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ABSTRACT 

This work presents the application of spiroligomers as inhibitors of protein-protein 

interactions. After the discovery of an acyl-transfer coupling reaction by Dr. Zachary 

Brown, a previous graduate student of Schafmeister group, the synthesis of highly 

functionalized spiroligomers that mimic the helical domain of p53 was undertaken before 

each molecule was tested for binding to HDM2, a natural binding partner of p53. A 

library of molecules was synthesized on solid support that altered the stereochemistry 

along the spiroligomer as well as the presented functional groups. It was determined that 

spiroligomers enter human liver cancer cells through passive diffusion and induces a 

biological response in both a dose- and time-dependent manner. The synthesis of 

additional spiroligomer analogues achieved low micromolar to high nanomolar range 

activity during screening in direct and competitive binding assays.  

In parallel to the project above, a series of spiroligomers that mimic the side chains of the 

leucine zipper region of Max were synthesized in an effort to disrupt the interaction of 

the protein with c-Myc. The series of compounds contained various stereocenter 

combinations and different functional groups as before but were made in solution before 

testing for inhibition. Initial binding assays resulted in low micromolar activity, however, 

secondary assays (ELISA and cellular assays) did not confirm the inhibitory effect of 

spiroligomers on the c-Myc/Max heterodimer.   

In summary, this work illustrates that spiroligomers are capable mimics of helical 

peptides and can induce a biological response.  
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GENERAL EXPERIMENTAL METHOD 

Anhydrous solvents; dichloromethane (DCM), N,N-dimethylformamide (DMF),  

methanol, and acetonitrile were purchased from Acros Organics. Reagent grade solvents 

including DCM, DMF, methanol, ethyl acetate, di-ethyl ether, and acetone were 

purchased from Fisher Scientific. Hydrobromic acid (33 wt% in glacial acetic acid), 

trifluoroacetic acid (TFA), sodium cyanoborohydride, N,N’-diisopropylcarbodiimide 

(DIC), and ammonium carbonate were purchased from Acros Organics. 1-Hydroxyl-7-

azabenzotriazole (HOAt) and O-(7-azabenzotriazol-1-yl)-N,N,N’,N’-tetramethyluronium 

hexafluorophosphate (HATU) , and 9-Fluorenylmethyl N-succinimidyl carbonate (Fmoc-

Osu) were purchased from Genscript. Diisopropylethylamine (DIPEA), triethylamine 

(Et3N), chromium (VI) oxide, benzyl chloroformate (Cbz-Cl), piperidine, 1,4-dioxane, 

potassium cyanide (KCN) and all aldehydes and ketones were purchased from Sigma-

Aldrich. Di-tert-butyl dicarbonate (Boc2O) was purchased from Oakwood Products, Inc. 

Trans-4-hydroxy-L-proline was purchased from Bachem Americas, Inc. 4-

Dimethylaminopyridine (DMAP) was purchased from EMD Millipore Co. 

(Novabiochem®). Resins for solid phase synthesis and natural/unnatural, 

protected/unprotected amino acids were purchased from either EMD Millipore Co. 

(Novabiochem®) or Bachem Americas, Inc. All chemicals were used as received, 

without further purification. 

 

Ultra-performance liquid chromatography - mass spectrometry (UPLC-MS) analysis was 

performed on an Agilent 1290 liquid chromatography system with a Supelco Ascentis® 

Express C18 column (2.7 µm packing, 2.1 x 50 mm) with a water-acetonitrile solvent 
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system with 0.1 % formic acid at a flow rate of 1.0 mL/min. UPLC grade solvents were 

purchased from Fisher Scientific.  

 

NMR experiments were performed on a Bruker Avance 500 MHz instrument at Temple 

University. A few 2-D NMR experiments were performed on a Bruker DMX 600 MHz 

instrument, at Fox Chase Cancer Center. Deuterated solvents were purchased from Acros 

Organics. Chemical shifts are reported relative to the deuterated solvent peaks. 

 

Analytical thin-layer chromatography (TLC) was performed on glass-backed, pre-coated 

silica gel plates (250µm thick) purchased from Sorbent Technologies. TLC plates were 

visualized by UV light and/or chemically stained. 

 

Normal-phase purifications were performed on an ISCO (Teledyne, Inc.) automated flash 

chromatography system using various sizes of pre-packed RediSep® silica gel columns 

or manually packed columns using silica gel (60Å porosity, 230 x 400 mesh particle size) 

purchased from Sorbent Technologies. 

 

Reverse-phase purifications were performed on an ISCO (Teledyne, Inc.) automated flash 

chromatography system using pre-packed RediSep® reverse phase columns using a 

water-acetonitrile solvent system with 0.1 % formic acid. 

