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Aberrant gene expression patterns have been implicated in several
pathological states. Synthetic molecules capable of functionally mimicking native
transcription factors and regulating gene expression in a specific and predictable
manner may represent a new paradigm in drug development. Native transcription
factors are minimally composed of two domains, a DNA-binding domain (DBD)
and an activation domain (AD). Several synthetic DBDs capable of recognizing

DNA in a sequence specific manner have been reported in the literature.
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Furthermore, studies have demonstrated that coupling of these synthetic DBDs to
peptides that are capable of acting as activation domains results in chimeric
molecules that are capable of activating target gene expression. Since peptides
and other biomolecules generally have poor cell-membrane permeability and are
prone to rapid enzymatic inactivation inside cells, it is highly desirable to develop
artificial molecules that are capable of mimicking native ADs. Towards this goal,
a comprehensive methodology for the synthesis, screening and characterization of
large peptoid libraries has been developed. Peptoids are a new class of
peptidomimetic compounds that are resistant to proteolytic cleavage and are
relatively simple and cheap to synthesize. One of the combinatorial libraries was
screened against CBP (CREB-binding protein), an important transcriptional co-
activator, and three novel, low micromolar affinity ligands were isolated. A cell-
based reporter gene assay was employed to assess the cell permeability and
transcription activation potential of the synthetic ligands in live mammalian cells.
The assay consists of transfecting into HeLa cells a luciferase reporter gene
harboring Gal4 binding sites and a construct in which the ligand binding domain
of the Glucocorticoid receptor has been fused to Gal4 DBD. The cells are treated
with the CBP-binding peptoids that have been chemically coupled to a
dexamethasone derivative. Among the three peptoids tested, one of the molecules
as a steroid conjugate, has been found to activate the transcription of a reporter

gene nearly 1000-fold suggesting that it may be acting as an activation domain
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surrogate. The mechanistic aspects of the observed transcriptional activity of the

peptoid-steroid conjugate remain to be elucidated.
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CHAPTER 1: INTRODUCTION

1.1. General introduction

Aberrant gene expression patterns have been implicated in several
pathological states[1, 2]. Since regulation of gene expression primarily occurs at
the level of transcription, intense efforts have been focused on understanding the
basic mechanisms underlying transcriptional regulation. Moreover, there has been
considerable interest in developing strategies for regulating the expression of
genes by controlling their transcription. Among various such strategies, the use of
synthetic, cell-permeable molecules for modulating gene expression remains
highly attractive and promising for various reasons[3]. Such molecules have the
potential to serve not only as a novel class of therapeutic agents, but also as

powerful tools in functional genomics and basic biology.

1.2. Mechanism of transcriptional activation

Eukaryotic transcriptional activation is a highly complex and regulated
event that involves the establishment of a multitude of protein-DNA and protein-
protein interactions[4]. Activation of transcription is mediated by a class of
proteins referred to as transcription activators[5]. Upon receiving the appropriate
stimulus, transcription activators bind to their target genes in the vicinity of the
promoter, usually upstream of the TATA box. This is followed by the recruitment

of RNA polymerase II holoenzyme and other components of the basal
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transcription machinery such as TFIID, a multi-protein complex which include
the TATA box binding protein (TBP), and to form the pre-initiation complex[6].
The pre-initiation complex is composed of the RNA Polll, various general
transcription factors such as TFIIA, TFIIB, TFIID etc., and components of a
complex of about twenty proteins referred to as the mediator. Once the entire pre-
initiation complex has assembled, the promoter region of the DNA is locally
“melted” in an ATP-dependent manner to facilitate the polymerase to associate
with and read the template strand. This is followed by promoter escape and
elongation steps where the pre-initiation complex dissociates from the promoter
and traverses along the gene transcribing it[7]. It has been suggested that the
mediator remains at the promoter during this process and assists in the re-

assembly of a pre-initiation complex for another round of transcription[8].

1.3. Role of activators in transcription activation

Transcriptional activators promote transcription activation through
multiple mechanisms. For instance, they make direct contacts with various
components of the mediator complex and, thus, play a role in the recruitment of
the pre-initiation complex to the promoter[6]. They also help in making the DNA
more accessible to various transcription factors by recruiting chromatin modifying
/ remodeling machinery such as histone acetyl transferases (HATs)[9] and

SWI/SNF protein complexes[10, 11]. HATs acetylate lysine residues on histone
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tails and loosen the chromatin[9], while SWI/SNF use energy derived from ATP
hydrolysis to make the DNA more accessible[10, 11]. There is also evidence to
suggest that transcription activators play an important role in facilitating promoter
escape, elongation and re-initiation[7, 8]. Finally, recent experiments have
unearthed yet another role of activators in transcription — recruitment of
components of the proteasomal complex to activated promoters[12], a necessary

step in the activation of the Gal genes in yeast and probably many others.
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Figure 1.1: A schematic depiction of the role of transcription activators in

stimulating target gene expression. (UAS = Upstream Activator Site).
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1.4. Domain organization of activators

Transcription activators are modular in nature and are minimally
comprised of two distinct and separable domains: the DNA-binding domain
(DBD) and the activation domain (AD). The DBD is responsible for conferring
gene specificity to the activator by recognizing small stretches (6-8 base pairs) of
DNA near the promoter of one or a small number of genes. The AD has a more
general function and is responsible for establishing various protein-protein
interactions necessary for the induction of the gene. Domain swapping
experiments have illustrated that the DBD and AD of transcription activators are
exchangeable. For instance, fusion of VP16, a potent viral AD, to Gal4 DBD
results in a new hybrid protein that retains the ability to activate Gal4 responsive
genes[13].

The modular nature of transcription activators points towards a potential
strategy for construction of artificial transcription activators; synthetic molecules
capable of mimicking the native DBD and AD, when linked together
appropriately, may result in an artificial transcription activator that may retain
some or all the functions of a native activator. Thus, it is not surprising that much
efforts have been focused over the last several years in developing synthetic

molecules with DBD- and AD-like activities[14].
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Figure 1.2: A general strategy towards development of artificial transcription

activators. (AD = Activation Domain; DBD = DNA-Binding Domain).
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1.5. Synthetic DBDs

Synthetic molecules that can recognize target DNA sequences with high
affinity and specificity may serve as powerful tools for regulation of gene
expression. In addition to their potential to target AD-mimetic molecules to
specific genes to up-regulate their expression, they could also down-regulate gene
expression by binding to specific sites near the promoter and interfering with the
binding of transcription factors. In fact, giant strides have been over the last
decade or so in the design and synthesis of such molecules and their utility in
regulating gene expression has been well documented in the literature. Hairpin
polyamides[15] and peptide nucleic acids (PNA)[16] are two of the most popular

and extensively characterized groups of synthetic DBD mimetic molecules.

1.5.1. Hairpin Polyamides

Hairpin polyamides are oligomers of N-methylpyrrole and imidazole
derivatives developed largely through the pioneering efforts of Dervan and his
colleagues[15]. These molecules bind to DNA in the minor groove in an anti-
parallel fashion and are capable of distinguishing all the four DNA base pairs
(A/T, T/A, G/C and C/G) based on well developed pairing rules. Thus, it is
possible to design polyamides to recognize pre-determined DNA sequence with
high affinity and specificity in vitro. Typical polyamides are eight rings long and

recognize stretches of DNA that are 6 base pairs long. A y-aminobutyric acid
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residue introduced between rings four and five induces a “hairpin” turn in the
molecule and aligns the rings in an anti-parallel orientation. Another extremely
attractive feature of polyamides is that they are sometimes cell permeable, at least

in certain cell lines[17].
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Figure 1.3: The chemical structure of a pyrrole (Py) and imidazole (Im)
containing polyamide is shown along with the pairing rules for the

recognition of duplex DNA.
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Several studies have demonstrated the utility of polyamides in modulating
gene expression. For instance, Dervan and co-workers designed an eight ring
polyamide to target the recognition site of transcription factor TFIIIA, a minor
groove binding transcription factor essential for the transcription of 5S RNA
genes[17]. When fibroblasts derived from Xenopus kidney were treated with this
molecule, marked inhibition of 5S RNA gene expression was observed without
significant inhibition in tRNA transcription. In another study, a series of
polyamides were designed to recognize DNA sequences immediately adjacent to
the binding sites of transcription factors TBP, Ets-1 and LEF-1 on the HIV-I
promoter. Dervan and colleagues went on to show that the polyamides inhibited
both the binding of these transcription factors to their cognate sites and RNA
polymerase II-mediated transcription of HIV-I transcription in cell-free systems.
Impressively, the polyamides caused >99% inhibition of HIV-I replication in

human lymphocytes[18].

1.5.2. Peptide Nucleic Acids

Peptide Nucleic Acids (PNAs), introduced by Nielsen and co-workers,
represent the second class of molecules that hold promise to serve as synthetic
DBD surrogates[16]. PNAs are essentially modified oligonucelotides, where the
phosphodiester backbone is replaced with amide linkages, resulting in abrogation

of unfavorable electrostatic repulsive forces between the negatively charged
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phosphate groups found in oligonucleotides. This structural modification also
makes PNAs resistant to nucleases / proteases and improves their affinity towards
complementary single stranded DNA and RNA relative to a standard nucleic
acid[19].

Among the various classes of PNAs described, bis- PNAs have been
shown to be the most facile in invading relaxed, double stranded DNA resulting in
the formation of a tetra-stranded complex in which one strand of PNA invades the
duplex DNA, while the second strand establishes Hoogstein base pair
interactions[20]. Freier and her colleagues used this approach to inhibit gene
transcription by designing a bis-PNA to interfere with transcription factor
binding[21]. Thus, they targeted a homopurine / homopyrimidine site on the IL-
2Ra promoter which overlapped with NF-kB binding site. They found that the
binding of PNA to this site correlated well with inhibition of NF-kB binding.
However, inhibition of transcription by PNA necessitated pre-incubation of the
PNA with DNA under low salt conditions. Thus, one of the limitations of bis-
PNAs is that efficient strand invasion of relaxed, duplex DNA occurs only at
polypurine-polypyrimidine sites under non-physiological (low ionic strength)
conditions. However, recent efforts by Corey and co-workers suggest that the
efficiency of strand invasion can be substantially improved even at
physiologically relevant ionic strength conditions by appending positively

charged amino acids to PNAs[19]. Furthermore, polypyrimidine PNAs containing
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mixed base extensions, referred to as tail clamp PNAs have been employed to
extend the range of DNA sequences accessible to PNAs[19, 22]. Future
experiments are necessary to determine if the strand invasion rate of bis-PNAs
can be sufficiently enhanced to enable targeting relaxed, duplex DNA inside cells.
Nevertheless, there have been a few reports of antigene PNAs with activity in
tissue culture and animal studies. For instance, Tyler and coworkers have reported
an antigene PNA-mediated downregulation of neurotensin receptor expression in
rats up on microinjection of the molecule directly into the brain[23]. However, the
lack of mismatch control molecules in this study makes it difficult to determine
the specificity of observed effect. In an effort to develop a general strategy to
enhance the cell permeability of PNAs, Morris and coworkers covalently attached
a dihydrotestosterone (DHT) molecule to the amino terminus of an antigene-PNA
designed to inhibit the expression of c-myc, a gene implicated for its role in
proliferation and malignant transformation of human cells[24]. They
demonstrated that the nuclear localization of PNA-DHT was dependent on the
expression of androgen receptor. The DHT-mediated nuclear uptake of the PNA
has been shown to be associated with significant suppression of c-myc gene
expression. The generality of this approach as well as the impact of the PNA-
DHT-androgen receptor complex on the DNA-binding specificity of PNAs needs
to be determined in carefully designed experiments. Finally, Corey and coworkers

have recently reported a clever strategy for PNA-mediated silencing of gene
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transcription by targeting sequences in the open complex in target genes. The
formation of open complexes is observed in all actively transcribing genes and is
induced by assembly of pre-initiation complex on the promoter of the target gene.
More importantly, the open complex contains a stretch of single stranded DNA
which can be readily targeted with high efficiency and specificity with PNAs.
Thus, most of the difficulties associated in targeting relaxed, double stranded
DNA are circumvented by this approach. The authors employed this attractive
strategy to not only inhibit the transcription of human progesterone receptor
gene[25], but also several other genes such major vault protein (MVP), androgen
receptor (AR) and cyclooxygenease-2 (COX-2)[26], illustrating the generality of
this approach. The promising results from these studies indicate that PNAs may
serve as highly efficient synthetic DBD replacements. The development of
efficient and general strategies for cellular delivery of PNAs could further

enhance the broad utility of this remarkable class of molecules.
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Figure 1.4: Watson and Crick base pairing between a PNA and DNA strand.

(A = Adenine, T = Thymine, G = Guanine and C = Cytosine)
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1.6. Synthetic activation domains

As described earlier, the role of native activation domains in activating
transcription is complex and involves multiple mechanisms. The precise target of
most native activation domains such as Gal4 and VP16 is still obscure. Moreover,
the structural characteristics of most activation domains remain unclear. This has
led to classification of various activation domains based on the preponderance of
certain types of amino acid residues. Thus, transcription activators such as Gal4,
GCN4 and VP16 are referred to as acidic activators. Similarly, glutamine rich[27]
and proline rich[28] activators have also been described. The lack of precise
structural and molecular target information of activation domains presents a
difficulty in the development of synthetic activation domain mimetic molecules.
A brief review of various strategies devised to overcome this difficulty towards

development of synthetic activation domain mimetic molecules follows.

1.6.1. Genetic assays

Genetic assays have been used as powerful tools for sifting through large
peptide and other bio-molecule libraries and isolating molecules with desired
biological functions. Such an approach is also useful for obtaining activation
domain mimetic molecules, without having to worry, at least initially, about the

mechanism by which they cause transcription activation. Several groups have
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demonstrated the utility of this approach in obtaining activation domain
surrogates.

In one of the earliest reports of such an approach, Ma and Ptashne
screened a peptide library encoded by E .coli genomic fragments fused to Gal4
DBD for activation of transcription in yeast[29]. The induction of 3-galactosidase,
a reporter gene that confers blue color to yeast colonies, was used as a read-out
for activation of transcription. From among 154 colonies that tested as positive
out of approximately 15,000 transformants, the authors characterized fifteen of
the shortest DNA fragments and determined the corresponding amino acid
sequences. Varying in length from 12 to 81 amino acids, the peptides were rich in
acidic residues and the activation potential of these molecules correlated with
their net negative charge. It should be noted that native transcription activators in
yeast such as Gal4 and GCN4 also have a large number of negatively charged
amino acid residues in their sequences.

As an extension of this work, the same group also screened random
libraries encoding 8 and 6 amino acid residues fused to Gal4 DBD in a format
similar to the previous study[30]. Several hits isolated from this screen were
shown to be capable of activating transcription comparable to and, in same cases,
higher levels than Gal4, a potent yeast transcription activator. In marked contrast
to their previous study, however, the activation domains isolated in this screen

had few or no acidic residues. In fact, P201, an eight residue peptide and the most
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potent among the activation domains isolated in this study, did not bear any acidic
(or basic) residues at all. Subsequent studies have established Galll, a yeast
coactivator protein, as an essential target of P201.

The ease of isolation of activation domain mimetic peptides from naive
libraries prompted some groups to explore if non-protein based bio-molecules
such as aptamers are capable of functioning as activation domains. In two
independent studies, co-workers of Ptashne and Liu employed a similar approach
to address this question[31, 32]. A random sequence of 10-80 residues was
displayed in the loop region of a RNA molecule that has been shown to adopt a
stable hairpin like secondary structure. They also engineered into the RNA
molecule a sequence that specifically binds to bacteriophage coat protein MS2.
They, then, used a LexA-MS2 fusion protein to target the RNA molecules to the
proximity of a reporter gene promoter, the induction of which was used as a
readout for the selection. Thus, this method which uses a non-covalent strategy
for the delivery of a non-peptidic molecule to a native DBD could be employed,
in general, for testing the activity of non-native activation domains. Both groups
reported several RNA molecules that activated transcription in this assay
suggesting that it should be possible to isolate non-peptidic molecules with
activation domain-like properties. However, the target(s) mediating the activity of

these activation domain-mimetic molecules has not been characterized.
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Although genetic assays offer an attractive and convenient means for
isolating activation domain mimetic molecules, they introduce several limitations.
For instance, one is restricted to bio-molecule-based activation domains, which, in
general, tend to have poor cell permeability and bio-availability, and are prone to
enzymatic degradation inside cells. Furthermore, identifying the targets of the
activation domains isolated in these assays is relatively difficult. Therefore, other
methodologies for isolating activation domain mimetic molecules are desirable to

overcome these limitations.
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Figure 1.5: A schematic view of the genetic assay employed by Ptashne and

co-workers to isolate novel peptidic activation domains.
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1.6.2. Binding assays

Recognizing the inherent limitations of genetic assays, Han and Kodadek
explored the utility of binding assay-based screening experiments in the isolation
of activation domain mimetic molecules[33]. Such an approach where compound
collections of any class can be screened against appropriate transcription factors
can be quite powerful as it could pave the way for the isolation of enzymatically
stable, low molecular weight, synthetic molecule-based activation domains.

In a proof of principle experiment, the authors panned a 20mer phage
display library of approximately 10° peptides against Gal80 over six rounds of
selection under stringent conditions to demand specific binders to the target
protein[33]. Gal80 is a yeast repressor protein that binds to Gal4 and muzzles its
transcription activity. The authors hypothesized that molecules isolated to bind to
Gal80 may compete with native activation domains for binding to the repressor
and may themselves serve as artificial activation domains. They isolated two
unique peptides, both of which were rich in acidic residues, a feature common in
native activation domains such as Gal4. One of the peptides subjected to detailed
study, Gal80BP-A, bound to Gal80 with an affinity of 300nM, as determined by a
fluorescence polarization assay. Furthermore, the peptide not only competed with
Gal4 for binding to Gal80, but also appeared to be capable of binding to co-
activator protein Galll, albeit with lower affinity (~ 1uM). More importantly, the

peptide activated transcription robustly in vivo when fused to Gal4 DBD
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validating that molecules selected solely on their ability to bind to appropriate
transcription factors can indeed function as activation domains.

The generality of this protein-targeted approach to the isolation of
artificial ADs has since been validated by two other groups. Montminy and his
colleagues screened a phage display peptide library of 8mers against the KIX
domain of CREB-binding protein (CBP), a mammalian coactivator, and isolated
several peptides that shared a consensus motif[34]. A second library incorporating
this consensus motif was constructed and another round of selection was
performed to isolate several peptides. The most potent binder among them bound
to KIX domain with a modest affinity of ~16uM and supported a 40-fold increase
in the transcription activity of a reporter gene in mammalian cells upon fusion to
Gal4 DBD.

More recently, Mapp and coworkers synthesized two split and pool
combinatorial peptide libraries of 8mers with four randomized positions; one was
designed to mimic native activation domains, while the second was biased against
them[35]. The authors screened the libraries against Galll and identified three
classes of peptides that bound to the target non-competitively and, presumably, at
three distinct sites on the protein. Two of the peptides selected for further study
were fused to LexA DBD and shown to activate transcription to levels
comparable to VP2, a fragment of the potent viral activation domain VP16. In

stark contrast to the Gal80-binding peptide, however, the AHYYPSE peptide,
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which was the most potent among the peptides isolated in this study, failed to
activate transcription in mammalian cells[36]. This observation suggests that the
Gal80-binding peptide and the Mapp peptide recognize different targets (although
Gal80-binding peptide has also been shown to bind to Galll in vitro) or distinct

sites on the same target.
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Target Sequence* of activation domain

Gal&0 YDQDMQNNTFDDLFWKEGHR
KIX domain of CBP WAVYELLF
Galll AHYYYPSE

* Only the sequence of the most potent among the various activation domains
isolated in each study is shown.

Table 1.1: A table showing the sequences of various peptide activation

domains isolated from screening the protein targets shown in the table.
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1.6.3. Designer activation domains

Another approach towards generation of artificial activation domains
involves design of such molecules based on rational principles and empirical
observations. In one of the earliest examples of such an approach, Ptashne and co-
workers rationally designed a 15-residue peptide comprising of acidic and
hydrophobic residues, which in principle should adopt an amphipathic alpha
helical orientation[37]. The peptide, when fused to Gal4 DBD, activated
transcription in yeast, while a scrambled version of the peptide which is not
anticipated to adopt a helical structure did not.

In another study, Verdine and co-workers synthesized an unnatural
transcription activator by simply replacing the natural amino acids of a 29-mer
peptide derived from N-terminus of VP16 with the corresponding D amino
acids[38]. The artificial peptide was then appended via a flexible linker to the
immunosuppressive drug FK506, which has been derivatized to abrogate its
immunosuppressive properties while retaining high affinity to its target receptor,
FKBP. To facilitate targeting of the artificial activation domain to the promoter of
a reporter gene construct, the authors co-transfected Jurkat cells with a reporter
plasmid bearing five Gal4 DBD sites and a plasmid encoding a fusion of Gal4
DBD with three tandem repeats of FKBP12. To enhance the permeability, the
authors incorporated the drug conjugates into liposomes. Treatment of cells with

the drug conjugate resulted in > 500-fold induction of the reporter gene. This
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study highlights one of the characteristics critical for artificial activation domains,
protease resistance. For instance, the L-peptide-drug conjugate failed to activate
transcription in their assay, presumably due to proteolytic inactivation inside cells.
Another desirable feature for activation domain mimetic molecules is cell
membrane permeability. Therefore, activation domain surrogates with better cell
membrane permeability properties must be developed to extend their practical
utility.

