observation cell (Figure 2.6) [42, 44]. This steady state flow is only ~1-2 milliseconds
old when it reaches the observation cell (known as the dead time of the instrument),
which in turn empties the previous contents of the observation cell into the stopping
syringe until it is filled and the plunger hits a block (“stopped-flow”). Once this occurs,
data collection at the observation cell is triggered, in which the change in the emission
property of the fluorophore is recorded over time. The resulting curve can then be best fit
to either a single or double exponential, and the concentration dependence of the

observed rate constant(s) can be determined. We therefore wanted to apply this technique
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to monitor the formation of TAD-etarget complexes over time with a higher time-domain
resolution than can be achieved with SPR. However, in order to achieve this, a
fluorescent probe had to be installed within our system, which was achieved by the

utilization of TADs within the context of a preformed DNA-activator complex.

C.2. DNA-bound activators

In our experimental set-up each TAD is characterized in the context of a DNA-bound
intact activator. Not only does this approach provide a facile way to install a fluorophore
into the system for signal detection purposes (i.e., at the 5’ end of the DNA duplex), but it
also better mimics their presentation from a gene promoter. To achieve this, the TADs
were attached to the first 100 amino acids of Gal4, which encompasses both the
Zn(11),Cysg binuclear cluster DNA-binding domain (DBD) and the dimerization domain
(dd), for which a crystal structure of it complexed to a single DNA binding site
(consisting of two half sites) has been solved (Figure 2.7) [45]. From this structure,
Gal4(1-100) appears to be predominantly well-folded, and is predicted to project the
TADs for unhindered access if attached to the C-terminus. However, once the TADs
were attached, the activator required an additional N-terminal MBP solubility tag to
prevent aggregation due to their intrinsically disordered properties. Furthermore, as will
be seen, interaction of preformed DNA-eactivator complexes with the coactivator
Med15(Galll) resulted in a change in fluorescence (due to either direct or indirect
perturbation of the fluorophore on the DNA) that can be monitored under either

equilibrium conditions or in real-time.
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Figure 2.7: DNA-bound Gal4(1-100). Ribbon diagram of the crystal structure of a
Gal4(1-100) dimer bound to DNA (PDB ID: 3COQ). The two subunits of the dimer
are colored in blue and green, respectively, with zinc ions as gray spheres.

C.3.Coactivator target:Med15(Galll)

The tail module of the yeast Mediator complex is believed to be an important target
for transcriptional activators, and it is within this module that the coactivator
Med15(Galll) resides via an interaction with its C-terminal domain [46-48]. In fact,
there is considerable evidence that the TADs of Gal4, Gcn4, and VP16 share a
functionally important binding interaction with the N-terminus of Med15 [49-51]. For
instance, in vitro crosslinking experiments performed by Mapp and coworkers revealed
contacts between the N-terminus of Med15 (residues 1-416) and an incorporated
photoactive p-benzoyl phenylalanine (pBpa) unnatural amino acid within the isolated

TADs of Gal4 and Gcn4; these experiments identified an overlapping functional binding
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site at around residue 200 of Med15 [51]. In addition, similar S. cerevisiae crosslinking
experiments performed in vivo using nonsense suppression methods to incorporate the
amino acid pBpa within the TAD of VP16 revealed its direct interaction with this
fragment of Med15 as well (unpublished data). Based on these studies, we hypothesize
that determining the mechanism by which the protoypical activators Gal4, Gcn4, and
VP16 interact with the N-terminal domain of this relevant target Med15(Gal11) would be
an excellent approach to analyze the binding properties that correlate with favorable
activity. As described in the following section, we expressed and purified the N-terminal
345 residues of Med15 with a GST solubility tag, and monitored its interaction with
preformed fluorescently-labeled DNA-activator complexes by following the increase in

fluorescence that occurs upon binding.

D. Results: Analysis of the DNAeactivatoreMed15 assembly pathway

D.1.Overall affinity (Kg,apparent) Of DNA-activator interactions

Upon analysis of DNAr-activator complex formation through fluorescence
polarization (FP), the three activator constructs exhibited an identical binding affinity (15
+ 5nM) for 1 nM of a fluorescein-labeled consensus DNA binding site (composed of two
half sites) (Figure 2.8); these Kgs are consistent with those previously reported for
Gal4(1-100) and this DNA sequence [45], indicating that the presence of the MBP
solubility tag was not hindering the ability of the activators to interact with DNA. Thus,
the DNA binding function of the activators is independent of the TAD, consistent with
the modular architecture of most transcriptional activators [2, 9]. Additionally, in order to

ensure that the activator is binding sequence-specifically to the DNA, we then determined
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Figure 2.8: Dissociation constants of activators for DNA. A constant 1 nM
concentration of the 5’-Fluorescein-labeled duplex DNA was incubated with varying
concentrations of Gal4(1-100)-TAD for 30 min at room temperature and the
resultant polarization values at each protein concentration were obtained on a
Beacon 2000 instrument (PanVera Corp). Each value is the average of three
independent experiments with the indicated error (standard deviation). The solid line
is a curve fit to these data according to a 1:1 binding interaction of duplex DNA to

dimeric activator [1].
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Figure 2.9: DNA-binding specificity of the activators. A constant 1 nM concentration
of the 5’-Fluorescein-labeled duplex DNA was incubated with varying concentrations
of Gal4(1-100)-Gal4(840-881) for 30 min at room temperature and the resultant
polarization values at each protein concentration were obtained on a Beacon 2000
instrument (PanVera Corp). Mutation of the terminal CGG recognition triplet (red
line) to a CAG (green line) abrogates the ability of the activator to make specific
contacts with the DNA.

that the Gal4 activator is unable to bind to a duplex DNA with a doubly symmetric
mutation within the palindromic CGG half sites under analogous conditions (Figure 2.9).
Next, the optimal activator:DNA ratio for utilization in the Med15 binding
experiments was determined. From the data presented in Figure 2.8, it is apparent that the
percent of the 1 nM DNA that is in the bound form begins to decrease significantly at a
concentration of <100 nM of activator dimer (corresponding to a threshold of ~87% of
the DNA in the bound state according to simulation studies, Figure 2.10). When the DNA

concentration was increased to 25 nM in order to increase the signal (while maintaining
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Figure 2.10: DNA-binding simulation studies. Using equation 11 (see Experimental
Methods), the value of fraction bound = (y-c)/(b-c) was calculated at different values
of x = [activator]i ranging from 5 nM to 250 nM (dimer) by setting the following
parameters as constants: 1) a = [DNA]ia = either 1nM or 25 nM, and 2) Kgapp for
activator binding to DNA =15 nM.

pseudo-first order concentrations for the stopped-flow experiments) and the simulation
studies were repeated, the amount of DNA present in the bound form was only reduced to
~84% (Figure 2.10). Therefore, a ratio of 4:1 activator dimer:duplex DNA was
determined to be optimal for activatorsDNA complex formation throughout the

remainder of the binding experiments.

D.2.Overall affinity (Kg,appareny) of DNA*activator-Med15 interactions
The affinities of preformed activatorsDNA complexes for the coactivator Med15

were then determined by fluorescence titration experiments. Titration of GST-tagged
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Med15(1-345) dimer (see Figure 2.21 in the Experimental Methods) into a solution of
pre-formed activatore DNA complex labeled with the BODIPY® FL fluorophore
produced an increase in fluorescence signal ( ~20 %) until saturation is established at low
micromolar concentrations. The three activators exhibit similar apparent dissociation
constants (Kgapp) With Med15 in the submicromolar range, with the VP16- and Gal4-

derived activators interacting more strongly than Gen4 (Figure 2.11).
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Figure 2.11: Dissociation constants of DNA-bound activators for Med15(Galll). A
solution of 25 nM 5’-BODIPY®FL-DNA+Gal4(1-100)-TAD complex was titrated
with increasing amounts of GST-Med15(1-345), and the resultant fluorescence
enhancement at each coactivator concentration was monitored on an Eclipse
spectrofluorometer (Varian Corp). Each value is the average of three independent
experiments with the indicated error (standard deviation). The solid line is a curve fit
to these data according to a 1:1 binding interaction of DNA-bound activator to dimeric
Med15.
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We then examined whether there was a positive correlation between the apparent
affiinty (Kgapp) Of the activators for Med15 and their activity. To this end, Figure 2.12
shows the results of a B-galactosidase assay in the presence of either full-length Med15,
or Med15 with the N-terminal 345 amino acids deleted.? From these results, it is evident
that all three activators are dependent on this N-terminal region for activity, and that the
activity decreases from VP16 > Gal4 > Gcn4, which mirrors their binding affinities; a
trend that is consistent with previous studies on TAD-target interactions (Chapter 1).
However, the factors within the individual steps of the binding mechanism that are

attributing to these differences in overall affinity still need to be determined.

D.3.Biphasic association of DNAeactivator complexes to Medl5

The transient association kinetics between the DNA-bound activators of Gal4, Gen4,
and VP16 and the N-terminus of Medl5 were then monitored using stopped-flow
fluorescence. Briefly, pre-formed DNA-eactivator complex and GST-Med15(1-345) were
placed into separate syringes of a KinTek model SF-2001 stopped-flow and mixed under
pseudo-first-order conditions in which Med15 is in excess. Once in the observation cell,
the BODIPY® FL fluorophore attached to the duplex DNA was excited at 502 nm and an
increase in fluorescence over time was monitored using a 510 nm long-pass filter. The
resulting time courses obtained for all three activators best fit to a sum of two
exponentials (equation 12) (Figures 2.13-2.15), which is consistent with a two-step
binding mechanism. The residuals for both the single and double exponential fits are also

provided to further illustrate the differences in the goodness of the fits.

2 Experiment was performed by Ningkun Wang.
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Figure 2.12: Specificity of natural TADs for Med15(Gall1l). Activities of the Gal4(1-
100)-TAD activators (VP16(456-490) > Gal4(840-881) > Gcn4(107-144)) in the
presence of full-length Med15 (dark colored bars). Deletion of the N-terminal 345
amino acids of Med15 results in a loss of activity of all three activators (light colored
bars). Each pB-galactosidase assay was performed at least in triplicate with the
indicated error (standard deviation of the mean (SDOM).
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Figure 2.13: Stopped-flow kinetic studies of the DNA-bound Gal4(1-100)-Gal4(840-
881) activator complex binding to Med15(1-345). (a) Binding time course for 5°-
BODIPY®FL-DNA-+Gal4(1-100)-Gal4(840-881) activator complex (25 nM) mixed
with Med15 (0.625 uM) in a stopped-flow apparatus in DNA-binding buffer at 25 °C
and monitoring the fluorescence (Aex = 502 nm; Aem > 510 nm). The blue line
superimposed on the time course is the best fit of the sum of one exponential to the
data. The red line is the best fit of the sum of two exponentials to the data, with
observed rates kops1 = 8.53 + 0.44 s and Kops 2 = 0.54 + 0.04 s, and amplitude terms
A; =0.120 £ 0.003 and A, = 0.079 £ 0.002. (b) Residuals for the single exponential fit
(blue line) or double exponential fit (red line) to the time course in (a) reveals that a
double exponential is the best fit to the data. Values for the first and second time
frames are plotted with respect to the left and right axes, respectively.
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Figure 2.14: Stopped-flow kinetic studies of the DNA-bound Gal4(1-100)-Gcn4(107-
144) activator complex binding to Med15(1-345). (a) Binding time course of 5’-
BODIPY®FL-DNA-+Gal4(1-100)-Gcn4(107-144) activator complex (25 nM) mixed
with Med15 (0.75 uM) in a stopped-flow apparatus in DNA-binding buffer (at 25 °C
and monitoring the fluorescence (Aex = 502 nm; Aem > 510 nm). The blue line
superimposed on the time course is the best fit of the sum of one exponential to the
data. The red line is the best fit of the sum of two exponentials to the data, with
observed rates Kops: = 69.77 * 8.25 s and Kops 2 = 3.14 + 1.49 5%, and amplitude terms
A; =0.20 £ 0.01 and A, = 0.050 £ 0.008. (b) Residuals for the single exponential fit
(blue line) or double exponential fit (red line) to the time course in (a) reveals that a
double exponential is the best fit to the data. The single exponential fit does not
describe the fluorescence changes that occur in the second time frame. Values for the
first and second time frames are plotted with respect to the left and right axes,
respectivelv.
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Figure 2.15: Stopped-flow kinetic studies of the DNA-bound Gal4(1-100)-VP16(456-
490) activator complex binding to Med15(1-345). (a) Binding time course of 5’-
BODIPY®FL-DNA-+Gal4(1-100)-VP16(456-490) activator complex (25 nM) mixed
with Med15 (0.50 uM) in a stopped-flow apparatus in DNA-binding buffer (at 25 °C
and monitoring the fluorescence (Aex = 502 nm; Aem > 510 nm). The blue line
superimposed on the time course is the best fit of the sum of one exponential to the
data. The red line is the best fit of the sum of two exponentials to the data, with
observed rates Kops: = 23.49 + 1.76 s and Kops 2 = 3.10 + 0.26 s™*, and amplitude terms
A; = 0.27 £ 0.01 and A, = 0.15 + 0.01. (b) Residuals for the single exponential fit
(blue line) or double exponential fit (red line) to the time course in (a) reveals that a
double exponential is the best fit to the data. Values for the first and second time
frames are plotted with respect to the left and right axes, respectively.
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Figure 2.16: Negative control stopped-flow experiments. (a) No fluorescence
enhancement is observed in the time-course when 5’-BODIPY®FL-DNA*Gal4(1-
100) complex (25 nM) is mixed with Med15 (0.375 uM) at 25 °C. (b) No fluorescence
enhancement is observed in the time-course when 5’-BODIPY®FL-DNA«Gal4(1-
100)-Gal4(840-881) activator complex (5 nM) is mixed with GST (0.25 uM) at 25 °C.
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From these fits, values for the observed rates for the faster phase (kops 1) and slower phase
(kobs2) Were also obtained, which are unique to the identity of the TAD. Because the
observed rates are functions of all the microscopic rate constants that are reversibly
linked, this indicates that the values of these different rate constants are unique to each
TAD as well. Analogous experiments performed on Gal4(1-100) lacking a TAD or with
GST alone produced no increase in fluorescence over background (Figure 2.16), further
illustrating that the observed fluorescence change is dependent on a TAD-Med15

interaction.

D.4.Concentration dependence of Kops1 and Kops 2

The key to obtaining mechanistic information from transient kinetic methods is to
examine the concentration dependence of the observed rates (Kos)[28]. Therefore, time-
courses were collected for each of the three activators over a range of Med15
concentrations (in duplicate), all of which exhibited biphasic behavior (data not shown).
The observed rate for the faster phase (kons1) Was then plotted as a function of [Med15],
and the results for a single concentration-dependence study are shown in Figure 2.17. As
seen in Figure 2.17, kqsa for all three activators is linearly dependent on the
concentration of Med15, which is consistent with a bimolecular collision step. In
addition, the positive slope reflects the apparent bimolecular association rate constant (9 -
66 x 10° M*s™) (Table 2.2) which is in the range of a diffusion-controlled process (10° —
10" M's™) [52]. The observed rate for the slower phase (kos2) Was then plotted as a
function of [Med15] as well, and the results for a single concentration-dependence study

are shown in Figure 2.17. As seen in Figure 2.17, Koys » for all three activators does not
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Figure 2.17: Dependence of kq,s on the concentration of Med15. Plot of Kops1 and Kops 2
of the activators Gal4 (left axis), Gend (right axis) and VP16 (right axis) versus
dimeric Med15 (0.125-0.75 uM). The standard errors are indicated. The solid line is a
curve-fit to these data, and the dotted line is the average Kops 2.

show a dependence on the concentration of Medl15, which is consistent with the

occurrence of a rate-limiting conformational change step.

