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Abstract

Glioblastoma (GBM) is the most common and malignant brain tumor, with a life
expectancy after prognosis of only 15 months. Current therapies for this malignant disease
are largely invasive and ineffective. Telomerase is an enzyme that is responsible for
maintaining the length of telomeres on DNA, which allows for the ongoing replication of
cells. While there are a number of potential targets for therapeutics for GBM, targeting
TERT (catalytic subunit of telomerase) seems very promising since mutations in the
promoter of TERT increase its expression and are observed in 83% of primary GBMs.
Targeting TERT in GBM cells would alter telomerase activity, denying the cancer cells
replicative immortality. The promoter mutation in TERT in GBMs results in the loss of
binding to the ETS (E26 transformation-specific) family transcription factor, ELF1/2, with
replacement by the ETS family transcription factor, GA-binding protein (GABP) which
results in increased TERT expression. GABP is a heterodimeric transcription factor
consisting of a GABPa DNA binding subunit and a GABPJ transactivation subunit. Since
GABPa and GABP must bind to each other to increase TERT level, this project aimed to
develop a protein-protein interaction inhibitor of GABPa and GABPp as a therapy for
GBM. In this study, the behavior of GABPa and GABPf was explored with and without
the addition of small molecules. First, a FRET assay was developed to monitor the binding
by fusing the GFP derivatives, Cerulean and Venus, to the relevant portions of GABPa and
GABPp. With this assay a binding constant as well as ICsp values were generated for the

proteins and compounds. To confirm which proteins the compounds were binding, a



iii
mutated form of GABPp (absence of cysteines) was expressed and purified. Lastly,
GABPS, upon the addition of several compounds, was analyzed through *N-'H HSQC
NMR experiments.

The work in this study has identified several compounds with 1Cso values of less
than 1 mM. These compounds represent the building blocks of a potent inhibitor against
GABPa and GABP. In this study, it was also shown that the cysteine reactive compounds
are not binding to the cysteine located on GABP. Lastly, this study shows that based on
the ©®N-'H HSQCs of compounds when bound to GABP, the spectrum becomes more
resolved, insinuating that these compounds stabilize GABPJ upon binding, or that GABP

undergoes a conformational change upon binding to compounds.
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Chapter 1: Introduction

1.1 Significance

Malignant gliomas are the most common fatal cancers that originate in glial cells in
the central nervous system. Out of all gliomas, glioblastoma multiforme (GBM) is the most
common and malignant brain tumor, with a life expectancy after prognosis of only 15
months. This aggressive cancer affects nearly 200,000 patients each year, with a five-year
survival rate of only 10%.! Therapies for this malignant disease including surgery,
radiation, and chemotherapy, may slow the progression of the cancer and reduce signs and
symptoms. However, these therapies are largely invasive and ineffective. Typically, these
methods offer a median survival time of only 15 months.? There needs to be a drive for
novel therapies for the treatment of GBM.

GBM occurs due to the deregulation of factors that control tumor cell growth and
survival. Replicative senescence is dependent on a limited number of cell divisions. Human
telomeres are repeat sequences of TAGGG/CCCTAA on the ends of chromosomes.
Telomerase is an enzyme that is responsible for maintaining the length of telomeres on
these chromosomes, which allows for the ongoing replication of cells. In the majority of
healthy somatic cells, telomerase is silenced which leads to typical replicative senescence
due to the telomeres shortening after multiple rounds of cell division.® While there are a
number of potential targets for therapeutics for GBM, targeting telomerase reverse
transcriptase (TERT) seems very promising. In a study where 78 GBM tumors were

examined, 83% were found to have mutations in the promoter of TERT (C228T and
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C250T) which increased its expression (Figure 1).* Targeting TERT in GBM cells would
alter the telomerase activity, denying the cancer cells replicative immortality. Since TERT

Is the catalytic subunit of telomerase, there is promise in targeting it to alter activity.
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Figure 1: Distribution of TERT mutations (red) and other genetic alterations in 51 GBMs. Each
column represents one GBM.*

In recent studies, it has certainly become clear that many different types of tumors
(particularly GBMs) rely on TERT activation to enable unlimited proliferation. Activation
of TERT is the rate-limiting step when producing activated telomerase. In a recent study,
mutations in the promoter region of TERT were found to be the most common mutation in
over 50 cancer types.® Research today is shining more light on how TERT becomes
activated, likely due to the recruitment of transcription factors that do not normally regulate
gene expression.

Specifically in GBMs, the promoter mutation in TERT results in the loss of binding to
the ETS (E26 transformation-specific) family transcription factor, ELF1 or ELF2, with
replacement by the ETS family transcription factor, GA-binding protein (GABP) which
results in increased TERT expression (Figure 2).6 More specifically in this study, they
conducted a proteome-wide approach to identify the dynamic relationship when GABP and

ELF1 are in vitro with the TERT promoter region. It was found in this study that when
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GABP took on a heterotetrameric form, it became a transcriptionally active form out-
competing ELF1 to bind to the promoter region of TERT. In recent years, it has become
clear that targeting specific transcription factors with small molecules proves advantageous
in many cancers and other diseases. Targeting protein-DNA and protein-protein
interactions with small-molecule inhibitors is becoming more common with research

today.

ELF1/2
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Figure 2: Schematic diagram that shows when there is a mutation in the promoter region of
TERT, there is a change from ELF % to GABP leading to increased TERT expression.®

The focus of this thesis is to produce a protein-protein interaction inhibitor effective
with the GABP complex, offering a novel therapy for GBM. This study utilizes 2D NMR
studies as well as fluorescence resonance energy transfer (FRET) assays to characterize the

binding of small molecules to the GABP subunits. Since FRET relies on the energy transfer
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between donor and acceptor fluorophores to be within 10 nanometers from each other, this
assay could be utilized to monitor the binding between GABPa and GABPJ. Because
GABPa and GABPp have been fused with their respective fluorophores, when Cerulean is
attached to GABPa, and Venus is attached to GABP, the energy transfer between the two
fluorophores corresponds to the binding of GABPa and GABPB. By measuring the
emission of Cerulean and the emission of Venus, a FRET ratio is produced which is
characteristic of the binding between GABPa and GABPf. To monitor where specific
cysteine-reactive compounds were binding, a cysteine-free GABPB was produced and also
tested with this FRET assay. To rule out false positives from the FRET assay, chemical
shift perturbations in an *®N-H heteronuclear single quantum coherence nuclear magnetic
resonance (HSQC NMR) spectra can be monitored. This is a well-validated approach to
confirm binding to a target when taking NMR of proteins upon the addition of compounds.
Since the protein is isotopically labeled with °N, the amide NH resonances are visualized,
ideally producing a spectrum that has a well-dispersed peak for each amino acid in the

protein.

1.2 Telomeres

Telomeres are relatively short DNA sequences that reside on the ends of chromosomal
DNA. These DNA sequences are quite simple with repeat units of AGGGTT around the
size of a few thousand base-pairs.”® Telomeres serve several functions to the chromosomal
DNA. While their main purpose is to serve as a buffer during DNA replication, they also

serve to stabilize the chromosomal structure.®'® Due to the presence of telomeres,
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chromosomal DNA can be replicated completely without any loss of terminal bases at the
5’ end of each DNA strand. The DNA polymerase machinery is not able to completely
replicate an entire strand of DNA because it is only able synthesize DNA from the 5 end
to the 3” end. During DNA replication, there is a lagging strand that replicates short strands
of 5’ to 3° DNA while it moves down the DNA strand from the 3’ to 5’ end. Because DNA
polymerase requires short RNA primers to begin its function, there are many RNA primers
dispersed throughout the lagging strand upon completion of DNA replication. At this point,
DNA polymerase and DNA ligase replace these RNA primers with DNA fragments and
fuse all of the bases together. However, DNA polymerase can only begin its function if
there is another DNA strand in front of the gap where the RNA primers were. In almost all
instances on the lagging strand, this is true, except on the end, where the last RNA primer
was made. So that RNA primer is removed and the daughter DNA strand is slightly shorter
than the parent strand (Figure 3).

Thus, telomeres serve as a buffer for the inability to completely replicate a DNA
strand, so during each round of replication, a small portion of the telomere is removed,
versus an integral part of the chromosomal DNA. The leading strand of DNA is not affected
by this phenomenon because the origin of replication starts in the middle of the
chromosome, so during replication there are always two lagging strands and 2 leading
strands. The beginning of the leading strand that serves as an RNA primer, will be

replicated as the last Okazaki fragment of the lagging strand on the same DNA strand.
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Figure 3: How the lagging strand of DNA shortens during DNA replication. (A) The origin of
replication begins in the middle of a DNA strand with the enzyme, helicase, separating the two
DNA strands as it moves to the end of the chromosome. RNA primers supersede the synthesis of
the leading and lagging strand because DNA polymerase needs an RNA primer to function. Since
DNA polymerase only operates in the 5’ to 3’ direction, the lagging strand makes small portions
of replicated DNA called Okazaki fragments. (B) Helicase has reached the end of the
chromosome, and the length of each DNA strand has been replicated. (C) RNA primers are
removed, leaving gaps within the newly replicated DNA. (D) The gaps are filled in by DNA
polymerase. However, DNA polymerase can only function in between newly synthesized DNA
fragments. In almost all instances on the lagging strand, this is true. However, it does not happen
on the end. So, when the last RNA primer is removed, the daughter DNA strand has a gap and is
slightly shorter than the parent strand. The leading strand of DNA has no gap because the
beginning of the leading strand that serves as an RNA primer, will be replicated as the last
Okazaki fragment of the lagging strand on the same DNA strand.