In an attempt to generate small molecule based activation domain mimetic
molecules, Mapp and co-workers recently designed a series of isoxazolidines
substituted with functional groups commonly found in native activation domains
such as phenyl, hydroxyl, isobutyl and carboxylic acid[39]. These molecules were
then chemically conjugated to methotrexate, a high affinity ligand of
dihydrofolate reductase (DHFR). In a strategy similar to the Verdine study, the
authors then expressed a LexA DBD-DHFR fusion protein to facilitate the
targeting of the small molecule activation domains to a reporter gene bearing
LexA binding sites. The activation potential of the small molecule drug
conjugates was measured in an in vitro assay by mixing each molecule with the
LexA DBD-DHFR fusion protein and the reporter gene in the presence of HeLa
nuclear extracts. For comparison purposes, a conjugate of methotrexate and
ATF14, a fragment of VP16 capable of activating transcription, was synthesized

and subjected to the in vitro transcription assay. Among the five isoxazolidines
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tested, two structurally related compounds showed remarkable activity with levels
approaching ATF14. The authors speculated that the proteolytic stability and the
cyclic nature of the isoxazolidines, which likely resemble the helical structure of
most target bound activators, may have contributed to the potency of these

molecules.
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1.6.4. Hybrid approaches

Recently, Schepartz and co-workers used their previously reported
“protein grafting” strategy, which incorporates both rational design principles and
combinatorial chemistry, to design low micromolar affinity mini-protein ligands
for KIX domain of CBP[40, 41]. In this approach avian pancreatic polypeptide
(aPP), a small, well-folded protein is used as a scaffold to display a binding
epitope. Thus, the sequences of aPP and the helix B of KID domain of CREB,
which is involved in interacting with the KIX domain, were aligned and a new
hybrid protein is designed by selecting residues from aPP required for formation
of a-helix and residues from the KID domain responsible for recognizing KIX.
Some of the positions in the hybrid protein were randomized and a library of 5 x
10° mini-proteins was generated in a phage display format to facilitate selection of
high affinity ligands for KIX. Recognizing that phosphorylation of KID by
protein kinase A (PKA) plays an important role in contributing to the binding
affinity of the KID-KIX interaction, the recognition site of PKA in KID was
retained in the mini-protein and the library was subjected to in vitro
phosphorylation by PKA prior to selection. Two ligands selected in this study,
PPKID4 and PPKID6 were found to be competent of activating the transcription
of a reporter gene (containing Gal4 binding sites) in HEK 293 cells when tethered

to Gal4 DBD. Furthermore, their transcriptional response was found to be
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dependent on forskolin treatment, which presumably induces phosphorylation of
the two ligands by PKA.

In an approach that integrates aspects of all the strategies discussed above-
rational design, combinatorial chemistry and cell-based screening, Uesugi and co-
workers developed a small molecule surrogate for transcription activation domain
of ESX (epithelial-restricted with serine box), which interacts directly with Sur2
(a component of the human mediator complex) and causes the over-expression of
the oncogene Her2 in malignant breast cancer cells[42]. Recognizing that a
tryptophan residue in the activation domain of ESX is critical for its interaction
with Sur2, the authors designed a 2422-compound small molecule library rich in
indole-like moieties. The library was screened in a cell-based assay designed to
measure the ability of the compounds to inhibit the transcription activity of ESX
and a compound, referred to as adamanolol, was isolated. In addition to
suppressing the ability of various Her2-positive breast cancer cell lines,
adamanolol competed in vitro with a peptide fragment derived from ESX for
binding to Sur2 with an ICsy of 8 uM. Therefore, the authors suspected that
adamanolol exerts its effects by disrupting protein-protein interactions between
ESX and Her2. Subsequently, the authors synthesized several derivatives of
adamanolol to carry out structure-activity relationships and identified a second
generation molecule they termed wrenchnolol, which was water soluble and more

potent in disrupting ESX-Sur2 interaction in vitro[43]. Furthermore, wrenchnolol
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diminished the expression of Her2 protein in breast cancer cells SK-BR3 and a

biotinylated version of the molecule retained sur2 protein from nuclear extracts.
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Figure 1.7: Wrenchnelol.
The chemical structure of an activation domain-mimetic small molecule

developed by Uesugi and co-workers.
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1.7. Artificial transcription activators: state of the art

Initial proof-of-principle experiments to demonstrate the feasibility of
using small molecules to control gene regulation were carried out by Schreiber,
Crabtree and co-workers. In a clever strategy the authors used FK1012, a dimeric
version of FK506, to create a non-covalent interaction between the AD of NF3V1
(NF3V1 = transactivation domain of VP16 + three FKBP12 domain repeats + N-
terminal nuclear localization sequence from SV40 large T antigen) and DBD of
GF3 (GF3 = Gal4 DBD + three FKBP12 domain repeats)[8]. Thus, the authors
expressed fusions of the two domains, AD and DBD, with FKBP12 in Jurkat cells
before adding the chemical “glue” (FK1012) to “stick” the two domains together.
The physical association of the AD with DBD reconstituted a functional
transcription activator, as shown by the induction of a reporter gene. While this
approach is limited to engineered cells, it nevertheless, demonstrated the principle
that small molecules can, indeed, serve as powerful tools for controlling gene
expression. The impressive advances in design of synthetic AD and DBD mimetic
molecules, however, opened up the possibility of developing a general strategy
for controlling gene expression even in non-engineered cells. This strategy, in
essence, consists of chemically conjugating, via a suitable linker, chemical
moieties that have been designed or selected to functionally replace the native
activation and DNA-binding domains. A handful of groups have made promising

breakthroughs in this rather ambitious goal.
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In a pioneering effort in this area, Dervan, Ptashne and co-workers
synthesized a hairpin polyamide-peptide conjugate designed to activate the
transcription of a reporter gene bearing multiple polyamide binding sites[44].
Thus, an eight ring polyamide was designed to bind to a palindromic site of 5’-
TGTTAT-3’ separated by seven base pairs. The equilibrium dissociation constant
of the polyamide DNA complex, as determined by foot printing analysis was ~
InM. A 20 residue peptide, AH, previously designed by Ptashne and co-workers
and shown to have activation potential, was employed as a replacement for the
native activation domain. Finally, dimerization of the artificial transcription
activator was induced by including residues 251-281 from yeast transcription
activator GCN4, a previously characterized dimerization sequence. The
polyamide was synthesized by solid phase synthesis, released from the beads and
coupled to the peptide via native ligation. The equilibrium dissociation constant of
the synthetic polyamide-peptide « DNA complex was found to be 11nM. The
ability of the polyamide-peptide conjugate to activate transcription was studied in
an in vitro system on a DNA template with three palindromic polyamide binding
sites employing yeast nuclear extracts. The artificial activator, at a concentration
of 200nM, induced a 13-fold increase in transcription over basal levels. In control
experiments, when the activating peptide was deleted or when a DNA template
with a single base pair mismatch in the polyamide binding site was employed, no

significant activation of transcription was observed. The authors also
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demonstrated that the dimerization domain is dispensable in the construction of a
synthetic transcription activator. Thus, when the dimerization domain was
replaced with a flexible linker, the molecule still retained its ability to activate
transcription, with the length of the linker playing in a role in the level of
activation.

In an attempt to reduce the size of the synthetic transcription activator, the
same group employed a repeating eight amino acid motif from potent viral
activation domain VP16 as a minimal activation domain (VP1)[45]. This
synthetic construct, which had a much lower molecular weight compared to the
polyamide-AH conjugate, was nearly as potent as the polyamide-AH conjugate in
activating transcription in an in vitro transcription assay.

The authors, in a subsequent study, also probed the impact of the linker
region on activation potential by introducing a variable number (6, 9, 12 or 15) of
proline residues between the polyamide and the peptide activation domain[46].
The polyprolines form rigid helices allowing accurate prediction of the distance
between the polyamide and the peptide in each synthetic construct based on the
number of prolines between them. The authors found that optimal transcription
activity was observed when the separation between the polyamide and the peptide
was 36A° (12 proline residues), although the differences between various

synthetic constructs was quite modest (~ 2 fold).
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In a recent report of a strategy towards construction of artificial
transcription factors that function as protein-DNA dimerizers (PDD), Ansari,
Dervan and co-workers appended a short conserved peptide fragment (YPWM)
from the HOX-family of transcription factors, via a flexible linker, to a polyamide
designed to bind to a DNA site which was in close proximity to the Extradenticle
(Exd) recognition site[47]. Exd is a DNA binding protein that also interacts with
the short peptide, albeit weakly. This Exd-peptide interaction, while weak, was
significantly stabilized by the Exd-DNA interaction, resulting in efficient
formation of the Exd-peptide-polyamide ternary complex. The co-operative
nature of these interactions was illustrated from control experiments in which a
polyamide lacking the peptide or conjugated to an inactive, mutated peptide
(YPAA) failed to recruit Exd. In an attempt to further optimize the linker length,
the authors synthesized a series of polyamide peptide conjugates separated by
linkers of variable length, ranging from ~ 2.5 — 33A°. They noticed that at low
temperatures (4°C), conjugates with linker lengths ranging from ~ 4 - 33A° were
all effective in recruiting Exd[48]. However, at physiological temperatures
(37°C), the conjugate bearing longest 33A° linker was significantly impaired in its
ability to recruit Exd, as a result of unfavorable entropic costs. The authors
suggested that synthetic transcription factors such as these, which are functional at
lower, but not higher temperature, may serve as temperature sensitive switches for

controlling gene expression.
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In an attempt to overcome the limitations associated with artificial
transcription factors bearing peptide (or other bio-molecule) based activation
domains, Uesugi, Dervan and co-workers developed a completely unnatural
transcription activator by coupling a DNA binding-hairpin polyamide, via a
flexible linker, to wrenchnolol[49]. Wrenchnolol, as described earlier, is a small
molecule ligand for Sur-2, a component protein of the human mediator complex.
The polyamide was designed to bind to the DNA sequence 5’-TGACCAT-3’, six
repeats of which were present on a reporter gene construct. An in vitro
transcription assay was then used to show that the synthetic transcription activator
was able to turn a reporter gene on in a dose dependent manner. Two base pair
mismatch in the polyamide binding site of the reporter gene, as well as immuno-
depletion of Sur-2 protein effectively abrogated the transcriptional activation
response. Finally, in an attempt to determine the mechanism by which the
synthetic transcription factor activates transcription, the authors immobilized a
biotin labeled reporter gene on avidin-agarose resin and incubated it with nuclear
extracts in the presence or absence of the synthetic transcription factor. Western
blot analysis indicated that Sur-2 protein and RNA Polll were recruited to the
promoter only in the presence of the synthetic transcription factor. The ability of
the polyamide-wrenchnolol conjugate to activate transcription inside cells was

unclear, as it had poor cell membrane permeability.
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Figure 1.8: Structural and design features of various polyamide-based

artificial transcriptional activators.
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Synthetic transcription factors based on PNA-peptide conjugates have also
been reported. In one such study, Kodadek, Corey and co-workers synthesized a
bis-PNA to target a DNA sequence, 5’-AAGGAGGAGA-3’ and tethered it via a
flexible linker to Gal80BP, a 20mer peptide derived from panning a phage display
library against yeast repressor Gal80[50, 51]. This peptide has been shown
previously to be a potent activator of transcription in yeast (and subsequently in
mammalian cells), when fused to Gal4 DBD. The PNA-peptide conjugate was
shown to be competent in binding to the target DNA site as well as in recruiting
Galll, a yeast co-activator protein to the promoter. In a subsequent study, the
authors employed an in vitro transcription assay using human nuclear extracts to
assess the ability of the PNA-peptide conjugate to activate transcription. They
noticed that the basal transcription level, which was high under the conditions of
the assay, was effectively repressed with PNA alone, providing a cleaner
background. Addition of the PNA-peptide conjugate resulted in a robust
activation of transcription, whereas control peptides failed to elicit such a

response when fused to the same PNA.
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Figure 1.9: Design features of a PNA-based transcriptional activator.
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In perhaps the only report to date of an artificial transcription factor that
was capable of robustly activating transcription in tissue culture, Young and co-
workers conjugated a 22 residue triple-helix-forming oligonucleotide (TFO) to a
29mer or 14mer peptide fragment derived from potent viral activation domain,
VP16[52]. The TFO and the peptide activation domain were separated by a long,
flexible poly (ethylene glycol) linker. The DNA-binding properties of the TFO
employed in this study have previously been characterized. The ability of the
TFO-peptide conjugate to activate transcription in vitro was tested using a
transcription template containing five TFO binding sites. Gel mobility shift assays
indicated the TFO retained its ability to bind to the DNA template even after
conjugation to the peptide. Furthermore, the synthetic transcription factor was
found to be quite potent in activating transcription of the template DNA with
maximal levels achieved similar to those of Gal4-VP16 from a template
containing five Gal4 binding site. Finally and quite remarkably, the TFO-peptide
conjugates was shown to activate transcription of a reporter gene containing five
TFO-binding sites in cultured cells when the reporter and the synthetic
transcription factor were transfected into cells. While the results from the study
were quite promising, future studies are necessary to determine the generality of
this approach. Moreover, the poor membrane permeability and stability
characteristics of TFO and peptide based molecules may hamper the wide-spread

use of such molecules for controlling gene expression.
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1.8. Brief perspective

In spite of the impressive advances in the design / development of
synthetic DBD and AD mimetic molecules, the goal of obtaining a stable, cell
permeable artificial transcription activator with activity inside non-engineered
cells has not been achieved. Given that it has been possible to design polyamides
to many DNA sequences and the fact that they are cell permeable, at least in
certain cell lines, the lack of non-peptidic, cell permeable ligands with activation
domain-like properties appears to be the bottle neck in achieving this important
milestone. While some small molecule-based activation domain surrogates have
been reported[39, 43] and shown to activate transcription in vitro, no example of a
non-peptidic, cell permeable molecule with activation potential inside cells exists.
Thus, development of such a molecule remains an important challenge in meeting

the formidable goal of controlling gene expression with synthetic molecules.

1.9. Proposal summary

Among the various classes of peptidomimetic molecules reported in the
literature, peptoids represent an attractive alternative to peptides[53]. Peptoids,
introduced by Zuckermann approximately fifteen years ago, are oligomers of N-
substituted glycines and differ from peptides in that the side chain group is
attached to the amide nitrogen, rather than the alpha carbon atom. This structural

modification confers several unique characteristics to peptoids. For instance,
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unlike peptides, peptoids are completely resistant to proteolytic enzymes[54].
Furthermore, a recent study by Yu, Liu and Kodadek has suggested that a
significant proportion of compounds in random peptoid libraries was cell
permeable, when coupled to a steroid conjugate in a novel gene switch based
high-throughput, cell permeability assay[55].

These favorable characteristics (protease resistance and cell membrane
permeability) suggested that peptoids may serve as excellent candidates for
developing artificial activation domains. Therefore, a comprehensive study was
initiated to carry out the synthesis, characterization and screening of large
combinatorial peptoid libraries against protein targets, especially transcription
factors. The protein ligands isolated from these screens were validated and their
ability to function as artificial activation domains was assessed. These studies
indicate that peptoid libraries serve as an excellent source for isolating protein

ligands in general, and possibly as artificial activation domains.
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CHAPTER 2: SYNTHESIS AND SCREENING OF LARGE PEPTOID

LIBRARIES FOR ISOLATION OF PROTEIN LIGANDS

2.1 Introduction

Since introduced by Lam and co-workers in 1991, split and pool / one-
bead-one-compound combinatorial libraries[1] have served as extremely powerful
tools for rapid isolation of ligands against proteins and other target molecules.
Peptoids, which can be conveniently synthesized by “sub-monomer” approach[2]
(Scheme 2.1), are high amenable to split and pool synthesis. The sub-monomer
method for peptoid synthesis consists of two steps:

(a) an acylation step, which is accomplished by the addition of bromoacetic acid
and N,N’-Diisopropylcarbodiimide (DIC) and

(b) a nucleophilic displacement step, in which the bromide is displaced with a
primary amine.

Thus, the primary amines serve as diversity generating elements in the
synthesis of peptoid libraries. The commercial availability of hundreds of primary
amines allows facile synthesis of large and structurally diverse peptoid libraries in
a cost effective manner, often without the need with protection groups (depending

on the nucleophilicity of other functional groups, if any, in the amine molecule).
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O O R
BrCH,CO,H RNH ‘
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DIC = N,N'-Diisopropylcarbodiimide

R = any alkyl group

Scheme 2.1: Sub-monomer approach for the synthesis of peptoids[2].
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These favorable characteristics of peptoids, along with resistance to
proteases[3] and potential for cell-permeability[4], make them excellent tools for
manipulating various biological functions, including transcription. In spite of such
favorable properties, especially for library construction, there was only one report
of synthesis and screening of peptoid libraries[5] at the time this study was
initiated. Zuckermann and co-workers reported two ol-adrenergic receptor
ligands with K;’s in low nanomolar range isolated from screening a biased two-
and three- residue peptoid library of modest size (~ 5000 compounds).
Subsequently, a very small (12-compound) library of peptide-peptoid hybrids was
screened and an excellent ligand for the SH3 domain was isolated[6]. More
recently, peptoid ligands with analgesic[7], anti-microbial[8], and multi-drug
resistance reversal[9] properties have been reported. While these studies were
encouraging, screening of much larger libraries would be necessary in order to
isolate good quality ligands from completely naive libraries. Therefore, a pilot
study was launched in which large (~ 100,000 - 500,000 compound-) peptoid
libraries were synthesized, characterized and screened against a target protein.

To this end, a simple and general scheme for isolation of protein ligands
was envisioned (Scheme 2.2.). The scheme consists of the following steps:

(a) synthesis of large peptoid libraries on solid support (resin) employing split and
pool synthesis,

(b) incubation of the bead-bound library with fluorescently tagged protein target,
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(c) isolation of a small fraction of library beads that are brightly fluorescent well
above the background by manual or automated means,

(d) accurate determination of chemical structure of bead bound peptoids selected
in the screening using sensitive analytical techniques (such as Edman sequencing)
and

(e) validation and quantitation of ligand . protein interactions.
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Scheme 2.2: A general scheme for isolation of protein ligands from peptoid

libraries.
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As reported here, the synthesis and screening of large peptoid libraries is
facile and efficient. The data from this study suggest that peptoid libraries can
serve as general and excellent sources for specific and inexpensive protein
ligands. Therefore, screening of peptoid libraries against appropriate transcription

factors may lead to peptoid-based artificial activation domains.

2.2 Materials and methods

2.2.1 Reagents and instrumentation

All the reagents and solvents were purchased from commercial suppliers
and used without further purification. TentaGel macrobeads (140-170 micron
diameter; substitution: 0.51mmol/g) were obtained from Rapp Polymere.
Analytical HPLC was performed on a Biocad Sprint system with a C18 reverse-
phase HPLC column (Vydac, 5pM, 4.6 mm i.d. x 250 mm) using the following
solvents for elution; solvent A: H,O / 0.1% TFA; solvent B: CH3;CN / 0.1% TFA.
MALDI-TOF MS was performed on a Voyager-DE PRO biospectrometry
workstation (Applied Biosystems) using a-hydroxy cinnamic acid as the matrix.
A New Brunswick Scientific Innova 4400 incubator shaker was used to perform
the peptoid syntheses at 37°C. Microwave-assisted peptoid syntheses[10] were
performed on a 1000W Whirlpool microwave oven (model MT1130SG) set to

deliver 10% power. Edman sequencing of peptoids[11] was performed on an ABI
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476A Protein Sequencer (Applied Biosystems). The fluorescence spectra of the
beads were recorded with a hyperspectral imaging microscope constructed in the
laboratory of Prof. Harold Garner (UT-Southwestern). The on-bead fluorescence
assays were visualized with a Nikon Eclipse TE300 fluorescence microscope
equipped with a Chroma 61002 triple band filter set and a CCD camera.
MetaMorph software was used to acquire and process the photomicrographs.
Isothermal titration calorimetry (ITC) experiments were performed on a MicroCal

VP-ITC instrument.

2.2.2 Synthesis of peptoid libraries at 37°C

The synthesis of the 8-mer library was performed in standard 25ml glass
peptide synthesis reaction vessels (Chemglass) in an incubator shaker at 37°C.
1.5g of TentaGel macrobeads (140-10)Im; substitution:0.51mmol/g) were
distributed equally into 5 peptide synthesis reaction vessels, Sml of DMF was
added and the beads were allowed to swell at room temperature for 60 minutes.
The DMF was drained and to each vessel was added 1.5 ml of 2M bromoacetic
acid and 1.5 ml of 3.2M diisopropylcarbodiimide (DIC). The reaction vessels
were placed on an incubator shaker set at 37°C and 225 r.p.m. for 40 minutes. The
vessels were drained and the beads were thoroughly washed with DMF (8 x 3 ml).
The beads in each of the vessels were treated with one of the five primary amines

(see Table 1) at 2M concentration and allowed to react in the shaker at 37°C for
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60 minutes. All the amines were dissolved in DMF, except 4-(2-
aminoethyl)benzene sulfonamide which was dissolved in DMSO. The vessels
were drained and washed thoroughly with DMF (8 x 3 ml). The beads in each of
the reaction vessels were pooled into a large 250ml peptide synthesis vessel,
drained, suspended in 50ml of dichloromethane/DMF (2:1) and randomized by
bubbling argon for 15 minutes. The beads were distributed equally into five 25 ml
peptide synthesis vessels and the procedure was repeated. The protocol was
slightly modified for the final 4 residues of the library, where the displacement of
the bromide by the primary amine was carried out for 90 minutes, instead of 60
minutes. At the end of the library synthesis, the beads were washed thoroughly
with DMF (8 x 3 ml) and dichloromethane (3 x 3 ml), drained and treated with 6
mL of 95% TFA, 2.5% water and 2.5% anisole for 2 hours. The cleavage cocktail
was drained and the beads were washed thoroughly with dichloromethane (8 x 3
ml). The beads were neutralized by treating with 10% diisopropylethylamine in
DMF for 5 minutes, washed with dichloromethane (5 x 3 ml), and dried until

further use.

2.2.3 Microwave-assisted peptoid library synthesis[10]
The synthesis of the 5-mer and the 6-mer libraries were performed
employing a microwave-assisted protocol (see next section for details) on 1g and

2g of beads, respectively. In this protocol, both the acylation and bromide
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displacement by the primary amine were performed twice for 15 seconds in a
1000W microwave oven set to deliver 10% power. The beads were shaken
manually for 30 seconds between microwave pulses to ensure proper mixing. All

the other steps were identical to the 37°C procedure.