Table 2.2: Experimentally determined kinetic constants

TAD kon (uM's™) Fegns 1O CPY (57 Feons 2™ (57
VP16 23+2 12.1+0.7 33402
Gal4 9.1+0.8 3.6+04 0.55 + 0.04
Gend 66 + 8 26+ 4 2.6+ 0.4
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b) Equations for the binding model in Scheme A
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c¢) Equations for the binding model in Scheme B
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Figure 2.18: Limiting two-step binding models for DNA-bound activators interacting
with Med15 (Schemes A and B). (a) In Scheme A, the conformational change occurs
after an initial binding event, whereas in Scheme B, the DNA-bound activator
undergoes a conformational change prior to associating with Med15. (b) Equations
used to calculate the microscopic rate and equilibrium constants, according to the
binding model presented in Scheme A. (c) Equations used to calculate the microscopic
rate and equilibrium constants, according to the binding model presented in Scheme
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D.5.Two-step binding models: Conformational change occurs after (Scheme A) or
before (Scheme B) the bimolecular association step

Although the data presented thus far supports a two-step DNA-eactivator-Med15
binding mechanism involving a fast, bimolecular association step and a slow,
conformational change step, the sequence of events has yet to be determined,; i.e., the data
is consistent with two limiting models in which the conformational change within the
complex occurs either solely after (Scheme A) or before (Scheme B) the binding step
(Figure 2.18a) [28]. Using the experimentally obtained values for Kg app, Kon, Kops1® ™"
and Kops 2™ (Table 2.2), the microscopic rate constants ki, k1, ko, ko were calculated
according to the binding models in Schemes A (equations (1)-(5), Figure 2.18b) and B
(equations (6)-(10), Figure 2.18c) [28]; the results are summarized in Tables 2.3 and 2.4,

respectively, and the details of the calculations performed are available within the

Experimental Methods.

Table 2.3: Microscopic rate constants for the binding reaction in Scheme A*

TaD s e o &
VP16 23+ 2 89+0.7 24+0.6 09+03
Gal4 9.1+0.8 3.0+£04 0.32 +£0.06 0.23 +£0.06
Gend 66 + § 24 + 4 0.28 £0.08 23+09

*A global-fit of these rate constants as fixed parameters to experimental time-courses are
presented in Figure 2.22 within the Experimental Methods.

Table 2.4: Microscopic rate constants for the binding reaction in Scheme B

TaDb e e s &

VP16 3.3+£0.2 82+09 23 +£2 0.7+0.2
Gal4 0.55+0.04 2.8+0.5 9+1 0.2+0.1
Gcen4 26+04 21+£5 66+8 23+0.9
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Simulation studies were performed with the calculated rate constants for Schemes A
and B as fixed parameters in order to generate time courses that could be compared to the
experimental data (See Experimental Methods).> While the simulated curves for both
Schemes A and B possess values for kops1: and Keps2 that correspond well with the
experimental data at various Med15 concentrations (Figure 2.23), the amplitude changes
(A1 and A,) for Scheme A better agree with what is observed experimentally for all three
activators (Figures 2.24 — 2.26). Although these differences are not significant enough to
confidently distinguish between the two mechanistic schemes, taken together with the
bulk of the structural evidence presented previously that supports the implications of a
conformational change occurring after binding (Scheme A), we will further discuss the

data in that context.

D.5.A. Additional two-step binding models

Additional binding models that could explain the biphasic association between that of
DNA-bound activators and dimeric GST-Med15(1-345), represented as Schemes C-E in
Figure 2.19, are not consistent with the experimental data. For example, Scheme C
proposes that the unimolecular step can be attributed to an intramolecular binding event
within a DNA-activatorsMed15 intermediate. However, this phenomenon is unlikely due
to the fact that the observed rate for the unimolecular step is slower than that of the
bimolecular step. Next, because the observed rates for both the fast and slow steps along
the reaction pathway are not linearly dependent on Med15 concentration, this argues
against the existence of two different populations of DNA-«activator complexes that can

bind intermolecularly to Med15 at different rates (Scheme D). Finally, Scheme E

® Simulation studies were performed by Ningkun Wang.
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proposes that binding of the 21 nM of preformed DNA-activator complex to Med15
shifts the equilibria and results in the complexation of the remaining 4 nM of free DNA
with excess unbound activator. Thus, because a fluorescence change is only observed
with DNA-bound activator interacting with Med15, the slow step would be newly formed
DNA-activator complex binding to Med15. However, this would lead to the same percent
fluorescence change as would be observed in the fast step, and therefore the amplitude of
the slow step should be only ~20% of the amplitude of the fast step; this model does not

recapitulate the behavior of the three activators (Figures 2.24 — 2.26).
Scheme C: Bivalent GST-Med15

welet 470 L

Scheme D: Bivalent DNA-activator complex

w S

Scheme E: Coupled DNA-binding of activator
Wt w s
+ _— L .

Figure 2.19: Additional two-step binding models for DNA-bound activators
interacting with Med15 (Schemes C-E).
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E. Discussion: Conformational change step is a defining feature of activators

A comparison of these rate (ki, ki, k2, k-2) and equilibrium (Kj, K;) constants for
Scheme A revealed key trends that provide insight into the differential activity of the
three activators Gal4, Gen4, and VP16. As previously stated, the TAD with a more
favorable Kgapp for Med15 correlates with a TAD that is more active (VP16 > Gal4 >
Gend) (Figure 2.12). However, a closer look at the thermodynamics of the individual
steps within the kinetic mechanism reveals that this correlation is governed not by the
equilibrium constant for the initial bimolecular association step (K;), which is invariant
among all three TADs, but by that of the subsequent conformational change step (K3)
(Figure 2.20). In particular, a greater value for K, (more favorable conformational change
step) correlates with a more active TAD.* Furthermore, a more active TAD also
possesses a larger ratio of ku/k., indicating that its intermediate DNA-*activatorsMed15
complex preferentially forms the final conformer relative to dissociation (Figure 2.20);
just as this partition ratio correlates with activator potency, it is also utilized by enzymes
such as T7 DNA polymerase to enhance binding specificity [53-54]. The remainder of
this section will focus on hypotheses for how these differences translate to the ability of

these activators to recruit the transcriptional machinery to a gene promoter.

E.1. Factors influencing the partition ratio (ka/k 1)
According to Scheme A, the observed intermediate DNA-eactivatorsMed15 complexes
are not committed along the reaction coordinate to form the final complex (i.e., k. > k)

[55], and thus we propose that the preference by which the intermediate undergoes

* The same trend is observed for data analyzed in accordance with Scheme B (data not shown). In other
words, the major conclusion that it is the differences in the rate of the conformational change step that
correlate with transcriptional activity is model independent.
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a)
TAD Scheme A
Kq (M) Ky ka/k 4
VP16 26+03 | 28+06 | 027+007
Gald 3.0+£05 1.4+£02 0.10+0.02
Gen4 28+05 10122003 | 0.012+0.004
b) 1.60
[7)]
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Figure 2.20: Conformational change step correlates with activating potential. (a)
Values for the microscopic equilibrium constants for Schemes A. (b) Comparison of
the equilibrium constants (K; and K;) and partition coefficients (k/k;) for the binding
mechanism presented in Scheme A to that of activator potency. Values are normalized
to the most potent activator, VP16.

reorganization (k) relative to dissociation (k1) plays an important role in its ability to

recruit the transcriptional machinery to a gene promoter. Thus, we hypothesize that one

contributing factor to the differential partition ratios (k./k.1) observed for the TADs of

Gal4, Gen4, and VP16 is the differences in the stabilities of the intermediates that are

formed, with a greater structural propensity within the TAD resulting in a more stable
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intermediate. For instance the most potent activator VP16, whose residues 472-479
within the isolated VP16 TAD have a propensity to form a relatively well-defined helix
[25], has the largest partition ratio, although additional structural studies will be required
to refine this model. Even further, the differences in the values of k; among the activators,
which suggest that a conformational change step is occurring during the time-domain of
the fast bimolecular collision step (either before or after the binding event), also supports

this hypothesis.

E.2. Factors influencing K;

The favorability of the conformational change within the complex (K5) is unique to
each TAD sequence and correlates with their activating potential. This data suggests that
the primary amino acid sequence of each amphipathic TAD (Figure 2.2a) doesn’t simply
encode the linear arrangement of its acidic, polar, and hydrophobic residues; rather, it is
encoding the identity and quantity of potential attractive and repulsive interactions it has
to utilize during the formation of the final bound conformation of the complex [20]. A
reorganization of the TAD within the low-affinity intermediate complex is hypothesized
to occur in a number of consecutive elementary steps of non-covalent bond-making and
bond-breaking events fueled by its translational and rotational diffusion motions, the
driving force of which is that each sequential step is distinguished from the previous one
by stronger binding energy and longer duration (and the entropic gain from solvent
release). In this view, the process of “sequential selection” is critical to achieve
specificity within the complex, and it is a prime opportunity for TADs to deviate not only

from one another, but between different coactivator targets as well.
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F. Conclusions/Future Directions

Overall, we have observed that the TADs of Gal4, Gen4, and VP16 bind to Med15
through the same two-step binding mechanism comprised of a diffusion-controlled
bimolecular collision step and a slower conformational change step. We propose to take
this model one step further, by hypothesizing that the favorability by which amphipathic
TADs are capable of forming their intermolecular interactions within the binding site of a
shared coactivator target during the conformational change step is unique to each TAD
sequence and dictates their activating potential. Future studies (discussed further in
Chapter 4 of this dissertation) will entail examining if this is a common binding
mechanism that holds for other coactivator targets (such as Tral of the SAGA complex),
as well as comparing the kinetics of complex formation for these other coactivators with
what we have obtained for Med15. Furthermore, current work is underway to develop a
FRET approach that can be used to detect what is occurring at the TAD-target interface,
with the goal of defining the order in which the events occur within the binding
mechanism. Finally, the dynamics of the TAD portions of the activator constructs will be
compared via NMR methods through analysis of their residual dipolar couplings (RDCs),

in order to determine the different structural propensities of these polypeptide sequences.’

® This project, which will be carried out by Ningkun Wang and Amanda Dugan, is a collaborative effort
with Dr. Hashim Al-Hashimi.
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G. Experimental Methods

Table of plasmids used in this study”

Plasmid name Function

pGal4(1-100)-Gal4(840-881) [56], ARS/CEN yeast expression plasmid
pGal4(1-100)-Gcn4(107-144) [56], under the control of a B-actin promoter
pGal4(1-100)-VP16(456-490) [57] with a HIS™ selection marker (NYC317)
ycplac111-Med15 [51], ARS/CEN yeast expression plasmid
ycplacl11-Med15A(1-345) [51] under the control of a Med15 native

promoter with a LEU" selection marker
pPMCSG9-Gal4(1-100)-Gal4(840-881) [58], | Expresses activators fused to the Hisg-
pMCSG9-Gal4(1-100)-Gcn4(107-144) [58], | MBP solubility tag in E. coli
pMCSG9-Gal4(1-100)-VP16(456-490) [58]
pGEX-Med15(1-345) [59] Expresses Med15 fused to the GST
solubility tag in E. coli

*The sequences of all plasmids were verified by sequencing at the University of
Michigan Core Facility (Ann Arbor, MlI).

f-galactosidase assays

LS41AMed15 [JPY9::ZZ41, Mata his3A200 leu2Al trplA63 ura3-52 lys2A385 gald
URA::pZZ41 Med15::TRP] yeast was co-transformed with plasmids encoding each
Gal4(1-100)-TAD fusion and a fragment of Med15 using the LiOAc method or by
electroporation, and transformed colonies were selected by growth on synthetic complete
(SC) media containnig 2% gucose lacking uracil, tryptophan, histidine, and leucine. The
activity of each activator construct was monitored using quantitative liquid pB-
galactosidase assays in accordance with established methods [60]. Freshly transformed
colonies were used to inoculate 5 mL cultures of SC media containing 2% raffinose and
lacking appropriate amino acids. The cultures were incubated overnight at 30°C with
agitation. Following incubation, these cultures were used to inoculate 5 mL cultures of
SC media containing 2% raffinose, 2% galactose and lacking the appropriate amino acids
that were subsequently incubated overnight at 30°C with agitation to an ODggo 0f 0.15-
0.20 (10-fold dilution). The yeast cells were harvested and resuspended in breaking
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buffer (100 mM Tris-HCI (pH 8.0), 20% glycerol) containing the Complete Protease
Inhibitors cocktail (Roche). The cells were lysed by vortexing with glass beads. A portion
of the cell extract was used to measure B-galactosidase activity via incubation with o-
nitrophenyl-p-D-galactopyranoside (1 mg/mL) in Z buffer (60 mM Na,HPO,4, 40 mM
NaH,PO4, 10 mM KCI, 1 mM MgSQO,4+7H,0, and 50 mM 2-mercaptoethanol [pH 7]).
The reaction was stopped by adding 1 M Na,CO3 and the ODg4y was measured on a
Varian Cary 300 UV-vis spectrometer. The activity reported was normalized to total
protein concentration of the extract, measured using a Bradford assay kit (Bio-Rad) with

BSA as the standard.

Protein expression and purification

Hiss-MBP-tagged activators: Expression of the activators fused to a Hiss-MBP tag was

carried out in Rosetta2 (DE3) pLysS E. coli cells (Novagen) as previously described [61].
Maltose-binding protein (MBP) has been demonstrated to effectively enhance the
solubility of aggregation-prone proteins [58]; in addition, fusion of solubility tags to the
N-terminus of the Gal4 DBD has been reported previously not to impact activator
function [62-63]. Briefly, cultures (50 mL) from single colonies were grown overnight at
37 °C (250 rpm) in Lennox L Broth (Research Products International) supplemented with
ampicillin (100pg/mL) and chloramphenicol (34 pg/mL) before dilution (50-fold) into 8
x 50 mL cultures of Lennox L Broth supplemented with ampicillin (100 pg/mL). After an
ODgno 0f 0.4 was reached, expression was induced with IPTG (final concentration 1 mM)
in the presence of 20 uM ZnSO, for 5 hours. Each cell pellet was resuspended in 10 mL

lysis buffer A (10 mM Tris, pH 8.0 at 4 °C, 500 mM NacCl, 10% glycerol (v/v), 10 mM -
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ME, 0.1% Tween* 20 (v/v), and Roche Complete Protease Inhibitor Cocktail), lysed
using sonication, and the His-tagged protein was isolated using Ni-NTA Agarose
(Qiagen). The cell lysate was incubated with 200 pL of Ni-NTA beads for 1 hour at 4 °C.
The beads were washed 8 times with 1 mL wash buffer A (20 mM Tris, pH 8.0 at 4 °C,
100 mM NacCl, 20% glycerol (v/v), 1 mM B-ME, 0.1% Tween* 20 (v/v), 30 mM
imidazole). The protein was eluted from the beads by incubation at 4 °C overnight with 1
mL elution buffer A (20 mM Tris pH 8.0 at 4 °C, 100 mM NacCl, 20% glycerol (v/v), 250
mM imidazole). The protein solution was buffer exchanged into storage buffer A (20 mM
HEPES, pH 7.5 at 4 °C, 200 mM NaCl, 10% glycerol (v/v), 1 mM B-ME, 1 mM EDTA,
20 uM ZnS0,) using a PD-10 column (GE Healthcare), and the protein concentration
was measured using absorbance at 280 nm. The identity and purity (>90%) of the protein

was verified by reducing SDS-PAGE with appropriate molecular weight standards.

GST-tagged Med15(1-345): Expression of GST-Med15(1-345) was carried out in
Rosetta2 (DE3) pLysS E. coli cells (Novagen). Glutathione S-transferase (GST) has been
demonstrated to effectively enhance the solubility and stability of aggregation-prone
proteins [64]; in addition, fusion of GST to the N-terminus of Med15(Galll) has been
reported previously not to impact activator binding to this target protein [49, 65]. Briefly,
cultures (50 mL) from single colonies were grown overnight at 37 °C (250 rpm) in Select
APS Super Broth (Difco) supplemented with ampicillin (100pg/mL) and
chloramphenicol (34 pg/mL) before dilution (100-fold) into 4 x 1 L of Select APS Super
Broth supplemented with ampicillin (100 pg/mL). After an ODggo Of 0.3 was reached, the

cultures were cooled for 45 min at 16 °C (150 rpm), and expression was induced with
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IPTG (final concentration 0.1 mM) for 5-6 hours at 250 rpm. Each cell pellet was
resuspended in 25 mL lysis buffer B (100 mM PBS pH 7.4 (Pierce), 0.2% NP-40
Substitute (Fluka), 10% glycerol (v/v), 1 mM DTT and Roche Complete Protease
Inhibitor Cocktail), lysed using sonication, and the GST-tagged protein was isolated
using Glutathione Sepharose 4B (GE Healthcare). The cell lysate was incubated with 2 x
1 mL of glutathione beads for 1 hour at 4 °C. The beads were washed 6 times with 10 mL
wash buffer B (100 mM PBS pH 7.4 (Pierce), 0.2% NP-40 Substitute (Fluka), 10%
glycerol (v/v), 1 mM DTT), and the protein was eluted from the beads by incubation at 4
°C overnight with 1 mL elution buffer B (50 mM Tris pH 8.0 at 4 °C, 0.015 M reduced
glutathione, 0.1% NP-40 Substitute). Additional protein was eluted from the column by
twice incubating the beads with elution buffer for 1 hour at 4 °C. The protein samples
were combined and concentrated using a Centriprep 10K centrifugal filter device before
buffer exchange into storage buffer B (10 mM PBS pH 7.4 (Pierce), 10% glycerol (v/v),
0.01% NP-40 Substitute, 1 mM DTT) using a PD-10 column (GE Healthcare). The
protein was then concentrated using a Vivaspin 30K centrifugal filter device, and the
protein concentration was measured using absorbance at 280 nm. The identity and purity
(>85%) of the protein was verified by reducing SDS-PAGE with appropriate molecular

weight standards.