 

Preparative reverse-phase HPLC purifications were performed on a Hewlett Packard 

1100 series liquid chromatography system with a Waters XTerra® Prep C18 column (10 
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µm packing, 10 x 150 mm) using a water-acetonitrile gradient solvent system containing 

0.1 % formic acid at a flow rate of 5.0 mL/min.  

Ultraviolet–visible (UV-Vis) spectroscopy was performed on a Varian Cary 50 Bio 

spectrometer using a 1 cm cuvette.  

High-resolution mass spectrometry was performed on a Agilent 1260 liquid 

chromatography system at Temple University. 
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CHAPTER 1 

1. INTRODUCTION 

1.1. Protein-protein interactions  

To develop specific therapeutic targets for diseases, it is essential to understand the 

underlying biological processes that cause disease. Cellular functions are executed by 

complex physicochemical processes through highly organized molecular systems called 

molecular machines; protein-protein interactions (PPIs) play a major role in these 

systems.
1,2,3

 A complete and detailed description of the interaction map for proteins, the 

interactome,
4,5

 provides general, structural and dynamical properties of proteins. The 

human PPI interactome is biologically very complex machinery possessing close to 

650,000 unique pair-wise interactions. Any changes in these interactions results in 

multiple diseases, such as Alzheimer’s, Creutzfeld-Jacob Disease, and cancer, to name 

just a few.
6
 Therefore, understanding the biological processes and their structural 

dynamic properties involving PPIs will enable researchers to identify the underlying 

causes of diseases and ultimately will allow us to develop targeted therapeutic strategies, 

like designing drugs to modulate the interaction between two proteins.
8,9

 

1.2. Druggable and undruggable targets 

The human proteome has about 30,000 genes coding for tens of thousands of proteins. 

Among them only 10% are estimated as druggable, which means that they can be 

targeted with therapeutic molecules.
10,11,12

 For example, competitive inhibition of enzyme 

active sites can be achieved by small molecule inhibitors upon binding to the defined 

substrate-binding site (Figure 1.1 a). Figure 1.1 b shows kinase inhibitors with ATP 
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binding site that can be targeted with small molecule inhibitor to block the substance and 

thus will shut the biological effect.
13, 14 

The remaining portion of the genome is considered as undruggable, among which 

protein-protein interactions
15

 makes the integral part. This is because unlike enzymes, 

protein-protein interfaces are large interfaces (Figure 1.1 c, d) and lack well-defined 

cavities to interact with small molecule inhibitors. They are also generally intracellular, 

so targeting by antibodies and other biologics is difficult.
16,17,18  
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1.3. Targeting protein-protein interactions as an anticancer strategy  

Unregulated and uncontrolled cell growth is known as cancer and is caused by mutations 

to genes that encode for proteins involved in cell cycle (cell growth, division, 

homeostasis and programmed cell death).
21

 With increasing understanding of cancer as a 

genetic disease along with its underlying mechanistic insights at cellular level elevated 

the importance of disrupting oncogenic PPIs. Tumorigenesis and tumor progression are 

promoted by pathophysiological signal transmissions through molecular networks due to 

Figure 1.1: Representation of enzyme/substrate and protein/protein interaction 

A. Cartoon of enzyme with small binding pocket and substrate/inhibitor interactions. B. 

Crystal structure of SRC
19

 enzyme with ATP binding site. C. Cartoon of PPIs and 

disruption with a protein domain mimic.  D. Interaction of BCL-2 protein with BAX 

peptide.
20

 

A                                                                                    B 

C D 
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genetic alterations.
21

 Protein-protein interactions represent an integral part of this network 

system and play various roles in linking the networks that promote oncogenic signals 

causing cancer. Transformation of a normal cell into a cancerous cell is a multi-step 

process, involving multiple mutation events. Two major classes of genes are affected by 

these mutations, proto-oncogenes and tumor suppressor genes.
22

 Proto-oncogenes are 

those which can be converted into oncogenes by mutations, and which in turn causes the 

genes to overexpress themselves and increasing the activity of the protein that the gene 

codes for. Meanwhile, tumor suppressor genes develop mutations and this leads over time 

to uncontrolled growth. HDM2/p53 and Myc/Max PPIs are two distinct examples that 

play important roles by inhibiting growth suppression and cell death, as well as 

promoting genomic instability.
23,24

 

This thesis in later chapters discusses the attempt we made targeting the above two 

cancer-causing PPIs: HDM2/p53 and Myc/Max networks. Specific details of the 

importance of these PPI networks are elaborated in appropriate chapters of this work.  