1.3 Telomerase and TERT

Telomerase is an enzyme composed of the protein TERT and an internal RNA
template (TERC), responsible for elongating the telomeres in the 5’ to 3’ direction. TERT
copies the TERC template and adds deoxyribonucleotides in a tandem repeat, characteristic
of the telomeric units to the ends of telomeres.!'%13 Telomerase is typically silenced in
normal somatic cells, allowing the cells to reach senescence and die with age. Before cell
death, the chromosomes suffer from becoming shorter due to the absence of telomeres and
continued replication. Telomerase is responsible for maintaining telomere length and thus
long-term cell viability.'* In general, telomerase activity in somatic cells correlate with the
over-proliferation of cells in many types of cancer. Moreover, immortality of somatic cells
requires the presence of this enzyme to maintain the length of telomeres for proper DNA
replication.®®

It has recently been discovered that mutations in the promoter region of TERT are
found in many types of tumors, particularly melanomas.'®’ More specifically, mutations
C228T and C250T accounted for about 98.3% of the mutations in the TERT promoter
regions.* In all of the tumors that have been examined for TERT promoter region mutations
thus far, glioblastoma is the cancer that has the most, 83% (Figure 4). Because of this high
correlation between TERT promoter region mutations and glioblastomas, it is possible that
this mutation is responsible for the high telomerase activity in primary glioblastomas. Due
to this, targeting the results of these promoter mutations may prove to provide a novel cure

for glioblastomas.
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Figure 5: Bar graph depicting the amount in percentage of tumors that had a mutation in the
promoter region of TERT.*

1.4 GABP

As the name (GA-binding protein) implies, the GABP complex binds to DNA
sequences containing mainly the nucleotides guanine (G) and adenine (A) which is a
characteristic for ETS (E26 transformation specific) transcription factors.'®° There are 28
distinct human ETS factors which all share an evolutionarily conserved DNA binding
domain (DBD) of 85 amino acids.?*?! GABPa has been shown to be essential for several
cellular functions. Because it contains the DBD, its inactivation prevents the interaction with
DNA, leading to inactivation of the entire GABP complex. This was shown to result in early
embryonic lethality in mice.?2% On the other hand, only preventing the assembly of the
GABPa2p2 tetramer has little impact on cell cycle or apoptosis.?? Thus, tetramer-forming
GABPg isoforms are seen as interesting therapeutic targets. It has been shown that targeting
these isoforms can regulate the self-renewal of leukemic stem cells, without perturbing the

survival of hematopoietic stem cells.?*
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Interestingly, the tetrameric GABP complex is unique among ETS factors, since
it is an obligate heterodimeric protein composed of two structurally dissimilar subunits,
GABPo and GABPB.?* GABPa contains an ETS DBD, while the transcriptional activation
domain (TAD) is encoded by GABPB. Consequently, both subunits are required for the
transcription of target genes.?® A crystal structure clearly shows the interaction between
GABPa and GABPJ and their interaction with DNA (Figure 5). GABPa (blue) contains
the DBD, which is characteristic for ETS transcription factors.*?® GABPp (red) contains
the TAD, but does not interact with DNA. GABPp has also been shown to enhance the
binding of GABPa to DNA by relieving auto-inhibition. 2’ The amino terminus of GABPp
is responsible for the interaction with GABPa, and in one isoform, the carboxyl-terminus
contains a leucine-zipper domain that leads to homodimerization. As a result, a heteromeric
a2f2 tetramer is formed (Figure 6). The tetrameric complex is only formed when bound to

DNA, whereas only the GABPoa/GABP heterodimer can form in solution.?®

Figure 5: Crystal structure of GABPa and GABPB bound to DNA (PDB code: 1AWC). Ribbon
diagrams of GABPa (blue) and GABPJ (red) are shown together with a stick-model of DNA.
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Figure 6: Model of complex formed by GABP and DNA. GABP binds to DNA sequences containing
mainly the nucleotides adenine (A) and guanine (G). The a subunit is responsible for DNA binding
and for recruitment of the B subunit. The B subunit does not bind to DNA, but interacts with and
enhances the a subunit to bind to DNA.

1.4.1 Inhibition of GABP expression

Since GABP is driving the increased TERT expression and thus cellular
immortalization, there is utility in the development of a drug that can target this protein for
GBM therapy. Preliminary data showed that the inhibition of GABP expression in TERT
promoter mutant cells led to a significant inhibition of GBM growth and glioblastoma stem
cell survival. This data supports the hypothesis that the inhibition of GABP is a promising
route that can be used to inhibit the expression of TERT in GBMs. Moreover, GABPa
displays the canonical ETS domain fold but with a C-terminal extension that mediates
binding to GABP whereas the GABPJ interaction domain is comprised of a series of
ankyrin repeats. The binding surface on GABPJ displays a number of significant cavities
that should be good sites for small molecule binding.?”?® A careful mutagenesis study of
the interface on GABP was carried out to identify critical hotspot residues, with a GABPf

phenylalanine 136 to alanine mutation resulting in a 1000-fold reduction in binding.? Since
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GABPa and GABPB must bind to each other to increase TERT expression, this project
proposes to develop a protein-protein interaction inhibitor of GABPa and GABPp as a

therapy for GBM.

1.4.2 Using Small Molecules for Inhibition of Transcription Factors

Transcription factors are the controls a cell can use to regulate specific gene
expression, which then determines a specific phenotype. To initiate transcription,
transcription factors and RNA polymerase 11 will assemble on the promoter of the gene.®
In cancer, it is frequent that transcription factors become overactive which provides a
promising target for drug therapy. Ideally, a small molecule that disrupts the transcription
factor activity will, in turn, disrupt the growth of cancer cells. In humans, it is estimated
that between 5-10% of all gene-coding is performed by transcription factors.®! This
provides many opportunities for transcription factors to have overexpressed activity and
thus, possible negative phenotypic outcomes.

Targeted small-molecule therapies offer a better alternative to the traditional
cytotoxic chemotherapy. Some successful examples of small molecular therapies include
using anti-oestrogens and antiandrogens to treat breast and prostate cancers, retinoic acid
to treat acute promyelocytic leukaemia, and imatinib to treat chronic myeloid leukaemia.3*
% In recent years, small molecules have been utilized to modify transcription factor
activities, which has the potential to alter various types of cancer.® Ideally, small organic
molecules will be cell-permeable and be able to specifically inhibit one transcription factor.

One successful way of utilizing small molecules is by targeting ligand-dependent
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transcription factors. Since these transcription factors are already dependent on a small
molecule, fashioning a similar molecule to out-compete the physiological ligands proves a
somewhat easier task. However, these small molecule inhibitors are only applicable to
transcription factors dependent on binding to small molecule ligands for activity.*¢3’

In other examples, small molecules may be advantageous if they can bind to the
DNA binding domain of the transcription factor. Ideally this would directly inhibit the
transcription factor from binding to the DNA promoter region, thus altering the ability of
the transcription factor to function. One recent example of this is the binding of a small
molecule to the DNA binding domain B-ZIP proteins. These proteins are from a class of
transcription factors that mediate a variety of signaling pathways that were identified as
potential molecular targets for diseases including cancer and diabetes.*® One problem with
targeting the DNA binding domain is that a domain can adopt a different structure when it
binds to DNA. So, it is difficult to fashion a small molecule to target that domain when it
is relatively unstructured when not bound to DNA.

Similarly, nuclear hormone receptors also have a DNA binding domain. But they
also contain a ligand binding domain which binds to hormones that recruit coactivator
molecules to alter its activity to regulate gene expression.3%-*! Thus, it is easy to fashion a
small molecule to target this ligand binding domain, since it is already structured to bind
tightly to a different small molecule (hormones).®® For example, it was shown that a small
molecule inhibitor is potent against the interaction of thyroid hormone receptors and its
coactivator.= These researchers were able to discover the first small molecule that could

suppress transcription activity by irreversibly inhibiting coactivator binding. For this study,
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it was relatively simple to screen compounds that resembled the structure of thyroid
hormone when testing against the thyroid hormone receptor.

Small molecules can also be used against protein-protein interactions. Frequently
transcription factors will be comprised of several proteins to complete their function.
Fashioning small molecule inhibitors of these protein-protein interactions is another viable
method to control the activity of the transcription factors. However, synthesizing a protein-
protein interaction inhibitor proves to be much more difficult because the area to target on
the protein binding interface is typically flat with little areas of binding pockets. Moreover,
crystal structures of single proteins might not show an accurate structure of the protein
when it is bound to other proteins, or it just may not show any deep and penetrable pockets
for small organic molecules.*® Other problems arise because small organic molecules are
frequently not selective for one particular protein, but instead bind to several proteins,
eliciting an unwanted response.

However, despite all of the challenges that arise when aiming to synthesize a
protein-protein interaction inhibitor, there have been many successes. Chromosomal
mutations that alter the Mixed Lineage Leukemia (MLL) gene lead to more aggressive
types of leukemia. These mutations produce MLL transcription factor fusions that drive
aberrantly high expression of target genes leading to disease.** To bind to DNA, there are
two regions of MLL: an N-terminal motif that binds to coactivators, and a CXXC domain
that binds to non-methylated cytosine guanine dinucleotide sites.*® Recent research has
developed small molecule protein-protein interaction inhibitors of the N-terminal motif and

the coactivator menin. These small molecule inhibitors were successful in that they reduced
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the amount of MLL binding to chromatin and reduced the expression of genes that are

drivers of this type of leukemia.«

1.5 Aim of Thesis

The goal of this project was to develop a novel therapy for GBM by (i) further
studying the structure of GABPa and GABPB with standard triple resonance nuclear
magnetic resonance (NMR) experiments (HSQC, HNCACB, CBCA(CO)NH) to assign the
resonances in the spectrum to specific amino acids, (ii) using synthetic organic chemistry
methods to synthesize small molecule protein-protein interaction inhibitors, and (iii) testing
those small molecule inhibitors in a FRET molecular assay with fluorescently labeled
GABPa and GABPB, and through chemical shift perturbations in *®N-H heteronuclear
single quantum coherence NMR (HSQC) spectra.

Although there is already a crystal structure of the GABP complex, this is a crystal
structure of mus musculus GABPa and GABP already bound to DNA. It would be very
advantageous to have more extensive structural data on free GABPp, free GABPa, the
GABPa- GABPJ complex, and each of those upon the addition of compounds. Seeing how
these two proteins interact before binding to DNA will allow for facile construction of an
inhibitor to disrupt this protein-protein interaction. Triple NMR methods make it possible
to show which amino acids each compound is interacting with. By expressing and purifying
the relevant domains of GABPa and GABPP with °N labeling to record high quality NMR

spectra, we can confirm whether fragments are binding or not, as well as identify regions
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of the protein where the compound binds elucidating whether these compounds operate in
an allosteric or competitive manner.*’

In-lab organic synthesis provides a more cost-efficient and quicker method then
waiting for synthetic chemical companies to synthesize custom compounds. In addition, by
synthesizing compounds, we can alter functional groups, allowing us to further explore the
most ideal/potent compound to interact with GABPa and GABP.