Analytical gel filtration: Analytical gel filtration was performed to determine the
oligomeric state of GST-Med15(1-345) over the concentration range used in the
fluorescence stopped-flow kinetic experiments described below. A final concentration of

1.5 uM and 0.5 uM (based on monomer concentrations) of GST-Med15 (1-345) was run
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through a Superose 6 gel filtration column equilibrated with DNA-binding buffer (20 mM
HEPES pH 7.5, 75 mM potassium acetate, 0.02 mM zinc sulfate, 4 mM magnesium
acetate, 1 mM B-mercaptoethanol, 0.05 mM EDTA, 10% glycerol, and 0.1 mg/mL BSA)
[49]. At the highest concentration of GST-Med15(1-345) tested (1.5 uM), only a single
peak eluted as detected by UV (280 nm), with a projected molecular weight of 114 kDa
as determined from molecular weight standards (Figure 2.21). These data are consistent
with a dimeric state of GST-Med15(1-345) (monomer = 62.5kD, dimer = 125 kDa). This
same species was the only species observed at the lowest concentration tested (0.5 uM)

as determined by a western blot probing for GST on eluted fractions (data not shown).

a) b)
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Figure 2.21: Analytical gel filtration data for GST-Med15(1-345). (a) Calibration
curve for log (molecular weight) plotted against retention volume obtained with
standards y-globulin, ovalbumin and myoglobin. (b) Chromatogram of 1.5 uM (based
upon a monomer) GST-Med15 (red) compared to chromatogram of BSA (black)
(monomer (66.4 kD) and dimer (132.8 kD)).
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Fluorescently-labeled Gal4 oligonucleotides

The 20 bp oligonucleotide 5-TCC GGA GGA CTG TCC TCC GG-3’ was purchased
from Invitrogen with a 5’-modification of either a Fluorescein or BODIPY®FL
fluorophore. The fluorescently labeled oligonucleotide was then annealed with an
unlabeled complementary oligonucleotide 5’-GCC GGA GGA CAG TCC TCC GG-3'in
annealing buffer (10 mM HEPES pH 7.5, 150 mM NacCl) by heat denaturation for 7 min

at 95 °C, followed by cooling at room temperature for 30 min and 4 °C for 30 min [1].

Fluorescence polarization assays

Annealed 5’-Fluorescein-labeled, double-stranded oligonucleotides (45 uM) were diluted
in DNA-binding buffer (20 mM HEPES pH 7.5, 75 mM potassium acetate, 0.02 mM zinc
sulfate, 4 mM magnesium acetate, 1 mM B-mercaptoethanol, 0.05 mM EDTA, 10%
glycerol, and 0.1 mg/mL BSA) [49] to a concentration of 1.25 nM. Then 200 pL of the
DNA solution was added to a series of 50 pL solutions of varying activator
concentrations in storage buffer A to obtain the final concentrations indicated in Figure
2.8 in a total volume of 250 pL. The samples were incubated for 30 min at room
temperature before the degree of fluorescence polarization was measured on a Beacon
2000 instrument (PanVera Corp). The observed mP values were plotted as a function of
activator concentration, and a binding isotherm that accounts for ligand depletion [66]
(assuming a 1:1 binding model of dimeric activator to duplex DNA) was fit to the data

using Origin 7.0 software to obtain the apparent equilibrium dissociation constant, Kg:

y =c+((b-c)/(2a)) x [(Kd+a+x)-V(Kd+a+x)?-4ax] (11)
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where “a” and “x” are the total concentrations of duplex DNA and dimeric activator,
respectively, “y” is the observed polarization at any activator concentration, “b” is the
maximum observed polarization value, and “c” is the minimum observed polarization
value. Each data point in Figure 2.8 is an average of three independent experiments with

the indicated error (standard deviation).

Fluorescence titration assays

GST-Med15(1-345) was titrated (without exceeding a 5% volume increase) into the
following solution to obtain the final Med15 concentrations indicated in Figure 2.11: 25
nM 5’-BODIPY®FL-labeled, double-stranded oligonucleotides pre-complexed to 100
nM dimeric activator in DNA-binding buffer, from which the DNA is estimated to be
84% bound according to simulations studies performed with Equation 11 (Figure 2.10).
The fluorescence intensity of BODIPY®FL was monitored on an Eclipse
spectrofluorometer (Varian Corp) (Aex = 500 nm, Aem = 512 nm; 5 nm bandpass). The
fluorescence intensity (F;) was corrected for dilution effects, then normalized to that of
the DNA-activator complex (Fo), such that AF = Fi-Fo [67]. The observed relative
fluorescence enhancement, AF, was plotted as a function of Med15 concentration, and a
binding isotherm that accounts for ligand depletion (equation 11) (assuming a 1:1 binding
model of DNA-activator complex to dimeric GST-Med15) was fit to the data using
Origin 7.0 software to obtain the apparent equilibrium dissociation constant, Kq. The
parameters “a” and “x” represent the total concentrations of DNA «activator complex and
dimeric Med15, respectively, “y” is the observed relative fluorescence enhancement at

any Med15 concentration, “b” is the maximum observed relative fluorescence
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enhancement value, and “c” is the minimum observed relative fluorescence enhancement
value. Each data point in Figure 2.11 is an average of three independent experiments with

the indicated error (standard deviation).

Fluorescence stopped-flow kinetic experiments

Stopped-flow experiments were performed on a KinTek model SF-2001 stopped-flow
equipped with 75W Xe arc lamp in two-syringe mode. BODIPY®FL was excited at 502
nm and its emission was monitored at wavelengths > 510 nm using a long-pass filter. All
Kinetic traces reported are an average of four to six independent determinations. Sum of
exponentials was fit to the transient kinetic time courses, F(t), to obtain the fluorescence
amplitude (A) and the observed rate, kqps, for each exponential phase where F(0) is the

initial fluorescence intensity, and t, time:

F(f) = 2A[1 -exp(-k . D] + F(O) (12)
Data fitting was performed using Origin 7.0 software, and the reported errors are the
asymptotic standard errors. The dependence of the observed rates on Medl5
concentration was plotted using GraphPad Prism 4.0 software. Each kinetic constant
reported in Table 2.2 is an average of two independent experiments with propagation of

the experimental error.
Calculation of the microscopic kinetic rate and equilibrium constants for the two-step

binding models

Scheme A:
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The full solutions to the rate equations describing the binding mechanism presented in
Scheme A (Figure 2.18a), in which a conformational change occurs after the bimolecular
collision step, have been published elsewhere [44]. However, approximate rates for Kops 1

and kops2 can be obtained from equations 1 (Figure 2.18b) and 13, respectively [44].

_ K Med15](k, + k) + kK,
b2 k. [Med15] + k, +k, +k,

(13)

The experimentally obtained values for Kqapp, Kon, Kops1® ™™ and kops2 Summarized in
Table 2.2 were then used to calculate the microscopic rate (ki, k.1, k2, K-2) and equilibrium
(K1 and K3) constants as follows, according to equations (1)-(5) presented in Figure
2.18b:

Equation 1 describes the linear dependence of kq,si on the concentration of Med15
(Figure 2.17), in which the slope of the line defines the microscopic rate constant k;, and
the y-intercept of the line reflects a composite value for k4, ky, and k.. Furthermore,
equation 13 defines the maximum rate of kqps2 (Figure 2.17) (when the concentration of
Med15 is infinitely high) as the sum of the microscopic rate constants for the
conformational change step, k, and k., (Equation 2). Therefore, subtraction of the average

value Of Kops2 from the kops’ ™™™

allows for an estimation of the microscopic rate
constant k;. Using these values for k; and k.3, the microscopic equilibrium constant for
the bimolecular binding step, K;, can be calculated according to Equation 3. The

microscopic equilibrium constant for the conformational change step, K, can then be

calculated using the values for K; and Kg sy according to Equation 5. Finally, the solution
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to the system of simultaneous equations composed of Equations 2 and 4 provides values
for the microscopic rate constants k; and k.,. The calculated values for the microscopic
rate constants ki, k., kp, and k., for Scheme A are summarized in Table 2.3, with

propagation of the experimental error.

Scheme B:
For the binding mechanism presented in Scheme B (Figure 2.18a), in which a
conformational change occurs before the bimolecular collision step, approximate rates for

Kobs,1 @nd Kops 2 Can be obtained from equations 6 (Figure 2.18c) and 14, respectively [28].

k., = Kilky + kMed15]) +k k,
© Tk +k, + k[Med15] + k,,

(14)

The experimentally obtained values for Kqapp, kon, Kops1? ™™ and kobs2 Summarized in
Table 2.2 were then used to calculate the microscopic rate (ki, k.1, k2, K-2) and equilibrium
(K1 and K3) constants as follows, according to equations (6)-(10) presented in Figure
2.18c:

Equation 6 describes the linear dependence of kg1 on the concentration of Med15
(Figure 2.17), in which the slope of the line defines the microscopic rate constant k,, and
the y-intercept of the line reflects a composite value for ki, k1, and k.. Furthermore,
equation 14 defines the maximum rate of kops2 (Figure 2.17) (when the concentration of
Med15 is infinitely high) as the microscopic rate constant k; (Equation 7). Therefore,

subtraction of k; from the kops 1/ ™" allows for an estimation of k. + k.,, whose values

74



can be calculated using Equation 10 to construct a system of simultaneous equations. The
calculated values for the microscopic rate constants ki, k.1, ko, and k., for Scheme B are

summarized in Table 2.4, with propagation of the experimental error.

Berkeley Madonna

Global-fit analysis:

Experimental time courses obtained by stopped-flow spectroscopy for each of the three
activators binding to Med15 were imported into the Berkeley Madonna software and fit
to the mechanism shown in Scheme A (Figure 2.22). Only the change of fluorescent
intensity (“In”) between different species (a, b and ¢) were varied during the fit, while all
other parameters were held as fixed parameters (Table 2.3). Below are shown the
equations used to fit the Gal4 data, where:

DG = DNA-Gal4

M = Medl5

DGM = DNA-+Gal4*Med15

DGM1 = DNA-+Gal4*Medl15’

In = total fluorescent intensity; The resulting values of a, b and ¢ were similar among
varying Med15 concentrations for each activator.

RXN1 = K1f*DG*M - K1r*DGM

METHOD RK4 K1f =0.91e+07
STARTTIME = 0 K1r = 3.0
STOPTIME =5 INIT DG = 2.5¢-08
DT =0.002 INIT DGM =0
INIT M = 5e-07
d/dt(DG) = -RXN1
In=a*DG+b*DGM+c*DGM1 d/dt(DGM) = +RXN1-RXN2
a=1.2e8 d/dt(M) = -RXN1
b=1.3e8
c=1.4e8
RXN2 = K2f*DGM - K2r*DGM1
K2f = 0.32
K2r=0.23
INIT DGM1 =0

d/dt(DGM1) = +RXN2
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Figure 2.22: Global fit of the microscopic rate constants for Scheme A to experimental
time courses. Global fit of time courses (red line) for binding of each of the three
DNA-bound TADs to 0.50 uM Med15 according to Scheme A. Experimental data
were fit using Berkeley Madonna software.
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Simulations:

Simulated time courses were then generated by numerical integration without
approximations using Berkeley Madonna software. To achieve this, chemical reactions
were entered for either Scheme A or B shown in Figure 2.18a, while the following
parameters were set as fixed values: 1) the microscopic rate constants ki, ki, ko, K>
(shown in Tables 2.3 and 2.4 for Schemes A and B, respectively), 2) initial
concentrations for both the DNA-eactivator complex (25 nM) and the varying Med15
concentrations, and 3) an initial fluorescence intensity value for the DNA-activator
complex obtained previously by global-fit analysis. These simulated curves were then fit
by non-linear regression to a double exponential (equation 12) to obtain values for the
observed rates Kqps 1 and Kops 2 (Figure 2.23) and amplitude terms (Figures 2.24 — 2.26) for

comparison with the experimental data.
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Figure 2.23: Simulated observed rates (kons) according to Schemes A and B. Simulated
time courses for the three DNAeactivator complexes binding to various Med15
concentrations according to Schemes A and B both possess observed rates (Kops,1 and
Kobs,2) that are consistent with the experimental data. The values for Kops 1 Show a linear
dependence on Med15 concentration, while the values for kqps 2 Show no dependence
on Med15 concentration.
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Figure 2.24: Simulated amplitude terms according to Schemes A and B for the Gal4-
derived activator data. Simulated time courses for DNA-bound Gal4(1-100)-
Gal4(840-881) binding to various Med15 concentrations according to Scheme A
possess amplitude terms (A; and A) that better agree with what is observed
experimentally than that of Scheme B.
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Figure 2.25: Simulated amplitude terms according to Schemes A and B for the Gcn4-
derived activator data. Simulated time courses for DNA-bound Gal4(1-100)-
Gcn4(107-144) binding to various Med15 concentrations according to Scheme A
possess amplitude terms (A; and A) that better agree with what is observed
experimentally than that of Scheme B.
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Figure 2.26: Simulated amplitude terms according to Schemes A and B for the VP16-
derived activator data. Simulated time courses for DNA-bound Gal4(1-100)-
VP16(456-490) binding to various Med15 concentrations according to Scheme A
possess amplitude terms (A; and A) that better agree with what is observed
experimentally than that of Scheme B.
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CHAPTER 3

ISOLATION OF PEPTIDIC LIGANDS THAT TARGET
SURFACES ON DNA-BINDING PROTEINS

A. Introduction

Diseased cells possess different transcription profiles relative to their normal
counterparts, spurring considerable interest in the discovery of molecules that can correct
these errant transcription patterns for use as mechanistic tools and as therapeutic agents
[1-5]. One significant challenge in the development of such artificial transcription factors
(ATFs) is a lack of small molecules that can be used to localize them to a gene promoter
in a cellular context [5]. We propose a novel approach to accomplish this task which
utilizes ligands that can interact with endogenous DNA-bound proteins. To this end, we
have used an in vitro phage display selection with a random 12 amino acid peptide library
to isolate ligands that are capable of interacting with surfaces on DNA-binding proteins.
Future studies will entail the implementation of a selection using a conformation-
constrained peptide library to obtain ligands that may possess increased stability and
specificity within the cellular milieu. In particular, protein scaffolds that promote helix
stabilization within the ligand would aid in the future identification of their

peptidomimetic or small molecule replacements.

B. Artificial DNA-binding domains (DBDs)
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The function of a natural transcription factor can be reconstituted minimally by an
ATF that contains a DNA-binding domain (DBD) and a regulatory domain (i.e., an
activation or repression domain), which are tethered through either covalent or non-
covalent interactions [6-7]. In practice, ATFs that utilize protein DBDs have been the
most successfully utilized in a cellular context. For instance, zinc finger (ZF) proteins
(Chapter 1) composed of 3-6 fingers with apparent dissociation constants in the
picomolar to nanomolar range for DNA sequences 9-18 bp in size, respectively, have
been implemented in activator and repressor ATFs that function in mammalian cell
culture [8-11]. One such activator ATF which contains a six-finger DBD that binds
within the y-globin promoter can increase fetal hemoglobin levels 7-16 fold in human
erythroleukemia cells [8]. Additionally, a repressor ATF engineered with a six-finger
DBD that binds within the HIVV-1 (5’LTR) promoter was able to inhibit viral replication
by 75% in infected cells [11]. Furthermore, ZF-based activator ATFs have even been
shown to function in a mouse model, in which they were able to upregulate expression of
the endogenous VEGF-A gene (vascular endothelial growth factor) and induce
angiogenesis. Despite these achievements, delivery still remains a challenge, as these
exogenous proteins had to be administered by viral vectors [12].