2.2.4 Microwave-assisted synthesis of peptoids for validation

Synthesis of peptoids for characterization, (by HPLC and MALDI-TOF
analysis), was carried out on 50 mg of Fmoc-Rink amide MHBA resin
(substitution: 0.73 mmol/g; Nova Biochem). The resin was swollen in DMF (2.5
mL) for 30 minutes, drained and 20% piperidine/DMF (2 x 2.5 mL) was added
and shaken for 10 minutes. The resin was then drained and washed with DMF (8
x 2.5 mL). 2M Bromoacetic acid in anhydrous DMF (1 mL) and 2 M DIC in
anhydrous DMF (1 mL) were added and the beads were gently shaken for about
30 seconds. The vessel was placed in a beaker inside the center of the microwave
oven for 15 seconds and the power was set at 10%. The vessel were taken out and
manually agitated for 30 seconds before placing again inside the microwave for
another 15 seconds with the power set at 10%. The beads were then washed with
DMF (8 x 4 mL) and a solution of 1M amine in anhydrous DMF or DMSO (2
mL) was added and the vessel was shaken for about 30 seconds. Then it was
placed in a beaker inside the microwave oven for 15 seconds with the power set at

10%. The vessel was manually shaken for about 30 seconds and placed inside the
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microwave for another 15 seconds with the power set at 10%. The beads were
drained and washed with DMF (8 x 4 mL) and subjected to the addition of the
next residue. At the end of the synthesis the beads were washed with methylene
chloride (8 x 2.5 mL), dried under nitrogen and cleaved from the resin (with
concomitant removal of side chain protection groups) by treating with 5 mL of
95% TFA, 2.5% water and 2.5% anisole for 2 hours. The suspension was filtered
and the filtrate concentrated by blowing nitrogen over the solution. The
concentrated filtrate was dissolved in 2 mL of 1:1 acetonitrile/water and
lyophilized. The resultant solid was subjected to HPLC and MALDI-TOF

analysis.

2.2.5 Protection of additional functional groups in primary amines

The secondary amino group in tryptamine[12] and one of the primary
amino groups in 1,4-diaminobutane[13] were protected with a t-Boc groups. O-t-
Butyl-2-amino ethanol[12], a hydroxyl-protected version of ethanolamine, was

purchased from a commercial source (CSPS Pharmaceuticals).

2.2.5.1 Protection of tryptamine[12]
16.06 grams of tryptamine was dissolved in 100 mL of methylene chloride
and 40 mL of pyridine was added. The solution was stirred on an ice bath for 10

minutes and 15 mL of trifluoroacetic anhydride was added drop by drop over 10
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minutes. The reaction was then allowed to warm back to room temperature and
stirred for another 2 hours. The reaction mixture was concentrated in vacuo and
the resultant dark brown oil was dissolved in ethyl acetate and washed with 1 M
potassium bisulfate, saturated sodium bicarbonate and saturated brine. The
organic layer was dried over sodium sulfate and concentrated in vacuo. The crude
residue was subjected to flash chromatography (methylene chloride / hexanes) to
afford 22.6 g (88% yield) of N-trifluoroacetyl tryptamine as a light cream colored
solid.

22.6 g of N-trifluoroacetyl tryptamine was dissolved in 60 mL of THF and
22.5 g of di-tert-butyl dicarbonate and 550 mg of N,N-dimethylaminopyridine
were added and stirred at 37°C for 2 h. The reaction mixture was then
concentrated in vacuo, residue dissolved in ethyl acetate and washed with 1M
potassium bisulfate, saturated sodium bicarbonate and saturated brine solutions.
The organic layer was dried over sodium sulfate, concentrated in vacuo and
purified by flash chromatography (methylene chloride / hexanes) to yield 25.4 g
(80% yield) of N™-t-Boc N-trifluoroacetyl tryptamine as a light cream colored
solid.

25.4 g of N™-t-Boc N-trifluoroacetyl tryptamine was dissolved in 225 mL
of methanol and aqueous potassium carbonate (15 g in 90 mL water) and stirred at

room temperature for 24 hours. The solvent was then removed and the aqueous
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layer was extracted with ethyl acetate. The organic layer was washed with
saturated brine, dried over sodium sulfate and concentrated in vacuo to afford

~ 18g of N™-t-Boc tryptamine as a light yellow colored oil.

2.2.5.2 Protection of 1, 4-diaminobutane[13]

100 mmoles of (Boc),O in 100 mL of chloroform was added drop wise to
a stirring solution of 500 mmoles of 1, 4-diaminobutane in ~ 2.5 L of chloroform
at 0°C. The reaction mixture was then allowed to warm back to room temperature,
stirred for an additional two hours and filtered. The filtrate was diluted with ethyl
acetate, washed with brine solution and the organic layer was concentrated in

vacuo, after drying over anhydrous sodium sulfate, to yield the desired product.

2.2.6 Sequencing peptoids by Edman degradation[11]

The sequencing of peptoids was performed on an ABI 476A protein
sequencer, using the FSTNML program and a standard gradient (Gradient 1). The
FSTNML program was slightly modified by adding a 60 second “wait” step at the

end of the cycle to enable the gradient to run slightly longer than normal.

2.2.7 Protein purification
Glutathione-S-Transferase (GST) was expressed in E. coli BL21-RIL from

the commercially available plasmid pGEX-2T (Amersham Biosciences). The
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cells were grown until an ODggy of 0.8 was reached, at which time 1mM IPTG
was added to the medium to induce protein expression. After further growth at
37°C for 3hrs, the cells were harvested, sonicated and centrifuged at 22,000 rpm.
The cleared lysate was then incubated with glutathione-agarose beads equilibrated
with PBS at 4°C for 1hr. The beads were washed with 10-12 volumes of PBS,
packed into a column and further rinsed with PBS. GST bound to the beads was
eluted with 10mM reduced glutathione/PBS and fractions were collected and
analyzed on a 12% denaturing polyacrylamide gel. The fractions containing
highly purified GST were pooled and dialyzed against PBS + 10% glycerol. The
protein concentration was estimated using Cooomassie Plus Protein Assay

Reagent Kit using BSA as a standard.

2.2.8 Protein labeling with Texas Red

The protein solution (preferably 2mg/ml) was adjusted to pH 8.3 with
0.2M NaHCOs; buffer. To this 5ul of 50mg/ml Texas Red-NHS ester solution in
DMF was added with mild vortexing to mix the sample. This solution was
incubated with tumbling at room temperature for one hour, after which the
reaction was quenched with 1.5M hydroxylamine. Dye-conjugated protein was
separated from excess dye using a desalting column. Measurement of the

absorbance of the sample at 280 nm and 595 nm indicated that, on average, these
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conditions resulted in each protein molecule acquiring one molecule of Texas

Red.

2.2.9 Preparation of E. coli lysate for screening experiments

The E. coli (BL21-RIL strain) cells were grown overnight at 37°C in Luria
broth. The cells were harvested by low speed centrifugation, washed and
resuspended in sonication buffer (50mM NaH,PO4 pH 8.0, 300mM NaCl, 0.1%
Tween20 + protease inhibitor). The cells were then sonicated and centrifuged at
22,000 rpm to remove cell debris and provide the cleared cell lysate. The
concentration of the lysate was estimated using the Bradford assay with BSA as a

standard.

2.2.10 Library screening and identification of hits

Approximately 100, 000 beads from the 8mer library were swollen in PBS
for 1 hour, after which they were blocked with BSA at room temperature for one
hour to block any non-specific binding sites. The beads were then incubated with
2 uM solution of Texas Red-conjugated GST in PBS in the presence of large
excess of BSA as competitor protein. The beads were washed with TBST (6 X 1
mL) and visualized under a fluorescence microscope fitted with a Texas Red

filter. The brightest beads were isolated manually with a pipette tip.
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In another experiment, approximately 50,000 beads from the Smer library
were screened against Tex Red-labeled GST under more stringent conditions.
Thus, the beads were blocked with 5% milk/ TBST and then incubated with 1 uM
Texas Red-labeled GST in the presence of 1000-fold excess of E. coli lysate. The
beads were then washed with TBST (6 X 1 mL) and visualized under the
microscope.

In each case, after picking the putative “hits”, each bead was heated in a
1% SDS solution for 20 minutes, followed by three washes with 1X PBS. They

were then sequenced by Edman degradation.

2.2.11 Isothermal titration calorimetry (ITC)

ITC experiments were conducted on a MicroCal VP-ITC instrument. For
the titration, 30 uM GST in PBS + 10% DMSO was taken in the sample cell. To
this, 15ul aliquots of the peptoid solution in the same buffer were added from a
computer-controlled 250ul rotating syringe. The syringe was set at 400 rpm with
intervals of 3 minutes between injections to attain baseline stabilization. The heat
absorbed or released accompanying the titration was recorded as differential
power (DP) by the instrument software. Experiments were carried out with C

values between 1 and 400. The total heat recorded was then fitted via a non-linear
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least-squares minimization method. Titration of the ligand solution with the buffer

alone gave the heats of dilution.

2.2.12 Protein capture assays using TentaGel-displayed peptoids

Smg of TentaGel beads (displaying the respective hit sequences, Nlys-
Nbsa-Nlys-Nser-Nbsa-Npip-Nbsa-Npip-CONH, and Nbsa-Nlys-Nbsa-Npip-Nlys-
CONH; or a random sequence Npip-Nser-Nbsa-Nall-Nlys-Npip-CONH;) were
equilibrated in phosphate-buffered saline (PBS) for 60 minutes. The buffer was
removed and the beads were blocked with 2% BSA for 60 minutes to saturate any
non-specific binding sites. The beads were then washed with PBS (x3 times), and
incubated with 500nM (unless indicated otherwise) of a Texas Red-labeled GST
or MBP in 2% BSA (in 1X TBST buffer), in a 3000JL volume for 60 minutes.
The beads were washed with TBST six times to remove any unbound protein and
photographed under a fluorescence microscope.

Experiments that employed native (unlabeled) proteins were performed as
follows. 10mg beads displaying the peptoid were exposed to 1uM protein in the
presence of 1000-fold excess E. coli lysate, 0.2% Tween20 and 0.2M NaCl in a
total volume of 2ml at room temperature for 2hrs. The beads were washed thrice
with TBST (20mM Tris buffered saline + 0.1%Tween20). 10ul of 2X SDS-

PAGE loading dye was then added directly to these beads and boiled for 10
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minutes.  The entire supernatant was loaded on to a 12% denaturing

polyacrylamide gel and analyzed by Western blot using an anti-GST antibody.

2.2.13 Dilution experiment

15 mg of TentaGel beads displaying Nbsa-Nlys-Nbsa-Npip-Nlys-CONH,
were equilibrated in PBS for 60 min. The buffer was removed and the beads were
incubated with E. coli lysate for 60 minutes to block any non-specific binding
sites. The beads were washed with PBS three times and split into three Eppendorf
tubes. The beads were incubated with 1uM, 500nM or 100nM respectively, of
Texas Red-labeled GST in the presence of a 100-fold excess of E. coli lysate in a
300 pL volume for 60 minutes. The beads were washed with TBST six times to
remove any unbound protein and visualized under a fluorescence microscope.
The experiment was also done at 10 nM protein, but little or no fluorescence

above background was observed (not shown).
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2.3 Results
2.3.1 TentaGel macrobeads serve as excellent solid support for peptoid
library synthesis

One of the critical issues in the generation of a split and pool combinatorial
library is the selection of a solid support / resin that is optimal for both synthesis
and screening experiments. Thus, the solid support should have:
(1) excellent swelling properties in both organic solvents and water so that it
supports efficient synthesis and subsequent display of the bound peptoids in
aqueous buffers during screening experiments,
(2) sufficiently high loading capacity to enable unambiguous determination of the
structure of peptoids from individual beads by direct Edman or mass
spectrometry- based sequencing, eliminating the need for complicated encoding
strategies,
(3) low fluorescence background to facilitate fluorescence based on-bead
screening assays, and
(4) physical robustness to retain bead integrity over several rounds of split and
pool synthesis and screening.

After considerable experimentation with various commercially available
resins, TentaGel macrobeads (140-170 pm in diameter from Rapp Polymere)
were selected as the resin of choice, since they satisfied most of the criteria

mentioned above. Thus, the hydrophobic core of the resin made up of polystyrene
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makes the beads physically robust and affords excellent swelling properties in
organic solvents. The derivatization of the resin with poly (ethylene) glycol chains
vastly improves the swelling properties in aqueous solutions and provides a “non-
sticky” surface that is ideal of reducing non-specific binding during screening
experiments. Each gram of the resin contains approximately 500,000 high
capacity beads enabling facile synthesis of large libraries starting only from a few
grams of the resin. The capacity of each bead of ~ 1 nmole is well above the
detection limit of Edman and mass spectrometry based sequencing techniques.
Finally, the background fluorescence of the resin, while less than optimal, is

lower than most commercially available resins tested.

2.3.2 Expanding the repertoire of peptoid building blocks

As mentioned earlier, the diversity generating elements in peptoids are
primary amines. Therefore, assembling a large repertoire of primary amines
suitable for peptoid synthesis is essential for the generation of large and
structurally diverse peptoid libraries. Prior studies have established several
primary amines that work well in peptoid synthesis[5, 15-18] (Figure 2.1). To
expand this collection, several new amines (2, 7, 9, 10 and 11 in figure 2.1) were

tested for their suitability for incorporation into peptoids.
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Figure 2.1: Building blocks.
List of amines used in the synthesis of various peptoids and peptoid libraries. The

corresponding three letter nomenclature of the peptoid units is also shown.
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The testing of new monomers was accomplished by synthesizing a test
pentameric sequence in which the test amine was used in steps two and four,
while the residues 1, 3 and 5 were derived from well behaved benzylamine[16]
(Figure 2.2). If the reactivity of the test amine is diminished by steric hindrance or
electronic effects of other proximal functional groups, the displacement of the
bromide in steps two and four will be compromised and a trimeric peptoid derived
from benzylamines would result as the major product. One the other hand, a well
behaved amine would yield the full-length pentameric peptoid in high yields with
little, if any, of the trimer. All the new amines tested in this assay gave the full-
length peptoid in greater than 85% yield validating them as “good” sub-

monomers for peptoid synthesis and library construction.
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Figure 2.2: Monomer validation.

A schematic depiction of a positive result (a) and negative result (b) during the
testing of a new monomer.

(c) HPLC trace of a crude test pentamer synthesized to validate a new monomer
(Nman). The major peak in the HPLC has been found to correspond to the mass
of the full-length pentamer, suggesting that Nman is a good monomer for peptoid

synthesis.
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2.3.3 Microwave enhanced peptoid synthesis

Although the sub-monomer approach[2] introduced by Zuckermann and
others works well and allows the synthesis of high quality peptoids, the coupling
time per residue at room temperature under standard literature conditions is about
2.5 to 3 hours. Increasing the temperature to 35 ° C reduces the coupling time to
approximately 80 minutes[15], but still means that the synthesis of a 10mer
peptoid takes about a day. In a high throughput approach such as that required for
the synthesis of large peptoid libraries and eventual re-synthesis of several hits for
validation, it is desirable to accelerate the reaction rates to facilitate rapid isolation
of bonafide ligands against protein targets.

Microwave irradiation has been reported to accelerate the rates of several
chemical reactions[19], including the solid phase synthesis of peptides[20].
Therefore, a study was initiated to explore the possibility of using microwave
irradiation to accelerate the solid phase synthesis of peptoids[10]. Thus, a series of
9-residue peptoids comprising of homo-oligomers and a hetero-oligomer were
constructed using several amines in domestic microwave oven (Table 2.1.). All
the peptoids were synthesized on Rink MBHA amide resin, which facilitates the
TFA-mediated cleavage of the peptoids from the resin at the end of the synthesis
and subsequent analysis of their quality using HPLC and MALDI-TOF mass
spectrometry. For comparison purposes, all the peptoids were synthesized under

standard literature conditions (of room temperature and 37 ° C) as well as the
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following microwave enhanced synthesis conditions. In each case, stock solutions
of bromoacetic acid and DIC prepared in DMF at 2 M concentration were
employed, while the concentration of amines in DMF or DMSO were maintained
at 1 M.

The microwave synthesis was carried out in a 1000-W commercial
microwave oven with power adjusted to deliver at 10%. Systematic studies have
revealed that reaction times as short as 30-40 seconds were sufficient to support
efficient acylation and amine displacement reactions resulting in the desired full-
length peptoids in high yields and purities. Since there was not provision to stir
the solutions inside the microwave oven, the reaction vessels were irradiated for
15 seconds, gently stirred by manual agitation, and irradiated again for another 15
seconds. The temperature of the solution at the end of 15-s irradiation step, as
measured by a thermometer, did not exceed beyond 35°C. However, sophisticated
in situ measurements of reactions temperatures during irradiation may be required
to answer if the enhanced reaction rates are as a result of microwave effects or
simply efficient “flash heating” of reaction solutions. Nevertheless, the results
clearly indicate that microwave irradiation supports rapid and efficient synthesis
of peptoids. The yields and purities of peptoids synthesized by this protocol were
comparable or superior to those obtained from standard literature conditions
(Table 2.1.). The major products obtained from all the methods had identical

HPLC retention times and masses. The main impurities in each case consisted of
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shorter residue sequences (8-mers, 7-mers etc.), and in some cases, intermediates
where a hydroxyl group displaced the bromide resulting in termination of chain
elongation. Presumably, it is a consequence of presence of traces of water in the
reagents and relatively inefficient acylation of the a-hydroxyacids.

Thus, a fast and efficient protocol for the synthesis of peptoids using a
readily available domestic microwave oven has been developed. The time
required for steps such as bead swelling and washing obviously remains
unaltered. Nevertheless, the dramatic acceleration of the coupling steps translates
into significant saving in the overall time required for the synthesis of peptoids.
For instance, a 10-residue peptoid can be synthesized on pre-swollen beads in less
than ~ 3.5 hours using the microwave enhanced procedure described here,
compared to 22-35 hours using existing literature protocols (depending on the
temperature). Given the fact that overall purities and yields of these peptoids were
comparable or superior to those synthesized from standard literature protocols, the
microwave enhanced protocol for the synthesis of peptoids should be of great

utility in the high-throughput synthesis of peptoids and peptoid libraries.
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Figure 2.3: Amines used in microwave-assisted peptoid synthesis.

A list of amines used in the synthesis of various peptoids shown in Table 2.1.
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MMicrowave areC Room temperature

Peptoid Seguence % Purity % Yield % Purity % Yield % Purity %o Yield

(a)
1 (L), 90 70 70 70 25 70
2 2o 90 88 80 90 70 80
3 3), 60 75 63 80 45 60
4 o 75 65 65 65 50 81
5 5.86-3-2- 80 85 80 88 70 60
1974

Table 2.1: Crude product characteristics.
The percentage purity and yield data of various peptoids synthesized using the
microwave protocol in comparison with standard literature methods. (Figure

courtesy of Dr. Hernando Olivos).
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Figure 2.4: Peptoids synthesized using the microwave-assisted protocol are of

excellent quality.

(a) A representative HPLC of one of the peptoids (10) synthesized using

microwave chemistry. (b) MALDI-TOF mass spectrum of the main peak. (Figure

courtesy of Dr. Hernando Olivos)
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2.3.4 Edman sequencing of peptoids

One of the challenges associated with split and pool synthetic
combinatorial libraries is the difficulty of unambiguously determining the
chemical structure of compounds displayed on individual beads. The amount of
compound present on each bead is too small to apply traditional techniques such
as NMR for structural elucidation. Peptide libraries do not suffer from this
drawback since extremely sensitive techniques such as MS-based C-terminal
sequencing and N-terminal Edman sequencing are available, facilitating facile
characterization of peptide libraries and hits derived from such libraries. It is
perhaps one of the primary reasons (along with ease of synthesis) that led to the
rampant use of split and pool peptide libraries among the scientific community.

Peptoids, fortunately, because of their structural proximity to peptides are
also amenable for Edman sequencing. In fact, Liskamp has reported a protocol for
the manual sequencing of peptoids using several beads as input[21]. Thus, the
peptoid containing beads were treated with phenyl isothiocyanate, followed by
TFA to cyclize the amino terminal residue into thiazolinone and release it from
the beads. The filtrate was then heated in 1:1 water at 70 ° C to convert the
thiazolinone into thiohydantoin. This process was repeated until all the residues in
the peptoid were converted into the corresponding thiohydantoins and manually

injected into HLPC to obtain their retention times.
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Although the Liskamp protocol provides an excellent starting point for
sequencing peptoids by Edman degradation, it is of limited utility while dealing
with large split and pool peptoid libraries, where it is critical to be able to
sequence individual beads. The reason for Liskamp using multiple beads as input
for Edman sequencing perhaps stems from the inefficiency and practical difficulty
involved in manually handling individual beads and extremely small reaction
volumes over multiple cycles of chemistry. While it is possible to employ larger
(400-500 um) TentaGel Macrobeads to overcome these sensitivity issues and
even facilitate spectroscopic analysis of compounds derived from a single bead,
such beads introduce a practical limitation on the size of the library that can be
constructed. Therefore, an automated Edman degradation protocol for sequencing
peptoids capable of overcoming all the shortcomings mentioned above was
developed by adapting a commercial peptide sequencer (ABI 476A)[11].