Since fluorescence resonance energy transfer (FRET) relies on the energy transfer
between donor and acceptor fluorophores within 10 nanometers from each other, this assay
could be utilized to monitor the binding between GABPa and GABPf. Because GABPa
and GABPp have been fused with their respective fluorophores, with Cerulean attached to
GABPa and Venus attached to GABP, the energy transfer between the two fluorophores
corresponds to the binding of GABPa and GABPf. By measuring the emission of Cerulean
and the emission of Venus, a FRET ratio is produced which is characteristic of the binding
between GABPa and GABPf. For HSQC NMR studies, protein is isotopically labeled with
5N, thus, the amide NH resonances are visualized. Ideally, this produces a spectrum that
has a well-dispersed peak for each amino acid in the protein. Because of lethality in the
inhibition of GABPa, there was more of a focus to find compounds that bind to GABPp,

and therefore these NMR studies have been optimized for GABPp.
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Chapter 2: Methods

2.1 Fluorescence Resonance Energy Transfer

Fluorescence resonance energy transfer is a process by which energy is transferred from
one fluorophore (the donor) to another (the acceptor). This process allows for an accurate
measurement between 10 and 100 A between two molecules. If the donor and acceptor are within
40-60 A of each other, then they are at the distance where exactly half of the energy is transferred
between the fluorophores, known as the Forster radius.® When the donor fluorophore is in an
excited state, it passes this energy to the acceptor fluorophore through non-radiative dipole-
dipole coupling. The efficiency of FRET is inversely proportional to the inverse sixth power of

the distance between the two fluorophores using the equation:
.

~ RS +RS

where E is efficiency, R, is the Forster radius and R is the distance between the donor and

acceptor fluorophore.?® Because FRET is so sensitive, it is a good physical process to use if you

want to measure changes in the proximity of small molecules.

Since the desired biomolecules to study do not typically have an active fluorophore, it is
standard practice to attach a type of green fluorescent protein (GFP) to the molecules of study.
Since there are many analogues of GFPs, all with different excitation and emission wavelengths,
it is best to choose a set of GFPs that have sufficient overlap in fluorophore one’s emission

wavelength and fluorophore two’s excitation wavelength. However, you do not want so much

overlap, where fluorophore one’s excitation overlaps with either the excitation or emission of
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fluorophore 2. Therefore, you are able to get reasonable separation in emission spectra between
donor and acceptor fluorophores for obtaining accurate measurements.* ldeal overlap

between two GFP fluorophores is visualized in Figure 7.

Donor Emission

Excitation Emission

Intensity

Wavelength (nm)

Figure 7: Ideal wavelength overlap needed for FRET. In this image, the area shaded in green
represents the wavelength overlap of the donor emission and the acceptor excitation. In this
depiction, it is clear to see that the donor excitation does not overlap with the acceptor
excitation nor the acceptor emission.

DNA sequences coding for the relevant portions of GABPa and GABPP have been
cloned into vectors containing one of two green-fluorescent protein (GFP) fluorophores,
Cerulean and Venus, as well as a His6-tag (Figure 8). The GFPs Cerulean and Venus were
selected for this study because Cerulean has an excitation maximum at 433 nm and an emission
maximum at 475 nm, while Venus as an excitation maximum at 515 nm and an emission
maximum at 528 nm (Figure 9). This gives an ideal overlap in the emission of Cerulean (donor)
and the excitation of Venus (acceptor), while not having overlap between Cerulean’s excitation
with Venus’s excitation or emission. The polyhistidine tag was used for ease of purification

through affinity purification methods. The relevant GABP regions used were the domains of
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GABPa and GABP that interact with each other. For GAPBa, it was residues 316-434, and for
GABPS it was residues 1-167. The relevant portions of GABPa were cloned into a pET22b-
Cerulean vector. For GABP, the relevant portions were cloned into a pET22b-Venus vector. In
addition, this process was repeated for both relevant portions of GABPa and GABPJ into a
PET22b vector containing only a His6-tag (no fluorophore-containing GFP). These unlabeled
vectors were constructed to be used as controls for competition assays, as well as NMR studies.
All vectors were validated through sequencing. After expression and purification of these
constructs, the resulting proteins were also validated through mass spectrometry (Figure 10). A

schematic representing the FRET competition assays in this study is represented in Figure 11.

Cerulean/
Vonus

BamH1 BamH1
His6-tag ,
» GABPa/p
Kan “ Xho1 Amp* Xho1

pUCS7-GABPa/B pET22b-Cerulean/Venus
Cerulean
Venus B
amH1
BamH1 His6-tag
» GABPa/p (
Amp*” —"1— 31
Xho1
GABPa/B fragment pET22b-Cerulean/Venus fragment
Cerulean/
\ Venus /
4 BamH1
His6-tag,,
1‘;
( » GABPa/p
Amp* Xho1

Figure 8. Schematic of the generation of Cerulean-GABPa and Venus-GABP constructs. DNA
sequences encoding amino acid residues for the relevant portions of GABPa and GABPf3
(residues 316-434 and residues 1-167 respectively) were cloned into a pET22b vector
containing either the Cerulean or Venus fluorophore.
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Figure 9: Excitation and emission spectra of Cerulean (donor) and Venus (acceptor). Cerulean
has an excitation maximum at 433 nm and an emission maximum at 475 nm. FRET
measurements require an overlap between the donor emission and the acceptor excitation
(striped region). Venus's excitation maximum is at 515 and its emission maximum is measured
at 528 nm.
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Figure 10: Mass spectrometry spectra of Cerulean GABPa, Venus GABP, pHis-GABPa, and
pHis-GABPS.
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Figure 11: lllustration of the principle of competition assays and drug screens. A: The binding
of Cerulean-GABPa (C-a) and Venus-GABPp (V-B) leads to an energy transfer between the two
fluorophores Cerulean (C) and Venus (V), resulting in an increasing emission at 528 nm. B: The
binding of pHis-GABP (B) interrupts the binding between the two fluorescent proteins and
thereby their energy transfer. C: A small molecule inhibits the association of GABPa and
GABPB. As soon as the distance between the two fluorophores is bigger than 10 nm, the
energy transfer is interrupted. Consequently, the ratio of acceptor and donor emission
wavelengths corresponds to the association of the two fluorescent proteins.

2.2 Nuclear Magnetic Resonance

2.2.1 Isotopic Labeling

Since NMR utilizes isotopes with an odd number of protons and neutrons, to be
able to visualize protein structure with NMR, proteins must be isotopically labeled.
Frequently, proteins are supplemented with °N for visualizing with NMR. Proteins can
also be labeled with 3C. In some cases, it is also advantageous to label protein with 2H.
Larger molecular weight proteins (MW > 20 kDa) suffer from low signal-to-noise ratios
due to increased relaxation rates caused by slower tumbling of protein in solution.
Moreover, with so many signals from the larger proteins, spectral resolution decreases.® To

combat this, deuterium labeling improves the signal-to-noise ratio by suppressing spin
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diffusion and decreasing relaxation rates for **C and °N spins. However, because of cost,
most studies first label proteins with *°N for NMR studies.

In this study, NMR was utilized for biological screening applications as well as
briefly for NMR assignment and structure determination. These studies often require a
large amount of isotopically-labeled protein which is a costly procedure in time and money.
Proteins are expressed in the bacterial host, E. coli, and are grown in minimal media.
Minimal media contains all of the ingredients necessary to supplement the growth for the
bacteria cells. However, ammonium chloride, supplemented with °N is used.® What results
is protein with all nitrogen isotopically labeled with *°N. When analyzing with NMR, what
results is a well-dispersed 2D spectrum with a signal for the amide backbone NHs as well
as side chain NHs. Protein minimal media can also be supplemented with *C-labeled
glucose and D.O to grow a protein with multiple isotopically-labeled atoms. In this study,
it was found that GABP has limited stability. Therefore, the time from the beginning of

purification to concluding NMR studies was minimized as much as possible.

2.2.2 Heteronuclear Single Quantum Coherence

Heteronuclear single quantum coherence (HSQC) is a type of NMR experiment.
This technique involves transferring magnetization from a proton to a second nucleus that
is not a proton. For the purposes of this study, we studied the interactions between proton
nuclei and N nuclei. This transfer is achieved through an insensitive nuclei enhanced by

polarization transfer (INEPT) step. INEPT transfers nuclear spin polarization from spins
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with large Boltzmann coupling to those with low Boltzmann coupling. This gives a much
more resolved 2D spectrum and enhances sensitivity.

The theory behind NMR revolves around the phenomenon that each nucleus has a
nuclear spin magnetic moment. Each nucleus will have a different nuclear spin magnetic
moment based on its environment, which gives rise to different signals in an NMR
spectrum. Each nucleus acts like a small magnet with its own magnetic dipole or moment.
NMR studies how this small magnetic moment interacts with a strong applied magnetic
field. In an NMR sample, there is a large amount of magnetic spins, but what is observed
on the spectrometer is an average of all of those small magnetic spins (Figure 12).
However, when the sample is first put into the NMR, there is no bulk magnetization
because the average of all the random magnetic moments would be zero. After waiting a
few moments and letting the sample come to equilibrium, a Boltzmann distribution is
produced which selects those magnetization moments for a specific energy with
orientations for a lower energy, which would be the magnetic moments that are aligning
with the strong magnetic field (Figure 13).