The incorporation of small molecule DBDs into ATFs has the potential to bypass the
need for delivery strategies altogether. To date, the most successful compounds that can
be programmed to target a specific DNA sequence are the hairpin polyamides developed
by Dervan and coworkers (Chapter 1) [13]. However, the size of the polyamide is the
major determining factor in its cellular permeability, with large hairpins (10-ring)

exhibiting poor cellular uptake and small hairpins (6-ring) exhibiting excellent cellular
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uptake [14]. To this end, Kodadek and coworkers were able to successfully construct a
cell-permeable activator ATF composed of an eight-ring hairpin polyamide (ImPy7) that
is covalently linked to a hexameric peptoid (TBHKG6) capable of binding to the core KIX
domain of the coactivator CBP [15]. However, this polyamide-peptoid construct was able
to upregulate expression of 45 endogenous genes at least 3-fold in mammalian cell
culture due to the low specificity of its 6 bp recognition sequence (i.e., 5’-WGWWWW-
3’ (W = A or T)). Thus, an alternative approach may be needed in order to obtain cell-
permeable molecules that can achieve DNA-binding specificities which rival that of the

proteins they are trying to replace.

B.1. Hijacking ATFs

Rather than developing ligands that can directly target DNA, a novel approach for
localizing an artificial transcriptional regulatory domain to the promoter of a gene is to
utilize ligands that can target an endogenous DNA-bound protein, in order to “hijack” its
exquisite DNA-binding specificity (Figure 3.1). In the remainder of this section, potential

applications for this technique will be provided.

B.1.A. Activator ATFs
One application of this method is to localize a transcriptional activation domain to an
endogenous transcriptional repressor. For instance, REST/NRSF is a global
transcriptional repressor that binds to a 21-bp recognition sequence located within the
regulatory regions of neuronal differentiation genes, and has been found to be

overexpressed in the majority of human medulloblastoma tumors [16]. Majumder and
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Figure 3.1: Schematic of hijacking a DNA-bound protein. a) A traditional ATF with a
heterologous TAD (red square) and DBD (blue circle) can target available binding
sites across all cell types. b) A peptidic ligand (blue triangle) that is capable of
interacting with a DNA-bound protein (green circle), which is attached to either a
transcriptional activation domain (red square) or repression domain (purple square),
creates a new class of ATFs that can function only in those cell lines that possess the
targeted protein.

coworkers have demonstrated that adenovirus-mediated expression of an activator ATF
comprised of the DNA-binding domain (DBD) of REST/NRSF and the transcriptional
activation domain (TAD) of VP16 (i.e., REST-VP16) within these medulloblastoma cell
lines stimulated the expression of endogenous neuronal genes and triggered apoptosis
through the activation of caspase cascades [17]; this, in turn, results in the inhibition of
the growth of established tumors in nude mice, as well as an initial block of their
intracranial tumorigenic potential upon implantation [16]. Furthermore, because adjacent
normal cerebellum tissue sections were negative for REST/NRSF expression, targeting of
the VP16 activation domain to endogenously bound REST using our proposed system
would have the potential to constrict its function specifically to cancerous tissue within

the brain.

B.1.B. Repressor ATFs
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Another application would be to localize a transcriptional repression domain to an
endogenous transcriptional activator. For instance, the cAMP-response element-binding
protein (CREB) is a ubiquitously expressed transcriptional activator that binds to CRES
found in the promoter regions of many cellular and viral genes. In particular, expression
of human T-cell leukemia virus type 1 (HTLV-1) is controlled by the assembly of a
Tax/CREB multiprotein complex; the interaction between Tax and CREB is highly
specific, involving amino acid residues Ala-Ala-Arg at positions 282-284 (AAR) on
CREB located immediately upstream of its DNA-binding domain [18]. The formation of
this protein complex thus expands the DNA recognition properties of CREB to bind
selectively on the 21-bp viral CRE repeat, with Tax binding to the minor groove of GC-
rich sequences flanking both the 5 and 3’ of the 8-bp CRE core. Therefore, targeting a
transcriptional repression domain to this Tax/CREB complex with our proposed system
would have potential anti-viral therapeutic applications that possess an increased
specificity for infected cells over that of alternative inhibitive approaches. For example,
Nyborg and Dervan designed hairpin polyamides to disrupt the interaction of Tax at each
of the three non-identical viral CREs present within the HTLV-1 promoter [19].
However, those that effectively inhibited Tax-mediated transcription in vitro had no
effect on virion production in cell culture (despite their ability to enter the nucleus of
HTLV-1 infected T-cells); one possible explanation may be that because the targeted
DNA sequences were only ~6 bp in length, the polyamides were sequestered instead by
additional binding sites located within the cellular genome. Furthermore, the Tax/CREB
complex mediates high-level transcription by recruitment of full-length CBP/p300 [20].

However, due to the fact that a global coactivator such as CBP/p300 is capable of
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interacting with several different TADs (e.g., c-Jun, c-Myb, and p53), this is a significant
obstacle for the identification of small-molecule inhibitor that is specific for this

interaction [21].

C. Isolation of peptidic ligands that target surfaces on DNA-binding proteins

The screening of random peptide libraries is a powerful method for the discovery of
protein-protein interaction surfaces, and molecular biology techniques have enabled the
facile generation of libraries with high sequence diversity. Therefore, in this section the
implementation of the yeast two-hybrid (Y2H) and phage display systems for the
isolation of 12-16 amino acid peptides that bind to surfaces on DNA-binding proteins
will be described. Overall, we found that an in vivo Y2H screen did not yield ligands that
are capable of binding to these types of targets (possibly due to technical limitations of
the method itself), but rather an in vitro phage display affinity selection was a much more

effective technique.

C.1. Two-hybrid

Two-hybrid screening is a technique that is primarily used for protein interaction
mapping under cellular conditions. To achieve this, a known bait gene is expressed as a
fusion to a DNA-binding domain (DBD) and a library of prey genes are expressed as
fusions to a transcriptional activation domain (TAD), which upon formation of a positive
protein-protein interaction reconstitutes a transcriptional activator protein [22]. However,
the two-hybrid system has also been amenable to the screening of peptidic libraries as

well [23]. For instance, in the Matchmaker Random Peptide Library (Clontech) for two-
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hybrid screening in yeast, random 16-residue peptides are expressed as C-terminal
fusions to the Gal4 TAD and assayed for their ability to interact with a bait gene fused to
the C-terminus of the Gal4 DBD by the upregulation of such integrated reporter genes as
HIS3 (encoding a protein required for histidine synthesis), ADE2 (conferring a pink or
red colony color to colonies growing on media low in adenine), and LacZ (encoding the

enzyme B-galactosidase) (Figure 3.2) [24].

Gal4(1-147)-Bait Gal4(768-881)-(NN K)]6
2u
TRP1 Kan Amp LEU2
2p

’

lh>

Gal4 binding sites ~ TATA  feportergene
HIS3,ADE2, LacZ

Figure 3.2: Schematic of the Matchmaker Random Peptide Library (Clontech) for
two-hybrid screening in yeast. Plasmids encoding the Gal4(DBD)-bait fusion and
Gal4(TAD)-peptide fusions are transformed into yeast. If a positive interaction occurs
between the bait and prey, they will reconstitute a transcriptional activator and
upregulate the HIS3, ADE2, and LacZ reporter genes.
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The first report of utilization of this yeast two-hybrid (Y2H) random peptide library
was by Fields and coworkers to screen for ligands that bind to the retinoblastoma tumor
suppressor protein (Rb) [23]. From 3 million transformant clones that were screened (out
of a library complexity of 10" sequences), seven His*/LacZ" colonies were identified,
each encoding peptides containing the Leu-X-Cys-X-Glu motif utilized by the various
known protein binding partners of Rb. In particular, the crystal structure of the N-
terminal region of the SV40 large T antigen binding to the pocket domain of Rb (Figure
3.3) illustrates that its Leu-X-Cys-X-Glu motif is encompassed within an extended loop
(residues 103-117) that interacts with a shallow surface groove on the B box of Rb

created by five helices [25]. This interface accounts for approximately two-thirds of the

LTP: LFCSEEMPSSDDE

Figure 3.3: Retinoblastoma-SV40 large T antigen interaction. Ribbon diagram of the
crystal structure of the RbeSV40 large T antigen complex, in which the N-terminal
region of the SV40 large T antigen (red) binds through an extended loop (blue,
residues 103-117) to the B box of the pocket domain of Rb (green) (PDB ID: 1GH6).
The Large T antigen Peptide (LTP) with its LXCXE motif was able to interact with a
Gal4(DBD)-Rb fusion in a Y2H setting when attached to the C-terminus of the
Gal4(TAD).
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total buried surface area of the overall binding interaction between these two proteins,
and is what the peptides are most likely mimicking; furthermore, one can easily envision
replacement of the four-helix core domain (residues 7-102) with the Gal4 TAD being
amenable to reconstitution of activator function. However, regardless of the fact that all
seven peptides (P1-P7) possessed this conserved Leu-X-Cys-X-Glu motif, only P1 was
shown to be as active in a f-galactosidase assay as that of the Large T antigen Peptide
(LTP) derived from the SV40 large T antigen, in addition to being ~40-fold more active
than the weakest peptide P7 [23]. Comparison of this activity data with affinity data
shows that P1 binds to Rb via surface plasmon resonance (SPR) methods with a K app Of
13 — 23 uM, a mutant peptide P1-al that is ~4-fold less active than P1 binds with a Kg app
of 61 — 76 pM, and binding of P7 to Rb is undetectable. Overall, these results illustrate
that using this approach, peptides sequences can be obtained that appear to target the
same binding surface, but possess a range of activities and/or affinities.

In addition, Tanamoto and coworkers used this system to screen for peptides that are
capable of interacting with the extracellular domain of the toll-like receptor 4 (TLR4), in
order to discover novel inhibitors of the innate immune response induced by the
endotoxin lipopolysaccharide (LPS) [26]. Six His"/ADE" colonies were identified, whose
peptide sequences possessed no significant homology to any known TLR4-associated
proteins. Notably, one of these novel peptides, STM28, was capable of specifically
inhibiting LPS-induced processes such as TNF-a production and NF-kB activation in
macrophages, as well as protected mice from septic shock. This example illustrates the

applicability of this method to the identification of novel ligand sequences.
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Based on these precedents, we applied this method to directly screen for peptidic
ligands that can localize a transcriptional activation domain to a DNA-binding protein in
vivo. The bait genes chosen for screening with this method were: 1) The DNA-binding
domain of the mammalian transcriptional repressor REST/NRSF, due to its potential
therapeutic applications within medulloblastoma cell lines [16-17], and 2) the bacterial
transcriptional activator SoxS, in order to obtain peptides that can reconstitute its
interaction with the nonlinear recognition module from the aCTD of the bacterial RNA

polymerase [27].

C.1.A. REST/NRSF

The transcriptional repressor REST/NRSF binds as a monomer to a 21-bp RE1/NRSE
site through a central cluster of eight zinc fingers, whereby its N- and C- terminal
repression domains can recruit corepressor complexes (Figure 3.4) [28]. For example, an
N-terminal fragment of REST (residues 1-600) is able to repress Gal4-mediated
expression of reporter genes from a (RE1);UAS-regulated promoter by recruitment of the
Sin3 complex in yeast. However, removal of the N-terminal repression domain (residues
1-141) and the lysine-rich domain (residues 446-600) resulted in a complete loss of
repression. Therefore, in our initial screen, rather than being forced to compete with this
repression pathway, we decided to focus our efforts on the isolation of peptide ligands
that are capable of interacting with surfaces on the central DNA-binding domain of
REST. Furthermore, while no obvious structural motifs are present within the amino-
terminal repressor domain of REST, the minimal domain (residues 38-57) consists mostly

of hydrophobic amino acids that are present as an alpha-helix when bound to a
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Figure 3.4: Map of the transcriptional repressor REST/NRSF. REST/NRSF possesses
a central DNA-binding domain (DBD) composed of 8 zinc fingers, as well as N- and
C-terminal repression domains.

hydrophobic cleft within the mSin3B PAH1 domain [29]; these characteristics mimic
those observed within transcriptional activation domains. Thus, this domain is an unlikely
target for short peptide ligands.

The Y2H screen of REST DBD with a random 16-residue peptide library was carried
out according to the procedure outlined in Figure 3.5. The REST DBD (residues 73-542)
[17, 30-31] was fused to the C-terminus of the Gal4 DBD. Its expression in the yeast
strain AH109 was verified by a western blot, and it failed to upregulate expression of the
HIS3 reporter after 7 days (data not shown). The Matchmaker Random Peptide Library
(Clontech) was sequentially transformed into yeast harboring the Gal4(DBD)-REST(73-
542) expression plasmid with an efficiency of ~4,500 cfu/ug DNA (i.e., ~450,000 clones)
and incubated at 30°C for 2 weeks. During this time, 23 yeast colonies that were able to
upregulate the HIS3 reporter were twice restreaked onto fresh media, 10 of which were
also able to upregulate the ADE2 reporter (white to light pink in color). The plasmids
encoding the Gal4 TAD-peptide fusions were isolated from these 10 colonies and

sequenced, the results of which are presented in Table 3.1.
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Figure 3.5: Flow-chart for the Y2H screening of a bait protein with the Matchmaker
Random Peptide Library (Clontech).
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Table 3.1: Peptide sequences identified in a Y2H screen of REST DBD

Batch.colony® | Day” Color Sequence’
15.1 5 White GGGGGRVGRLCVRVCVGIPNQPHE
11.1 7 White KRNMEKGQWVKGYSQD
15.2 7 Light pink | LVNDPEPMSAKRRFAA
15.3 9 White GTSVWTSMRLLEYCFP
10.1 11 White DEGGDKRGAGRLWGLR
6.2 13 Light pink PSAVDFATTVCRCCGV or
TRASGQRICCRVRGLSRNSYNTANTQVRSL
3.1 14 White Not sequenced
16.1 14 White Not sequenced
16.2 14 White Not sequenced
19.2 14 White Not sequenced

a: Transformants were screened in 20 batches of 5 plates. The colony number from each batch of plates
was recorded.

b: The number of days of growth at 30°C until the colony was restreaked onto fresh media.

c: Four colonies for each TAD-peptide construct were sequenced; 50% of the colonies for construct 6.2 that
were sequenced contained these peptides.

In order to verify the validity of these peptide-REST interactions, the Gal4(DBD)-
REST(73-542) and Gal4(TAD)-peptide plasmids were transformed into the yeast strain
Y187 to quantify their ability to upregulate the LacZ reporter gene. However, the
peptides were unable to upregulate expression of B-galactosidase to detectable levels
using either the substrates o-nitrophenyl-p-D-galactopyranoside (ONPG) or chlorophenol
red-B-D-galactopyranoside (CPRG) (similar results with the peptides were also observed
in the absence of bait protein, i.e. Gal4(DBD)), even though the interaction of Rb and P1
(which served as the positive control) was able to upregulate LacZ expression 12.7 + 0.4
and 9.0 + 0.2 B-gal units, respectively. Thus, a peptide sequence was not identified that is
able to interact with the DNA-binding domain of REST/NRSF and upregulate expression
of the LacZ reporter gene to levels rivaling that of our positive control. One possible
explanation for these results may be that due to the high concentrations of the bait and
prey proteins present during the initial screening process (200 copies per cell when using

21 based plasmids), this may have allowed for the detection of weak bait-peptide
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interactions that produce -galactosidase levels that are below the sensitivity limits of the
aforementioned substrates [32]. Rather, such interactions might be better suited for
quantification via real-time PCR of the LacZ mRNA levels produced, or through the
utilization of a more sensitive chemiluminescent substrate. In addition, due to limitations
imposed by the transformation efficiency of the plasmids encoding the prey library into
the yeast host, it is possible that not enough sequences were screened in order to identify
one which possesses the chemical properties needed to mediate a high-affinity interaction
with the bait protein. Thus, future efforts to repeat a Y2H screen on the REST DBD with
the random 16-residue peptide library will focus initially on increasing the transformation
efficiency through electroporation (rather than chemical) methods.

An alternative explanation for the inability of this Y2H screening method to identify
peptide sequences that are capable of interacting with the REST DBD is that it may not
possess a readily targetable binding site on its surface. In order to test this theory, the
bacterial transcriptional activator SoxS was chosen as the next bait protein, which
participates in a known binding interaction with the aCTD of the bacterial RNA

polymerase [27].