The standard chemistry conditions for sequencing peptides in the
commercial sequencer have also been found to be extremely effective with
peptoids. However, the default HPLC protocols for separating the peptide
derived-hydantoins have been found unsuitable for peptoids. Therefore, the
program files have been suitably modified to facilitate efficient separation and
identification of hydantoins derived from peptoid sequencing (Figure 2.5). A
more detailed description of the changes has been provided in the experimental

section. The optimized protocol was then used to determine the retention times of
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all the monomers under investigation and a reference chart was generated. These
retention times can then be used as standards for comparison and identification of

unknown peptoid sequences (Table 2.2).
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Figure 2.5: Automated Edman sequencing of peptoids.
Edman traces derived from sequencing of a three residue peptoid showing the

well separation of the hydantoin-derived peaks, enabling ready and unambiguous

identification of the sequence.
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Eetention tiume

Amine (tmin. )
Iser £
Iall 15.9
Il 18.4
Mpp 209
IMbsa 12.5
Mleu 93
Mg 213
Minan 16.1
Marng 121
IMNimnba 218
Map 10.0
HMita 17.0
Minea 11.3

Table 2.2: Retention time standards for Edman sequencing.
The retention times of various peptoid-derived hydantoins obtained using the

automated Edman degradation protocol.
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2.3.5 Optimization of conditions for on-bead screening

Most of the on-bead screening assays reported in the literature employed
fluorescein-tagged target proteins to allow visualization of bound protein to the
ligand displayed on the bead. However, virtually all the commercial beads tested
in this study had high “green” background fluorescence. This introduced a
difficulty in screening experiments since high protein concentrations had to be
employed in order to obtain signals above background levels. However, high
protein concentrations also increased non-specific binding of the protein to the
bead surface, making the screening process difficult and inefficient. In an attempt
to overcome this difficulty, hyperspectral microscopy[22] was employed to study
the fluorescence emission spectrum of the bead surface (Figure 2.6). Consistent
with earlier observations that the beads had high background fluorescence in the
green region, fluorescence emission was maximal in this region. However, the
intensity of the bead fluorescence dropped off quite dramatically in the red

portion of the spectrum.
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Figure 2.6: Bead fluorescence emission spectrum.
Fluorescence emission spectrum of a TentaGel Macrobead obtained using a
hyperspectral imaging microscope. Also shown is the emission of some

fluorescent dyes: (a) fluorescein, (b) tatramethylrhodamine and (c) Texas Red.
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The emission spectrum of the bead surface suggested that organic dyes
with emission in the red region of the spectrum will offer the best contrast in on-
bead screenings. To test this hypothesis, GalS80BP[23], a previously characterized
bonafide ligand for yeast transcription factor Gal80, was synthesized on TentaGel
beads on an automated peptide synthesizer and incubated with a Texas Red-
labeled Gal80 at 1 uM concentration for one hour in the presence of excess of
BSA as competitor protein. As a control, a random 20 residue peptide was also
synthesized and incubated with the protein under identical conditions. After
thoroughly washing the beads with PBS buffer, both sets of beads were visualized
under a fluorescence microscope. As shown in Figure 2.7, the beads displaying
the Gal80BP were brightly fluorescent, while random peptide beads exhibited
little fluorescence above background level. Therefore, Texas Red was used as the

dye of choice in all subsequent on-bead screenings.
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Bead displaying
Gal80-binding peptide

Bead displaying
a control peptide

Figure 2.7: On-bead screening assay.

A photomicrograph of a model on-bead screening assay in which TentaGel beads
displaying Gal80-binding peptide or a control peptide were incubated with Texas

Red-labeled Gal80. (Figure courtesy of Dr. Kiran Sikder)
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While manual microscopic visualization and collection of bright beads is
certainly possible, an automated approach for bead screening presents several
advantages. In addition to convenience, such an approach allows rapid pre-sorting
of library beads, prior to incubation with protein, to remove any auto-fluorescent
beads. The number of such auto-fluorescent beads, while small, is still significant
resulting in false positives in screening experiments, if pre-sorting is not
performed. Therefore, a commercial bead sorter (COPAS from Union Biometrica)
was adapted for pre-sorting and screening of beads.

To carry out pre-sorting or screening, the library beads were dispersed in
sheath buffer and passed through a syringe needle (to break clumps) into the
sample cup. The beads then flow through a narrow capillary in single file and the
fluorescence emanating from the beads following excitation with a laser is read by
a fluorescence detector. The threshold of the gates can be suitably adjusted to only
collect beads above a certain fluorescence level. Figure 2.8 depicts a model
experiment in which approximately 100,000 library beads were incubated with
Texas Red labeled- Gal 80 protein (100 nM) in the presence of other competitor
proteins and subjected to automated sorting with COPAS. The plot generated by
the machine depicts time of flight (TOF) on the x-axis and fluorescence intensity
on the y-axis. As shown in the top panel of the figure, the gating (rectangular box)
was suitably adjusted to exclude beads which had times of flight that were

abnormally high (likely represent bead aggregates) or low (bead fragments or
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other dust particles). The bottom panel depicts gating based on fluorescence
intensity, which is adjusted to collect only beads with fluorescence intensities well
above the background. Thus, a convenient and high throughput assay for

screening large peptoid libraries was established.
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Figure 2.8: Automated screening of peptoid libraries.

A model screening experiment in which a peptoid library incubated with 100 nM
Texas Red-labeled Gal80 was sorted using an automated bead sorter. The top
panel shows gating based on time of flight (TOF), a measure of bead size and the

bottom panel shows gating based on fluorescence intensity.
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2.3.6 Synthesis and characterization of large peptoid libraries

Having thoroughly optimized the protocols for the synthesis, screening
and sequencing of peptoids, a variety of libraries varying in size and diversity
were constructed (Table 2.3). The first library utilized five amines and consisted
of eight residue peptoids, providing a theoretical diversity of 390,625 compounds.
The second library was only five residues long, but employed ten different
monomers, providing a theoretical diversity of 100,000 compounds. Finally, an
extremely large library of hexamers was made using nine different amines,
providing a theoretical diversity of 531, 441 compounds. All the libraries were
synthesized by standard split and pool synthesis[1] employing a slightly modified
literature procedure[15] (8mer library) or microwave assisted procedure[10] (5
and 6mer libraries). All the amines were dissolved in DMF, except 4-(2-
aminoethyl)benzene sulfonamide which was dissolved in DMSO. After the
coupling of the first residue, the resin from all the vessels was pooled into a 250
mL glass peptide synthesis reaction vessel, mixed by bubbling argon through the
suspension for 15 minutes and split before each acylation step. At the end of the
library synthesis, the side chain protection groups were removed by treating with
95% TFA, 2.5% water and 2.5% anisole for 2h. The resin was then neutralized in

10% DIEA in DMF, washed with DCM and dried until further use.
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Library 1
Length: 8 residues

MMonomers used: 5 (Nhsa, Nleu, Nlys, Nmha, INtrp)
Theoretical diversity: 390, 625

Library 2
Length: 5 residues

Monomers used: 10 (Namp, Napp, Nhsa, Nifa, Nleu, Nlys, Mman, I{mba, Nmea, Npip)
Theoretical diversity: 100, 000

Library 3
Length: 6 residues

Monomers used: 9 (Napp, Nbsa, INffa, Nleu, Nlys, Nmhba, Nmea, Npip, Ntrp)
Theoretical diversity: 531, 441

Table 2.3: The design characteristics of three peptoid libraries of varying

diversity.
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Detailed analyses were carried out to test the quality of each of these
libraries. The data for the largest of the libraries are presented here. To address the
likely purity of the library members, two mixed sequence hexamers, Ntrp-Nmea-
Npip-Nlys-Nffa-Nmba-CONH, and Nbsa-Nleu-Napp-Nmea-Npip-CONH, were
synthesized on Rink amide MHBA resin. The final product was released from the
beads using 95% TFA, 2.5% water, 2.5% anisole, and the material was
characterized HPLC and MALDI-TOF mass spectrometry. The data from the
analysis suggest that the desired compounds were obtained in >85% purity
(Figure 2.9). Between them, these hexamers contain all the monomers that were
subsequently used in the library construction. The results suggest that in the
absence of unexpected context effects, all of the coupling steps proceed in high

yield.
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Figure 2.9: Characterization of peptoid libraries by HPLC and MALDI-TOF
mass spectrometry.

HPLC traces and mass spectra of two hexameric peptoids, (a) Ntrp-Nmea-Npip-
Nlys-Nffa-Nmba and (b) Nbsa-Nleu-Napp-Nffa-Napp-Npip, which, between

them contain all the amines employed in the construction of the library.
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To get a more direct estimate of the quality of the library, ten beads were
randomly picked from the library and subjected to Edman degradation
analysis[11] (Figure 2.10). All the sequences obtained were different, as would be
expected for a large, diverse library. The Edman traces also suggested that a full-
length sequence was obtained in each case. Finally, analysis of the statistical
distribution of each of the monomers in the ten random sequences suggested a
relatively even distribution of all the monomers in the library, with no obvious
bias for or against any monomers (Figure 2.11). Based on these data, it was
concluded that the quality of the libraries synthesized was excellent and suitable

for carrying out screening experiments.
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Fandom?: Mapp-MNmea-MNmba-MNpip-Hifa-Nita Fandom!0: Mleu-MNpip-Mbsa-MNmea-HNmba-Mmea

Figure 2.10: Characterization of peptoid libraries by Edman sequencing.
Edman traces from ten beads randomly picked from the hexameric 531,441-
compound peptoid library. The corresponding text sequence is shown below each

trace. A full-length sequence was obtained in each case.
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Figure 2.11: Frequency distribution of various monomers in a peptoid
library.

An estimate of the frequency distribution of each monomer in the hexameric
library was computed from ten random sequences. The horizontal line represents

the expected theoretical mean distribution for each monomer.
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2.3.7 Screening of peptoid libraries against GST

To determine if these libraries would be facile sources of protein ligands,
parts of the Smer and 8mer libraries were screened against Texas Red-labeled
glutathione S-transferase (GST). GST was chosen as a target because of its ready
availability and with the hope that this test screen will enable developing the right
conditions for future screenings against relevant transcription factors.

In the first screening experiment, GST was labeled with Texas Red, by the
treating the protein with Texas Red-NHS ester in a pH 8.3 sodium bicarbonate
buffer under conditions that resulted, on an average, in each protein molecule
receiving one molecule of the dye. The excess dye was separated from the protein
using a desalting column. A 2 uM solution of the labeled protein was then
incubated with approximately 100, 000 beads of the 8mer library in the presence
of a large excess of unlabeled BSA, which serves as a competitor protein. In a
second experiment, to demand more specific and tighter binders, approximately
50,000 beads from the Smer library were incubated with 1 uM solution of the
labeled protein in the presence of a 1000-fold excess of E. coli lysate for one
hour. The beads were then washed thoroughly to remove any unbound protein and
visualized under a fluorescence microscope fitted with a Texas Red filter.
Approximately 1% of beads in the 8mer library and 0.5% of beads in the Smer
library exhibited fluorescence above background levels. One of the brightest

beads from each library was isolated, washed with PBS buffer, heated in 1% SDS
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solution for 20 minutes at 95°C, rinsed with distilled water and subjected to on-
bead Edman degradation analysis. The SDS treatment was necessary since beads
that have been exposed to lysates did not sequence well. Presumably, this was
caused by components of the lysate coating the beads and interfering with the
sequencing process. Consistent with this view, nascent beads that have not been
exposed to lysates sequenced quite well. The retention times of hydantoins from
each cycle of Edman sequencing of the hits were compared to the reference
standards and the chemical structures of the hits were deduced unambiguously. A
comparison of the two structures revealed they were closely related. In fact, four
out of the five positions in the Smer were identical to the 8mer peptoid (Figure
2.12). It was quite remarkable that the screening of two libraries of different

lengths and diversities yielded hits that were almost identical.
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Figure 2.12: Identification of GST-binding peptoids.
(a) The chemical structures of two novel GST ligands isolated from eight- and
five- residue peptoid libraries. (b) The Edman trace used to elucidate the chemical

structure of the short (Smer) peptoid.
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In order to validate the two novel GST ligands, the compounds were re-
synthesized on TentaGel beads and incubated with 500 nM solution of Texas
Red-labeled GST or MBP, an unrelated protein, in the presence of 2% BSA as
competitor. As a control, a random 6mer peptoid was also treated with labeled
GST. The beads were then thoroughly washed and visualized under fluorescence
microscope. As can be seen in figure 2.13, the hit beads captured the GST protein
efficiently, while no detectable binding of the control protein was observed. The
control peptoid also failed to capture any detectable levels of GST. In order to see
if the observed binding is dependent on the concentration of the protein added, the
Smer peptoid was treated with various concentrations of the protein in the
presence of 100-fold excess of E. coli lysate. As seen in figure 2.14, dose
dependent binding of the protein was observed from concentrations of 1 uM to
100 nM. Little or no fluorescence above background was noticed at a protein

concentration of 10 nM.
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GST-binding peptoid (8mer)  GST-hinding peptoid (8mer)
+ GST-TR + MBP-TR

M)

Random peptoid
+GST-TR

(C) - -

GST-binding peptoid (Smer) GST-hinding peptoid (Smer)
+GST-TR + GST-TR

Figure 2.13: Characterization of on-bead binding properties of GST ligands.
(a) Photomicrographs obtained after incubation of TentaGel beads displaying the
8mer GST ligand with 500 nM Texas Red-labeled GST (left panel) or Texas Red-
labeled MBP (right panel).

(b) Similar experiment in which a bead displaying a random peptoid (Npip-Nser-
Nbsa-Nall-Nlys-Npip) was incubated with 500 nM Texas Red-labeled GST.

(c) Same experiment as in (a), but with TentaGel beads displaying the Smer GST
ligand.

2% BSA solution was included in all the experiments to prevent non-specific

Interactions.
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GST-binding peptoid {3mer) GST-hinding peptoid (Smer) GST-hinding peptoid {Gmer)
+1 pM GST-TR + 500nM GST-TR +100nM GST-TR

Figure 2.14: Dilution experiment.
Photomicrographs showing the capture of Texas Red-labeled GST by the Smer

GST ligand at the protein concentrations indicated. All solutions included a 100-

fold excess of E. coli lysate.
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To eliminate the possibility that the hits recognize the Tex Red labeled-
GST and not the native protein, a pull-down experiment was performed using
unmodified GST protein. Thus, TentaGel beads displaying the hit peptoids were
incubated with unlabeled GST in the presence of 100-fold excess of E. coli lysate.
The beads were thoroughly washed, bound protein eluted and subjected to SDS-
PAGE / Western blot analysis. As shown in Figure 2.15, both the peptoids
retained the native GST protein effectively, while the control peptoid or beads
alone failed to show any detectable pull-down of the protein. Based on these
results, it was concluded that the bead bound peptoid ligands were capable of

selectively recognizing GST in milieu of vast excess of other proteins.
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Figure 2.15: Capture of native GST by TentaGel displayed peptoid ligands.

Western blot obtained using anti-GST antibodies to measure the capture of GST,
by the bead bounds ligands, from a solution containing the protein at 1 pM
concentration, in presence of a 100-fold excess of E. coli extract. A random
peptoid (Nmba-Nbsa-Nleu-Nlys-Npip-Nmba-Nleu-Nleu) was also included in the

experiment as a control. (Figure courtesy of Dr. Kiran Sikder)
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Finally, to investigate the solution binding properties, the Smer peptoid
was re-synthesized on Rink resin, cleaved from beads and purified to
homogeneity by HPLC. Solution binding studies of the peptoid with the protein
were conducted using Isothermal Titration Calorimetry (ITC)[14]. The data from

the study (Figure 2.16) revealed the equilibrium dissociation constant of the

peptoid . protein complex to be approximately 60 uM.
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Figure 2.16: Characterization of peptoid-protein interaction by ITC.
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ITC trace for binding of the five residue peptoid to GST showing the raw data

(top panel) and the best fit of the data points (bottom panel). The Kp value of the

peptoid-protein complex was found to be 62 uM. (Figure courtesy of Dr. Kiran

Sikder)
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2.4 Discussion

Peptoid libraries are a promising and convenient source of protease
resistant protein ligands. The sub-monomer approach[2] to peptoid synthesis
introduced by Zuckermann and colleagues provides a facile route for the synthesis
of split and pool libraries[1] of peptoids using inexpensive and commercially
available primary amines as the diversity generating elements. In an attempt to
expand the collection of amines available for peptoid synthesis, several new
monomers were tested and found to be suitable for incorporation into peptoid
sequences (Figure 2.1). Similarly, in order to increase the efficiency and speed of
peptoid synthesis, a microwave assisted protocol for peptoid synthesis was
developed. This protocol allows for tremendous acceleration of individual
coupling steps, making it possible to synthesize relatively large peptoid libraries
in less than a day. Furthermore, the quality of peptoids synthesized in this route
was found to be comparable or superior to reported literature procedures (Table
2.1).
In spite of the several favorable properties of peptoids, there have been only a few
reports of construction of peptoid libraries[5-9]. In order to overcome the various
bottlenecks associated with peptoid library synthesis, a systematic study was
carried out to optimize the conditions necessary for the synthesis and screening of
large peptoid libraries[11]. After considerable exploration, TentaGel Macrobeads

were chosen as the solid support of choice for various reasons discussed earlier.
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Similarly, Texas Red was selected as the flour of choice for labeling proteins
since the bead surface had minimum background fluorescence in the red region of
the fluorescence spectrum (Figure 2.6). Furthermore, an automated Edman
sequencing protocol that allows unambiguous elucidation of chemical structure of
peptoids bound to individual beads was developed (Figure 2.5). This cleared a
major roadblock for construction and characterization of relatively large (>100,
000) peptoid libraries. Finally, optimized conditions were developed for manual
as well as automated screening of bead bound peptoid libraries using Texas Red-
labeled target proteins (Figures 2.7 and 2.8).

With the infra-structure in place, three peptoid libraries ranging in
diversity from ~100, 000 compounds to > 500, 000 compounds were constructed
(Table 2.3). A variety of quality control tests indicated that the libraries were of
excellent quality (Figures 2.9 — 2.11). Two of the libraries were screened against
Texas Red-labeled GST protein and the chemical structure of two of the brightest
hits (one from each library) was determined by Edman sequencing (Figure 2.12).
A strong consensus was found between the two peptoids, with four out of five
positions in the Smer peptoid being identical to the 8mer peptoid. A variety of on-
bead assays were carried out using Texas Red-labeled and unmodified GST to
assess the specificity of binding of the ligands to their target protein (Figures 2.13
- 2.15). The data from these studies indicated that both the ligands were capable

of capturing the target protein in the presence of large excess of unrelated proteins
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even at protein concentrations as low as 100 nM. Finally, solution binding studies
were carried out using ITC to ensure that the binding characteristics of the
peptoids on the bead surface translate into binding in solution. The data from the
ITC trace revealed the equilibrium dissociation constant of the peptoid-protein
complex to be ~ 60 uM (Figure 2.16). Overall, the data from this study suggest
that peptoid libraries can serve as a general source of protein ligands. This study,
thus, suggests that isolation of a peptoid-based activation domain surrogate could
be conveniently achieved by screening a peptoid library against appropriate
transcription factors.

A general protocol for isolation of non-peptidic, potentially cell permeable
synthetic ligands could be envisioned to have several applications beyond
modulation of transcription. Thus, relatively short (3-5mer) peptoid libraries
could screened against various enzymes, receptors and other drug targets to
facilitate discovery of ligands that serve as a starting point for drug discovery
endeavors. Such molecules could also serve as valuable tools in basic biology by
manipulating various signal transduction pathways and protein-protein
interactions. The data from this study[l11] and others[24] also indicate that
peptoids ligands could also be used to capture / detect individual proteins from a
complex milieu and, hence, could be of value for construction of protein detecting
microarrays. Finally, in a recent study[25], Reddy and Kodadek used a peptoid

library printed on glass side to develop “fingerprints” of individual proteins in
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complex protein mixtures, enabling their convenient identification. Thus, it may
also be possible to use peptoids arrays to “fingerprint” complex physiological or
pathological states in an attempt to develop new generation diagnostic devises,
which can detect disease onset before symptoms appear. It remains to be seen if

the tremendous potential of these molecules will be fully realized.
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CHAPTER 3: PEPTOID-BASED ACTIVATION DOMAIN-
-MIMETIC MOLECULES
3.1. Introduction

Synthetic, cell permeable molecules capable of modulating transcription
have the potential to serve as powerful tools in biology and medicine. The
development of such artificial transcription factors which are functional inside
cells has been hampered, in part, by the lack of non-peptidic molecules with
activation domain-like properties inside cells. The availability of a general
method for isolation of non-peptidic protein ligands[1] opened up the possibility
of generating activation domain mimetic peptoid molecules by employing binding
assay-based screening of peptoid libraries against appropriate transcription
factors. The effectiveness of this strategy has previously been validated with
peptides. Thus, peptides that have been selected from phage display or split and
pool libraries, based solely on their ability to bind to certain transcription factors
(Gal80[2], Gall1[3] and KIX domain of CBP[4]), have been shown to work as
activation domains in yeast and / or mammalian cells when tethered to Gal4 DBD.
Peptoids, in addition to protease resistance[5], have other favorable properties.
For instance, a study by Yu, Liu and Kodadek has suggested that a significant
proportion of members in random peptoid libraries were cell permeable[6]. While

additional studies are required to see if such a trend is general, these preliminary
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results were nevertheless encouraging. Therefore, efforts were focused on

developing a peptoid-based activation domain mimetic.

CBP (CREB-binding protein) is a mammalian transcriptional co-
activator[7], which acts as a bridge between activators and the transcription
machinery and causes induction of activator responsive genes. CBP has also been
reported to have intrinsic histone acetyl transferase activity[7], which is
responsible for acetylation of specific lysine residues within histone tails and
loosening of the chromatin to make DNA more accessible to various transcription
factors. It was initially discovered as the co-activator for the cAMP regulated

transcription activator, CREB (cAMP Response Element-Binding protein)[8].

The interaction between CREB and CBP has been well characterized at a
molecular level[9]. The domains within CREB and CBP responsible for the
interaction are referred as KID and KIX, respectively. The association between
the two domains is stimulated by phopshorylation of a serine residue (Ser 133)
within the KID domain of CREB by protein kinase A (PKA) in response to
external stimuli[8]. The solution structure of the KIX domain in complex with
phosphorylated KID (pKID) was solved by Wright and his colleagues using NMR
spectroscopy[9]. The data from this study indicated that the pKID exists as an
unstructured peptide in the unbound state. However, binding to KIX leads to a

major conformational change and folding of pKID into two helices (oA and aB)
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oriented perpendicular to each other. The KIX domain, on the other hand, is

structured and consists of three helices (al, a2 and a3).