B
°  buk

/4 \ \ magnetization

Figure 12: Average magnetic spin, comprised of small magnetic moments in an NMR sample.
Small blue arrows represent the magnetic spins of all of the nuclei in an NMR sample. The
large blue arrow represents the bulk magnetization which is the sum of the individual
magnetic moments. By is the strong magnetic field the NMR sample is placed in.
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Figure 13: After waiting for a Boltzmann distribution, which selects those magnetization
moments for a specific energy with orientations for a lower energy. In the first/left column,
there is an NMR sample with no magnetic field applied. In the second/middle column, a
magnetic field is applied but the magnetic moments average to 0, so there is no bulk
magnetization from the NMR sample. In the third/right column, equilibrium has been met and
via a Boltzmann distribution, those magnetization moments for a specific energy with
orientations for a lower energy have been selected. So, the overall bulk magnetization is
aligned in the Z-axis and with the applied strong magnetic field.

no field

However, nothing can be observed when the bulk magnetization is in the Z-axis.
So, to observe signals from the sample, radiofrequency (RF) pulse along the X-axis is
applied. Since the strong applied magnetic field (Bo) is so large, to overcome this and push
the bulk magnetization away from Bo, a weaker radiofrequency pulse along the X-axis in
waves that oscillates at the Larmor frequency is applied. The Larmor frequency is the rate
at which the small magnetic moments in each nuclei precess about the external magnetic
field (Figure 14). By applying the RF pulse at the Larmor frequency, enough magnetic
strength is garnered and the bulk magnetization is pushed away from the Z-axis (external

magnetic field).
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magnetic field

Figure 14: The Larmor frequency. The bulk magnetization will precess about the strong
external magnetic field with a particular precessional frequency. This is referred to as the
Larmor frequency.

To detect the sample, the Larmor frequency is observed because it is a value that
changes over time. A coil is then placed over the sample, revolving around the X-axis. The
precessing bulk magnetization cuts through the coil and induces a current which is what an
NMR instrument detects. From having the bulk magnetization cut through the X-axis at a
specific frequency that changes over time, a sine graph is produced which is called the free-
induction decay/signal (FID) (Figure 15). This signal is digitized and then Fourier-
transformed. The Fourier transform is a tool that breaks a waveform (NMR signal) into an
alternate representation, characterized by sine and cosine functions.® In practice, this method

takes the waveform of a FID and transforms it into a sum of sinusoidal functions.
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Figure 15: The free-induction signal (FID). The bulk magnetization cutting through the X-axis
produces a frequency of signals that results in a sine graph, or the free-induction signal.

A frequent process that NMR experiments employ is a spin-echo (Figure 16). In a spin-
echo, there is usually a 90° RF pulse, then a delay. After another 180° RF pulse, there is
another delay of the same time. Then the signal observed is recorded. At the end of this
sequence, no matter what the relaxation time or offset it, the magnetization vector is always in
the same place. It is as if the magnetization has not precessed at all.” Essentially, this
experiment refocuses the spins of the nuclei that have been scattered by constant field

distortions and inhomogeneities, which can cause the spins to precess at different rates.

90°(x) 180°(x)

RF
UL SN 2

2t

acq

Figure 16: Spin-echo NMR experiment pulse sequence. In a spin echo, there is first, a 90° RF
pulse (black box). Then there is a relaxation time (t). Then a 180° RF pulse (white box) is
applied, and then another relaxation time of the same length is applied. Then the signal
observed is recorded.
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For an HSQC, the process starts with an initial 90° pulse on the proton. Then in period
A (Figure 17), which is a spin echo, a 180° pulse is applied to both spins of the proton and
nitrogen right in the middle of the first relaxation time, 1. The offsets of both nuclei’s spins will
be refocused, but the coupling between them will evolve throughout the experiment.
Coherence is then transferred directly to the N nucleus by simultaneous 90° pulses on each
nucleus. Period B is a spin echo in which a 180° pulse is applied to just the proton. Thus, the
offset of the proton is refocused, and only the offset of spin 2 affects the evolution. Then there
is a 90° pulse on both spins to transfer the magnetization back to the proton via an antiphase
magnetization. Antiphase magnetization is observed when two coupled spins have free
evolution. Antiphase peaks cannot be converted to in-phase peaks with phase correction after
acquiring data. The final spin echo (period C), converts this antiphase term into an in-phase
proton magnetization. After a delay, the observed signal is acquired. ° After the Fourier
transformation, what results is a 2D spectrum with a peak for each interaction between a *H
and a °N. Ideally, there are well-dispersed peaks for each backbone NHs and sidechain NHs

when taking an HSQC on a protein.

This method can be employed upon the addition of compounds that bind to a protein.
After assigning amino acids to each peak (see next section below) it is easy to see which amino
acids a compound is binding to, based on chemical shift perturbations of the resulting amino
acid peaks. This is a very sensitive method to detect perturbations in the environment of
backbone amides due to ligand binding. Moreover, it is frequent to see perturbations in the
side-chain peaks, but this could also be due to a conformational change in the protein from

ligand binding. Since there are chemical shift perturbations from both the *H and **N aspects
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of a peak, a simple equation is used to calculate an overall change in chemical shift. The

absolute values of chemical shifts for *H and N are combined in this equation:
AS(MN+H)=|(ASN/4.69) + ASH |

Although chemical shift perturbations are all relative to each protein and ligand system, it is
typically accepted that chemical shift perturbations (A & (**N + 1H)) that are over 0.1 are worth

noting as a possible ligand-binding site.*°
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Figure 17: HSQC NMR experiment pulse sequence. Filled rectangles represent 90° pulses and
open rectangles represent 180° pulses. The time delay, T, is set to 1/(2Jun), which is 1 over 2 x
the coupling of H to N.

2.2.3 CBCANH /HNCACB

While HSQC’s explore the coupling between H and °N, this does not give the
resonance assignment of the protein and only allows you to see which amino acids are
perturbed when performing a drug screen. Triple resonance experiments must be
performed to assign an amino acid to each peak in the HSQC. To do this, the protein of

interest must be isotopically labeled with N and *C. In this NMR experiment,



31

magnetization is transferred from *Ho and *Hp to *Ca and **CB. And then magnetization
is transferred from 3Cp to **Ca. Then it is transferred to *>NH and then to *HN for detection.
Thus, for each NH group, there are two Ca and CP peaks. The chemical shift is evolved
simultaneously on *Ca and '3CB, so these appear in one dimension. The other two
dimensions are ®NM and 'HN. A schematic for the entire magnetization transfer is

visualized in Figure 18.1
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Figure 18: Magnetization transfer in a CBCANH / HNCACB NMR experiment. This represents a
section of the amino acid backbone of a protein. The left half of the image represents one
amino acid, while the right half represents an adjacent amino acid.

What results from these experiments are images of “strips” where four peaks are
visible: two peaks are from one residue, and two peaks are from an adjacent residue. In the
adjacent residue, the peaks are typically much weaker. To identify these, another NMR
experiment can be run, CBCA(CO)NH. In this experiment, the Ca and CP peaks are

actually in opposite phases, thus making it much easier to identify which carbon is alpha
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and beta. By matching these strips of four peaks together, it is then straightforward to assign
each peak in the HSQC spectrum to a specific amino acid, provided that an accurate amino

acid sequence for the protein of interest exists.*2

2.3 Mutated GABPp

While NMR offers a way to rule out false positives from the FRET assay, another
experiment can be run, where mutated forms of GABP are grown to see how it affects the
FRET assay. This offers an alternative way to rule out false positives from the assay, as
well as confirm where compounds are binding on the protein.

Recently, the irreversible kinase inhibitors afatinib (targeting EGFR) and ibrutinib
(targeting Bruton’s tyrosine kinase) were approved by the FDA for non-small cell lung
cancer and chronic lymphocytic leukemia. These inhibitors covalently react with cysteines
on the target kinase in each case. Cysteines possess unique reactivity due to their
nucleophilic thiol group. However, despite its reactivity, cysteine is one of the least
common amino acids found in proteins. These two properties together make cysteines a
viable and popular covalent drug target.>*> Covalent drugs are inhibitors that are designed
to bind covalently and irreversibly to their target protein. These inhibitors will typically
have a functional group with low chemical reactivity so that it will bind specifically and
quickly to its targeted nucleophilic residue on the protein.!® This directly contrasts
reversible inhibitors that are in equilibrium with their targets, constantly binding and
unbinding. Some advantages with covalent inhibitors are that they can provide a high level

of potency and selectivity. In addition, since covalent inhibitors are irreversible, the
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restoration of the pharmacological activity after the inhibitor binds requires re-synthesis of
the protein target. This allows for lower dosing and longer duration of action of the drug.'’
This covalent addition to the protein increases the potency of the inhibitor. Moreover, it
can increase the duration of inhibition because recovery of activity requires synthesis of
new protein.

As there are cysteine residues located at the interface for binding of GABPa to
GABP, a 1,000-compound library of cysteine reactive molecules (Enamine) was screened
for inhibition of GABPa-GABPp binding. This screen identified two compounds that show
significant inhibition (ICsp < 150 puM) using the FRET assay. Other targets with this library
were screened and these two compounds were not active in the other screens, suggesting
they have selectivity for GABP.

In order to rule out false-positives from the FRET assay drug screen, it is
essential to confirm binding of these compounds to one of the two target proteins (GABPa
or GABPp). There are several methods to do this. Growing a mutated form of GABPa or
GABPp where a cysteine has been mutated to an alanine would be one way to visualize
where cysteine reactive compounds are binding. Since the binding surface displays a
number of significant cavities that should be good sites for small molecule binding, and
only contains one cysteine, a mutated form of GABPJ where the one cysteine was mutated
to an alanine was expressed and purified. This mutant form of GABPP was validated
through sequencing. Since previous studies showed that the inhibition of GABPa leads to
early embryonic lethality'®2° there is more of a focus to find a target that binds to GABPB,

and therefore it is essential to confirm whom these targets are binding.
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2.3 Experimental Methods and Materials

2.4.1 Materials

Unless otherwise noted, commercially obtained reagents were used as received.
Synthetic reactions were done under an atmosphere of argon. Progress of reactions was
monitored by TLC performed on Analtech 250-micron silica gel GF plates visualized with
254 nm UV light and also by mass spectrometry using a Waters single-quadrupole LCMS.
All compounds were purified on Biotage Isolera Four Flash Chromatography system using
SNAP cartridges. *H spectra were recorded on Bruker NMR spectrometers operating at
800 MHz in CDCl3 and DMSO-ds, with TMS as internal standard. Chemical shift values
are reported in o ppm units. Mass spectra were recorded on a Micromass AutoSpec Ultima
Magnetic sector mass spectrometer in positive ESI mode.