C.1.B. SoxS
The bacterial transcriptional activator SoxS is a relatively small protein (only 107
amino acids) that is synthesized in Escherichia coli as a defense against oxidative stress
[33]. It binds as a monomer to a degenerate 20 bp sequence, and interacts with the DNA
binding determinant (a.k.a., the 265 determinant (residues 264-269 and 296-302)) of the

aCTD of the RNA polymerase (Figure 3.6a-b) [27]. Furthermore, this protein-
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Figure 3.6: SoxS-aCTD interaction. a) Model of the DNA<MarA+«aCTD ternary
complex (PDB ID:1XS9). MarA (green), whose amino acid sequence is 42% identical
to SoxS, interacts with the 265 DNA binding determinant of the aCTD of RNA
polymerase (purple). b) Side view of a. c) Results from a liquid B-galactosidase assay
for the Y2H interaction of SoxS and aCTD. The galactose-induced expression of the
prey fusion B42-aCTD in yeast harboring the bait fusion LexA-SoxS results in the
upregulation of a LacZ reporter gene that is under the control of LexA binding sites.
Error is indicated as standard deviation of the mean (SDOM).
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protein binding interaction has been observed in a Y2H setting; in particular,
constitutively expressed SoxS fused to the C-terminus of the DNA-binding protein LexA
(bait) is able to upregulate expression of a LacZ reporter gene upon the induced
expression of the aCTD fused to the C-terminus of the B42 TAD (prey), as determined
through a liquid B-galactosidase assay (Figure 3.6¢) [33]. Therefore, this was an excellent
model system in which to test the two-hybrid methodology for our purposes.

The Y2H screen of SoxS with a random 16-residue peptide library was carried out
according to the procedure outlined in Figure 3.5. The Gal4(DBD)-SoxS fusion protein
(bait) failed to upregulate expression of the HIS3 reporter in the yeast strain AH109 after
2 weeks at the lowest concentration of 3-aminotriazole (3-AT) tested (2.5 mM).
Additionally, since 3-AT is a competitive inhibitor of the HIS3 gene product, its presence
can also help increase the stringency against potential weak binding interactions that can
result in false-positives. The Matchmaker Random Peptide Library (Clontech) was
sequentially transformed into yeast harboring the Gal4(DBD)-SoxS expression plasmid
with an efficiency of ~4,000 cfu/ug DNA (i.e., ~400,000 clones) and incubated at 30°C
for 1 week. During this time, 9 yeast colonies were able to upregulate the HIS3 reporter,
but possessed an abnormal morphology and were unable to grow when restreaked onto
fresh media. These results illustrate a further technical limitation of the system, in which

a deleterious phenotypic response can prevent further manipulation of the microbial host.

C.1.C. Conclusions
Overall, screening DNA-binding proteins with a random peptide library via a yeast

two-hybrid system may not be the optimal method for the isolation of ligands that can
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bind to surfaces located on these targets. To a large extent, these results can be attributed
to technical limitations of performing such a screen in vivo. As will be described in the
next section, many of these issues can be addressed through the utilization of an in vitro

phage display selection technique.

C.2.Phage display

Phage display is a technique in which a library of random proteins or peptides can be
encoded within the genome of bacteriophage such that they are expressed on its surface
as a fusion to a coat protein [34]. For instance, the Ph.D.-12 library (New England
Biolabs) possesses a complexity of ~2.7 x 10° dodecapeptide sequences which are each
expressed on the N-terminus of the plll coat protein of an M13 phage (i.e., present as 5
copies per phage) (Figure 3.7a) [35]. This phage library can then be enriched for those
sequences that are capable of binding to a target protein of interest through an in vitro
selection process called panning (Figure 3.7b) [34-35]. Briefly, panning is carried out by
first incubating the phage library with a target that is immobilized on a solid support,
whereupon the unbound phage are washed away and the specifically-bound phage are
eluted and amplified for another round. After 3-4 rounds of panning, the pool should be
enriched in phage that bind to the target. Individual clones can then be sequenced and the
identity of the proteins or peptides determined.

With regards to its applicability for identifying peptide sequences that can interact
with DNA-binding proteins, phage display techniques using a random peptide library
have been used to isolate conformational probes that can specifically recognize the

different liganded states of the estrogen receptor (ER) [36]. For instance, many of the
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Figure 3.7: Random 12-mer phage display library. a) Schematic of an M13
bacteriophage engineered to express a random 12-mer peptide on the N-terminus of
the plll coat protein (5 copies per phage). b) Outline of panning. In a positive
selection, a target that is immobilized on a solid support is incubated with the phage
library, whereupon the unbound phage are washed away and the specifically-bound
phage are eluted and amplified for another round. Peptide sequences that can interact
with components other than the desired target can be removed by the incorporation of
a negative selection after the first panning. In a negative selection, a selection is
performed in the absence of the target, in which nonbinding phage are used for
another round of panning.

sequences identified in the presence of estradiol were that of the LxxLL motif found
within nuclear receptor coactivators; these sequences bind to a compact hydrophobic
groove within the AF2 region of the ligand-binding domain (LBD) that is exposed upon
agonist binding [37]. Furthermore, one peptide identified in the presence of both estradiol
and tamoxifen called oIl (LTSRDFGSWYA) binds in an AF2-independent manner to a
unique surface on the LBD (with an apparent dissociation constant of 34 uM) [36, 38].
The all peptide adopts an extended conformation that binds across a shallow
hydrophobic depression on the B-hairpin face, whereby no single interaction appears to
dominate (Figure 3.8); this example illustrates the type of binding site one would expect

to find on the surfaces of DNA-binding proteins.
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Figure 3.8: all-ERa interaction. Ribbon diagram of the crystal structure of the all
peptide (red) bound to the LBD of ERa (green) in the presence of tamoxifen (cyan)
(PDB ID: 2BJ4).

Thus, our goal was to determine the applicability of an in vitro phage display
selection for the isolation of peptidic ligands that can bind to surfaces on other DNA-
binding proteins beyond nuclear receptors, as well as the transferability of these
interactions to an in vivo setting. The first target chosen was the DNA-binding domain of
the yeast transcriptional activator Gal4, which has a known binding surface that can be
utilized during transcriptional activation. Once this technique was established, it was then
used to isolate novel peptide sequences that are capable of interacting with the bacterial

repressor LexA.

C.2.A. Gal4(1-100)
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Figure 3.9: GalllP binding surface on Gal4(1-100). Surface rendering of the crystal
structure of a Gal4(1-100) dimer (blue) bound to DNA (yellow) (PDB ID: 3COQ). In
red are the 13 residues on the Gal4-dd that are essential for Gall1P binding in vitro

and activation in vivo.

The first 100 residues of the yeast transcriptional activator Gal4, which encompass a
DNA binding domain (residues 1-50) and a dimerization domain (residues 50-100) [39],
is an important component within two of the most potent artificial transcriptional
activators to date. In the first example, Gal4(1-100) gains a novel transcriptional
activating capability in yeast cells carrying a single point mutation in the Med15(Gal11)
protein of the Mediator complex [40]. This is a result of the fact that Gal11P (P standing
for transcriptional potentiator), in which the N342 residue is replaced with one of any
number of hydrophobic amino acids, is able to bind to the Gal4 dimerization domain

(Gal4-dd), whereas the wild-type coactivator is not (Figure 3.9).
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In the second example, attachment of the hydrophobic peptide P201 (YLLPTCIP) to
the C-terminus of Gal4(1-100) creates a transcriptional activator as potent as that of full-
length Gal4 [41]. This is not only due to the ability of Gal4(93-100)+P201, referred to as
XLy, to interact with the transcriptional machinery target Med15(Galll) (K4 = 2.2 £ 0.4
UM) [42], but also due to its ability to interact with the Gal4-dd at the solvent-exposed
hydrophobic loop 1 (Kg = 5.0 = 1.4 uM) [43]. This XLy*Gal4-dd complex formation is
hypothesized to serve as a masking interaction which protects the TAD from proteolysis
and non-productive binding within the cellular milieu. In support of this model, in the
absence of this intramolecular masking interaction the 16-amino acid peptide XLy is
unable to interact with Gal4(1-100) in a yeast two-hybrid setting (Figure 3.10).

In order to use phage display to isolate ligands that are capable of interacting with this
hydrophobic binding surface, Gal4(1-100) with an N-terminal Hisg-tag was immobilized
onto Ni-NTA resin and subjected to 4 rounds of biopanning with 2x10** input phage from
the Ph.D.-12 library (New England Biolabs), the second of which was a negative
selection to remove those phage capable of interacting with the Ni-NTA resin. Twenty-
four phage that were eluted from the 4th round of biopanning were then tested for their
ability to bind to the target in an enzyme-linked immunosorbent assay (ELISA) (Figure
3.11). In general, at dilution ranges of ~10°-10' the phage exhibit a binding preference
for Hisg-Gal4(1-100) immobilized onto a Ni-NTA coated surface over that of
nonspecifically bound bovine serum albumin (BSA). Although, sequencing of the
peptides failed to reveal a consensus sequence, phage #1 (GHPQEYLLQTVH) possesses

homology to XLy (Figure 3.12a), suggesting that a subset of peptides could be capable of
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Figure 3.10: Results from a liquid p-galactosidase assay for the Y2H interaction of
XLy and Gal4(1-100). The constitutive expression of the prey fusion Gal4(TAD)-XLy
in yeast harboring Gal4(1-100) is unable to upregulate a LacZ reporter gene that is
under the control of Gal4 binding sites (compared to that of the Gal4(DBD)-
Rb/Gal4(TAD)-P1 positive control). Error is indicated as standard deviation of the
mean (SDOM).
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Figure 3.11: ELISA of individual phage that bind Gal4(1-100). a) Schematic of the
phage ELISA. Gal4(1-100) with an N-terminal Hisg-tag was immobilized onto a Ni-
NTA microwell. Phage capable of binding to Gal4(1-100) were identified using an
HRP conjugated anti-M13 antibody and an ABTS/H,0, substrate. b) ELISA of phage
#1-8. The first three columns contain immobilized Hisg-Gal4(1-100) and the second
three columns are non-specifically coated with BSA. The phage were serially diluted
from 10%°-10° phage/well as indicated above the figure. Sequences of the peptides
attached to the plll coat protein of each phage are indicated to the right of the figure.
c) ELISA of phage #9-16, as described in b. d) ELISA of phage #17-24, as described
inb.
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interacting via the same surface on Gal4-dd. Furthermore, these results illustrate that a
phage display random peptide library can be used to isolate peptides that can bind to
surfaces on DNA-binding proteins, and this method can be applied to targets with

unknown binding sites (such as the bacterial repressor LexA).

C.2.A.1. Atrtificial TADs

Phage display has previously been used to discover novel TAD sequences by the
selection against masking proteins, which are proteins that bind to TADs and inhibit their
exposure to the transcriptional machinery until signaling cues trigger its release. In
particular, Kodadek and coworkers isolated two 20-mer peptides (G80BP-A and —B)
from a selection against Gal4’s masking protein Gal80, which were shown through
competition studies to bind to the same site targeted by the Gal4 TAD [44]. Furthermore,
these peptides were able to upregulate expression of a reporter gene in yeast when
attached to a proteinacious DBD, thus suggesting that those chemical properties used to
interact with Gal80 are similar to those which mediate protein-protein interactions within
the transcriptional machinery; to this end, the authors demonstrate that G80BP-A is
capable of binding to the N-terminus of the coactivator Med15(Galll), a target of the
Gald TAD, witha Kqg=~1.2 uM.

Therefore, we hypothesized that peptides that are capable of binding to the masking
interaction surface present on Gal4(1-100) would possess chemical properties similar to
that of XLy, and thus be able to function as transcriptional activation domains. For
instance, the hydrophobic residues of XLy that are required for its interaction with

Med15(Galll) (tyrosine, for example) are also required for XLy to bind to Gal4-dd [43].
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Therefore, peptides #1 (GHPQEYLLQTVH) and #8 (SPYPAGFPLIRA), which possess
such a conserved tyrosine residue in their sequence (Figure 3.12a), were attached to the
C-terminus of Gal4(1-100) and assayed for their ability to activate transcription in yeast.
As illustrated in Figure 3.12b, peptides #1 and #8 were able to upregulate expression of
the LacZ reporter gene approximately 3- and 6-fold (respectively); in addition, the
portion of the peptide sequence that is the P201 mimic possessed a 10-fold enhancement
in potency (approximately 30- and 60-fold, respectively), most likely due to its ability to

better interact with the Gal4-dd.

a) XL : LTGLFVQDYLLPTCIP
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#8: SPYPAGFPLIRA
b) 80.0
’—> 70.0
=199 bp-
—gg — laz —
5% GalM binding sites TATA 8007
5 s00]
g
Construct Fold Activation 5 4004
Gal4{1-100) 1.0£0.1 s
Gal4{1-100)-P201 43307 £ 447.2 5 3003
Gal4{1-100}-GHPQEYLLOTVH 2.9+03 20.0]
Gal4{1-100)-YLLQTVH 28.6%2.3
Gal4({1-100)-SPYPAGFPLIRA 59407 10.07
Gal4{1-100)-YPAGFPLI 61.1+538 00

Figure 3.12: Phage #1 and #8 that bind to Gal4(1-100) can activate transcription. a)
Sequence alignment of XLy, phage #1, and phage #8. Polar residues that are identical
are shown in red and hydrophobic residues that are identical are shown in blue. b)
Results from a liquid p-galactosidase assay for peptides #1 and #8 attached to the C-
terminus of Gal4(1-100). Peptides #1 and #8 were able to upregulate expression of the
LacZ reporter gene approximately 3- and 6-fold (respectively), while the portion of the
peptide sequence that is the P201 mimic possessed a 10-fold enhancement in potency.
Error is indicated as standard deviation of the mean (SDOM).
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C.2.B. LexA

The bacterial repressor LexA is a 202 amino acid protein that binds as a dimer to its
cognate DNA site through an N-terminal helix-turn-helix motif, which is connected via a
flexible linker to a C-terminal dimerization domain (Figure 3.13a) [45]. In order to
repress transcription of its targeted set of genes in bacteria, LexA binds to the promoters
and blocks access of the RNA polymerase, until cellular cues instigate LexA’s self-
cleavage and degradation; therefore, it should function as a DNA-binding protein devoid
of transcriptional activity when introduced into a eukaryotic system.

In order to select for ligands in the context in which the target will be presented from
a gene promoter, recombinant LexA was immobilized to a NeutrAvidin-coated microwell
via a biotin-labeled double-stranded oligonucleotide containing a single LexA dimer
binding site (Figure 3.13b). This immobilized DNA-bound LexA was exposed to 3
rounds of panning (including a negative selection in round 2), and was compared to the
results of an analogous biopanning against LexA nonspecifically bound to the solid
support. Figures 3.14 and 3.15 show that enrichment of LexA binding phage only
occurred when it was tethered to the solid support via a linker,® possibly due to its
denaturation upon nonspecific binding to the solid support.