The well defined nature of the KIX-KID interaction makes the KIX
domain of CBP an excellent target for development of synthetic activation
domain replacements. The fact that it is a mammalian transcription factor is also
desirable since the long term goal of this study is to develop artificial transcription
factors which are functional in mammalian cells. Furthermore, as described
earlier, the KIX domain has been validated as a bonafide target for generating
synthetic activation domains by a study by Montminy and others[4]. Finally,
studies by Greenberg and co-workers have revealed that a tight relationship exists
between CREB-dependent transcriptional response and binding affinity of the
KIX-KID interaction[10]. This result suggests that the activity of the artificial
transcription activator could perhaps be “tuned” by adjusting the affinity of the

synthetic ligand for the KIX domain.

The identification of non-peptidic activation domain surrogates based on a
binding assay also necessitates a suitable assay for assessing the transcriptional
activation potential of co-activator binding ligands. For peptides, this is easily
accomplished by making a genetic fusion of the newly isolated activation domain
with a native DBD and measuring the ability of this construct to activate a

reporter gene bearing binding sites for the DBD. This is obviously not possible



155

with non-peptidic molecules. Therefore, Yu, Liu and Kodadek developed a cell
based assay for assessing the cell permeability[6] and activation potential[11] of
synthetic molecules, taking advantage of the highly specific interaction between
the ligand binding domain of glucocorticoid receptor (GR) and its synthetic ligand

dexamethasone.

The glucocorticoid receptor (GR) is a members of the nuclear hormone
receptor super-family[12]. The GR is a ligand-inducible transcription factor that
modulates the expression of glucocorticoid response genes and serves several
important physiological functions[13]. Glucocorticoid hormones, which are the
endogenous ligands for GR, have effects on metabolism, the immune system and
the central nervous system[14]. Glucocorticoids also induce apoptosis in
immature T cells. The ability of the GR to mediate several important biological
functions has made it an attractive therapeutic target and several synthetic ligands
have been developed for this receptor (Figure 3.2). One such compound,
Dexamethasone (Dex), is used widely in the clinic as an immunosuppressive and
anti-inflammatory agent, as well as in the treatment of multiple myeloma[15].
Mifepristone (RU-486), a glucocorticoid receptor antagonist is used clinically to

induce abortion[16].
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Figure 3.1: Dexamethasone and Mifepristone.

Chemical structures of dexamethasone (left), a potent agonist and mifepristone

(right), a potent antagonist of the glucocorticoid receptor.



157

Similar to other nuclear hormone receptors, GR exhibits a modular
structure, comprised of several domains with independent function [17](Figure
3.2). The domains in GR of primary significance are the DNA binding domain
(DBD), the hormone binding domain (HBD), and the transactivation domains.
The DBD is located in the central region of the receptor and is rich in cysteines
and basic residues. It is comprised of two zinc fingers, each of which results from
the coordination of four cysteine residues to one zinc atom. The DBD of the
receptor is responsible for recognizing and binding to GREs with high affinity. It
is believed to be important for the dimerization of the receptor as well. The LBD
is located in the carboxy terminal region of the receptor. As the name suggests,
this region mediates binding of the ligand to the receptor. The crystal structures of
the LBD of several nuclear hormone receptors have been solved, both in the
unliganded and ligand-bound states[12]. These structures revealed several major
conformational changes between the two states. Deletion of the LBD of GR has
been shown to result in a constitutively active form of the receptor, whose activity
is comparable to the wild-type receptor and is independent of the ligand. The GR
has two transactivation domains, TF1 and TF2, both of which are capable of
functioning independently[18]. They are also capable of activating transcription,
when fused to unrelated DBDs like the GAL4-DBD. The transactivation domains
are believed to recruit transcription machinery to proximal promoter regions and

facilitate transcription of target genes.
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Figure 3.2: Domain architecture of the glucocorticoid receptor.

A schematic illustrating the modular nature of the glucocorticoid receptor

consisting of distinct and separable domains (AF1 and AF2: Trans-activation

Domains; DBD: DNA Binding-Domain; LBD: Ligand Binding Domain).

(Adapted from referencel8)
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In the absence of hormone, GR remains in the cytoplasm in an inactive
form, sequestered to heat shock proteins (hsp), most notably hsp90[19]. Binding
of the hormone to GR results in a conformational change, which results in the
dissociation of the heat shock proteins from GR, receptor dimerization and
translocation to nucleus, where it binds to specific DNA sequences with the
consensus sequence AGAACAnnnTGTTCT (where n is any nucleotide) named
glucocorticoid response elements (GRE) and causes activation or inhibition of
hormone sensitive genes|[13].

Yu, Liu and Kodadek took advantage of this inducible nature of GR
response and devised a cell permeability assay[6], which measures the relative
cell permeabilities of dexamethasone-conjugated synthetic molecules (Figure
3.3). This assay employs mammalian cells transfected with three plasmids. One
directs expression of the Gal4 DNA-binding domain (Gal4 DBD) fused to the
glucocorticoid receptor ligand binding domain (GRLBD) and the VP16 activation
domain (VP16; residues 413-490). The other two carry distinguishable luciferase
reporter genes, one of which is Gal4-responsive and one which is not (transfection
control). In the absence of a steroid agonist, the Gal4 DBD-GR LBD-VP16
fusion protein is trapped in the cytoplasm by interaction with Hsp90[19] and thus
cannot activate transcription of the Gal4-responsive luciferase gene. When the
steroid is added, it passes through the cell membrane, binds to the LBD and frees

it from the heat shock protein, resulting in nuclear translocation of the activator
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and high-level luciferase transcription. Thus, this system can be used to compare
quantitatively the permeability of various steroid conjugates to a steroid-only

control molecule.
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Figure 3.3: Assay for evaluating the relative cell permeability of steroid
conjugates. (Yu, Liu and Kodadek 2005)

See text for details.
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The assay to measure transcription activation potential[11] is also a
derivative of the methodology used to monitor cell permeability (Figure 3.4). In
this case however, a plasmid encoding Gal4DBD-GRLBD instead of Gal4DBD-
GRLBD-VP16 is transfected into the cells. Since this construct lacks the potent
VP16 activation domain, it does not activate the Gal4-responsive luciferase
reporter gene. However, the steroid-GRLBD association will allow this protein to
move into the nucleus and bind the reporter gene promoter. This would result in
the delivery of the putative synthetic activation domain to the target promoter. If
the test molecule can function as artificial activation domain, then one should

observe significant induction of luciferase expression.
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molecules in the context of steroid conjugation.

See text for details.
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In this study, a cell permeable, non-peptidic molecule with apparent
transcriptional activity in living cells was discovered[11]. This molecule was
obtained by screening a combinatorial library of peptoids for ligands to the KIX
domain of CBP. As discussed below, three hexameric KIX domain-binding
peptoids were derived from screening a library of approximately 100,000
compounds. One of these molecules proved to have the noted activity. When
delivered to the promoter of a reporter gene non-covalently as a steroid conjugate,
this molecule supported a nearly 1000-fold increase in transcription over the basal

level in mammalian cells.

3.2. Materials and methods

3.2.1. Chemicals

All reagents and solvents were obtained from commercial sources.
TentaGel macrobeads (140-170 micron diameter, 0.51 mmole/g capacity) were
from Rapp Polymere. Rink Amide MBHA resin (0.69 mmole/g capacity), Fmoc-
D-Serine and HBTU and Fmoc-Glycine were from NOVAbiochem. All the
reagents employed in peptoid synthesis (amines, bromoacetic acid and 1,3-
diisopropylcarbodiimide), with the exception of 1,4-diaminobutane and O-tert-

butyl ethanolamine, were from Aldrich. 1,4-diaminobutane was purchased from
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Acros, while O-tert-butyl ethanolamine was obtained from CSPS

Pharmaceuticals.

3.2.2. Peptoid library synthesis

2 g of TentaGel beads was swollen in DMF for 30 minutes. A D-serine
and glycine amino acid spacer was appended to the beads using standard
Fluorenylmethoxy-carbonyl (Fmoc) chemistry on a Rainin 12-channel peptide
synthesizer (Protein Technologies). Briefly, the resin was divided into seven equal
portions, the Fmoc-group removed with 20% piperidine in DMF for 10 minutes
(2x 2.5 mL) and the beads thoroughly washed with DMF (8 x 5 mL). The beads
were then incubated with 2.5 mL of 0.4 M amino acid and 2.5 mL of 0.4 M
HBTU in NMM/DMF for 60 minutes. The beads were thoroughly washed with
DMF (8 x 5 mL) and the same protocol repeated for coupling the second amino
acid. The Fmoc-group on the second amino acid was removed as described
previously and the beads were prepared for library synthesis by thoroughly
washing with DMF (8 x 5 mL). The acylation step was carried out in each
reaction vessel for 1 hour at 37 °C using 1.5 mL each of 2.8 M bromoacetic acid
and 3.2 M diisopropylcarbodiimide. After washing the beads thoroughly with
DMF (8 x 3 mL), a 2 M solution of amine (see Figure 3) was added and the
reaction vessels were shaken at 37 °C for 90 minutes. All the solutions of the

amines were prepared in DMF, except 4-(2-aminoethyl) benzenesulfonamide,
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which was prepared in dimethylsulfoxide (DMSQO). The beads from all the seven
vessels were pooled, randomized by bubbling argon and split again. The protocol
was repeated until the desired length was achieved. At the end of the synthesis,
the protective groups were removed by treating the beads with a SmL solution of
95% trifluoroacetic acid (TFA), 2.5% water and 2.5% anisole. The beads were
then washed thoroughly with dichloromethane, followed by DMF, neutralized
with 20% DIPEA in DMF, rinsed with dichloromethane again, and stored at 4 °C
until further use. Four beads were randomly picked from the library and

sequenced by Edman degradation using a previously reported protocol[1].

3.2.3. Syntheses of fluorescein-labeled peptoids

Peptoids KBPol and KBPo2 (see figure 4 for sequences) were synthesized
on Rink AM amide resins using a microwave assisted protocol[20]. In each
synthesis, 36 mg of resins (25 umole scale) was used. The acylation step was
carried out as previously described in 1.0 mL each of 2M bromoacetic acid and
3.2M diisoprpylcarbodiimide in DMF for 30 seconds. Amine displacement was
done in 2 mL of 2M amine solution in DMF or DMSO. When the peptoid
synthesis was completed, the beads were shaken in 1.25 mL each of 0.2M 5(6)-
carboxyfluorescein in DMF and 0.2M HBTU in NMM/DMF for 60 minutes at
room temperature. The beads were washed thoroughly with DMF,

dichloromethane, and cleaved in 5 mL of cleaving cocktail (95 % TFA, 2.5 %
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water, and 2.5 % anisole) for 2.5 hr. TFA was removed by blowing argon and the
products were purified to homogeneity by reverse phase HPLC using a

Cl8analytical column.

3.2.4. Synthesis of OxDex-AEEA-KBPol and OxDex-AEEA-KBPo02

KBPol and KBPo2 were synthesized on Rink AM amide resins at 25
pmole  scale.  N-(9-Fluorenylmethoxy-carbonyl)-acetyl-ethyleneglycol-ethyl-
amine (Fmoc-AEEA-OH) and OxDex-COOH were added to the peptoids using
standard Fmoc chemistry. For each coupling step, equal amount (100 umole) of
Fmoc-AEEA-OH (or OxDex-COOH), HBTU, HoBt, 32 uL of DIPEA, and 14 ul
of 2,6-lutidine in 2 mL of anhydrous DMF were applied to the beads. Each
coupling step lasted 45 min at room temperature. The products were cleaved off

the beads and purified as described above.

3.2.5. Demethylation of mifepristone

A previously reported literature procedure was adapted for this
reaction[21]. To a solution of 1g of mifepristone in SmL of anhydrous methylene
chloride was added a filtered solution of 2.6 g of NMO in 5 mL of anhydrous
methylene chloride. The resultant solution was stirred under argon in an ice bath
and a solution of 80 mg of TPAP in 1 mL was added drop wise over 10 minutes.

The solution was allowed to warm back to room temperature and stirred
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overnight. The reaction was quenched with 10 mL of 10% sodium bisulfite and
stirred for another 10 minutes. The product was then partitioned between ethyl
acetate and water. The combined organic layers were washed with pH 7
phosphate buffer and brine, filtered through celite and concentrated in vacuo. The
crude formamide thus obtained was dissolved in 12.5 mL of methanol and 10 mL
of 10% aq. HCl was added slowly and the reaction mixture was stirred at room
temperature for 48 h. The pH of the reaction mixture was adjusted to 7 by
addition of 10% sodium carbonate solution and resultant precipitate was collected
by filtration. The product thus obtained was dissolved in methylene chloride,

dried over sodium sulfate and concentrated in vacuo.

3.2.6. Synthesis of Mif-AEEA-KBP02

KBPo2 was synthesized on Rink amide MHBA resin using microwave
assisted protocol as described earlier[20]. Fmoc-AEEA spacer was then appended
to the amino terminus under standard Fmoc chemistry conditions (i.e., 0.2 M
solution of the spacer and 0.2 M solution of HBTU in NMM/DMF and mixed for
1 h). The Fmoc group was removed with 20% piperidine in DMF (10 min. X 2),
beads thoroughly washed and treated with 1 mL of 2M bromoacetic acid and 1
mL of 3.2 M DIC and subjected to microwave irradiation (2x 15 s with manual
agitation for 30 s in between). The beads were then thoroughly washed with DMF

and treated with 0.5 mL of 0.5 M demethyl mifepristone. The reaction vessel was
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placed in an incubator shaker for 12 h at 225 rpm. The beads were then
thoroughly washed with DMF, followed by DCM and the beads were dried. The
dried beads were then cleaved with 95% TFA/2.5% triisopropylsilane and 2.5%
water for 2 h. The cleavage mixture was concentrated and the crude product was
purified by HPLC. Fractions containing the desired product were lyophilized and

stored at -20°C until further use.

3.2.7. Plasmids

E. coli glutathione-S-transferase (GST) expression vector pGEX-2T was
purchased from Pharmacia Biotech. E. coli expression vector pGEX-2T-
CBP(378-817), which encodes the GST-KIX fusion protein was from Kodadek
lab stock. The mammalian cell expression plasmid encoding the Gal4(1-147)-
hGR(499-777)-VP16(413-490) fusion, pEDBD-hGRLBD-VP16 was from
Kodadek lab stock. Luciferase reporter pG5B was a kind gift from Dr. Marc R.
Montminy (Salk Institute). Renilla luciferase expression vector pRL-SV40 was
from Promega.

The mammalian cell expression plasmid encoding the Gal4(1-147)-hGR(499-
777) fusion was constructed by replacing the reading frame of plasmid pEDBD-
hGRLBD-VP16 with Gal4(1-147)-hGR(499-777) fusion oligonucleotide.
pEDBD-hGRLBD-VP16 was used as a template in a polymerase chain reaction

(PCR) with primers PYP007 (5’-CGT CAG ATC CGC TAG CAT GAA GC-3’)
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and PYPOO8 (5’-CCT GGC GCG GCC GCT CAC TTT TGA TGA AAC AGA
AG-3’). The PCR product was purified using Qiaquick PCR purification kit
(Qiagen) and was digested with Nhel and Notl. The oligonucleotide was inserted
in the Nhel/Notl cleaved pEDBD-hGRLBD-VP16 vector. The final plasmid was
named pEDBD-hGRLBD.

The Quickchange protocol (Strategene) was followed to make a site-directed
mutation in hGRLBD that translated to an E755A amino acid substitution. In the
PCR reaction, plasmid pEDBD-hGRLBD was used as the template. The two
mutagenic primers were PYP009 (5°’-CCC GAG ATG TTA GCT GCA ATC
ATC ACC AAT CAG-3’) and PYPO10 (5’-CTG ATT GGT GAT GAT TGC
AGC TAA CAT CTC GGG-3’). The final plasmid was named pEDBD-hGRLBD

(E755A).

3.2.8. Proteins
GST and GST-KIX proteins were prepared as described[1]. Texas Red
labeled GST-KIX protein was prepared following the same procedure published

before[1]. Bovine serum albumin (BSA) was from PIERCE.



171

3.2.9. Selection of peptoids against KIX domain of mouse CREB-binding
protein (CBP)

Approximately 100,000 beads (190 mg) from the peptoid library were
swollen in TBST (50 mM Tris, pH 7.4, 150 mM NaCl, 0.1% Tween 20) for 1 hr.
The buffer was removed and the beads were soaked in a prepared E. coli lysate at
room temperature for 2 hr. The E. coli lysate was removed and beads were
washed with PBS buffer. The beads were then incubated in 5 mL TBST buffer
containing 500 nM Texas Red labeled GST-KIX protein, 25 uM GST protein,
0.35 mM (total protein concentration) E. coli cell lysate, and 0.15 mM BSA at
room temperature for 1 hr. The beads were thoroughly washed with TBST and
visualized under a fluorescence microscope. Bright fluorescent beads were
picked manually with a micropipette. Each bead was heated in 1% SDS at 95 °C
for 5 min and washed thoroughly with PBS buffer. The sequences of peptoids
were solved by single-bead Edman degradation following a previously published

protocol.

3.2.10. Fluorescence polarization assays

In 200 uL. of PBS buffer, the indicated amount of proteins (GST-KIX,
GST, or BSA) and approximately 10 nM fluorescein-labeled peptoids were mixed
at room temperature for 20 min. The fluorescence polarization values of samples

were measured on a Beacon 2000 fluorescence spectrometer.
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3.2.11. Glucocorticoid receptor binding competition assay
The binding affinities of OxDex derivatives for glucocorticoid receptor
were determined using GR Competitor Assay Kit from Invitrogen. The complete

procedure was described previously[6].

3.2.12. Cell line
HeLa cells were obtained from the American Type Culture Collection,

(CCL-2).

3.2.13. Tissue culture, transfection, and luciferase assays

Cell maintenance, transfection and luciferase assays were conducted
following procedures described before[6]. OxDex-AEEA-KBPol, OxDex-
AEEA-KBPo02, OxDex, and Dex samples at various concentrations were prepared
in DMSO. After transfection, samples were added directly in the tissue culture

media. The DMSO concentration in the media was kept under 2 %.
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3.3. Results

3.3.1. Isolation of KIX-binding peptoids
Initial efforts to isolate a KIX ligand were focused on screening the large

~ 500, 000 peptoid library described in the previous chapter[1]. In spite of the
excellent quality of the library, screening of this library was complicated by the
presence auto-fluorescent beads in the library, resulting in the isolation of several
false positives. Although, pre-sorting of the beads with the bead sorter diminished
this problem considerably, it was not completely eliminated. Therefore, some of
these monomers suspected to contribute to auto-fluorescent properties were
discarded and new library of hexameric peptoids with a theoretical diversity of
117,649 compounds was constructed by split and pool synthesis[22] on 2 g of
TentaGel Macrobeads (Rappe Polymere). A constant D-Serine-Glycine dipeptide
sequence was introduced as a spacer prior to library synthesis. Seven amines
were employed in the library synthesis, which employed the “sub-monomer”
route for peptoid synthesis[23] (Figure 3.5). The primary hydroxyl group in
ethanolamine was protected as t-butyl ether, while the secondary amine in
tryptamine and one of the primary amines in 1,4-diaminobutane were protected
with t-Boc groups[24, 25]. Upon completion of the split and pool synthesis, these
acid-labile protecting groups were removed without disturbing the linkage of the

peptoids to the beads, which was not acid-sensitive.
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Figure 3.5: Library design.
The general structure of the library employed in this study. The chemical

structures of the side chains are shown at the bottom of the figure.
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To assess the quality of the library, four beads were picked randomly and
subjected to Edman degradation using a previously reported protocol[l]. A
complete sequence was obtained in each case and all seven amines employed in
the synthesis were represented in at least one of the sequences (Figure 3.6).
Based on these data, it was concluded that the library was of suitable quality to

undertake screening experiments.
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Random 1: Nser-Nbsa-Nleu-Ntrp-Nbsa-Nlys
Random 2: Npip-Nleu-Nleu-Nmba-Nmba-Nleu
Random 3: Nleu-Nmba-Nlys-Nlys-Nbsa-Nbsa
Random 4: Nser-Nmba-Nleu-Nlys-Nbsa-Nser

Figure 3.6: Library characterization by Edman sequencing.

Text sequences of four beads randomly picked from the library (bottom), along

with the representative Edman trace of one of the beads (top). The four sequences,

taken together, have all the monomers used in the construction of the library.
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A recombinant, purified Glutathione-S-transferase (GST) fusion protein
containing a fragment of murine CBP (residues 378-817) was labeled with Texas
Red-succinimidyl ester under conditions that resulted in each protein molecule
acquiring, on average, one dye molecule. Excess fluor was removed using a
desalting column. Approximately 100, 000 library beads were then pre-sorted
using the automated bead sorter to remove any auto-fluorescent beads, pre-
swollen in TBST buffer, and blocked with E. coli lysate to saturate any non-
specific binding sites on the bead surface. The labeled protein was then incubated
with the bead-displayed peptoid library. The incubation solution contained, in
addition to the Texas Red-labeled GST-KIX domain fusion protein (500 nM), a
700-fold excess of proteins present in an E. coli lysate and a 300-fold excess of
bovine serum albumin (BSA) as competitor proteins. Previous studies have
indicated that the presence of a heterogeneous mixture of competitor proteins
greatly reduces the frequency with which “sticky”, relatively non-specific ligands
are obtained[1]. Finally, a 50-fold excess of unlabeled GST protein was also
included in the solution to minimize the possibility of isolating hits against the
GST part of the fusion protein. After incubation for one hour at room temperature,
the beads were washed thoroughly with TBST to remove any protein not bound
tightly.  The entire collection of beads was then added to a Petri dish and
examined under a fluorescence microscope. While a number of beads exhibited

fluorescence above background levels, three beads that appeared exceptionally
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bright compared to the rest of the library were collected using a micropipette.
Figure 3.7 shows a micrograph that illustrates the high contrast between one of
these beads and a number of others scored as “negatives” in the same field. The
three brightest beads were treated with 1% SDS to remove bound proteins and the
identity of each of the three peptoid “hits” was determined by single-bead Edman

degradation (Figure 3.8).
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Figure 3.7: Isolation of GST-KIX fusion protein-binding peptoids.
Fluorescent micrograph showing a field including a bead scored as a “hit” and
several scored as “negatives” after incubation of the bead library with Texas Red-

labeled GST-KIX.
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Hit#l Nlys-Npip-Ntrp-Ntrp-Nbsa-Ntrp
Hit#2  Nlys-Ntrp-Nser-Nbsa-Nser-Nleu
Hit#3 Nmba-Nser-Npip-Ntrp-Nlys-Nleu

Figure 3.8: Identification of GST-KIX-binding peptoids by Edman

degradation.