Cell lines used were E. coli K12, Turbo competent cells from New England Biolabs
(Ipswich, MA, USA) and Arctic Express Cells from Agilent Technologies (Santa Clara,
CA, USA. Enzyme materials that were used included quick ligase buffer, quick ligase,
Smartcut buffer, BamH1, and Xhol. All were purchased from New England BioLabs
(Ipswich, MA, USA). Fragment library screening was done with Ro1500 Diversity
Maybridge Fragment Library from Thermo Fisher Scientific (Waltham, MA, USA) and a
customized fragment library from ChemDiv (San Diego, CA, USA).

For growing unlabeled protein, terrific broth, purchased from Fisher Bioreagents
(Hampton, NH, USA) was used. For growing isotopically-labeled proteins, a minimal

media was used. This consisted of 45 mM Na.HPO., 15 mM KH.PO. 9 mM NacCl, 0.3 mM
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Na.SO. 1 mM MgSO. 0.3 mM CacCl. 0.5% (w/v) glucose, 0.1% (w/v) biotin, 0.1% (w/v)
thiamin, 19 mM =NH.CI, and 0.5% (v/v) =N Bioexpress growth media (Cambridge Isotope
Laboratories, Tewksbury, MA, USA).

For protein purification, lysis, wash, and elution buffers were utilized. Unless
otherwise stated, all buffers were kept at pH: 7.5 and degassed before use. The lysis buffer
consisted of 600 mM KCI, 50 mM tris HCI (pH: 8.0), and 0.01% (w/v) NaN.. The protein
wash buffer included 1 M KCI, 50 mM Tris/HCI, pH 8.0), and 0.01% (w/v) NaN.. The
protein elution buffer was 600 mM KCI, 50 mM tris HCI (pH: 8.0), 300 mM imidazole,
and 0.01% (w/v) NaN.. For FRET assays, the buffer used was 50 mM Na.HPO./NaH.PO.
(pH 7.9), 300 mM NaCl, 1 mM, EDTA, and 1 mM DTT. For protein NMR studies, buffer
used was 300 mM arginine, 300 mM glutamic acid, and 1 mM DTT.

For gel electrophoresis staining, Coomassie Brilliant Blue solution was used which
consisted of 45% (v/v) methanol, 10% (v/v) acetic acid, and 0.25% (w/v) Coomassie
Brilliant Blue. To load samples onto the gel, a loading buffer was used which consisted of
50% (v/v) distilled water, 12.5% (v/v) 0.5 M tris HCI (pH:6.8), and 10% (v/v) glycerol,
20% (v/v) of 10% (w/v) SDS, 5% v/v 0.8 M DTT, and 0.25% (w/v) bromophenol blue.
Running buffer that was used was 0.328 (w/v) tris HCI base, 14.41% (w/v) glycine, and

1% (wi/v) SDS. This buffer was then diluted by a factor of 10 for use.

2.4.2 Cloning, Expression and Purification of GABP

Transformation: Competent E. coli cells (stored in -80°C) were thawed on ice for

5-30 minutes. Into the competent cells, 50 ng of desired plasmid (GABP) was added (To
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increase efficiency in Arctic Express cells, 2 uL of 10% (v/v) of B-mercaptoethanol was
added). The plasmid and E. coli mixture was incubated on ice for 5-30 minutes. This
mixture was then heat-shocked in a 42°C water bath for 45 seconds. The mixture was then
placed back on ice for 5 minutes to reduce any damage to the cells. To this mixture, 300
pL of SOC broth (New England Biolabs, Ipswich, MA, US) was added and incubated for
1 hour at 37°C. The mixture was then spread on LB agar plates containing ampicillin. These
plates were then grown upside-down overnight in a 37°C incubator.

Plasmid Extraction: E. coli cells containing a desired plasmid were centrifuged

(4000 rpm, 20 min, 4°C). After the supernatant was discarded, the cells were resuspended
in 250 pL of resuspension buffer. After adding 250 uL of lysis buffer, the tubes were lightly
inverted and incubated at room temperature for 5 minutes. After adding 350 pL of
neutralization buffer and inverting lightly, the cell fragments were centrifuged. (13,200
rpm, 10 min, 4°C). The supernatant was transferred to QIAprep 2.0 Spin Columns
(QIAGEN, Netherlands). The resulting plasmids were washed with 750 pL of wash buffer.
The plasmids were then eluted from the columns by adding 20 uL of nuclease-free water
(Thermo Fisher Scientific, US) and centrifuging (13,200 rpm 1 min, 4°C).

Plasmid Digestion: To a solution of 23 pL of plasmid, 3 pL of CutSmart Buffer

(New England Biolabs, US), 2 uL of BAMH1 (New England Biolabs, US), and 2 pL of
Xhol (New England Biolabs, US) were added. This mixture was added to a thermocycler
(Bio-Rad Laboratories, USA) which heated the mixture to 37°C for 1 hour and then cooled
to 4°C. To this mixture, 10 uL of DNA Loading Buffer was added. The mixture was then

run through a 1% (w/v) agarose gel containing 0.01% ethidium bromide. The gel
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containing DNA and a 1 kb DNA ladder (New England Biolabs, US) was run (100V, 1
hour). The DNA bands were cut out of the gel and extracted at 50°C with 600 uL of
solubilization buffer (QIAGEN, Netherlands). After adding 200 pL of 2-propanol, the
mixture was added to a QIAprep 2.0 Spin Column (QIAGEN, Netherlands) and centrifuged
(13,200 rpm 1 min, 20°C). The DNA was washed with 750 pL of wash buffer and eluted
with 20 pL of nuclease-free water (Thermo Fisher Scientific, US) and centrifuging (13,200
rpm 1 min, 4°C).

Ligation: A mixture containing 5 pL of ligase buffer, 2 pL insert, 2 pL of vector,
and 1 pL quick ligase was incubated at room temperature for 10 minutes. To a tube
containing 50 pL of Arctic Express (DE3) E. coli Competent Cells (Agilent, USA), 2 pL
of the ligation mixture was added. This mixture was incubated at 4°C for 30 minutes and
then heat shocked at 42°C for 45 seconds. After another incubation of 5 minutes at 4°C,
300 puL of SOC Outgrowth Medium (New England Biolabs, US) was added. The
transformed cells were then incubated on LB agar plates containing 0.01% (w/v) ampicillin
at 37°C until colonies began to form.

Protein Expression: A single colony of cells was added to a 100 mL solution of

terrific broth media containing 0.01% (w/v) ampicillin. After incubating at 37°C with
shaking overnight, the cells were added to 1000 mL of terrific broth media containing
0.01% (wi/v) ampicillin. The cells were grown at 37°C until they reached OD..=0.75-0.90.
After the cells were cooled down to 10°C, 0.25 g of isopropyl B-D-1-thiogalactopyranoside
(IPTG) (Gold Biotechnology, US) was added. The cells induced for 16-18 hours and were

then centrifuged (4,000 rpm 25 min, 4°C). After the supernatant was discarded, the cell
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pellet was resuspended in lysis buffer containing a Protease Inhibitor Cocktail tablet
(Roche, Switzerland). The cells were then lysed using a cell disruptor instrument (Avestin,
Canada) with a pressure at about 12,500 psi. Cell contents were removed through
centrifugation (35,000 rpm 45 min, 4°C).

His-tag Purification: Lysed and centrifuged protein supernatant was loaded onto

nickel-nitrilotriacetic acid (Ni-NTA) agarose columns. After letting the supernatant load
through gravity, unspecific bound proteins were removed by washing until the OD« was
under 0.1. To elute the protein, a solution containing 50 pL of 1 M dithiothreitol (DTT)
and 100 pL 0.5 ethylenediaminetetraacetic acid (EDTA), 2 mL of elution buffer was placed
under the column. The column was then washed with elution buffer with the elution
collected in the DTT and EDTA mixture underneath, until the OD«, was under 0.1. To the
eluted mixture, 0.02% (v/v) of Pierce Universal Nuclease (Thermo Fisher Scientific, US)
was added to degrade any remaining nucleic acids.

Size Exclusion Purification: A column packed with Sephacryl S-100 High

Resolution Size Exclusion Chromatography Resin (GE Healthcare, US) was flushed with
a degassed binding buffer and was attached to an AKTAprime plus instrument (GE
Healthcare, US). The protein was concentrated to 2 mL and loaded onto the instrument.
Fractions were collected and analyzed by sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE).

SDS-PAGE: Into the wells of a Mini-PROTEAN® TGX™ Precast Gel (Bio-Rad,

US) 10 pL of protein mixture was added (10 pL Laemmili Buffer, and 15 pL desired
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protein). The gel was run (275 V, 15 min) with a protein marker (2-212 kDa, New England
Biolabs, US). The gel was stained with Coomassie Brilliant Blue for analysis.

Mass-Spectrometry: All samples were analyzed in the Biomolecular Analysis

Facility (University of Virginia, US) by utilizing matrix-assisted laser desorption ionization
(MALDI) and a time-of-flight spectrometer. Sinapinic acid was used as an acidic matrix,
and bovine-serum albumin (BSA) was used as a standard. When reacting with compounds,
protein samples were equilibrated with compounds for 2 hours and then desalted through

PD MiniTrap G-25 columns (GE Healthcare, Chicago, IL, US) before mass analysis.

GABP Mutant Forward Primer Reverse Primer
C139A 5'- CCCAGAGCAAGTTTGCGA 5'- GTCGAAGGCGGTCTTCG
AGACCGCCTTCGAC -3' CAAACTTGCTCTGGG -3'

Table 1: Primers used for the creation of GABPP cysteine-free mutant used in this study.

2.4.3 FRET Assay

For all FRET assays, a PHERAstar FSX Microplate Reader (BMG Labtech, US)
was utilized, as well as nonbinding surface plates (Corning, Corning, NY, US). All samples
were incubated for 30 minutes at room temperature in the dark when solutions were made,
and again once the plates were loaded. For all assays, light at 430 nm was applied as well
as emission measured at both 470 nm and 530 nm. For K, determinations, 12-point serial
dilutions were made with a starting protein concentration of 500 nM of GABPa and 500

nM of GABP. For IC,, determinations, 17-point serial dilutions were made with a protein
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concentration of three times the K, and a starting compound concentration of 5000 uM
dissolved in dimethyl sulfoxide (DMSO). The amount of DMSO solution in protein
solution was kept at 5% (v/v). For FRET-based single point drug screens, using a precision
pipetting system (BioTek Instruments, US), 5 uL of the Maybridge drug fragments were
added to 95 uL of protein held at 3x the K. For the ChemDiv library, 1 pL of the fragments

were mixed with 19 pL of protein solution by the precision pipetting system.