Twenty-four phage from the 3 round of biopanning were characterized in an
ELISA (Figure 3.16-3.18). The peptides were able to bind equally well to LexA in the
presence and absence of its DNA binding site, but did not bind to BSA (with the
exception of phage #12). Taking into consideration recent modeling studies which

demonstrate that the DNA-binding domain of LexA rotates with respect to the

! The ELISAs in Figures 3.14 and 3.15 were performed by Tonia Buchholz.
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b) Well # Contents Abs 405 nm
1 1 Neutravidin (NA) 0.000
’ 3 ! 2 NA + 500 nM 5'-biotin-DNA 0.000
2 4 3 NA +1 uM LexA (monomer) 0.004
: 4 NA + 2 pM LexA (monomer) 0.006
Antibody: 5 ' 5 NA + 5 uM LexA (monomer) 0.008
Hisg-tag : 6 NA + 500 nM DNA +1 pM LexA 1.643
7 NA + 500 nM DNA + 2 uM LexA 1.668
8 NA + 500 nM DNA + 5 uM LexA 1.637

Figure 3.13: DNA-bound LexA. a) Proposed model of the LexA repressor bound to
DNA from molecular dynamics simulations. With kind permission from Springer
Science+Business Media: Cellular and Molecular Life Sciences, The bacterial LexA
transcriptional repressor, v66, 2009, 82-93, Butala, M.; Zgur-Bertok, D.; Busby,
S.J.W., Figure 2B. b) ELISA with an anti-His6 antibody demonstrating that His6-
LexA can bind specifically to 5’-biotin-DNA (containing a single LexA binding site)
which has been immobilized onto a NeutrAvidin (NA) coated microwell.
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Figure 3.14: Phage display selection against DNA-bound LexA. a) Schematic of the
panning procedure against DNA-bound LexA. 5’-biotin-DNA<LexA complex was
immobilized onto a NeutrAvidin-coated microwell. The phage library was added, the
unbound phage were washed away, and the specifically-bound phage were eluted and
amplified for another round. 3 rounds of panning were performed (including a
negative selection in round 2). b-d) Phage ELISA to test for enrichment of LexA-
binding peptide sequences. Serial dilutions of 5 x 10" — 5 x 10" phage/well of the
amplified phage eluted from rounds 1-3 were tested for their ability to interact with
the DNA<LexA complex (b), DNA (c), or BSA (d). Round 3 phage showed a greater
ability to interact with the DNA<LexA complex over that of DNA alone or BSA.
Therefore, the selection process was successful.
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Figure 3.15: Phage display selection against LexA. a) ELISA with an anti-Hisg
antibody demonstrating that Hisg-LexA can bind non-specifically to the surface of a
microwell (compared to BSA as a negative control). b) Schematic of the panning
procedure against LexA. LexA(1-202) was immobilized onto a microwell, the phage
library was added, the unbound phage were washed away, and the specifically-bound
phage were eluted and amplified for another round. 3 rounds of panning were
performed (including a negative selection in round 2). c-d) Phage ELISA to test for
enrichment of LexA-binding peptide sequences. Serial dilutions of 5 x 10’ — 5 x 10"
phage/well of the amplified phage eluted from rounds 1-3 were tested for their ability
to interact with the LexA (c) or BSA (d). Round 3 phage showed no greater ability to
interact with LexA than that of BSA. Therefore, the selection process was not
successful.
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Figure 3.16: ELISA of individual phage #1-8 that bind LexA. Serial dilutions of 5 x
10" — 5 x 10* phage/well of amplified phage #1-8 (sequences shown) were tested for
their ability to interact with (a) DNA-bound LexA, (b) LexA, or (c) BSA that was
immobilized onto a microwell. Detection of the bound-phage was achieved with an
HRP conjugated anti-M13 antibody and an ABTS/H,0, substrate. The absorbance at
405 nm was measured using an absorbance plate reader (Tecan Genios Pro). The data
was curve-fit (solid line) to a sigmoidal dose-response (variable slope) in order to
obtain the LogEC50 values presented in Table 3.2.
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Figure 3.17: ELISA of individual phage #9-16 that bind LexA. Serial dilutions of 5 x
10" — 5 x 10™ phage/well of amplified phage #9-16 (sequences shown) were tested for
their ability to interact with (a) DNA-bound LexA, (b) LexA, or (c) BSA that was
immobilized onto a microwell. Detection of the bound-phage was achieved with an
HRP conjugated anti-M13 antibody and an ABTS/H,0, substrate. The absorbance at
405 nm was measured using an absorbance plate reader (Tecan Genios Pro). The data
was curve-fit (solid line) to a sigmoidal dose-response (variable slope) in order to
obtain the LogEC50 values presented in Table 3.2.
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Figure 3.18: ELISA of individual phage #17-24 that bind LexA. Serial dilutions of 5 x
10" — 5 x 10" phage/well of amplified phage #17-24 (sequences shown) were tested
for their ability to interact with (a) DNA-bound LexA, (b) LexA, or (c) BSA that was
immobilized onto a microwell. Detection of the bound-phage was achieved with an
HRP conjugated anti-M13 antibody and an ABTS/H,0, substrate. The absorbance at
405 nm was measured using an absorbance plate reader (Tecan Genios Pro). The data
was curve-fit (solid line) to a sigmoidal dose-response (variable slope) in order to
obtain the LogEC50 values presented in Table 3.2.
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dimerization domain upon sequence-specific binding to DNA [45], these results may be

an indication that the peptides are targeting the invariable dimerization domain. The five

sequences showing significant specific binding and with the lowest EC50 values (<

1x10'; Table 3.2, highlighted in yellow) were then tested for their ability to interact with

DNA-bound LexA in a Y2H setting, but were unable to upregulate above basal levels

(data not shown). Possible factors which may be attributed to the inability of the peptides

to transition from an in vitro to an in vivo interaction will be addressed in the next

section.

Table 3.2: Peptide sequences identified in an in vitro phage display selection against
DNA-bound LexA.

DNA-LexA LexA BSA
Phage Sequence
Log EC50 + SEM | Log EC50 + SEM | Log EC50 + SEM
1 VMSSTLYTISFS 10.28 + 0.01 9.90 + 0.01 >11.70
2 IONWSVHDQTTA 9.44 £ 0.05 9.46 £ 0.28 >11.70
3 MVSASPTPSNLR 10.95 + 0.02 10.35 + 0.01 >11.70
4 HQASPNRLPPPL 9.73+0.01 9.50 +0.11 11.56 + 0.20
5 QHHOFTVPQVRV 10.98 +0.01 10.86 + 0.01 >11.70
6 SAISSPFMRYTD 11.27 +0.05 >11.70 10.83 + 4.57
7 HSVKIPATTAPP 11.12 +0.09 10.67 +0.01 >11.70
8 VTWHHPSQRTQA 10.53 +0.01 10.32 +0.01 >11.70
9 QLWYWGTLPDDL 8.35 + 0.49 8.32+0.12 11.26 +0.24
10 YPSMPHRAFAPM 10.40 +0.01 10.07 +0.03 >11.70
11 MPLTNRPSTPLT 10.67 £ 0.01 10.48 + 0.02 >11.70
12 HWQRYFQTSFAT 8.68 +0.02 8.42 +0.06 9.83 + 0.04
13 QKPPSAMVNTLH >11.70 >11.70 >11.70
14 AYAHTRHSAFKP 10.64 + 0.07 >11.70 >11.70
15 ISNSCHSCLAET >11.70 >11.70 10.71 +0.06
16 GPVSTITAPQPL 7.85 +183.32 >11.70 >11.70
17 IDPLHHSSASKP 9.45+0.19 8.96 + 0.14 11.36 +£0.23
18 ELHKTPVELESP >11.70 11.15+0.25 >11.70
19 SIHVTHYPGLPT >11.70 11.49 +0.15 >11.70
20 LPSSSHVSGHTN >11.70 11.49 +0.29 >11.70
21 HITTRSSSAWQT >11.70 >11.70 >11.70
22 YTMPPGTPFSIR 9.82+0.11 9.95 + 0.06 >11.70
23 AYHSWANLGYMP >11.70 11.01 £ 0.06 >11.70
24 AITASKPTLHRW >11.70 >11.70 >11.70
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C.2.C. Conclusions

Overall, a random peptide phage display selection was able to identify peptides that
can bind to surfaces on DNA-binding proteins. However, these ligands that were isolated
in vitro were unable to reconstitute the interaction in a cellular environment. Possible
explanations for this result could be attributed to their proteolytic degradation or an
inability to locate their functional binding partner due to non-productive binding with
other proteins. In addition, because the peptides were displayed from the plll coat protein
as 5 copies throughout their identification/characterization, there may be an avidity effect
needed to mediate the binding interaction, which is not present when expressed as the

Gal4(TAD)-peptide fusion.

D. Conclusions/Future directions

In conclusion, DNA-binding proteins have proven to be difficult targets for peptidic
ligand binding in comparison to enzymes or protein receptors with defined binding
pockets. We have found that an affinity selection, rather than a screening approach, of a
random peptide library was able to isolate ligands that are capable of binding to the
surfaces present on these types of targets. However, peptides that are 12 amino acids in
length that are capable of binding to their targets in vitro do not transition well to an in
vivo interaction, most likely due to problems associated with their proteolytic stability
and binding specificity within the cellular milieu.

One approach for increasing the stability of the peptide sequences identified thus far
is to incorporate them into larger protein scaffolds; these larger constructs can then be

expressed in cell culture as fusions to a transcriptional regulatory domain and assayed for
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their ability to interact with the promoter-bound target. For instance, when the previously
described ERa-binding peptide all was used to replace NR boxes 1 and 2 within the
coactivator TIF2 to create TIF2all, this engineered coactivator was able to increase ERa
activity in the presence of the antagonist tamoxifen (even with a truncated ERa lacking
its AF1 domain) [38]. Presumably, these results are due to the ability of the all peptide
and ERa to reconstitute their binding interaction. In addition, when Mekalanos and co-
workers screened a library of random 16 amino acid peptides in bacterial cells for their
ability to interact with and inhibit the activity of thymidylate synthase (ThyA), it was as
fusions to the protein scaffold thioredoxin [46]. Thioredoxin was chosen because of its
stability and tolerance of insertions within the active site of the enzyme; thus, tethering
both ends of the peptide provides a higher degree of conformational constraint that would
not be present as a fusion to its N- or C-termini, which may increase the
specificity/affinity of the peptide for its target. Finally, Nolan and coworkers expressed a
random peptide library in mammalian cells that included the flanking sequence
EFLIVIKS (which forms stable dimers in solution) before and after the random peptide
sequence to serve this purpose as well [47].

Future directions for this project, which will be addressed in more detail in Chapter 4
of this dissertation, will focus on performing the phage display selections using a random
peptide library that is conformationally-constrained. In particular, helix stabilized ligands
would be optimal candidates for the future production of peptidomimietic and small

molecule replacements.
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E. Experimental Methods

Table of plasmids used in this study”

Plasmid name Origin REStr'Ctlon Function
Sites
2 yeast expression plasmid under
the control of a constitutive ADH1
PGBTI-Rb Clontech NA (~400 bp) promoter with a TRP*
selection marker
2 yeast expression plasmid under
the control of an ethanol-repressed
PGAD GH-P1 Clontech NA ADH1 (full-length) promoter with a
LEU" selection marker
2 yeast expression plasmid under
pGBKT7-REST This study EcoRI/ | the control of a constitutive ADH1
pGBKT7-SoxS BamHI (~700 bp) promoter with a TRP*
selection marker
21 yeast expression plasmid under
. EcoRI/ | the control of a constitutive ADH1
PCLEXA-S0XS This study BamHI promoter with a HIS" selection
marker
2 yeast expression plasmid under
. Hindlll/ | the control of an inducible GAL1
PYESTrp2-oCTD This study Xhol promoter with a TRP" selection
marker
2 yeast expression plasmid under
. Ndel/ the control of an ethanol-repressed
PGADT7-XLy This study BamHI ADHL1 (full-length) promoter with a
LEU" selection marker
N'YC317-stop codon ARS/CEN yeast expression_ plasmid
NYC317-P201 under the cqntrol ofel B'aCt'_n
promoter with a HIS™ selection
NYC317-phages1 his stud Xbal/ marker; the designated peptides are
NYC317-phage#8 Thisstudy | ") : the designated peptides ¢
NYC317-Y1 expressed dlrectly_on the C-term_mus
NYC317-Y8 of_GaI_4(1-100) (Wlthou_t any amino
acids in between for a linker)
pRSETA-Gal4 This study BamHI/ | Expresses proteins in E. coli with an
PRSETA-LexA EcoRl N-terminal Hisg affinity tag

*Plasmids described were constructed using standard molecular biology techniques. The
sequences of all plasmids were verified by sequencing at the University of Michigan

Core Facility (Ann Arbor, Ml).
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Table of yeast strains used in this study

Yeast L

strain Genotype Application
Mata, trp1-901, leu2-3, 112, ura3-52, his3-200,

AH109 | 8144, gal80A, LYS2::GALLyas-GAL Lyata-HIS3, Y2H random peptide
MEL1 GAL2yas-GAL21ata-ADE2, library screen

URAS3::MEL1yas-MEL11a7a-lacZ

Mata, ura3-52, his3-200, ade 2-101, trp 1-901, leu
Y187 2-3, 112, gal4A, met—, gal80A, URA3::GAL1yas-
GALlTATA-IacZ, MEL1

Y2H random peptide
library screen

MATa, ura3, his3, trpl, LexAgp (xs)-LEU2

o | BSOS 2 e contol o o, | DEFEST 0 S
, amp’)
JPY9::2741, Mata his3A200 leu2Al trplA63
ura3-52 lys2A385 gal4 URA::pZZ41 Test the activity of the
LS41 (pZZ41 contains two LexA binding sites 50 bp phage display peptides
upstream of the GAL1tata, and five Gal4 that bind to Gal4(1-100)

binding sites 191 bp upstream of the GAL1rata)

Liquid p-Galactosidase assays

Plasmids were transformed into yeast using the LiOAc method or by electroporation; the
transformed colonies were selected by growth on synthetic complete (SC) media
containing 2% glucose and lacking the appropriate amino acid(s). Freshly transformed
colonies were then used to inoculate 5 mL cultures of SC media containing either 2%
raffinose (or 2% glucose for the Y2H screen) and lacking the appropriate amino acids.
The cultures were incubated overnight at 30°C with agitation, and subsequently used to
inoculate 5 mL cultures of SC media containing 2% raffinose + 2% galactose (or 2%
glucose for the Y2H screen) and lacking the appropriate amino acids. Again, these
cultures were incubated overnight at 30°C with agitation until an ODgg of 0.3-0.5 (10-
fold dilution) was reached. The yeast cells were harvested and resuspended in breaking
buffer (100 mM Tris-HCI (pH 8.0), 20% glycerol) containing the Complete Protease

Inhibitors cocktail (Roche). The cells were lysed by vortexing with glass beads. A portion
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of the cell extract was used to measure B-galactosidase activity via incubation with o-
nitrophenyl-p-D-galactopyranoside (ONPG) (1 mg/mL) in Z buffer (60 mM NayHPO,,
40 mM NaH,PQO,4, 10 mM KCI, 1 mM MgSO,+7H,0, and 50 mM 2-mercaptoethanol [pH
7]). The reaction was stopped by adding 1 M Na,CO3 and the OD4,, was measured on a
Varian Cary 300 UV-vis spectrometer. The activity reported was normalized to total
protein concentration of the extract, measured using a Bradford assay kit (Bio-Rad) with
BSA as the standard. If further sensitivity was required, a portion of the cell extract could
then be used to measure p-galactosidase activity via incubation with chlorophenol red-p-
D-galactopyranoside (CPRG) according to the manufacturer recommended protocol

(Stratagene High Sensitivity B-Galactosidase Assay Kit).

Matchmaker Random Peptide Library Y2H Screen

A yeast two-hybrid screen was performed with the Matchmaker Random Peptide Library
following the manufacturer recommended protocols (Clontech). Briefly, yeast strain
AH109 (whose glycerol stock had been streaked onto synthetic complete (SC) media
containing 2% glucose and lacking lysine) was transformed by LiOAc methods with the
pGBKT?7 plasmid encoding the bait gene fusion. Transformed colonies were selected by
growth on synthetic complete (SC) media containing 2% glucose lacking lysine and
tryptophan. The random 16 amino acid peptide library that is ligated into the pGAD GH
vector was then transformed, using the Yeastmaker Yeast Trasnformation System 2 kit
(Clontech), into the AH109 strain harboring the pGBKT7-bait plasmid. The 15 mL of
resuspended cells were plated using glass beads onto 5x20 batches of 150-mm plates,

whereby a positive bait-peptide interaction was selected for by growth at 30 °C on
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synthetic complete (SC) media containing 2% glucose lacking lysine, tryptophan,
leucine, and histidine. In addition, in order to calculate the transformation efficieny, 150
uL of resuspended cells were also plated onto a 100-mm plate of synthetic complete (SC)
media containing 2% glucose lacking lysine, tryptophan, and leucine. Colonies from the
screen that grew in the absence of histidine were restreaked onto fresh media. Cells from
this restreaked plate were then resuspended in 50 uL of sterile water, serially diluted to
1/1000, and 50 uL of this solution was plated onto fresh media in order to yield single
colonies. Four colonies from each plate were then grown in synthetic complete (SC)
media containing 2% glucose lacking leucine in order to select for the pPGAD GH plasmid
encoding the peptide, which was subsequently isolated using a Zymoprep Il yeast
plasmid miniprep kit. The pGAD GH peptide plasmids were then transformed into
SmartCells™ chemically competent E. coli. (Genlantis) and further selected by the
ampicillin resistence marker, whereby they were isolated using a Qiagen Miniprep Kit.
The purified plasmids were sequenced by the the University of Michigan Sequencing
Core to obtain the identity of the peptide. Finally, in order to quantitate the bait-peptide
interaction using a liquid B-galactosidase assay, the pGAD GH peptide plasmids were
cotransformed with the pGBKT7-bait plasmid into the yeast strain Y187 by
electroporation methods and selected by growth on synthetic complete (SC) media

containing 2% glucose lacking tryptophan, leucine, and uracil.