Edman sequencing traces of three “hits” isolated in the screen. The corresponding

text sequences are shown at the bottom.
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To validate the results of the bead screening effort in a solution binding
experiment, two of the KIX domain-binding peptoids (named as KBPol and
KBPo2) were re-synthesized on Rink Amide MBHA resin and capped at their N-
terminus with 5(6)-carboxyfluorescein. The fluorescein-labeled peptoids (named
as F-KBPol and F-KBPo02) were then cleaved from the resin, purified by HPLC
and their binding affinity for the GST-KIX domain fusion protein was determined
in a titration experiment monitored by fluorescence polarization spectroscopy[26].
The data (Figure 3.9) show that the fluoresceinated KBPol and KBPo2
derivatives bind to GST-KIX domain protein with equilibrium dissociation
constants (Kps), of approximately 5 uM. These titrations were then repeated
using GST or BSA in place of GST-KIX to assess the specificity of binding. The
fluoresceinated KBPo2 molecule had little affinity for these proteins, as expected
for a high specificity KIX ligand. However, this was not the case for
fluoresceinated KBPol, which bound the non-specific proteins as well as, if not
better than, the KIX fusion protein. This result was surprising, given the stringent
screening conditions employed, which included a buffer containing excess
unlabeled GST and BSA as competitor proteins. Nonetheless, it was concluded
that that KBPol is a relatively “sticky” molecule that binds promiscuously to
many proteins. This may be due to the presence of aromatic, hydrophobic
residues at five of the six variable positions in this molecule, whereas KBPo2 is a

more polar molecule (Fig. 3.10).
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Figure 3.9: Binding affinities and specificities of the KIX-binding peptoids.
Fluorescein labeled- KBPol (top panel) or KBPo2 (bottom panel) was titrated

with the indicated concentration of GST-KIX (e), GST (o) or BSA (D).
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3.3.2. Steroid conjugates of the KIX-binding peptoids are cell permeable

In order to function as part of a pharmacologic agent for specific gene
activation, the KIX-binding peptoids obviously must be cell permeable.
Preliminary microscopy experiments using the fluorescein-conjugated molecules
indicated that this is the case (data not shown). However, detailed permeability
studies were carried out in the context of peptoid-steroid conjugates employing
the cell based permeability assay[6] described earlier (Figure 3.3). The GR
agonist dexamethasone was oxidized with periodic acid[27] to yield OxDex (Fig.
3.9), which was then conjugated to KBPol and KBPo2 via an ethylene glycol
linker (AEEA, see Figure 3.10). A control molecule which includes the OxDex
and the linker, but lacks a peptoid and terminates in a primary amide (OxDex-

AEEA-CONH,, Figure 3.10) was also prepared.
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OxDex-COOH

OxDex-AEEA-KBPo1

OxDex-AEEA-KBP02

Figure 3.10: Chemical structures of molecules used in cellular assays.
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To measure the cell permeability of these conjugates, cells transfected
with the three plasmids (Gal4 DBD-GR LBD- VP16, reporter gene and
transfection control) were incubated with different concentrations of the OxDex-
AEEA-CONHj; control or the OxDex-AEEA-peptoid conjugates and the level of
luciferase gene expression was measured. The results are shown in Figure 3.11.

In each case, a dose-dependent induction of Gal4-responsive luciferase
expression was observed, indicating that all of the molecules entered the cells.
At a concentration of 100 uM, OxDex-AEEA-KBPol and OxDex-AEEA-KBPo2
induced 500- and 1,000-fold increases in luciferase expression, respectively. The
titration curve revealed ECsy values of 37 uM and 8 uM, respectively, for these
peptoid conjugates. As a comparison, OxDex-AEEA-CONH,; gave a maximum
induction of 950-fold with an ECs, value of 48 uM. Thus, it was concluded that
both Ox-Dex-AEEA-peptoid conjugates are cell permeable.

To interpret these results more quantitatively, it is also important to
measure the affinity of each compound for the GRLBD since this will also affect
the level of luciferase induction in cells. This was determined using an in vitro
fluorescence polarization assay, in which OxDex derivatives were employed to
compete with a commercially available fluorescent GR ligand, Fluormone™
(Invitrogen), for binding to the purified human GR. The ICsy values of OxDex-
AEEA-CONH, and OxDex-AEEA-KBPo2 were 1.3 puM and 0.26 uM,

respectively (Figure 3.11). Assuming that this five-fold higher affinity of the
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peptoid conjugate in vitro reflects the relative affinities for the GRLBD inside
cells and given that OxDex-AEEA-KBPo2 was about six-fold more potent than
OxDex-AEEA-CONH?2 in the cellular assay, it was concluded that the steroid
control molecule and the steroid-KBPo2 conjugate are approximately equally cell
permeable. This is a remarkable result in that it argues that the peptoid does not
compromise the cell permeability of the steroid.

The in vitro binding data obtained in the experiment using the other
peptoid conjugate, OxDex-AEEA-KBPol could not be fit neatly to a sigmoidal
curve. The estimated ICsy value of =10 uM should thus be taken with a grain of
salt. The non-ideal behavior of OxDex-AEEA-KBPol in this experiment may

reflect aggregation of the molecule or other undesirable events.
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Figure 3.11: Evaluation of cell permeability of peptoids KBPol and KBPo2.
This experiment monitors the activation of a Gal4-responsive luciferase reporter
gene when OxDex-AEEA conjugates (Figure 3.9) are incubated with HeLa cells
that express a Gal4 DBD-GR LBD- VP16 AD fusion protein.
Top Panel: Dose dependence of the OxDex-AEEA-KBPol (*)-, OxDex-AEEA-
KBPo2 (¢)-, and OxDex-AEEA-CONH; (0)- mediated induction of luciferase
expression.
Bottom panel: Affinities of the OxDex-AEEA conjugates {OxDex-AEEA-KBPol
(»), OxDex-AEEA-KBPo2 (¢), and OxDex-AEEA-CONH, (o)} for
glucocorticoid receptor in vitro as monitored by a competitive fluorescence

anisotropy assay. (Figure courtesy of Drs. Bo Liu and Peng Yu).
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3.3.3. A KIX domain-binding peptoid activates the transcription of a
reporter gene when fused to a steroid conjugate

To determine if the KIX-binding peptoids could function as activation
domains in mammalian cells, the transcription activation assay described earlier
was employed (Figure 3.4). The results of this experiment are shown in Figure
3.12. As mentioned above, titration of the cells expressing Gal4 DBD-GRLBD
with the control steroid OxDex-AEEA-CONH, did not induce detectable
luciferase transcription at any concentration tested. The same result was obtained
with OxDex-AEEA-KBPol. No induction of transcription was detected even at a
concentration of 100 uM, even though this is well above the apparent binding
constant for this conjugate with the GRLBD in cells inferred from the EC 50 of
37 uM observed in the permeability assay. Taken together, these data suggest
that while the OxDex-AEEA-KBPol conjugate can enter cells and bind the
GRLBD, it does not function as an activation domain. In stark contrast, titration
of Gal4-GRLBD-expressing cells with the other peptoid conjugate, OxDex-
AEEA-KBPo2 resulted in a dose-dependent increase in the expression of the
reporter gene (Figure 3.12). At an OxDex-AEEA-KBPo2 concentration of 100
uM, expression of the Gal4-responsive luciferase reporter gene was induced about
900-fold above the basal level. Half-maximal stimulation was observed at about
10 uM OxDex-AEEA-KBPo2. These data suggest that KBPo2 may be capable of

functioning as an activation domain surrogate in living mammalian cells.



189

1000

800

600
400

200

Fold Induction of Luc

0

| 11 L1 i8jil | III|_|,I |IIIII| L1l II|,|J L1 J ||I|I

10" 10° 10" 10° 107 10
Concentration (M)

Figure 3.12: The OxDex-AEEA-KBPo02 conjugate supports activated
transcription in HeLa cells.

Dose dependence of the level of Gal4-responsive luciferase gene expression when
cells expressing the Gal4 DBD-GR LBD fusion protein was incubated with
OxDex-AEEA-KBPol (0), OxDex-AEEA-KBPo2 (o), or OXDex-AEEA-
CONH2 (A).

(Figure courtesy of Drs. Bo Liu and Peng Yu).
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3.3.4. Limitations of the transcription activity assay

While the assay described for measuring transactivation potential of
synthetic molecules offered a convenient route for validating the activity of
putative activation domain surrogates, the interpretation of the data from this
study was complicated by the observation that dexamethasone itself, in
unmodified form, caused activation of transcription (Figure 3.13). This is
attributable to the presence of an activation domain (AF2) in close proximity to
the GR LBD (Figure 3.2). Conversion of Dexamethasone to OxDex completely
abrogated this activity. The molecular basis for the difference in activity between
these two molecules is unclear. In any case, conjugation of test molecules to
OxDex provided a convenient route to measure activation potential in an
environment free from any background reporter gene activity. While unlikely, one
cannot rule out, however, the possibility that conjugation of the test molecule to
OxDex may lead to activation of transcription via a mechanism similar to that
seen with unmodified Dex. In other words, conjugation of peptoids could, in
principle, alter the binding conformation of OxDex resulting in it behaving like
unmodified dexamethasone. However, conjugation of various molecules, in
general, did not lead to restoration of transcription activity of OxDex. Thus,
OxDex-AEEA-CONH2 and OxDex-AEEA-KBPol were completely inactive in
the transcription activation assay, while retaining cell permeability. The

transcription activity of OxDex-AEEA-KBPo2, therefore, likely results from the
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ability of KBPo2 to function as an activation domain surrogate. However, further

experimental evidence would be necessary to verify this scenario.
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Figure 3.13: Dexamethasone-induced transcription activation.
Dose dependence of the level of Gal4-responsive luciferase gene expression when
cells expressing the Gal4 DBD-GR LBD fusion protein were incubated with

dexamethasone. (Figure courtesy of Drs. Bo Liu and Peng Yu).
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In an attempt to rule out the unlikely scenario described above, a slightly
different scheme for measuring transcription activity of KBPo2 was envisioned.
In this scheme, OxDex was replaced with Mifepristone, a potent glucocorticoid
receptor antagonist[16, 21]. Similar to dexamethasone, mifepristone also binds to
GR with high affinity, resulting in the translocation of the receptor-ligand
complex to the nucleus and binding of GR to DNA. However, mifepristone, being
an antagonist, prevents GR from activating transcription. Thus, it offers an
attractive means to target KBPo2 to a promoter without, in itself, inducing
transcription.

In order to facilitate coupling to KBPo2, mifepristone was subjected to a
demethylation reaction[21], converting the tertiary amino group to a secondary
amine. This structural modification has previously been reported in the literature
and has been shown not to significantly compromise with the affinity of the
ligand to GR. In fact, von Geldern and co-workers used this approach to
conjugate mifepristone to bile acids to develop liver-selective glucocorticoid
receptor antagonists[21]. Coupling of KBPo2 to the mifepristone derivative via
the AEEA linker was accomplished on solid support as shown in scheme 3.1. As a
control, a mifepristone-AEEA conjugate without the peptoid was also
synthesized. The products were released from the beads by treatment with a
cleavage cocktail consisting of 95% TFA / 2.5% water / 2.5% triisopropylsilane,

lyophilized and purified to homogeneity by HPLC. The purified product was
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characterized by MALDI-TOF mass spectrometry to verify the identity of the

desired product (Figure 3.14 and 3.15).
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Scheme 3.1: Mif-AEEA-KBPo02 synthesis scheme.

A depiction of the scheme used for the synthesis of the Mif-AEEA-KBPo2.
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Figure 3.14: Mif-AEEA-KBPo2.

Chemical structure (top panel) and MALDI-TOF mass spectrum (bottom panel)

of Mif-AEEA-KBPo2.
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Figure 3.15: Mif-AEEA.
Chemical structure (top panel) and MALDI-TOF (bottom panel) mass spectrum

of Mif-AEEA.
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The previously described assays for cell permeability and transcriptional
activity were then performed on the drug conjugates. The data from these assays
are presented in Figure 3.16. As expected, mifepristone was found to be cell
permeable as shown by its ability to induce luciferase transcription in the
permeability assay. It was found to be largely inactive in the transcription assay,
although slight induction of the reporter gene was observed at very high drug
concentrations. Unfortunately, and quite surprisingly, the mifepristone-AEEA
conjugate and the mifepristone-AEEA-KBPo2 conjugates were found to be cell
impermeable. Thus, in the permeability assay, no induction of the luciferase gene
transcription was noticeable under any concentrations of the conjugates tested.
This precluded measuring of transactivation potential of mifepristone-AEEA-
KBPo2 conjugate. Therefore, the transcription activation potential of KBPo2
could not be unequivocally established. Further experiments are necessary to gain
insight into the mechanistic aspects of OxDex-AEEA-KBPo2-mediated

transcription activation.
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Figure 3.16: Mif-AEEA and Mif-AEEA-KBPo02 are not cell permeable.

Top panel: Dose dependence of the level of Gal4-responsive luciferase gene
expression when cells expressing the Gal4 DBD-GR LBD- VP16 fusion protein
were incubated with Mifepristone (®), Mif-AEEA (A) or Mif-AEEA-KBPo2 (O).
Bottom panel: Dose dependence of the level of Gal4-responsive luciferase gene
expression when cells expressing the Gal4 DBD-GR LBD fusion protein were
incubated with Mifepristone (@), Mif-AEEA (A) or Mif-AEEA-KBPo2 (O).

(Figure courtesy of Drs. Bo Liu and Peng Yu).
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3.4 Discussion

There is great interest in the development of cell permeable
pharmacologic agents capable of activating gene expression in a specific fashion.
Essentially all efforts towards this goal aim to replicate two seminal activities of
native gene-specific activators, which are to bind near the target gene sequence
specifically and to recruit the RNA polymerase II transcription machinery to the
core promoter[28, 29]. The latter activity will require the development of cell
permeable molecules that bind to accessible surfaces of appropriate proteins such
as coactivators, thus allowing them to function as artificial activation domains.
Prior to this work, there had been two reports of non-peptidic molecules capable
of acting as activation domains when fused covalently or non-covalently to a
sequence-specific DNA-binding moiety. Uesugi and co-workers developed a
molecule they called wrenchnolol by structure-aided design that binds the
coactivator Sur2[30]. When fused to a hairpin polyamide, wrenchnolol supports
significant transcriptional activation in vitro in experiments employing nuclear
extracts[31].  Wrenchnolol is cell permeable, however, the polyamide-
wrenchnolol chimera is not. Therefore, the activity of this molecule in vivo
remains to be addressed. The second example, reported by Mapp and co-workers,
was derived from an in vitro functional screen of a small collection of
isoxazolidine-containing molecules modeled loosely after an activating peptide

derived from the VP 16 activation domain[32]. In this study, the synthetic
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activation domain candidates were linked to methotrexate and then incubated with
a nuclear extract containing a LexA DBD-dihydrofolate reductase (DHFR) fusion
protein and a reporter gene with LexA binding sites in the promoter. High
affinity binding of methotrexate to DHFR delivered the isoxazolidine-containing
molecule to the promoter, a strategy similar to that employed in this study to join
a synthetic activation domain substitute with a native DNA-binding domain.
Using this assay, two molecules that stimulated transcription about five-fold in
vitro were discovered. However, there are no reports of the activities of these
molecules in vivo.

In this study, a different approach was taken to the isolation of a non-
peptidic activation domain substitute by screening a library of = 100,000
hexameric peptoids for ligands to the KIX domain of the mammalian coactivator
CBP. The KIX domain is the target of the native activators, including CREBJ[9],
and has been validated as a target for the isolation of peptides with activation
domain function by Montminy and co-workers[4]. Three peptoids were isolated
that appeared to bind a GST-KIX domain fusion protein with much higher affinity
than the other compounds in the library. Two of these molecules (KBPol and
KBPo2) were resynthesized and studied further. Both were found to bind GST-
KIX domain in vitro with low micromolar dissociation constants (Figure 3.8).
However, whereas KBPo2 did not bind appreciably to GST or BSA, suggesting it

was a specific KIX domain ligand, KBPol exhibited promiscuous binding
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behavior. Both peptoids scored as cell permeable in a functional assay that
measures the ability of dexamethasone conjugates of the molecules (see Figure
3.9 for structures) to enter the cytoplasm and activate a Gal4 DBD-GRLBD-VP16
AD fusion protein (Figure 3.10).

The critical experiment was to determine if the KIX domain-binding
peptoids are capable of functioning as an activation domain in cells. To do this,
an assay (Fig. 3.4) in which the peptoid was coupled non-covalently to the Gal4
DBD-GRLBD by virtue of the OxDex-GRLBD interaction was used. This
resulted in delivery of the peptoids to the promoters of the reporter genes. As
shown in Figure 3.11, the KBPo2 molecule exhibited considerable activity,
supporting a 900-fold increase in transcription at the highest concentration tested
(100 uM). There was no induction of transcription when the cells were treated
with the control steroid (OxDex-AEEA-CONH,) or the KBPol steroid conjugate.
These data suggest that the KBPo2 peptoid may be functioning as an activation
domain in this system. Finally, in order to rule out the possibility that
conformational changes in the binding of OxDex to GR are responsible for the
observed transcriptional activity, a Mifepristone-AEEA-KBPo2 and Mifepristone-
AEEA conjugate were prepared and subjected to cell permeability and
transcriptional activation studies (Figure 3.12 and 3.13). Unfortunately, both the
conjugates were completely impermeability, which precluded gleaning of any

meaningful information from these assays. Thus, the precise mechanism of
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OxDex-AEEA-KBPo2-mediated transcription activation remains to be
established. It is clear that the observed activation potential is unique to KBPo2
since conjugation of spacer (AEEA alone) or KBPol to OxDex resulted in no
observable transcription activation even at high concentrations.

Several experimental possibilities exist to determine whether or not
KBPo2 has bonafide activation potential. To rule out the possibility that the
observed transcription activation is mediated by the AF2 domain (see Figure 3.2)
present within the LBD of the glucocorticoid receptor, one could remove the AF2
domain and re-assess the ability of the OxDex-AEEA-KBPo2 conjugate to
activate transcription. Any observed activity should, in principle, be attributable
to the inherent transactivation potential of the peptoid. The ability of OxDex-
AEEA-KBPo2 to activate transcription in the presence of a huge excess of KBPo2
alone can also be assessed. Since most transcription co-activators are believed to
be present in limiting concentrations, excess of activation domain alone by
competing for the co-activator(s) should diminish the transcription activation
activity of DBD-conjugated activation domain. On the other hand, if KBPo2 is
inducing a conformational change in OxDex resulting in it adopting an agonist-
like conformation, excess of KBPo2 alone should have no impact on the
transcriptional activity of the peptoid-steroid conjugate. The success of this
experiment, however, would be dependent on achieving high nuclear

concentration of the peptoid without causing any toxicity to the cells.
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Furthermore, the ability of KBPo2 to inhibit the ability of CBP-dependent gene
expression can also be assessed. Thus, if KBPo2 binds to CBP at a site that is
critical for its role in transcription, treatment of cells with KBPo2 should result in
the repression of CBP-dependent gene expression. It should be noted, however,
that such a result would only suggest a possible transactivation potential of the
molecule and, in itself, is not a proof of transcriptional activity. Another
possibility is to measure the transcriptional activity of the peptoid-steroid
conjugate in cells that do not express CBP, the putative target of the peptoid.
There has in fact been a report of RNAi-mediated silencing of CBP expression in
SW480 cells[35]. However, the results of such an experiment should be
interepreted with caution since transcription activators have been known to
interact with multiple transcription factors. For instance, Gal80BP-A, which was
selected based on its ability to bind to Gal80 in an in vitro binding assay has been
shown to interact with Galll, a yeast transcription co-activator, although no
selection pressure for binding to Galll was applied in the selection of this
peptide[2]. Finally, it should also be possible to use other receptor-ligand pairs in
order to unequivocally establish the transctivation potential of KBPo2. For
instance, the transcription activity of putative small molecule and peptide
activation domains have been established by coupling them to FK506[34] or
methotrexate[32]. Similar to dexamethasone-GR system, the high affinity

interaction between FK506-methotrexate and FKBP-dihydrofolate reductase
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(DHFR) has been used to deliver the synthetic activation domain to a promoter.
Since FKBP and DHFR and completely devoid of any transcription activity, such
a system should provide an unambiguous answer regarding the transcription
activity of KBPo2.

In conclusion, a cell permeable, coactivator-binding peptoid was identified
and shown to activate transcription in living mammalian cells as a steroid
conjugate. Future studies are necessary to establish the mechanism by which this

molecule causes transcription activation.
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CHAPTER 4: SYNTHESIS AND CHARACTERIZATION OF HAIRPIN

POLYAMIDE DERIVATIVES

4.1 Introduction

There is great interest in the development of synthetic molecules capable
of activating the expression of specific genes in a predictable manner. Essentially
all approaches to this problem have involved the construction of chimeric
molecules comprised of a sequence-specific DNA binding unit linked to a moiety
capable of recruiting the RNA polymerase II transcription complex [1]. This
strategy has been made feasible by the extensive work done on synthetic,
sequence-specific DNA-binding molecules. Hairpin polyamides (HPs) represent
a highly attractive class of DNA-binding molecules since simple pairing rules
allow design of HPs to bind to desired DNA sequence in vitro [2]. Furthermore,
HPs have been found to be cell permeable in some cases [3]. While much needs to
be learned regarding their activity in living cells, polyamides provide an exciting
opportunity for development of artificial transcription activators. Furthermore, the
identification of KIX-binding peptoids with apparent transcription activation
potential suggested that HP-peptoid conjugates may have the ability to serve as
synthetic transcription factors [4]. Therefore, efforts were focused on developing

appropriate conditions for the synthesis of HPs and HP-peptoid conjugates.
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The solid phase synthesis protocol developed by Dervan and co-workers
provides a facile and convenient route for the synthesis of HPs [5]. This procedure
was essentially an adaptation of t-Boc chemistry that has been extensively
employed in the synthesis of peptides. Scheme 4.1 depicts salient features of solid
phase HP synthesis. The synthesis is carried out on Pam resin, which has been
pre-loaded with a B-alanine residue. The t-Boc group protecting the primary
amine of B-alanine is removed by treatment with TFA and the first monomer is
coupled by forming an amide bond between the amine group of -alanine and the
activated carboxylate group of the monomer (usually a pyrrole or imidazole
derivative). The activation of the carboxylic acid group is carried out using HBTU
or HOBt. The cycle of t-Boc deprotection and coupling of a new monomer are
repeated until the desired length is achieved. At the end of the synthesis, the HP is
released from the beads in an aminolysis reaction, in which the beads displaying
the HP are heated with a neat solution of amine at 80°C. One advantage of this
type of cleavage is that by choosing an appropriate amine, one can install a
variety of functional groups at the HP terminus that serve as handles for

subsequent chemistry.
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Scheme 4.1: Solid phase synthesis of polyamides.