2.4.4 Acquiring NMR

GABPp was grown in minimal media supplemented with ©®N-labeled ammonium
sulfate. After the protein was expressed and purified (see above), it was concentrated to an
amount above 150 uM. In all NMR spectra of compounds, DMSO solutions were added
(5% v/v) to a final concentration of 5000 uM. All samples contained D20 (5% v/v). All
spectra were taken with shaped Shigemi tubes and a Bruker Avance 111 800 with 5mm
HCN Zpfg cryoprobe (Bruker, US) for 2 hours at 37°C. Data was processed with NMR

Pipe (NIST, US) and visualized with CCP NMR.

2.4.5 Mutated Proteins

Quick Change Reaction: The desired protein plasmid (GABPf) was thawed on ice.

Nuclease-free deionized water was added to the ordered primers until a concentration of
100 uM was reached. A mix of forward primer (0.5%, v/v), reverse primer (0.5%, v/v),
GABPp plasmid (10%, v/v), dimethyl sulfoxide (DMSO) (5%, v/v), nuclease-free

deionized water (34%, v/v), and Quick-Load Taq 2X Master Mix (New England Biolabs,



41

Ipswich, MA, US) (50%, v/v) was made. This mixture was put into a Bio-Rad T100
Thermal Cycler (Bio-Rad, Hercules, CA, US). This mixture was then heated to 98°C for
30 seconds. Then the mixture completed 25 cycles of 98°C (10 seconds), 52-72°C (20
seconds), and 72°C (10 minutes). The temperature was then kept at 72°C for 2 minutes and
then held at 4°C overnight. All mutated plasmids were then transformed, digested, and
analyzed for sequencing to verify that the mutation was successful. Then the plasmids were

expressed and purified based on the methods described above.

2.4.6 Organic Synthesis

0
NH, ’JLC' NH,
0:l.0 TEA 0:d-0
cl NH > L !
2 THF, 0° to RT Ct N\I'(
17% 0
AM-2-37

2-amino-6-chlorobenzene-1-sulfonamide  was purchased from Enamine
(Monmouth, NJ, USA). To a solution of 2-amino-6-chlorobenzene-1-sulfonamide (73 mg,
0.35 mmol, 1 equivalent) and acetone (20 mL) at 0°C, triethylamine (74 uL, 0.53 mmol,
1.5 equivalent) was added. After stirring for 20 minutes at room temperature, acetyl
chloride (38 pL, 0.53 mmol, 1.5 equivalents) was added. This stirred for 3 hours while

letting the temperature rise to room temperature. The reaction then stirred overnight. The
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reaction was quenched with deionized water and extracted with diethyl ether. Residual
solvent was removed under reduced pressure and the yellow oil was purified by flash
chromatography (12.6 mg, 17% yield).?° 1H NMR (DMSO-d6, 25 °C, 800 MHz): § 10.39
(s, 1H); 8.29 (dd, J= 11.2, 1.6 Hz, 1H); 7.93 (s, 2H); 7.52 (t, J= 10.9 Hz, 1H); 7.36 (dd, J=

10.6, 1.68 Hz, 1H); 2.11 (s, 3H) ppm.

ol o S
:S:D H KEGDE ) :S':D H
Cl N
\"/ Acetone, RT Cl N\r(
o} 13% 0
AM-2-37 AM-1-143

To a solution of AM-2-37 (10.4 mg, 41.9 umol, 1 equivalent) and acetone (3 mL),
K.CO: (8.69 mg, 62.9 umol, 1.5 equivalent) was added. After stirring for 5 minutes at room
temperature, iodoethane (3.37 uL, 41.9 umol, 1 equivalent) was added. This stirred at room
temperature overnight. Residual solvent was removed under reduced pressure and the
yellow oil was purified by flash chromatography (1.5 mg, 13% yield).?* 1H NMR (DMSO-
d6, 25 °C, 800 MHz): & 10.54 (s, 1H); 8.71 (dd, J= 11.6, 1.8 Hz, 1H); 7.43 (t, J= 10.7 Hz,
1H); 7.23 (dd, J= 10.6, 1.6 Hz, 1H); 3.04 (g, J= 8.1 Hz, 2H); 2.23 (s, 3H); 1.15 (t, J= 9.7

Hz, 3H) ppm.



43

OH 0~\OH

\ cl _,-’“\.\_‘,,.DH \
K,CO4
> \

N
}-0 MeCN, Reflux }-0
O )L 83 % O )4

AM-1-153

N-boc-4-hydroxyindole was purchased from 1-Click Chemistry (Kendall Park, NJ,
USA). To a solution of n-boc-4-hydroxyindole (0.233 g, 1 mmol, 1 equivalent) and MeCN
(10 mL), K.CO: (0.7 g, 5 mmol, 5 equivalents) was added. After stirring for 1 hour at room
temperature, iodoethane (70 uL, 1 mmol, 1 equivalent) was added. This stirred at reflux
overnight. Residual solvent was removed under reduced pressure and the crude oil was
purified by flash chromatography (0.1742 g, 63% yield).?? 1H NMR (DMSO0-d6, 25 °C,
800 MHz): 5 7.78 (s, 1H); 7.51 (s, 1H); 7.22 (t, J= 8.1 Hz, 1H); 6.68 (d, J= 7.9 Hz, 2H);

4.23 (t, J= 4.4 Hz, 2H); 4.04 (t, J= 4.5 Hz, 2H); 1.67 (s, 9H) ppm.

D*"“"‘*-\.-'DH O’K\/DM|

e vavl
» N

N
DMF, 0°C to RT
o}‘jé 30 % o/}hj(

AM-1-153 AM-2-3

To a solution of AM-1-153 (0.2672 g, 1 mmol, 1 equivalent) and DMF (10 mL) at

0°C, NaH (0.7 g, 5 mmol, 5 equivalents) was added. After stirring for 30 minutes at 0°C,
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1,4-diiodobutane (254 pL, 2 mmol, 2 equivalents) was added. This stirred for 3 hours while
letting the temperature rise to room temperature. Residual solvent was removed under
reduced pressure and the crude oil was purified by flash chromatography (0.1328 g, 30%
yield).22 1H NMR (DMSO-d6, 25 °C, 800 MHz): 6 7.76 (d, J= 10.6 Hz, 1H); 7.49 (d, J=
5.0 Hz, 1H); 7.20 (t, J= 10.9 Hz, 1H); 6.71 (dd, J= 4.9, 1.0 Hz, 1H); 6.64 (d, J= 10.3 Hz,
1H); 4.50 (t, J= 6.2 Hz, 2H); 4.31 (t, J= 6.8 Hz, 2H); 4.01 (t, J= 8.5 Hz, 3H); 3.21 (t, J=

9.2 Hz, 3H); 1.91 (m, J= 9.5 Hz, 2H); 1.75 (d, J= 10.6 Hz, 2H); 1.67 (s, 9H) ppm.

0/\/0\/\/’\ |

NH o
A 0:1.0 OHr:l';\/\/ ~" N0
S” H K,CO;3 8%

N + N\"_/ > o N A

)*o 5 Acstone, RT hd N
© )L 8 % © >0
° )4

AM-2-3 AM-2-37 AM-2-65

To a solution of AM-2-37 (40 mg, 0.161 mmol, 1 equivalent) and acetone (3 mL)
at 0°C, K.CO; (35 mg, 0.2093 mmol, 1.3 equivalents) was added. After stirring for 5
minutes at room temperature, AM-2-3 (0.1 g, .2093 mmol, 1.3 equivalents) was added.
This stirred overnight at room temperature. The reaction was quenched with deionized
water and extracted with diethyl ether. Residual solvent was removed under reduced
pressure and the crude oil was purified by flash chromatography (6 mg, 8% vyield).?* 1H
NMR (DMSO-d6, 25 °C, 800 MHz): & 8.09 (s, 1H); 7.64 (t, J= 10.9 Hz, 1H); 7.48 (dd, J=
10.6, 1.3 Hz, 1H); 7.25 (d, J= 4.2 Hz, 1H); 7.11 (d, J= 11.2 Hz, 1H); 7.04 (t, J= 10.5 Hz,

1H); 6.52 (d, J= 7.7 Hz, 2H); 6.39 (dd, J= 4.2, 1.0 Hz, 1H); 4.40 (t, J= 5.8 Hz, 2H); 4.27
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(t, = 5.9 Hz, 2H); 4.17 (t, = 9.1 Hz, 2H); 3.27 (t, J= 9.2 Hz, 2H); 2.29 (s, 9H) ppm; 1.18

m, J= 9.6 Hz, 2H); 1.70 (m, J= 10.2 Hz, 2H); 1.43 (s, 9H) ppm.
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Chapter 3: Results

3.1 Fragments that Disrupt the Binding of GABPa to GABPf

The analysis of FRET data obtained from this study shows that several structures
bind to the GABP complex, which inhibits the protein from binding. Initially, two chemical
libraries were screened, and based upon those results, compounds with similar structures
to those that had potent activity were synthesized or purchased and analyzed for activity
with the FRET assay.

Before this assay was used for fragment-based screening, it was used to determine
the Kp. The Kp is a dissociation constant that measures the binding capability between two
targets. This Kp measurement is essential because it validates that the proteins have been
properly purified and are folding correctly to be associated with each other. The ratio of
the emission wavelength of Cerulean and the emission wavelength of Venus were plotted
against the log (concentrations of the proteins) and fitted with a sigmoidal curve. This gave
a Kp measurement for the binding of the two to one another of 3.0 nM + 0.9, which agrees
well with the published Kp determined using isothermal titration calorimetry (ITC) (Kp =
1.7 nM).! Since this corresponds well to the previously published Kp of GABPa and
GABPp, it can be assumed that the use of the GFP derivatives Cerulean and Venus does
not have an effect on binding of GABPa to GABP. The Kp determination was also
essential because it determined the proper concentration for the two proteins for subsequent
fragment screening. For this, the concentration of the proteins would be held at three times

the Kp to ensure maximum dynamic range, but without having the protein concentration
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so high that it might inhibit the effects of the compound fragments.