Protein expression and purification

Hisg-Gal4(1-100): Expression of Hisg-Gal4(1-100) was carried out in BL21(DE3)pLysS

E. coli cells as previously described [48]. Briefly, cultures (50 mL) from single colonies
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were grown overnight at 37 °C (250 rpm) in Lennox L Broth (Research Products
International) supplemented with ampicillin (100ug/mL) and chloramphenicol (34
ug/mL) before dilution (50-fold) into a 1L culture of Lennox L Broth supplemented with
fresh antibiotic. After an ODggo Of 0.4 was reached, expression was induced with IPTG
(final concentration 1 mM) in the presence of 20 uM ZnSQO, for 2-3 hours. The cell pellet
was resuspended in 25 mL lysis buffer A (10 mM Tris, pH 8.0 at 4 °C, 500 mM NacCl,
10% glycerol (v/v), 10 mM B-ME, 0.1% Tween* 20 (v/v), 10 mM imidazole, and a
Roche Complete Protease Inhibitor Cocktail), lysed using sonication, and the Hisg-tagged
protein was isolated using Ni-NTA Agarose (Qiagen). The protein was bound to the resin
by batch absorption (15 mL of a 50% slurry that was pre-washed with lysis buffer), and
then subjected to FPLC purification with a BioRad system. The column was run at 2
mL/min, in which wash buffer A (20 mM Tris, pH 8.0 at 4 °C, 100 mM NacCl, 20%
glycerol (v/v), 30 mM imidazole) was run for 50 min, followed by elution buffer A (20
mM Tris, pH 8.0 at 4 °C, 100 mM NaCl, 20% glycerol (v/v), 250 mM imidazole) for
another 50 min. Collected protein fractions were combined, concentrated to 1 mL in an
Amicon 5K centrifugal filter device (Millipore), and buffer exchanged three times into 15
mL of storage buffer A (20 mM HEPES, pH 7.5 at 4 °C, 200 mM NaCl, 10% glycerol
(v/v), 1 mM B-ME, 1 mM EDTA, 20 uM ZnSQ,). The protein concentration was

measured using a Bradford assay kit (Bio-Rad) with BSA as the standard.

Hiss-LexA(1-202): Expression of Hisg-LexA(1-202) was carried out in C41(DE3)pLysS

E. coli cells. Briefly, cultures (50 mL) from single colonies were grown overnight at 37

°C (250 rpm) in Lennox L Broth (Research Products International) supplemented with
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ampicillin (100png/mL) and chloramphenicol (34 pg/mL) before dilution (40-fold) into a
1L culture of Lennox L Broth supplemented with fresh antibiotic. After an ODgy Of 0.3
was reached, the culture was cooled for 15 min at 16 °C (100 rpm), and expression was
induced with IPTG (final concentration 0.5 mM) for 3-4 hours at 250 rpm. The cell pellet
was resuspended in 20 mL lysis buffer B (50 mM NaH,PO, (pH 8.0), 300 mM NacCl, 10
% glycerol (v/v), 10 mM B-ME, 0.1% Tween* 20 (v/v), and a Roche Complete Protease
Inhibitor Cocktail), lysed using sonication, and the Hisg-tagged protein was isolated using
Ni-NTA Agarose (Qiagen) [49]. The cell lysate was incubated with 2 x 1 mL of Ni-NTA
beads for 2 hours at 4 °C. The beads were washed 3 times with 3 mL wash buffer B (50
mM NaH,PO, (pH 8.0), 300 mM NaCl, 10 % glycerol (v/v), 10 mM B-ME, 0.1%
Tween* 20 (v/v), 20 mM imidazole). The protein was eluted from the beads by
incubation at 4 °C overnight with 1 mL elution buffer B (50 mM NaH,PO, (pH 8.0), 300
mM NaCl, 10 % glycerol (v/v), 10 mM B-ME, 0.1% Tween* 20 (v/v), 250 mM
imidazole). Additional protein was eluted by twice incubating the beads with elution
buffer for 1 hour at 4 °C. The protein samples were combined, concentrated to 1 mL
using an Amicon 10K centrifugal filter device, and buffer exchanged three times into 15
mL of storage buffer B ( 100 mM Tris-Cl (pH 7.5), 500 mM NaCl, 1 mM EDTA, 1 mM
DTT) [50]. The protein concentration was measured using a Bradford assay kit (Bio-Rad)

with BSA as the standard.

Biotin-labeled LexA oligonucleotides
The oligonucleotide 5-CTA TAC TGT ATA TAA AAC CAG TGG TTA TATGTA

CAG TAA TCC-3’ was purchased from Invitrogen with a 5’-modification of biotin and
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annealed with an unlabeled complementary oligonucleotide in annealing buffer (10 mM
HEPES pH 7.5, 150 mM NacCl) by the following method: heat denaturation for 7 min at

95 °C, cooling at room temperature for 30 min, and cooling at 4 °C for 30 min.

Phage Display

Biopanning against Gal4(1-100): Phage display was performed using the Ph.D.-12 Phage

Display Peptide Library Kit using the manufacturer recommended protocols (New
England Biolabs (NEB)). Briefly, 50 uL of a 50% aqueous suspension of Ni-NTA
Agarose (Qiagen) was washed once with 1 mL wash buffer (10 mM PBS, 0.1% Tween-
20) and pelleted in a centrifuge at 3000 rpm for 30 sec. The supernatant was removed and
the resin was blocked in 1 mL of blocking buffer (10 mM PBS, 0.2% non-fat milk) at
4°C for 1 hour. The resin was then washed 4 x 1mL, and 200 uL of 10 nM Gal4
(monomer) was added and incubated for 15 min at room temperature (mixing
occasionally). After washing 4 x 1 mL, the phage library was diluted 20-fold, and 200 uL
of this solution was incubated with the resin for 20 min at room temperature (mixing
occasionally). The resin was washed 10 x 1 mL, and the binding phage were eluted in 1
mL of 0.2 M Glycine-HCI (pH 2.2) + 1 mg/mL BSA for 10 min at room temperature.
The eluant was transferred to a microfuge tube and neutralized with 150 pL of 1M Tris-
HCI (pH 9.1). 10 uL of the eluant was saved for titering. The rest of the eluant was
amplified in ER2738 E. coli, precipitated using PEG/NaCl, and ~1-2 x 10" pfu were
used for a 2" round of panning, consisting of a negative selection was performed against
the blocked Ni-NTA agarose. The nonbinding phage were amplified and used for a 3"

round of panning consisting of a positive selection, but this time using 0.5% Tween-20 in
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the wash buffer. Finally, a 4™ round of panning was performed analogous to the 3™
round, from which individual plaques were selected and amplified, and their DNA

extracted for sequencing at the University of Michigan Sequencing Core.

Biopanning against LexA(1-202): Phage display was performed using the Ph.D.-12

Phage Display Peptide Library Kit using the manufacturer recommended protocols (New
England Biolabs). Briefly, to pan against LexA that has been immobilized in its DNA-
bound form, a NUNC Maxisorp well was first incubated overnight at 4°C with 150 pL of
100 pg/mL of NeutrAvidin (Pierce) in 0.1 M NaHCOg; (pH 8.6). The well was then
washed with wash buffer (4 x 200 uL) (10 mM PBS, 0.1% Tween-20), and 100 pL of 4.5
MM 5’-biotin duplex DNA in 10 mM PBS was added and incubated for 1 hour at room
temperature. The well was washed 4 x 200 pL, and 300 pL of sterile filtered blocking
buffer (10 mg/mL BSA in PBS) was added and incubated for 1 hour at room temperature.
The well was washed 6 x 200 pL, and 100 uL of 9 uM LexA (monomer) (diluted in wash
buffer) was added and incubated for 1 hour at room temperature. The well was again
washed 6 x 200 pL, and 100 pL of a 10-fold dilution of the original phage library was
added and incubated for 1 hour at room temperature. The well was washed 10 x 200 L,
and the binding phage were eluted with 100 pL of 0.2 M Glycine-HCI (pH 2.2) for 10
min with agitation. The supernatant was transferred to a microfuge tube and neutralized
with 15 uL of 1M Tris-HCI (pH 9.1). 5 uL of the eluant was saved for titering. The rest
was amplified in ER2738 E. coli, precipitated using PEG/NaCl, and ~1-2 x 10" pfu were
used for a 2" round of panning. In the 2" round of panning, a negative selection was

performed against the blocked NeutrAvidine5’-biotin-DNA complex, and the supernatant
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was immediately used for a positive selection against DNA-bound LexA before
amplification. The amplified phage from the 2™ round were then used in a 3" round of
panning consisting of a positive selection. Enrichment of the libraries was determined
with an ELISA, whereupon individual plaques could then be selected, amplified, and
their DNA extracted for sequencing at the University of Michigan Sequencing Core. A
similar protocol was used to pan against 100 uL of 9 uM LexA (monomer) that had been

non-specifically bound to the well overnight at 4°C.

ELISA

Immobilized Gal4(1-100): 200 uL of 10 pg/uL (or 0.6 uM) Hisg-Gal4(1-100) was added

to a Ni-NTA coated 96-well plate and incubated overnight at 4 °C. The plate was blocked
with blocking buffer (10 mM PBS, 0.2% nonfat milk) for 1 hour. Subsequently, 200 pL
of serial dilutions of 10*° - 10'® phage were added to the appropriate wells in wash buffer
(10 mM PBS, 0.2% Tween-20) and incubated for 1 hour. After 6 washes, 200 uL of anti-
M13-HRP antibody (1:5000 dilution) was added in blocking buffer to each well for 1
hour. After 6 washes, the phage were detected using 200 puL of 2,2’-Azino-bis(3-
Ethylbenzthiazoline-6-Sulfonic Acid) (ABTS) solution in sodium citrate with hydrogen
peroxide as per the NEB phage display manual. The absorbance at 405 nm was measured

using an absorbance plate reader (Tecan Genios Pro).

Immobilized LexA(1-202): To probe LexA in its DNA-bound form, a NUNC Maxisorp

96-well plate was incubated overnight at 4°C with 150 pL of 10 pg/mL of NeutrAvidin

(Pierce) in 0.1 M NaHCOg; (pH 8.6). The wells were then washed with wash buffer (3 x
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200 pL) (10 mM PBS, 0.5% Tween-20), and 100 pL of 0.5 uM 5’-biotin duplex DNA in
10 mM PBS was added and incubated for 1 hour at room temperature. The wells were
washed 3 x 200 pL, and 200 pL of sterile filtered blocking buffer (10 mg/mL BSA in
PBS) was added and incubated for 1 hour at room temperature. The wells were washed 3
X 200 pL, and 100 uL of 1 pM LexA (monomer) diluted in wash buffer was added and
incubated for 1 hour at room temperature. The wells were washed 3 x 200 pL, and 100
pL of serial dilutions of phage were added to the appropriate wells in wash buffer and
incubated for 1 hour at room temperature. After 3 washes, 100 uL of anti-M13-HRP
antibody (1:5000 dilution) was added in wash buffer to each well and incubated for 1
hour at room temperature. After 3 more washes, the phage were detected using 200 uL of
2,2’-Azino-bis(3-Ethylbenzthiazoline-6-Sulfonic Acid) (ABTS) solution in sodium
citrate with hydrogen peroxide as per the NEB phage display manual. The absorbance at
405 nm was measured using an absorbance plate reader (Tecan Genios Pro). These
results were compared to those in which a well was either non-specifically coated with

150 pL of 1 uM LexA or 10 mg/mL BSA in PBS.
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CHAPTER 4

CONCLUSIONS AND FUTURE DIRECTIONS

A. Introduction

Transcriptional activators control the gene expression patterns of cells by regulating
the timing and extent to which mRNA levels are upregulated in response to signaling
cues [1]. They achieve this with a modular architecture, in which one domain of the
protein (the DBD) is responsible for localizing to a specific DNA sequence within the
genome, while another domain (the TAD) is responsible for recruiting multiprotein
complexes that aid in the assembly of the pre-initiation complex (PIC) at the gene
promoter [1-2]. Experiments described in Chapter 2 revealed that the favorability of a
conformational change step during activatorecoactivator complex formation correlates
with activator potency (i.e., levels of transcriptional output). Thus, future efforts will
focus on further characterizing the roles that the TADs and coactivators play throughout
this process, both of which are important to consider when designing exogenous
molecules that can effectively orient themselves within this pathway.

Furthermore, much work has been done on the development of small molecules for
use as DBDs in activator ATFs that can be programmed to display the proper recognition
surfaces to interact with a desired DNA sequence [3]; although size limitations imposed
to maintain cell permeability has thus limited their targeting specificity in relation to the

proteins they are trying to replace. Instead, in Chapter 3 we have proposed an alternative
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method which relies on the interaction of a ligand with an endogenous DNA-bound
protein in order to localize a TAD to the promoter of a gene. To this end, while we have
shown that a phage display selection technique is able to isolate peptidic ligands that can
target surfaces on DNA-binding proteins, we hypothesize that a conformation-
constrained peptide library instead will result in the identification of ligands with higher

specificity and stability for use in a cellular context.

B. Activatorecoactivator complex formation

Transcription is initiated through a series of coupled binding equilibria between
transcriptional activators and their array of protein targets within the transcriptional
machinery. Thus, we hypothesized that the life-times of these interactions should be more
revealing of differences in activator potency (i.e., transcriptional output) than that of
equilibrium binding measurements (apparent affinities). We therefore performed a
transient kinetic analysis on the interactions of the TADs of Gal4, Gcn4, and VP16 with
their shared coactivator target Med15 [4-8]. In our experimental set-up, the TADs were
attached to the Gal4(1-100) DBD and equilibrated with fluorescently labeled DNA,
which was then mixed in a fluorescence stopped flow spectrometer with the N-terminal
345 amino acids of Med15. The Gal4, Gen4, and VP16 DNA-bound TADs all exhibited
an increase in fluorescence over time at each Med15 concentration tested, producing
association time-courses that are biphasic and best fit by a double exponential. Our data
is consistent with a two-step binding mechanism, in which a fast bimolecular collision
step is either preceded or followed by a slow a conformational change step. However,

regardless of which of these limiting binding models is chosen for analysis, a more
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favorable conformational change occurring within the complex correlates with a TAD
sequence that is more potent. However, as will be described in the remainder of this
section, the contributions made by the TAD and Med15 during this process need to be

further resolved by additional experiments.

B.1. Future directions
B.1.A. Order of events within the two-step binding mechanism

It has been established through NMR studies that a small percent of isolated TAD
conformers may possess secondary structural elements within the regions utilized for
coactivator binding [9-10]; although these pre-formed motifs do not encompass the whole
polypeptide segment found structured within the final bound complexes [11-12]. Thus,
this implicates the involvement of a conformational change step occurring in the TAD
structure after binding, in order to better maximize intermolecular interactions available
within the coactivator binding site. In order to definitively observe such a step within the
binding mechanism, efforts in our lab are currently focused on developing a FRET
readout between the TAD-Med15 protein interface for use in the fluorescence stopped-
flow experiments.

FRET has been utilized previously to observe the interaction network of
transcriptional machinery proteins, such as the KID*KIX interaction [13], the Gal4+Tral
and Gal4+Gal80 interactions [14], and the Gal3+Gal80 interaction [15]. In particular, we
propose to use the tetracysteine-biarseincal system developed by Tsien and coworkers
[16] to fluorescently label the coactivator Med15 with ReAsH to serve as a FRET

acceptor for EGFP-tagged activators. Previously, through a combination of in vitro cross-
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linking, multiplexed mass spectrometry, and genetic approaches, Mapp and coworkers
have identified the functionally important binding sites of Gal4, Gend and VP16 as
residing in the amino terminus of Med15(Galll) (first 400 residues) [8]. Thus, we
believe placement of the CCPGCC tetracysteine motif within loop regions that are
proximal to these identified activator binding sites will be tolerated for efficient labeling
with the ReAsH dye [17-18]. To achieve this, we can use the crystal structure of residues
1-100 of Med15 (i.e., the KIX domain) [19], as well as the recently described Phyre
structure prediction program [20], to design optimal points for tag placement within
residues 1-345 of Med15. Current work is also underway to visualize these TAD-Med15
interactions in vivo in the context of full-length proteins that are located within the

transcriptional machinery (See Appendix).