A schematic depiction of various steps involved in the solid phase synthesis of

HPs. [5]
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Scheme 4.2: Release of HP from the resin.
A schematic depiction of the aminolysis reaction used to release the HP from the

resin at the end of the synthesis. [5]
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4.2 Materials and methods

All of the reagents and solvents were purchased from commercial
suppliers and used without further purification. Analytical HPLC was performed
on a Biocad Sprint system with a C18 reverse-phase HPLC column (Vydac, S5uM,
4.6 mm i.d. x 250 mm) using the following solvents for elution; solvent A: H,O /
0.1% TFA; solvent B: CH3;CN / 0.1% TFA. MALDI-TOF MS was performed on
a Voyager-DE PRO biospectrometry workstation (Applied Biosystems) using o-

hydroxy cinnamic acid as the matrix.

4.2.1 Activation of Boc-Py-acid
Activation of Boc-Py-acid via formation of an ester with

hydroxybenzotriazole (HOBt) was carried out following the literature procedure

[5].

4.2.2 Synthesis of Im-Py3-y-Py4-B-Dp,

Synthesis of this molecule was carried out employing a slight variation in
the reported literature procedure [5]. Thus, 100 mg of Boc-B-alanine-Pam-resin
(0.76 mmoles / g) was swollen in DMF for 30 minutes. The solvent was drained
and the Boc group was removed using a cleavage cocktail composed of 92.5%
TFA, 5% phenol and 2.5% water. The deprotection step was carried three times

for 2, 5 and 10 minutes, respectively in 3 mL of cleavage cocktail. The beads
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were then washed thoroughly with DMF (6 X 3 mL) and neutralized in 20%
DIEA/DMF for 5 minutes. The beads were washed again with DMF (3 X 3 mL)
and treated with 3 mL of 0.2 M solution of Boc-Py-OBt ester in DMF containing
0.5 mL of DIEA and shaken in an incubator shaker for 60 minutes. At the end of
the coupling step, the beads were thoroughly washed with DMF and deprotection
of Boc group from the previous residue and coupling of the next Py residue was
carried out using the same procedure described earlier. In the case of y-
aminobutyric acid and Imidazole-2-carboxylic acid couplings, 1 mmole of the
acid and 0.95 mmoles of HBTU were dissolved in 2 mL of DMF and 1 mL of
DIEA and added to the beads. The coupling was carried out as described earlier
for 60 minutes in an incubator shaker. At the end of the synthesis, the beads were
thoroughly washed with DMF and DCM (5 X 3 mL) and dried under vacuum.
The dry resin was then transferred to an eppendorf tube, 500 uL of neat (N,N-
dimethylamino)propylamine added and heated at 80°C for 6 hours in an oven. The
beads were manually agitated at least once every hour to mix the contents. The
cleavage mixture was then diluted with 0.1% TFA/water, filtered and the filtrate
was purified by HPLC using a C18 column. The HPLC fractions containing the

pure product were lyophilized and stored at -20°C until further use.
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4.2.3 Synthesis of Im-Py3-y-Py4-B-PPG

Im-Py3-y-Py4-B was synthesized as described above, resin thoroughly
washed with DMF and DCM (5 X 3 mL) and dried. 25 mg of the resin was then
transferred to an eppendorf tube and 125 uL of neat propargylamine was added
and incubated in an oven at 60°C for 24 hours. The beads were manually agitated
frequently to mix the contents. The cleavage mixture was then diluted with 0.1%
TFA/water, filtered and the filtrate was purified by HPLC using a C18 column.
The HPLC fractions containing the pure product were lyophilized and stored at

-20°C until further use.

4.2.4 Synthesis of KBP0ol1l-AEEA,-Cys

KBPol was synthesized on 50 mg Rink amide MHBA resin (0.69
mmoles/g) as described earlier using the microwave assisted protocol [4]. To the
peptoid beads was then added 1.5 mL solution each of 0.2 M Fmoc-AEEA in
DMF and 0.2 M HBTU in NMM/DMF (0.4M) and shaken at room temperature
for 60 minutes. The beads were then washed thoroughly with DMF (6 X 3 mL)
and treated with 20% piperidine/DMF for 10 minutes (2 X 3 mL) to deprotect the
Fmoc group. The same procedure was repeated to couple the second spacer. After
deprotecting the Fmoc group with 20% piperidine in DMF (as described earlier),
the beads were thoroughly washed with DMF (6 X 3 mL) and treated with a 1.5

mL solution each of 0.2 M Fmoc-Cys-COOH in DMF and 0.2 M HBTU in
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NMM/DMF (0.4M) and shaken for 60 minutes. The beads were washed
thoroughly with DMF and the Fmoc group was removed with 20% piperidine /
DMF as described earlier. The beads were thoroughly washed with DMF (5 X 3
mL) and DCM (5 X 3 mL) and dried. The product was released from the beads by
treatment with a cleavage cocktail containing 95% TFA, 2.5% triisopropylsilane
and 2.5% water for 2 h. The cleavage mixture was filtered, filtrate concentrated
by blowing nitrogen and lyophilized. The crude lyophilized product was purified
by reverse phase HPLC and the pure fractions were lyophilized and stored at

-20°C until further use.

4.2.5 Synthesis of KBPol-PEG-Nj3;

KBPol was synthesized on 50 mg of Rink amide MHBA resin (0.69
mmoles/g) as described earlier under microwave conditions [4]. The peptoid
beads were then treated with 1.5 mL solution each of 0.2 M solution of the PEG
spacer (which terminates as a carboxylate on one end and as azide on the other
end) and 0.2 M HBTU in NMM/DMF (0.4 M) for 60 minutes at room
temperature. At the end of the coupling step, the beads were thoroughly washed
with DMF (6 X 3mL) and DCM (6 X 3 mL), dried and cleaved using a cleavage
cocktail consisting of 95% TFA, 2.5% triisopropylsilane and 2.5% water for 2 h.
The cleavage mixture was separated from the beads by filtration and the filtrate

was concentrated by blowing nitrogen and lyophilized. The crude lyophilized
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product was purified by reverse phase HPLC and the pure product fractions were

lyophilized and stored at -20°C until further use.

4.2.6 Synthesis of thiolane-2,5-dione
Synthesis of thiolane-2,5-dione was carried out following a previously

reported procedure [6].

4.2.7 Synthesis of Im-Py3-y-Py4-B-Dp, thioester for native ligation

Synthesis of the HP thioester was carried out following a procedure, which
was a slight adaptation of a previously reported protocol [7]. To a solution of 2
mg of polyamide (from 4.2.2) in 100 uL of NMM was added 2.5 uL of 1.0 M
solution of thiolane-2,5-dione and 1 pL of DIEA. The reaction mixture was
incubated for 30-45 minutes with occasional agitation to mix the contents. The
reaction mixture was then diluted with 90 pL of 100 mM sodium acetate buffer
(pH 5.2), cooled to 4°C and 1 pL of benzyl bromide was added with mixing and
allowed to sit for 45 minutes. The reaction mixture was then diluted with 0.1%
TFA/water and purified by reverse phase HPLC. The HPLC fractions containing

the desired product were lyophilized and stored at -20°C until further use.
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4.2.8 Native ligation conditions for attempted conjugation of Im-Py3-y-Py4-8-
Dp with KBPo1-AEEA;-Cys

Native ligation mediated coupling of the peptoid terminating in cysteine
(from 4.2.4) to the polyamide thioester (from 4.2.7) was attempted under
previously reported literature conditions [7]. Thus, 1.8 mg of the peptoid
derivative was dissolved in 20 uL of NMM and added to 1.5 mg of the polyamide
derivative in 180 uL of 100 mM potassium phosphate buffer (pH 7.3) containing
5% thiophenol (10 ul). The reaction mixture was incubated at room temperature

for 2-4 days with occasional agitation to mix the contents.

4.2.9 Click chemistry conditions for attempted conjugation of Im-Py3-y-Py4-
B-PPG to KBP01-PEG-N3

Click chemistry mediated coupling of the peptoid terminating in an azide
(from 4.2.5) with the polyamide derivative (from 4.2.3) was attempted under
previously reported literature conditions [8]. Thus, 1.6 mg of the peptoid
derivative and 1.2 mg of the polyamide derivative were dissolved in 100 pL of
1:1 water and tert-butyl alcohol and 3 pL of freshly prepared 1M sodium
ascorbate and 0.5 mg of copper (II) sulfate pentahydrate were added and tumbled

at room temperature for 24-48 hours.
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4.2.10 Dnase | footprinting

Dnase I footprinting titrations were carried out following the established
protocol with slight modification [9]. A polymerase chain reaction (PCR) was
carried out to get a 290 bp DNA fragment containing six Impy3-y-Py4-binding
sites (5’-TGTTAT-3"), using pGL3-6xHPB plasmid as template, H6TATAO01(5’-
GGC GCG GAA TTC TAG GCT GTC CCC AGT GCA-3’) and H6TATAO02(5’-
GCG CGC GGA TCC AGC GGA TAG AAT GGC GCC-3’) as primers. This
fragment was inserted in the ECOR1/BamH1 sites of plasmid pUC19 (Invitrogen).
The constructed plasmid was named pUC19-H6. 7 ug plasmid pUC19-H6 DNA
was digested by ECOR1 and precipitated in 70 % ethanol. The linear DNA was
dissolved in 10 uL of H,O and to this solution was added 2 uL. of sequenase
reaction buffer (provided by USB Corporation), 1 mL of 0.1 M dithiothreitol, 0.5
uL of [32P]dATP (10 mCi/mL, ~3,000 Ci/mmol, Amersham), 0.5 gL of
[**P]dTTP (10 mCi/mL, ~3,000 Ci/mmol, Amersham), and 2 uL of sequenase
(USB Corporation). The reaction was carried out at room temperature for 25 min.
1 pL of 10 mM dNTP was added and the reaction continued for another 5 min.
The reaction mixture was extracted with 50 uL of phenol/chloroform/isoamyl
alcohol (25:24:1), 50 uL of chloroform, and purified with a G-50 gel filtration
spin column (Princeton Separation). The labeled DNA was digested by BamH1

to get a single-end labeled DNA fragment. The final single-end radio-labeled 272
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bp DNA fragment was purified using 0.8% agarose gel electrophoresis and
QIAGEN QIAquick gel extraction kit.

All binding reactions were executed in a total volume of 200 pL of
solution containing 100 pM labeled DNA, 10 mM Tris (pH 8.0), 5 mM MgCl,, 1
mM CaCl,, 2 mM DTT, 100 mM KCI, and 0-300 nM ImPy7. The reactions were
allowed at room temperature for 16 h. Footprinting reactions were initiated by
adding 1 uL of a Dnasel stock solution (Invitrogen, diluted to the concentration
giving > 50% intact DNA). The reactions lasted 2 min at 37 °C. After each
reaction, the solution was added immediately to a stop solution (648 upL of
ethanol, 2 uL of 3 mg/mL tRNA, and 50 pL of 7.5 ammonium acetate) at —70 °C.
The DNA pellets were washed with 75 % ethanol, dried in air, and resuspended in
7 uL of formamide loading buffer. The DNA loading samples were heated at 88
°C for 10 min and placed on ice before loading. Electrophoresis was carried on
an 8% denaturing polyacrylamide gel (5% cross-linking, 7 M urea) at 2,000 V for
3.0 h. Urea was removed by soaking the gel in a solution containing 5% acetic
acid and 15% methanol for 20 min. Gels were dried and exposed to a storage

phosphor screen (Molecular Dynamics).



224

4.2.11 DNA sequencing

3.2 ug pUC19-H6 plasmid DNA was denatured in 27 gL of denaturing
buffer containing 222 mM NaOH and 2.2 mM EDTA at 37 °C for 30 min. 3 xL
of 3.0 M sodium acetate (pH 5.0) was added to neutralize the buffer, and the
single strand DNA was precipitated in 70 % ethanol. The DNA pellet was
resuspended in 7 pL of water and 2 uL of sequenase buffer (USB Corporation),
and 1 uL of 5 uM sequencing primer H6TATAOIseq (5’-AA TTC TAG GCT
GTC CCC AGT-3’) was added. The mixture was heated at 75 °C for 2 min,
cooled slowly to room temperature, and placed on ice for 10 minutes before
sequencing reactions. Sequencing reactions were carried out following the

protocol provided by USB.

4.3 Results

4.3.1 Synthesis and characterization of Im-Py3-y-Py4-B-Dp.

The hairpin polyamide Py3-y-Py4-B-Dp, (Figure 4.1) was chosen as the
target for synthetic and DNA binding studies. It has been previously designed by
Dervan and co-workers to recognize a 6 base pair sequence of 5’-TGTTAT-3". It
has also been used previously as the DNA-binding domain of artificial

transcription activators in cell free systems [10]. Thus, it was thought to serve as
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an excellent starting point towards development of an artificial transcription
activator containing a peptoid as the artificial activation domain. Py3-y-Py4-f3
was synthesized on solid phase following the published procedure with minor
variations (as detailed in the experimental section) [5]. As described earlier, the
polyamide synthesis involves standard Boc-chemistry, which was developed
initially for the synthesis of peptides. The activation of the carboxylate groups of
the monomers such as imidazole-2-carboxylic acid and y-aminobutyric acid can
be readily achieved in situ using HBTU. However, the efficiency of activation of
Boc-Py-COOH is poor and in situ activation generally affords poor results.
Therefore, an activated version of Boc-Py-COOH (Boc-Py-OBt ester) was
prepared and used as a monomer in the polyamide synthesis to improve the
overall efficiency of the synthesis. At the end of the synthesis, the polyamide was
cleaved from the resin with 3,3’-diamino-N-methyldipropyl amine to leave a
primary amine at the c-terminus of the sequence. The cleaved product was
purified by HPLC. Figure 4.2 shows HPLC trace and MALDI-TOF mass

spectrum of the polyamide.
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Figure 4.1: Im-Py3-y-Py4-B-Dp..

Chemical structure of the HP designed to recognize a 6 base pair sequence of 5’-

TGTTAT-3".
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Figure 4.2: Characterization of Im-Py3-y-Py4-B-Dp..
HPLC (top panel) and MALDI-TOF mass spectrum (bottom panel) of Im-Py3-y-

Py4-B-Dp;.
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4.3.2 DNA binding studies of Im-Py3-y-Py4-B-Dp;

With a high quality polyamide in hand, efforts were focused on studying
the DNA binding properties of Im-Py3-y-Py4-B-Dp, by DNase I footprinting. A
276 bp DNA fragment containing six Im-Py3-y-Py4-B-Dp (5’-TGTTAT-3’) and a
minimal E1b promoter was singly 3’ end-labeled with **P. About 100 pM of
radio-labeled DNA was incubated with different concentrations of Im-Py3-y-Py4-
B-Dp for 16 hours followed by brief treatment with Dnase I. Figure 4.3 shows the
experimental results. The binding of Im-Py3-y-Py4-B-Dp, to the target sites was
clearly seen. Complete binding was observed at 50 nM Im-Py3-y-Py4-B-Dp,,
while no visible binding occurred at 5 nM concentration. This places the
equilibrium dissociation constant (Kp) somewhere in this range and shows that

Im-Py3-y-Py4-B-Dp, binds to its target DNA site in vitro with high affinity.



229

road & _——

1 2468 7A @wnTi2

5
Lyl 1)

=
o =
—

L]

B S

=
= i
ZE
= &
£Z
ZE
==
&
of -
e
A
o
—
o b=
i

L L]
i
N7

o i

ELTE R FREY i3  REARTH R

(i

| ]
E
"
3

L]
LT THY TR I R

LRU R PR O BRI BRE R RN HE

T30 s Il:l.'lﬂ.T.l..J._
-L____I

'.I‘I'-.ll '
i+

e

i

H 1

U IRT RN &

UL |

:

(]
T N ]

Figure 4.3: DNA binding studies of Im-Py3-y-Py4-B-Dp..

Storage phosphor autoradiogram of a Dnase I footprinting titration of Im-Py3-y-
Py4-B-Dp, on the 3’-**P-labeled 276 bp DNA fragment containing the promoter
region of the reporter plasmid pGL3-6xHPB. Lane 1-4: sequencing lane T, C, A,
G. Lane 5: undigested DNA. Lane 6-12: Dnase I digestion products in the
presence of Im-Py3-y-Py4-B-Dp at concentrations of 0 nM, 1 nM, 5 nM, 50 nM,

100 nM, 200 nM, and 300 nM. (Figure courtesy of Dr. Bo Liu)
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4.3.3 Synthetic studies towards developing a general procedure for preparing

peptoid-polyamide conjugates

4.3.3.1 Native ligation

With a protocol for the synthesis and characterization of polyamides in
place, the next step was to develop conditions for preparation of polyamide-
peptoid conjugates to assess their transcriptional activation potential. Dervan and
co-workers have described a native ligation-based procedure for coupling
peptides to polyamides [7]. The same scheme, in principle, should be applicable
for conjugating peptoids to polyamides. As shown in scheme 4.3, it consists of
preparation of a polyamide-thioester derivative by reacting the free terminal
amino group of the polyamide with thiolane-2,5-dione to result in the formation
of a thioacid derivative of the polyamide. The thioacid is then treated with benzyl
bromide to form of a thioester following displacement of the bromide by the
thiolate. Incubation of the polyamide thioester with a peptoid terminating in
cysteine under native ligation conditions should result in the desired polyamide-

peptoid conjugate.
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To test the applicability of this route for preparing peptoid-polyamide
conjugates, the derivatives of peptoid and polyamide shown in figure 4.4 and 4.5
were synthesized. The Dervan protocol for synthesis of HP thioesters was found
to work quite well. Figure 4.4 shows the MALDI-TOF mass spectrum of the final
product isolated from this synthetic route, which positively identified it as the
desired HP thioester derivative. However, it was observed that presence of even
trace amounts of (N,N-dimethylamino)propylamine, (which is used to release the
polyamide from the beads), in the polyamide sample could significantly
compromise the efficiency and yields of the thioester formation reaction.
Ensuring complete removal of the free amine can be tricky as it is “invisible” in
the HPLC traces. Using a shallow elution gradient during HPLC purification of
the final product has been found to be effective in completely separating the

amine from the product.
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Figure 4.4: HP thioester.

The chemical structure and MALDI-TOF mass spectrum of thioester conjugate of

HP.
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The synthesis of KBPol conjugate with a terminal cysteine was readily
synthesized using standard Fmoc chemistry. Thus, KBPol was first synthesized
on Rink amide MHBA resin using a microwave-assisted protocol [4]. Two copies
of the AEEA spacer and a terminal cysteine residue were then coupled to the
peptoid on an automated peptide synthesizer under standard peptide coupling
conditions. The final product was then released from the beads with concomitant
removal of side chain protection groups by treating the beads with 95% TFA/
2.5% triisopropylsilane/ 2.5% water for two hours. The crude product obtained
was purified by HPLC and analyzed by MALDI-TOF mass spectrometer. As
shown in Figure 4.5, the desired product was obtained in excellent purity.

In spite of the success in preparing the corresponding peptoid and
polyamide derivatives for native ligation chemistry, several efforts at the
synthesis of the peptoid-polyamide conjugate ended unsuccessfully. This was
unexpected as the same HP thioester was used to successfully couple to a PNA
with a terminal cysteine. Therefore, a different strategy for preparing the peptoid-

polyamide conjugate was pursued.
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Figure 4.5: KBPol-AEEA2-Cys.

The chemical structure (top panel) and MALDI-TOF mass spectrum (bottom

panel) of the KBPol containing a terminal cysteine prepared for native ligation

chemistry.
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4.3.3.2 Click chemistry

Since introduced by Barry Sharpless, click chemistry has been widely
used for forming cyclization via triazole formation of compounds containing an
azide and an alkyne [11]. The reaction has been known to be extremely tolerant to
the presence of other functional groups in the reacting molecules. Therefore, it
was speculated that it could be a valuable tool for preparing peptoid-polyamide
conjugates. However, this necessitated the preparation of suitable peptoid and

polyamide derivatives.
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Scheme 4.4: Click chemistry.

Proposed scheme for synthesis of HP-peptoid conjugates by click chemistry.
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The synthesis of a peptoid with a terminal azide was readily accomplished
by forming an amide bond between the terminal amino group of the peptoid and
the carboxylate group of a commercially available poly(ethyleneglycol) (PEG)
linker, which terminated in an azide. HPLC and MALDI-TOF mass spectrometry
analysis indicated that the desired product was obtained in high purity (Figure
4.6).