In addition to comparing with published literature, competitive binding
experiments were conducted to validate the assay. While following the same assay
protocol, fluorescently-labeled GABPa and GABP were held at three times the Kp, while
a series of concentrations of pHis-GABPJ were added. The unlabeled GABPJ acts as an
inhibitor to the fluorescently-labeled GABPp, out-competing it to bind to fluorescently-
labeled GABPa. When this happens, there is no energy transfer, and thus the emission of
Venus decreases. By plotting the FRET ratio of Cerulean to Venus emission to the
concentration of added pHis-GABP, an ICso (concentration of the inhibitor where there is
a 50% inhibition) value is determined. With this data, the inhibition constant, Ki, was
determined using the Cheng-Prusoff equation.? This inhibition constant represents the
affinity of pHis-GABPB and Cerulean-GABPa. Since the dissociation constant of
Cerulean-GABPa and Venus-GABPB (Kp) matches the inhibition constant (Kj) of
Cerulean-GABPa and pHis-GABP, there is further proof that there is no effect on the
binding of GABPa to GABPp from the two fluorophores.

Fragment screening is an alternative approach that has recently gained
popularity in the pharmaceutical industry. Contrary to high-throughput screening, this
method employs relatively small molecules. Although decreased in size, these small
molecules are highly drug-like, making them good candidates for further development. One
of the advantages to this approach is that it offers a wide degree of chemical diversity, but
with a more limited number of compounds. Because of this, it increases the likelihood of

finding a molecule that can bind to a specific pocket on the protein. Unfortunately, because
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these fragments are smaller, this methodology suffers from the obstacle that the hits
obtained are typically of weak potency (100s of UM to mM ICs values). Because of this,
multiple fragments can be paired and linked together, possibly with cysteine-reactive
compounds to decrease the ICso values to levels that would have a potent effect in cells.
This method relies upon the principle that multiple small molecule fragments have been
shown to bind to the GABP complex in different areas, and thus by linking them together,
a larger molecule with a higher potency is produced.

The previously described GABPa-GABPP FRET assay was used to single-point
screen two different fragment libraries of 1,500 (Maybridge library) and 12,000 (ChemDiv
Library) compounds for inhibition of GABPa-GABPB binding (Figure 19). This
preliminary single-point screening was completed by Adam Boulton and Sonja Thélmann.
For these single-point screens, an average FRET ratio and standard deviation was
determined. For the Maybridge library, compounds with FRET ratios above 2.5 standard
deviations were flagged. For the ChemDiv library, FRET ratios above three standard
deviations were flagged. This identified 23 compounds from the Maybridge library and 93
fragments from the ChemDiv library. Interestingly, most of the hits in the ChemDiv library
shared a similar aromatic structure. To validate these hits, multiple-point screens were
carried out on these fragments. For the Maybridge library, 12-point screens were carried
out, while for the ChemDiv library, 8-point screens were performed. In this secondary
screening, three compounds were identified to have ICso values under 1 mM. 38F3 had an
ICs0 of 500 uM, 26C6 had an ICsp of 900 pM, and 37A6 had an 1Cs of 590 uM. All ligand

and compound structures, names, and reactivity for the duration of this study can be viewed
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in Table 2. Moreover, none of these three compounds were hits in screens carried out with
two unrelated targets.

As there are cysteine residues located at the interface for binding of GABPa to
GABPB, a 1,000-compound library of cysteine reactive molecules (Enamine) was screened
for inhibition of GABPa-GABPp binding. This screen identified two compounds that
showed significant inhibition (ICsp = 120 uM and 140 pM) using the FRET assay (Figure
20). Other targets with this library were screened and these two compounds were not active

in the other screens, suggesting they will have selectivity for GABP.

FRET ratio
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FRET ratio
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Figure 19: Visual results of the FRET-based single-point screens of the Maybridge (A) and ChemDiv (B)
libraries. Compounds on or above the red line were flagged for further screening.
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Figure 20: ICso determination of the most active cysteine-reactive compounds: Z1455664051 (top), and
AM-2-1 (bottom), identified from the Enamine screen using the FRET assay.
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Great effort was spent altering the parent structures of 37A6, 38F3, and 26C6 to
see if the potency of the compound would increase. For this part of the study, the
compounds that were focused on were those that either had a facile synthesis, or were
relatively inexpensive to purchase. Moreover, there was a push to synthesize and purchase
compounds that contained sulfonamides. Sulfonamides offer a facile linking point to link
together multiple compounds to increase the potency of a drug. In addition, in recent
research, sulfonamide-containing compounds have proven to be potent inhibitors of
various protein systems. The inhibition of the human carbonic anhydrase isozyme XII (an
isozyme associated with human renal cell carcinoma) was investigated with a series of
relatively simple sulfonamides. Activity of these compounds went as low as the 11-12 nM
range.>®

For 37A6, any alteration to the primary amine significantly decreased the potency
(10-fold decrease). Moreover, altering the methyl substituent for an isopropyl group also
significantly decreased the potency. However, upon changing this methyl group to an ethyl
group, the potency increased from 590 uM (37A6) to 385 uM (AM-3-5). For 38F3,
compound Z3487916510 which added a sulfonamide to the parent structure, severely
decreased the potency. Moreover, 2C57582 which altered the carboxyl group to an amine
saw the potency decrease slightly. Compound 37A6 was the structure that was varied the
most due to the combination of its FRET assay potency, as well as its performance in NMR
studies (See section 3.3). At first, multiple similar structures of 26C6 (21849888669 and
QC-3565) were purchased and had their activities tested. While both of these compounds

had increased potency when compared with 26C6, the sulfonamide showed better activity.
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So, it was then decided to synthesize the sulfonamide version of 26C6 (AM-2-37) which
altered the carboxyl group to a sulfonamide group with a primary amine. This severely
decreased the potency by a factor of 10. However, upon alkylating this sulfonamide with
an ethyl group (AM-1-143), the potency increased greatly (291 uM), even surpassing the
activity of 26C6 (900 uM). The study then focused on altering the substituents that directly
come off of both amines in the structure AM-2-37. Varying these groups proved to
significantly decrease the original activity of the parent structure. However, it was seen
that when an isopropyl group is added to the acetyl group, and the sulfonamide amine is
left as a primary amine, then the activity increases to 350 UM, the most potent for this type
of structure.

In this study, there was also a significant effort to explore the activity of indole-
containing compounds on the GABP complex. The indole’s structure is found all
throughout nature, such as many alkaloids, the amino acid tryptophan, and plant hormones.
Because this is such a vastly used structure by nature, there has been a real push to explore
the limitations (if any) of indoles. Due to this exploration, it was discovered that indoles
are capable of being therapeutic targets such as anti-inflammatories, phosphodiesterase
inhibitors, HMG-CoA reductase inhibitors, etc. Many of these target receptors belong to
integral membrane G-protein coupled receptors, and thus all possess a conserved binding
pocket that ideally binds to indoles.” In other recent studies, it was shown that indole-
containing drugs can interfere with tubulin function, which offers a broad anti-tumor
method for drug discovery.® Microtubules are the basic components of maintaining cell

structure. Drugs that can inhibit microtubule formation or microtubule polymerization are
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of great value to cancer research.’® Moreover, aroylindoles, arylthioindoles, diarylindoles,
and indolylglyoxyamides have shown to inhibit tubulin polymerization.® Just over the past
decade, countless indole-containing compounds have been reported to have potency
inhibiting microtubule activity. Indole-containing drugs have even been previously
synthesized as an inhibitor of HIV-1 reverse transcriptase.'® Cleary, indoles have proven
to be a powerful structure, which is the reason there was a drive to test different indole
moieties against the GABP complex. Moreover, a mutagenesis study carried out on the
interface of GABPJ showed a 1,000-fold reduction in binding to GABPa when there was
a Phe136Ala mutation.! Clearly, aromaticity plays a crucial role at the binding interface,
which is reflective in the cysteine-reactive compound library screen, where one compound
(AM-2-1) was identified with high activity. This compound contains an indole, and thus
there was a push to screen for more indole-containing compounds.

AM-3-3, AM-3-4, AM-3-6, and AM-3-7 were all tested for activity against the
GABP complex. These structures varied in where the methoxy group on the indole was
placed. While all of these activities were relatively weaker (1-2 mM range) the indole with
the methoxy group in the 5 position (if the amine is assigned position 1) gave the best
activity with 1,400 uM (AM-3-3). There was then an effort to see how potent the activity
would be if two of these compounds were linked together.

After seeing an increase in potency when the primary amine in the sulfonamide
(AM-2-37) is converted to a secondary amine (AM-1-143), it was hypothesized that using
this amine as a linking anchor for another potent fragment might afford an even higher

potency. Indole-containing compound AM-3-3 was selected as another fragment to link to
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AM-2-37 to increase potency. Since this indole-containing compound is structurally quite
different from the 26C6 parent structure, it was hypothesized that these two compounds
are binding to different places on the GABPa-GABPB complex. Therefore, linking these
two fragments together should increase the overall potency of the compound.

A proposed molecule that links 23487916514 and AM-3-3 with an ethylene
glycol-like chain was hypothesized to have high activity. AM-2-65 (Figure 21) was
synthesized in four steps. Unfortunately, it proved difficult to remove the boc group, that
was originally put on to protect the amine group on the indole. New ways to protect this
amine group are currently being studied instead of using a boc group. Protecting groups

such as benzyl, and benzyl carbamate groups are being explored.
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Figure 21: Structure of AM-2-65. This molecule links AM-2-37 together with an indole containing
compound with an ethylene glycol-like linker. It was theorized that this would increase the potency in
GABP inhibition.
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Table 2: Names and structures of
ligands that bind to the GABP
complex and their associated ICsp
values. All HPK compounds were
synthesized by Hanuman Kalmode.
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3.2 Cysteine-Reactive Ligands do not Bind to GABPp Cysteine

It was assumed that if the cysteine-reactive compounds (21455664051 and AM-2-
1) were binding to the one cysteine on the GABP, then the potency of the drug would
drop substantially upon removal of the cysteine. After a GABPB mutant (C139A) was
expressed and purified with a Venus-GFP derivative attached, this protein was used with
wild-type GABPa with the Cerulean-GFP derivative attached to test the cysteine-reactive
compounds in the FRET assay. After carrying out the same assay with the mutant, the ICso
values actually decreased slightly, indicating that the cysteine-reactive compounds do not
bind to the cysteine on GABPP (Figures 22 and 23). It is possible that these compounds
could be binding to one of the nine cysteines on alpha or (less likely) might bind somewhere
else on either protein. Since previous studies showed that the inhibition of GABPa leads to
early embryonic lethality!>*? there was still more of a focus to find a target that binds to

GABPp.
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Figure 22: |Cso determination of wild-type GABP (top) and C139A mutant GABP (bottom) with AM-2-1.