B.1.B. Significance of TAD structure

Analysis of TAD*Medl5 complex formation according to a model in which a
conformational change occurs after binding implicates that the stability of intermediate
species is important in determining the partition ratio of the TAD (i.e., with a more stable
intermediate preferring to undergo a conformational change over that of dissociation).
One hypothesis to explain how the TADs of Gal4, Gcn4, and VP16 can form
intermediates of differing stabilities with the shared coactivator Med15, as implied from
their differing partition ratios, is that they possess different structural propensities in their
unbound forms that are inherent to their primary amino acid sequences. Therefore, the
characterization of the excited state conformers of the TADs used in our Kkinetic analysis

would provide further insight into the mechanism of TADetarget complex formation. For
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instance, Han and coworkers have determined that the region within the isolated TAD of
VP16 (residues 412-490) that is found to interact with targets (i.e., 472-479 or
DFEFEQMF) forms a well-defined helix in ~5% of the conformers at equilibrium [9],
however, similar studies should be performed on the fragment used in our studies,
residues 456-490, in order to determine if the context of the sequence has a drastic effect
on this propensity, as well as on the TADs of Gal4 (residues 840-881) and Gcn4 (residues
107-144). In particular, because the nine residues 862-870 of the Gal4 TAD, or
DDVYNYLFD, are expected to form an a-helix upon binding to a target protein as
suggested by the crystal structure of the K. lactis Gal4+Gal80 proteins [21], it will be
interesting to see if this region exists as a pre-structured motif. Even further, it will be
interesting to see if there is a correlation between the % of excited state conformers
present at equilibrium and the stability of the intermediate involved during coactivator
binding. Also, the effects on this structural propensity upon restricting the movement of
the TAD by tethering it to a DBD (and thus limiting the number of conformers it can
sample) could be determined through a measurement of its residual dipolar couplings
(RDCs), as has been achieved previously with the TAD of p53 [10].

Finally, the TADs used in activator ATFs containing non-natural DBDs are generally
small peptide sequences taken from a larger, naturally occurring sequence [22-24].
Therefore, similar structural and kinetic characterizations should be performed on these
types of TADs as well, such as H2 of VP16 (residues 469-485) [9, 11] and its
peptidomimetic replacements (B-peptide and peptoid versions of this sequence) [25], in
order to determine if they retain the properties of the larger sequences they were obtained

from.
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B.1.C. Significance of the conformational change step

The conformational change step within the TAD*Med15 complex is a defining step
within their binding mechanism, presumably for efficiently recruitment of the Mediator
complex to the promoter through a stable interaction. However, it has yet to be
determined if this is true for the interaction of the TADs of Gal4, Gen4, and VP16 with
other shared coactivators, such as that of Tral which resides in the SAGA histone
modifying complex. If a two-step binding mechanism is in fact a commonality, it would
be interesting to observe how the binding site identity (i.e., the composition of amino
acids available to make TAD contacts) affects the favorability of the conformational
change step.

Furthermore, a conformational change in Med15 may also be occurring upon TAD
binding, in order to mediate a signal transduction from the TAD to the rest of the protein
complex through an interaction with this target. Indeed, the binding of activators to
different subunits of the human CRSP-Med complex induce distinct conformational
states (Figure 4.1) [26-27]. To this end, we propose to use our tetracysteine-biarsenical
labeling system within the N-terminus of Med15 in combination with an EGFP tag fusion
to either the N- or C-terminus of the protein to detect a possible conformational change
upon TAD binding via intramolecular FRET; similar studies have been performed to
monitor the conformational change within TFIIB from a closed to an open state upon
TBP+<DNA binding [28-29]. In addition, a gel ‘super shift’ assay can be performed with
DNA-bound activators and Medl5 to ensure tag placement does not disrupt this

interaction [21, 28, 30].
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VDR TR

Figure 4.1: Conformational states of the CRSP-Med complex induced by activators.
VP16 interacts with the Med78 or Med97 subunit, SREBP-1a interacts with Med105,
and TR and VDR both interact with Med220. Activators that interact with different
subunits within CRSP-Med seem to induce different conformational shifts within the
complex. Scale bar, 75 A. Reprinted by permission from Macmillan Publishers Ltd:
Nature Structural and Molecular Biology, Taatjes, D.J.; Schneider-Poetsch, T.; Tjian,
R., Distinct conformational states of nuclear receptor-bound CRSP-Med complexes,
copyright (2004). From Science, Taatjes, D.J.; Naar, A.M.; Andel 11, F.; Nogales, E.;
Tjian, R., Structure, function, and activator-induced conformations of the CRSP
coactivator, 1058-1062, copyright (2002). Reprinted with permission from AAAS.
C. Ligands that target DNA-binding proteins
One significant challenge in the development of artificial transcription factors (ATFS)
is a lack of small molecules that can be used to localize them to a gene promoter in a
cellular context. We propose to circumvent this problem by utilizing ligands that can
target endogenous DNA-bound proteins. To this end, we found that an in vitro phage
display selection technique was able to isolate peptides 12 amino acids in length that can
interact with the surfaces of Gal4(1-100) and LexA(1-202). However, these peptides did
not translate well to a cellular context, possibly due to non-productive interactions and
instability due to proteolysis. One approach to address these issues is to instead isolate

ligands from a conformation-constrained random peptide library. Even further, selecting

for helix stabilized ligands would pave the way for the construction of peptidomimetic
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b)

Figure 4.2: Helix-stabilizing using mini-proteins. a) Ribbon diagram of the structure
of the avian pancreatic protein (PDB ID: 1PPT). b) Ribbon diagram of the structure
of the Trp-cage protein (PDB ID: 1LTY).

replacements, such as PB-peptides, peptoids, and stapled peptides, as well as small

molecules.

C.1. Future directions
C.1.A. Conformation-constrained peptides

Disulfide-bridges and loop regions of protein scaffolds are approaches that have been
integrated into phage display selections to obtain high-affinity ligands [31-32]. Even
further, because a-helices have been found to play a major role in mediating protein-
protein interactions (with the average length spanning 8-12 residues), miniature proteins
that display stable, solvent-exposed helical scaffolds that are readily amenable to
diversification have been used for the selection of such recognition elements (Figure 4.2)
[25, 32]. For instance, Schepartz and coworkers have successfully utilized the aPP (avian

pancreatic protein) scaffold, consisting of a single a-helix stabilized by hydrophobic
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interaction with a type Il polyproline helix (Figure 4.2a) [33-34], while Johnson and
coworkers have successfully utilized the Trp-cage scaffold derived from a 20-residue C-
terminal sequence of extendin-4 (Figure 4.2b) [35].

The isolation of a-helical peptidic ligands that can interact with surfaces on DNA-
binding proteins would aid in the discovery of peptidomimetic and small molecule
replacements. For instance, [3-peptides and peptoid analogs are helical foldamers with
enhanced stability in cell culture [25, 36]. In addition, a covalent bond formed between
positions i and i+4 of the helix via an olefin-metathesis reaction has also been proven to
stabilize its formation [37]. Bradner and coworkers have successfully constructed such a
hydrocarbon-stapled peptide, SAHM1, that permeates T-cell acute lymphoblastic
leukaemia (T-ALL) cultured cells and induces anti-proliferative effects by interacting
with the NOTCH transcription factor complex (Kd = 0.12 £ 0.02 uM) [38]. Finally, the
peptides obtained from a phage display selection can also be used discover small

molecules that can compete for binding in a fluorescence polarization assay [39].

D. Conclusions

Overall, this thesis addresses topics that will facilitate the development of more
efficient activator ATFs. In particular, a better understanding of the structural features
required for a conformational change during TADetarget complex formation, as well as
the involvement of the conformational change within the coactivator itself, will be
needed in order to design molecules that can mimic these functions. In addition, new
approaches for localizing the TAD to the promoter of a gene of interest in a cell with a

cell-permeable molecule will be needed for future applications as therapeutic agents.
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synthesizing the ReAsH dye, while Dr. Krishnamurthy assisted with the remainder of the experiments.
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A. Introduction

Transcriptional activators recruit a variety of coactivators to the gene promoter in
order to initiate gene expression [1, 2]. Several studies have attempted to identify the
binding partners of transcriptional activators, but these approaches are limited by the use
of in vitro techniques and non-physiological conditions that result in the identification of
false positives [3]. Moreover, in vivo approaches such as ChIP do not distinguish the
between direct and indirect binding partners thus restricting their usefulness for bonafide
target identification [4]. One approach to identify the direct binding partners of proteins
in a cell is to use FRET (Forster resonance energy transfer) [5]. In this approach, the
candidate proteins are labeled with donor and acceptor fluorophores respectively or
expressed as fusions to fluorescent proteins in cells and an interaction between the two
proteins is detected by the occurrence of a fluorescent signal [6].

Few reports exist of successfully using FRET to observe TAD-target interactions in
live cells [7-10]. This is most likely due to complications that arise upon fusing a large
autofluorescent protein (AFP) to a coactivator target that resides within a large
multiprotein complex. To address this issue, we propose attaching the coactivators
instead to a small tetracysteine-containing peptide sequence that can interact with a small
molecule fluorophore. This technique would thus enable us to observe those dynamic
interactions that we are kinetically characterizing in vitro (Chapter 4) in a more

transcriptionally relevant setting.

B. FRET: tetracysteine/biarsenical method
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FRET has proven to be an enormously powerful tool for the characterization of
macromolecular interactions in vitro and in cell culture [5, 6, 11]. Briefly, this technique
relies upon the nonradiative transfer of energy from a donor to acceptor fluorophore
when positioned within a critical distance (~10-100 A) and orientation from each other.
The transfer efficiency is dependent on the inverse sixth power of intermolecular
separation, thus making it a sensitive technique for the investigation of biological
phenomena that produce changes in molecular proximity (e.g., protein-protein
interactions).

Traditionally, the use of this technique in cell culture has relied upon labeling each of
the binding partners with an autofluorescent protein tag (AFP). These tags are large in
size (~26 kDa), the fusion of which to a desired protein has the potential of disturbing its
function. For instance, attachment of an AFP probe can lead to protein misfolding [12] or
can perturb protein localization [13], thereby altering cellular processing events.
Furthermore, the probability of complications arising is particularly true for proteins that
normally exist in complexes. For example, in the budding yeast Saccharomyces
cerevisiae, expression of a GFP fusion to tubulin fails to complement tubulin null
mutants [14]. This phenomenon was also observed in the work of Green et al who carried
out FRET experiments in S. cerevisiae in which various coactivators in the transcriptional
machinery were labeled with EYFP; the other FRET partner, the transcriptional activator
Gal4 was labeled with ECFP [8]. From this experiment only a single coactivator (Tral)
produced a FRET signal, despite considerable evidence of a Gal4 targeting at least three

distinct coactivators during the process of transcriptional activation.
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Figure A.1: NMR structure of ReAsH bound to the peptide FLNCCPGCCMEP
reveals a hairpin turn. An ensemble of the 30 best structures appear as semi-
transparent, while the average peptide backbone structure is shown as a solid line.
Cysteine atoms are shown in red. Adapted with permission from Journal of the
American Chemical Society, Madani, F.; Lind, J.; Damberg, P.; Adams, S.R.; Tsien,
R.Y.; Gréslund, A.O., Hairpin Structure of a Biarsenical-Tetracysteine Motif
Determined by NMR Spectroscopy, 4613-4615. Copyright 2009 American Chemical
Society.

We propose to circumvent this issue through the use of a far smaller peptide tag that
can be post-translationally modified by the addition of membrane-permeable biarsenical
molecules, most notably the green and red dyes ‘FIAsH’ and ‘ReAsH’, that become
fluorescent upon chelation to their targeted sequence. More specifically, the tag is a 12-
residue peptide sequence that includes four cysteines (CCPGCC) and can easily be
incorporated into the coactivators of interest (Figure A.1l) [15, 16]. This
tetracysteine/biarsenical system has been used for labeling proteins in microorganisms
[14, 17] and mammalian cell culture [13, 18]. In addition, FIAsH is a good FRET
acceptor from CFP [19, 20], while ReAsH is a FRET acceptor from longer wavelength
donors such as GFP and YFP [21, 22], thus making amenable to the study of protein-
protein interactions.
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C. ReAsH labeling of a nuclear protein in Saccharomyces cerevisiae

Our initial efforts have focused on labeling a transcriptional activator with a C-
terminal EGFP-tetracysteine tag with ReAsH within the model organism of
Saccharomyces cerevisiae; this experiment would allow us not only to determine if this
method is capable of selectively labeling proteins that are localized within the nucleus of
the cell (which has not been demonstrated before in yeast), but would also demonstrate
the maximum degree of transfer efficiency that can be achieved between the fluorophores
(i.e., upon intramolecular FRET). Once this is achieved, we could then move the
tetracysteine/biarsenical tag to a coactivator of interest in order to observe intermolecular
FRET upon its interaction with an EGFP-tagged activator. We chose ReAsH as our small
molecule probe due to previous reports that it possesses a higher affinity and selectivity
for the CCPGCC motif over that of FIAsH, thus making it more applicable for the
labeling of low abundance proteins (e.g., such as those found within the transcriptional
machinery) [23]. In addition, yeast strains in which endogenous transcriptional activators
have been tagged on their C-termini with GFP are commercially available (Invitrogen),
and could therefore be utilized in subsequent experiments with this set-up. However, as
will be described in the remainder of this section, initial labeling attempts call into
question the general cell permeability of these types of molecules within Saccharomyces

cerevisiae.

C.1.EGFP as a FRET donor
The FRET donor EGFP was fused to the C-terminus of transcriptional activators

consisting of the TADs from Gal4 (residues 840-881) and Gcn4 (residues 107-144)
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Brightfield DAPI/EGFP Overlay

Figure A.2: Live cell imaging of yeast expressing an EGFP-tagged transcriptional
activator. Imaging was performed on a Nikon Eclipse TE2000-U fluorescence
microscope with an inverted oil immersion 100x objective and DAPI and GFP filter
cube sets. Yeast cultures cotransformed with the activator Gal4(1-100)-Gcn4(107-
144)-EGFP and FLNCCPGCCMEP-Med15 were grown to mid-late log phase in SC
drop-out media, DAPI stained for 30 min, then 1 pL was placed on a microscope
slide, covered with a coverslip, and mounted for imaging.

attached to the Gal4 DBD (residues 1-100). As illustrated in Figure A.2, the EGFP-
tagged Gcen4-derived activator is able to localize to the nucleus of S. cerevisiae when
visualized using fluorescence microscopy; similar results are obtained for the Gal4-
derived activator (data not shown). In order to determine what effect this tag has on the
ability of the activators to interact with their protein targets within the transcriptional
machinery (i.e., their transcriptional potency), the constructs were tested for their ability
to upregulate expression of a LacZ reporter gene under the control of Gal4 binding sites
(Figure A.3). Furthermore, in order to determine the effect that placement of the
tetracysteine motif would have on activator-coactivator interactions, the EGFP-tagged
activators were expressed in a yeast strain in which the coactivator Med15 [24-28] was

expressed from its native promoter with an N-terminal tetracysteine tag sequence
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Figure A.3: Results from a liquid B-galactosidase assay for EGFP-tagged activators.
The presence of protein tags on an activator-coactivator pair (i.e., an EGFP tag on the
C-terminus of the TADs of Gal4 and Gend and a FLNCCPGCCMEP tag on the N-
terminus of Med15) results in a reduction in activity compared to that of WT levels
(untagged proteins).

FLNCCPGCCMEP [21]. From Figure A.3, the Gal4 and Gcn4 activators are still able to
upregulate transcription in the presence of the EGFP and CCPGCC tags (compared to
Gal4(1-100)), although retaining 66% and 36% of their wild-type levels, respectively.
However, we are currently determining the effect of linkers between the proteins and

their tags on these results [21, 29].

C.2.ReAsH as a FRET acceptor
ReAsH is more completely 4,5-bis(1,3,2-dithiarsolan-2-yl)-resorufin; this molecule is
not fluorescent when bound to 1,2-ethanediol, the form in which it is synthesized and

stored, but becomes fluorescent when it complexes with the optimized tetracysteine motif
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Figure A.4: Time course for the reaction of ReAsH-EDT2 with the tetracysteine
peptide, FLNCCPGCCMEP. Fluorescence enhancement of ReAsH is observed upon
binding to a tetracysteine peptide. The emission intensity of the followi