To obtain a suitable conjugate of the polyamide for subjecting it to click
chemistry, a new synthetic scheme was envisioned in which propargyl amine is
used to release the polyamide from the beads at the end of the synthesis. This
should conveniently install the propargyl group in the polyamide, making it ready
for click chemistry. The aminolysis reaction to release the polyamide from the
beads is typically carried out at 80°C for 3 — 12 hours. However, the volatility of
propargyl amine prevented the use of such temperatures for an extended time.
Furthermore, the relatively low nucleophilicity of propargyl amine further
decreased the efficiency of the aminolysis reaction. After considerable
experimentation, it was found that carrying out the reaction at 60°C for 24 hours
affords efficient release of the polyamide from the beads with the concomitant
installation of the propargyl group. The HPLC and MALDI-TOF mass spectrum
of the polyamide conjugate indicated that the product obtained was indeed the

desired one (Figure 4.7).
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The polyamide and peptoid derivatives were then dissolved in 1:1 water /
tert-butyl alcohol and mixed together in the presence of sodium ascorbate and
copper (II) sulfate to facilitate their conjugation via the formation of a triazole.
Unfortunately, repeated attempts have failed to isolate the desired peptoid-
polyamide conjugate. Some recovery of the starting material was observed and
the identity of the remaining side products could not be determined. It was
speculated that the highly hydrophobic nature of KBPol may have caused

aggregation or some other undesirable effect that impeded the chemistry.
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Chemical structure (top panel) and MALDI-TOF mass spectrum (bottom panel)

of KBPol terminating in an azide.
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Chemical structure (top panel) and MALDI-TOF mass spectrum (bottom panel)

of HP conjugate with a terminal propargyl group.
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4.4 Discussion

An attractive strategy for development of artificial transcription activators
consists of joining together two synthetic molecules with activation domain-like
and site specific DNA binding properties [12]. The previous chapter described a
peptoid selected from a combinatorial library as a ligand for the KIX domain that
activated transcription in living mammalian cells as a steroid conjugate [4].
Conjugation of this molecule to a site specific DNA-binding HP may result in an
artificial transcription activator. Therefore, a previously well characterized HP,
Im-Py3-y-Py4-B-Dp, was synthesized and rigorously characterized by HPLC and
MALDI-TOF mass spectrometry. DNA binding studies using DNase footprinting
analysis revealed that the HP bound to its target DNA site, 5’-TGTTAT-3’, with
an apparent affinity of between 5 and 50 nM. The next step was to develop
conditions for preparation of HP-peptoid conjugates. Initial efforts towards this
goal were focused on taking advantage of native ligation chemistry to prepare the
conjugates [7]. Thus, a thioester derivative of HP and a peptoid derivative
terminating in cysteine were synthesized and characterized. However, the
conjugation reaction of these derivatives was not successful. Therefore, a second
strategy involving click chemistry was explored [8]. Thus, a peptoid derivative
terminating in an azide was conveniently prepared by a coupling a PEG linker
with a terminal azide group to the peptoid via amide bond formation. A propargyl

derivative of the HP was prepared by cleaving the HP at the end of the synthesis



243

with neat propargyl amine. Both the conjugates were rigorously characterized by
HPLC and MALDI-TOF mass spectrometry. However, efforts to obtain the HP-
peptoid conjugate were, again, unsuccessful.

One interesting observation regarding native ligation was that the HP
thioster was found to successfully and efficiently couple to a PNA molecule
terminating in a cysteine. This result suggested that the problem with the coupling
may be associated with the peptoid. In fact, KBPol is an extremely hydrophobic
molecule. While it appeared soluble under the reaction conditions employed, the
possibility that it may be aggregating cannot be ruled out, especially since the
reactions were carried out in aqueous buffers. Moreover, KBPol was found to be
transcriptionally inactive in the cell based assay described in the previous chapter,
although it appeared to be cell permeable. Moreover, fluorescence polarization
studies suggested that this molecule is highly promiscuous in interactions with
proteins. Thus, it does not appear to be a good candidate for development of
artificial transcription activators. Unfortunately, the synthetic studies reported
here were conducted without the hindsight regarding the binding specificity or the
transcriptional activity of this molecule. Given that native ligation has been found
to be successful with other molecules, it is highly likely that the unusually high
hydrophobicity of this molecule is responsible for the difficulties associated with

the chemistry. If such were the case, preparation of HP-KBPo02 conjugates should
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be facile given that KBPo2 is a relatively polar molecule. Future studies are

necessary to address this issue.
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CHAPTER 5: PERSPECTIVE

5.1 Perspective and future directions

Synthetic, cell permeable molecules capable of controlling gene
expression in a specific and predictable manner could have profound impact on
biology and medicine. The modular nature of native transcription factors suggests
that it may be possible to develop artificial transcription activators by linking
together synthetic molecules with DBD- and AD-like properties. This idea has
been validated in various formats in cell free systems[1-4]. In spite of impressive
advances in the design and or isolation of AD- and DBD-mimetic synthetic
molecules, a stable, cell permeable artificial transcription activator that can
function in living cells has remained elusive. The difficulties in achieving this
goal are two fold.

(1) Although several peptide-based activation domain-mimetic
molecules have been designed/developed and validated inside
cells, finding a cell permeable and enzymatically stable
molecule with such activity has been difficult.

(2) While it has been possible to design synthetic molecules that
recognize double stranded DNA in vitro in a sequence specific
manner, much needs to be learned regarding the design of such

molecules for manipulating gene function inside cells.
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In this regard, it is quite encouraging that a peptoid isolated in this study
as a ligand for the KIX domain of CBP has been shown to activate the
transcription of a reporter gene in living cells in the context of a steroid
conjugate[5]. However, it is obviously critical to re-validate the peptoid as a
bonafide activation domain in an assay format that does not show any background
transcription levels in the presence of unmodified dexamethasone alone. Several
potential strategies for accomplishing this goal have been presented in chapter 3.

Once this goal is accomplished, the next step towards the construction of a
synthetic transcription activator would be to design, synthesize and validate the
activity of a suitable synthetic DNA-binding domain against a pre-determined
DNA sequence. While this has been accomplished in vitro (as described in
chapter 4), it is desirable to have a general assay that rapidly assesses the
functional capability of the designed synthetic DNA-binding molecules in a
complex intracellular environment. Once such a general assay is available, one
could envision designing numerous synthetic DNA-binding molecules to target
several sites within a gene and selecting only those molecules that show
acceptable activity and specificity under physiologically relevant and challenging
conditions. In fact, such an assay for testing the intracellular activity of synthetic
DNA-binding molecules has been developed and reported recently[6]. It is
essentially an adaptation of the cell permeability and transcription activation assay

described in the previous chapter. Thus, the synthetic DNA-binding molecule
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(such as a hairpin polyamide) is conjugated to modified dexamethasone and
added to cells that have been transfected with a reporter gene containing HP-
binding sites and a construct encoding the fusion protein GR LBD-VP16 AD.
Efficient binding of the polyamide to its binding sites on the reporter gene results
in the recruitment of the GR LBD-VP16 AD to the promoter by virtue of the high
affinity interaction between dexamethasone and GR LBD. This, in turn, results in
induction of the reporter gene activity. Thus, this assay could be used to
quantitatively compare the performance of a series of polyamides under highly
physiologically relevant conditions. The molecule with the best activity could
then be selected for further development as an artificial transcription activator by
coupling to a suitable artificial activation domain. Furthermore, the assay also
provides valuable information regarding relative cell permeability of various
synthetic DBDs under question, which is obviously a critical determinant.

Thus, the strategies described here could be potentially adapted to
conveniently characterize the activities of both synthetic AD- and DBD- mimetic
molecules under highly relevant physiological conditions. Chemical conjugation
of such characterized AD- and DBD- mimetic synthetic molecules via an
appropriate linker, in principle, should result in a functional artificial transcription
activator that is stable in the intracellular environment. In this regard, several
considerations that are critical for the success of this approach are worth

mentioning. For instance, it is essential to determine the specificity of the artificial
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activator-mediated effects on target gene expression. This can be addressed by
employing a series of control molecules involving mismatch synthetic DBD for
one or more base pairs of the target DNA sequence and a control AD that has not
been selected to bind to a co-activator or relevant transcription factor.
Furthermore, high concentrations of the synthetic DBD alone and AD alone
should antagonize the activation caused by the artificial activator. Finally, DNA
microarray analysis can be performed to indirectly measure the specificity of the
artificial activator by studying the effects of the molecule on global gene
expression patterns. In spite of such experiments, any observed effects on target
gene expression can only be inferred to be directly caused by the synthetic
transcription factor. This is especially true given that no direct methods are
currently available for ascertaining the DNA-binding specificity of synthetic
transcription factors in native, intracellular environment in the context of the
whole genome. Furthermore, the impact of the chromatin structure on the DNA-
binding properties of the synthetic DBD molecules is also poorly understood.

One possible strategy to get around this problem could be to adapt the so-
called “ChlIP to chip” assays for determining the DNA-binding specificity of the
synthetic transcription factors on a genome wide scale[7]. Such an approach has
successfully been employed as a powerful tool for analyzing native transcription
factor-chromatin interactions. Thus, one could envision a similar approach for

synthetic transcription factors where they are cross-linked to DNA in the native
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environment, DNA sheared following cell lysis, and the synthetic transcription
factor-DNA complexes selectively isolated from the cell lysate. The last step can
be conveniently carried out by appending a biotin (or a similar probe) to the
synthetic transcription factor during synthesis and employing the high affinity
interaction between biotin and streptavidin for the purification of the DNA-
synthetic transcription factor complex. Finally, the DNA can be eluted, labeled
with a fluorescent probe in a ligation mediated polymerase chain reaction (LM-
PCR) and analyzed by hybridization to a microarray. Such an approach will allow
one to directly compare extent of specific DNA-synthetic transcription factor
binding in the background of non-specific binding on a genome scale in the native
environment.

Another important consideration is determination of the level of gene
activation needed to elicit a given pharmacological effect. This will vary
considerably depending on the gene target. For instance, if the target is an
enzyme, one might notice a pharmacological effect even with relatively small
change in levels of gene expression (provided that the activity of the protein is not
regulated post-translationally). On the other hand, if the target gene encodes a
protein (such as a structural protein) that does not have a high turn over (in terms
of activity), higher levels of gene activation may be necessary to observe a
significant pharmacological effect. In any case, it is likely that one will have to

determine this empirically in a case by case manner. If the role of a gene in a
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pathological state is already established, the level of gene activation necessary for
a pharmacological effect can be inferred by comparing the expression levels of
the gene in healthy and pathological states. This can be done using northern
blotting analysis and the synthetic transcription factor can then be used to attempt
to restore the expression levels of the target gene to normal levels.

Another issue that remains to be determined is the number of activator
molecules that needs to be delivered in order to elicit the desired pharmacological
effect. This would be difficult to estimate off hand, especially without any
knowledge regarding the levels of activation achievable with one molecule of the
activator. Nevertheless, it is possible that the level of activation achieved with a
single molecule of a first generation synthetic transcription factor would be
insufficient to elicit a meaningful pharmacological response. Therefore, it is
desirable to develop ways to enhance the activation levels achieved with a first
generation artificial transcription activator. Previous reports on transcription
activators indicate that conjugating multiple copies of activation domains to a
DBD dramatically improves the potency of transcription activators[8]. It is
possible that such an approach might be useful in improving the potency of
artificial transcription activators as well. However, the associated increase in
molecular weight may compromise the cell permeability properties of the
molecule limiting its practical utility. In an alternative strategy, one could

envision designing several synthetic DBDs (such as hairpin polyamides) along the
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promoter in close proximity so that a high local concentration of artificial
transcription activator can be achieved without compromising cell permeability.
This may, in turn, result in an increase in the efficiency of transcription machinery
recruitment and induction levels of the target gene. One added advantage of a
polyamide-based synthetic DBDs in this regard is that they bind to the minor
grove of the DNA and hence unlikely to disrupt the binding of native transcription
factors that may be necessary for activating gene transcription. This is because
majority of native transcription factors bind to the major grove of the DNA.
Similarly, one could also envision isolating ligands against more than one
component of the transcription machinery and targeting them to the promoter of
the target gene (via synthetic DBDs). Artificial activator-mediated recruitment of
multiple components of the transcription machinery to the promoter should result
in a more efficient and potent induction of the target gene. For instance, protein
complexes that modify chromatin structure have been shown to play a key role in
controlling gene expression. Therefore, synthetic molecules capable of recruiting
such complexes to the promoter could synergistically enhance the potency of gene
induction. In fact, small molecule inhibitors of histone deacetylases have already
been reported in the literature. When conjugated to a synthetic DBD, such
molecules could potentially play a significant role in increasing the expression
levels of target genes to pharmacologically meaningful levels. Alternatively, one

could also potentially set up unbiased cell- based assays to isolate synthetic
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molecules that enhance the potency of first generation artificial transcription
activators via potentially novel mechanisms.

Finally, target selection can play a huge role in determining the success of
this technology. For instance, the local chromatin structure of target gene
determines the accessibility of the promoter region to the transcription factors and
hence could determine the effectiveness of the synthetic transcription factor in
activating the gene. Therefore, it may be necessary to perform DNase I
hypersensitivity assays to assess the accessibility of the target site on the
promoter. Furthermore, it is perhaps a good idea to initially validate the utility of
synthetic transcription activators against genes that have previously been
activated by alternative methods such as those using zinc finger based-
transcription activators. For instance, in a recent report Barbas III and co-workers
employed such an approach to up-regulate the expression of endogenous Y-
globulin gene in an erythroleukemia cell line (K562)[10]. Having found no DNase
I hypersensitive sites they targeted sequences next to known cis-regulatory sites
of the target gene promoter. They reasoned that sites on the promoter which are in
close proximity to transcription factor binding sites are more likely to be situated
in accessible regions of the chromatin. Given that the y-globulin gene promoter
has been well studied and even targeted for activation by zinc finger-based
artificial activators, it serves as an excellent starting point for the design of

synthetic transcription factors.
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In addition to y-globulin, the zinc finger-based activators have been used
to up-regulate the expression of other genes as well. These genes should also
serve as excellent targets for activation with synthetic transcription activators. For
instance, Wolffe and coworkers designed such protein-based activators against
Vascular Endothelial Growth Factor A (VEGF-A)[11]. VEGF-A is a potent
angiogenic factor important in new blood vessel growth. In addition to other
signals, hypoxia is a powerful inducer of VEGF-A expression. The authors first
determined the accessible sites on VEGF-A promoter by performing DNase I
hypersensitivity assays. A series of zinc finger-based transcription activators were
then designed against both accessible and inaccessible DNA elements on the
promoter. The authors went on determine the ability of the activators to activate
VEGF-A transcription on a naked DNA template as well as on an endogenous
chromosomal location. Not surprisingly, the efficiency of transcription was higher
from accessible sites of the promoter compared to inaccessible sites. Furthermore,
the pattern of activation from naked promoter and endogenous locus was quite
distinct. This underscores the importance of taking chromatin structure into
consideration while designing artificial transcription activators. In another
example, Case and coworkers employed a similar approach to activate the
expression of human erythropoietin gene[12]. Erythropoietin is a potent inducer
of mammalian erythrocyte production and is used clinically in patients whose

renal function has been compromised. The lessons learnt from these experiments,
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especially in the selection of target sites on the promoter of the gene of interest,
could be quite valuable in the design of synthetic transcription factors.
Furthermore, targeting the same genes allows direct comparisons between these
two techniques and increases credibility if similar results are observed in both
cases. Thus, y-globulin, VEGF-A and erythropoietin serve as excellent model
systems for assessing the potential and generality of synthetic transcription factors
in activating gene expression. Once the initial ground rules for the design of
synthetic transcription factors are established using these well studied genes, the
technology could than be applied to activate the transcription of more challenging
genes that have not been previously targeted. In the following discussion, a list of
genes that may serve as highly attractive targets for activation by synthetic
transcription factors for potential therapeutic purposes is provided.

Certain pathological conditions such as heart failure are caused by
abnormalities in complex signaling pathways making the precise understanding of
molecular basis of such disorders challenging. Regardless of the identity of the
culprits in such phenomena, certain master regulators that control the progression
of the disease have been identified. For instance, overexpression of a class of
proteins referred to as MCIPs (modulatory calcineurin-interacting proteins) has
been shown to prevent cardiac hypertrophy[13]. Therefore, an artificial
transcriptional activator-mediated overexpression of MCIPs may serve as an

attractive strategy for the treatment of cardiac hypertrophy.
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Mutations in some transcription factors have been shown to be associated
with certain types of cancers. For example, majority of human cancers have been
found to carry mutations in p53, particularly in the DNA-binding domain of the
protein[14]. This results in the expression of a protein that is defective in DNA
binding and transcriptional activation. Thus, synthetic transcription factors which
can selectively control the expression of p53-responsive genes could be of utility
in the treatment of various cancers.

Staf50 (Stimulated Tran-Activating Factor of 50 kDa) is an interferon-
inducible factor that belong to the TRIM (tripartite motif) family of proteins,
several members of which have been implicated for their role in anti-viral
defense[15]. Interestingly, Staf50 has been shown to inhibit long terminal repeat
(LTR)-mediated human immunodeficiency virus 1 (HIV-1) transcription. While
quiescent T cells constitutively express high levels of Staf50, its levels have been
shown to be highly repressed in activated T cells[16]. It has been speculated that
repression of Staf50 allows HIV-1 to establish a productive infection in activated
T cells. Therefore, sustained expression of staf50 may serve as an attractive
strategy for inhibition of HIV-1 transcription and replication. Artificial
transcription activators capable of up-regulating Staf5S0 may serve as attractive
means for controlling HIV-1 replication.

TTD-A, a form of trichothiodystrophy characterized by defective

nucleotide excision repair (NER), has been shown to be caused by deficiency in
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the protein levels of TFIIH[17]. Thus, microinjection of purified TFIIH has been
found to restore DNA repair function in HeLa cells following UV irradiation.
Remarkably, the decreased levels of TFIIH have been found to have no bearing
on transcription. While several factors could contribute towards deceased levels
of TFIIH (impaired transcription, decreased mRNA or protein half life etc.), it
may be possible to restore deficient protein levels to normal levels by delivering
artificial transcription activators that selectively up-regulate the transcription of
TFIIH polypeptides.

Leptin has in recent times received widespread attention for its potent
effects on depleting adipocyte fat in animal studies[18]. Therefore, it was
suggested as a possible therapeutic agent in the treatment of obesity. In spite of
early promise, recent studies have indicated that high levels of leptin are
ineffective in treating diet-induced obesity in animal models. That could be due,
at least in part, to the observation that hyperleptinemia was associated with
decreased or even undetectable levels of leptin receptor (lepr-b)[18]. Therefore,
synthetic transcription factors that can upregulate the expression of the leptin
receptor may serve as attractive therapeutic agents in the treatment of obesity and
related disorders such as diabetes.

The above examples illustrate the potential of synthetic transcription
factors as possible therapeutic agents for a wide variety of pathological

conditions. While it should be possible to readily assess the effectiveness of these
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molecules by measuring the extent of induction of target gene expression (by
northern blot analysis), it is critical to determine if the observed increase in the
expression of the target gene is significant enough to result in a therapeutic effect.
Furthermore, there should be a reasonable therapeutic window such that doses of
the molecule that are required to elicit the desirable pharmacological effect should
not result in significant toxic or other undesirable effects. Therefore, it is desirable
to have suitable animal models to assess the efficacy and safety of the molecules
for the therapeutic benefit in question. As mentioned earlier, the importance of
control molecules (for example, containing mismatch DBD) for assessing the
specificity of the response cannot be overemphasized. The following discussion
presents a few examples of animal models that could be valuable in assessing the
effectiveness of artificial transcription factors designed to target some of the
genes described earlier. For instance, synthetic molecules that can upregulate the
expression of MCIP has been proposed as potential therapeutic agents for the
treatment of cardiac hypertrophy. The effectiveness of such molecules could be
tested in transgenic mice engineered to overexpress calcineurin[13]. Such mice
have not only been shown to have hypertrophied hearts but are rescued by
overexpressing MCIP transgene. Similarly, the effectiveness of an artificial
activator designed to stimulate the expression of erythropoietin can be assessed in
animal models by measuring any increase in red blood cell count in the peripheral

blood. The effectiveness of synthetic activators of Staf50 gene expression could
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similarly be readily assessed in tissue culture as well as well established Simian
Immunodeficiency Virus (SIV) monkey models.

Finally, the use of synthetic transcription factors can perhaps be extended
towards the treatment of certain genetic disorders that are otherwise untreatable.
For example, some disorders such as ol-antitrypsin (AAT) deficiency are
inherited in an autosomal dominant fashion[19]. This results from a mutation in
one of the alleles of the AAT gene, which results in the expression of a defective
protein that functions in a dominant negative fashion resulting in severe
deficiency in the plasma levels of the normal protein[19]. The deficiency of AAT,
which normally inhibits tissue proteases such as elastase, results in destruction of
connective tissue of the lungs (due to overactive proteases) leading to
emphysema. In normal individuals, AAT, after being synthesized in the liver,
enters the ER and undergoes a series of post-translational modifications and
achieves the correct tertiary structure in a chaperone-mediated process. It then
enters the Golgi and is secreted as a 55 kDa glycoprotein. The abnormal protein,
on the other hand, forms aggregates and is retained in the endoplasmic reticulum
in the liver leading to liver damage and inflammation. Currently, there is no
effective treatment of AAT deficiency and in severe cases can only be corrected
by a liver and lung transplant. The difficulty in treating such a complex and multi-
organ disorder stems from the fact any approach that increases the expression of

the wild type gene will also increase the expression of the mutated gene negating
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any beneficial effects. However, it would be interesting to look for single
nucleotide polymorphisms (SNPs) upstream of the coding part of the gene that
coevolve with the disease-causing mutation. If such polymorphisms exist, it may
be possible to design synthetic transcription factors that preferentially upregulate
the expression of the wild-type gene without significantly altering the expression
of the mutated gene. Thus, the SNPs on the mutated gene could make it a
“mismatch” for the synthetic DBD allowing the artificial transcription factor to
preferentially upregulate only the expression of the ‘good copy” of the gene. If
such an approach turns out to be feasible and general, it may serve as a novel
approach for the treatment of several other autosomal dominantly inherited
diseases such as breast cancer (due to mutations in BRCA1 and 2 genes)[20].

In summary, the recent progress in the design/isolation of synthetic
molecules with DBD- and AD-like functions suggests that construction of
artificial transcription activators capable of controlling target gene expression
may be a realistic possibility in the near future. While several hurdles remain in
reaching this lofty goal, the tremendous potential of such molecules in the
treatment of various human diseases makes such an endeavor exciting and

worthwhile.
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