Figure 23: ICso determination of wild-type GABPp (top) and C139A mutant GABP (bottom) with

Z1455664051.
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Since the mutagenesis study gave unexpected results, we attempted to verify that
the cysteine-reactive compounds were indeed binding to GABPa through mass
spectrometry analysis. After allowing each compound to come to equilibrium separately
with GABPa and GABPp, each sample was analyzed by mass spectrometry (Figures 24-
26). In addition, to elucidate which protein the compounds, 26C6, 38F3, and 37A6, were
binding to, these were also allowed to come to equilibrium with GABP and then tested
for mass spec (Figure 27). In all of these mass spectroscopy plots, the signal-to-noise ratio
is too large to determine which protein these compounds are binding to. Therefore, it is

necessary to confirm the binding through NMR studies.
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Figure 24: Mass spec results of GABPa (top) and GABPB (bottom) when reacted with DMSO.
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Figure 25: Mass spec results of GABPa (top) and GABPB (bottom) when reacted with AM-2-1.
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Figure 26: Mass spec results of GABPa (top) and GABPJ (bottom) when reacted with Z1455664051.
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3.3 Stability of GABPP Increases when in a Buffer with Free-Amino Acids and
Upon the Addition of Ligands

For NMR measurements, there was, again, a focus to study GABPJ due to the
lethality associated with inhibiting GABPa. pHis- GABP was used instead of the Venus
labeled protein because this GFP-label adds a significant amount of molecular weight,
which can seriously degrade the spectral data. Larger proteins detrimentally affect the
NMR spectrum due to line broadening.'> Moreover, as shown in the FRET assay, the
addition of the GFP-label has no effect on the binding of compounds, and therefore should
have no effect on NMR spectra upon removal.

Since GABP is ill-behaved in solution on its own, there was substantial effort put
into finding a suitable buffer that would give a spectrum with usable quality.
Unfortunately, high salt content is needed in the solution buffer because without it GABPf
tends to aggregate. However, a higher salt content typically reduces the sensitivity of NMR
experiments. Initial NMR spectra of GABP was recorded in a buffer that contained 500
mM KCI. It is clear to see in Figure 28 that the high-salt content has decreased the
sensitivity so much that the signal-to-noise ratio is too low to distinguish what is
background noise and what is protein.

In general, the sensitivity of NMR, particularly with cryogenic probes, is reduced
by conductive samples. Although biological samples are not typically conductive, the
buffers they are dissolved in usually are. Biological macromolecules are typically more
soluble and stable in samples that contain a higher salt content, which decreases NMR

sensitivity. It is not particularly the salt concentration that affects the sensitivity, but rather
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the conductivity which is a function of the concentration and the mobility of the ions in
solution.** So, in theory, choosing a salt system with low ionic mobility, will afford an
NMR spectrum with higher sensitivity.

Moreover, recent literature has shown that when you use arginine and glutamic
acid in lieu of more traditional salts, such as high amounts of sodium chloride, the
sensitivity of NMR experiments is increased.’® This replacement also simultaneously
reduces the sample conductivity and improves protein stability. In this study, it was shown
that by switching to a salt system of arginine and glutamic acid, the sensitivity of the NMR
experiments increased 6-fold. Because these amino acids are charged oppositely, they
come together to form a highly-soluble salt in aqueous solution. Arginine and glutamic
acid have been shown previously to prevent aggregation in proteins, therefore it is fitting
that this would be an ideal salt system for GABPP.%'° Taking this into account it was
found that a 200 mM arginine and 200 mM glutamic acid salt solution afforded the best
quality NMR spectrum (Figure 29). In addition, more resolved and well dispersed spectra
were found to coincide with NMR data recorded at 37°C. Moreover, previous research has
noted that when analyzing a protein in a high-salt concentration buffer, it is advantageous
to use an NMR tube that is 2 or 3 mm in diameter. This has an intense effect on the sample
resistance, resulting in improvements to the signal-to-noise ratio, as well as shorter 90°
pulses.?® Because of this, all NMR spectra were obtained in a Shaped Shigemi Tube
(Hampton-Township, PA, US). This NMR tube has an internal sample cavity of 2 mm

wide by 20 mm high (rectangle sample cavity).
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Figure 28: HSQC of GABPB with DMSO. Buffer used was 500 mM KCl, 50 mM tris, 5 mM DTT, pH: 7.5. The Y-
axis represents the N chemical shift and the X-axis represents the *H chemical shift. In a typical HSQC
spectrum of a protein, each peak (spot) represents one amino acid. The signal-to-noise ratio is so low on
this spectrum that no peaks of amino acids are seen
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Figure 29: HSQC of GABPB with DMSO. Buffer used was 200 mM arginine, 200 mM glutamic acid, 5 mM
DTT, pH: 7.5. The Y-axis represents the °N chemical shift and the X-axis represents the 'H chemical shift.
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Keeping the experimental conditions mentioned previously the same, NMR
spectra have been produced for free GABP (Figure 29) and upon the addition of 26C6
(Figure 30), 37A6 (Figure 31), and 38F3 (38F3). Interestingly, upon addition of 26C6 and
38F3, the spectra become much more resolved with peaks that are more dispersed (Figures
30 and Figure 33). This insinuates that these compounds are binding to GABPf and
stabilizing it to get spectra with better resolution. It may be possible then, that GABPJ
undergoes a conformational change when it binds to these compounds, and possibly when
it binds to GABPa.

Unfortunately, triple resonance NMR experiments were attempted, but the signal-
to-noise ratio was too low to be able to assign the backbone on an HSQC spectrum. This
is due to the instability of GABPp in solution at 37°C. Even with the increased stability
from the addition of these compounds, GABPP only lasts in solution for approximately
two hours before precipitating out into a white powder in solution. Because of this, triple-
resonance NMR studies were unable to be successfully completed during this study. Future
research will need to include developing a solution for GABP that allows it to remain in
solution longer for more extensive NMR experiments, which will allow for the assignment
of the backbone. If this is possible, then it will be easy to pinpoint which amino acids the

compounds are binding to, due to the chemical shift perturbations.
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Figure 29: HSQC of GABP with 26C6. Buffer used was 200 mM arginine, 200 mM glutamic acid, 5 mM DTT,
pH: 7.5. The Y-axis represents the °N chemical shift and the X-axis represents the *H chemical shift. The top
spectrum is just GABP and 26C6. The bottom spectrum is GABP and 26C6 overlaid on top of the GABP and
DMSO spectrum.
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Figure 30: HSQC of GABPB with 37A6. Buffer used was 200 mM arginine, 200 mM glutamic acid, 5 mM DTT,
pH: 7.5. The Y-axis represents the °N chemical shift and the X-axis represents the *H chemical shift. The top
spectrum is just GABP and 37A6. The bottom spectrum is GABP and 37A6 overlaid on top of the GABP and
DMSO spectrum.



72

10.5 10.0 95 9.0 85 8.0 7.5 7.0 6.5 6.0
3y | | l | I | l | | l ) I | I || l 0 W i l | | l 11011 l || l 1 l_
105— —105
110—] —110
= . Y3 o E
115—] o —115
120— P . . — 120
— o © -
o] - g m
= %6 ? ° =
125— ¥ —125
130 —130
| TTTT | T TTT I T TT l FTTT I T TTT I T TTT I 71T ' TTTT | T TTT I T
10.5 10.0 9.5 9.0 85 8.0 75 7.0 6.5 6.0
10.5 10.0 9.5 ] 8.5 8.0 75 7.0 6.5 6.0

I 1 | I | | l | I | | l | l e ) l B | l | PR ] N l | 1 | l | ).
105— Qo —105

= ®© * =

= = @ —

— e w o —
110—] —110
115—] —115
120—] —120
125— —125

= & = B
130— o . —130

] TTTT I L alT I | P B | | 0 S R | ] TTTT | | P | ] | IR 2 | l R e ) | TTTT ' L7
10.5 10.0 95 9.0 85 8.0 7.5 7.0 6.5 6.0

Figure 31: HSQC of GABP with 38F3. Buffer used was 200 mM arginine, 200 mM glutamic acid, 5 mM DTT,
pH: 7.5. The Y-axis represents the °N chemical shift and the X-axis represents the *H chemical shift. The top
spectrum is just GABP and 38F3. The bottom spectrum is GABP and 38F3 overlaid on top of the GABP and
DMSO spectrum.
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3.4 Conclusions

This study has focused on developing a protein-protein interaction inhibitor of
GABPa and GABP as a therapy for GBM. To date, the results of this research indicate
that the fragments and cysteine-reactive compounds, which have been identified with
higher potency, have the potential to be the building blocks for a drug therapy for GBM.
All of these compounds have ICso values under 1 mM, with some under 150 pM. Many of
these compounds have a particular aromaticity to their structure, insinuating that the GABP
protein system favors molecules structured in this way. Moreover, after mutating the one
cysteine in GABPp to an alanine, it was shown that the cysteine-reactive compounds are
not binding to that cysteine. They are either binding to other amino acids on GABPS or to
one of the nine cysteines on GABPa. Lastly, as shown in the HSQCs, when bound to
GABPf, some compounds are able to give a more resolved spectrum with well-dispersed
peaks. This insinuates that free-GABPJ in solution is not stable, or the compounds are
eliciting a conformational change that allows for a more resolved spectrum. When
combining the potency of several of these fragments (particularly with the indole-
containing compounds and variants of 26C6) or with a cysteine-reactive compound, the
potency may reach a value where there would be a noticeable inhibition of GABPa binding
to GABPJ and thus decrease the expression of TERT. With a decreased TERT expression,
it is likely that GBM tumor size would decrease, offering a novel therapy to this malignant

disease.
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