1.4. Mimicking the α-helix to inhibit PPIs 

Protein secondary structure
25

 is largely made up of α-helix and β-sheets.
26 

The general 

structure of an α-helix is 3.6 residues per turn and is defined by dihedral angles -60
o
 for Ø 

and -45
o 

for Ψ. Side chains on α-helix are placed on top of each other at every 3-4 

residues.
27

 PPIs involving the α-helical motif go through a unique mechanism. 

Intrinsically disordered protein attains the alpha helicity by making hydrophobic 

interactions along i, i+4 and i+7 positions with the partner protein.
28

 Having considerable 

variations on the key side chain residues make these PPIs diverse and allows targeting 

interactions without compromising the specificity.  
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Recent advances in genome mapping, protein crystal structures and molecular modeling 

helped chemists, structural biologists and biophysicists to collaborate to identify and 

optimize new therapeutics to block PPIs and thus making it relatively less daunting to 

target these complex networks compared to three decades ago.
29-32 

Many diverse α-helical 

mimics have been reported in literature and considerable amount of progress have been 

made in last two decades. These inhibitors commonly have a scaffold with functional 

groups oriented spatially to mimic the specific protein hot spot regions. These inhibitors 

are generally divided in to three types (Figure 1.2).
33

 Type-1 contains peptides with 

linkers and salt/lactam bridges to stabilize spatial arrangements,
34 

and type-2 category 

inhibitors have non-peptide backbone with the functional groups around a small molecule 

mimicking the spatial orientation but not necessarily the helical topography. These 

Figure 1.2: Representation of α-helix and α-helix mimetics (Type 1, 2 & 3). 

Type-1 Represents synthetic peptides with linkers for stability. 

Type-2 Represents small molecules. 

Type-3 Represents foldamers. 
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inhibitors are mostly identified in high throughput screening (HTS) by testing a library of 

compounds.
35-37

 The third category of α-helical inhibitors mimic the side chain residues 

in the relative distances and orientations on backbones like terphenyl,
38

 peptoid,
39

 β-

peptide,
40

 stapled peptide
41,42

 and many other diverse scaffolds.
43

 These α-helical mimcs 

are commonly referred as foldamers.
30,31,44

 

1.5. Spiroligomers as α-helical mimics: modulators for PPIs 

Spiroligomers can be visualized as molecular legos built by step-wise addition of 

chemical blocks called pro4 bis amino acids leading to well-defined, structurally diverse 

shapes, including α-helical mimic (Figure 1.3). 

(Note to readers: Spiroligomers were initially called bis-peptides in previous literature 

published by Dr. Schafmeister’s group. The term spiroligomer, coined by our advisor Dr. 

Schafmeister, is a very apt choice for these macromolecules, having a molecular complex 

built by monomer subunits in attaining a spiral structure via peptide elongation) 

 

 

Figure 1.3:  A. α-helix with i, i+4 and i+7 positions B. CANDO
45

 (computer program) identified 

spiroligomer with functional groups and matched for residues at i, i+4 and i+7 on α-helix. C. 

Spiroligomer wedge-bond representation. 
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Spiroligomers secure stereochemically rigid backbone via the assembly of stereo 

chemically pure pro-4 bis amino acids through pairs of amide bonds. Each of these 

monomer building blocks can be ornamented with one or two functional moieties before 

elongating in to spiroligomers (Figure 1.4). Figure 1.3 shows the CANDO
45

-generated 

image of a spiroligomer with resemblance to an alpha helix, and the orientation of the 

functional groups arranged spatially with relative distances. Having these structural 

similarities to alpha helical scaffolds, these can be considered under the realm of 

foldamers/α-helical mimics. We consider spiroligomers have many advantages over other 

therapeutic groups for inhibiting PPIs.  

 

 

 

 

Figure 1.4: A. Examples of pro-4 monomers (bis-aminoacids) B. Wedge bond 

representation and 3-D representation showing rigid bonds and functional group 

orientation. 
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1.6. Advantages of spiroligomers over other α- helical mimics 

The rigidity of the spiroligomer backbone makes it unique among the class of "foldamer" 

molecules. It allows them to be designed to display different functional group 

constellations by controlling the stereochemistry of the building blocks, the orientation of 

the building blocks and the functional groups on each building block.  Spiroligomers are 

also predicted to be resistant to proteolytic enzymes make them a better choice over 

peptide-based mimics. Furthermore spiroligomers, being relatively larger than small 

molecules and smaller than biologics, fill the size gap between the two therapeutic 

extremes: small molecules (hard to interfere with large surface areas) and biologics 

(difficulty with cell permeability). 

1.7. Approaches and methods to screen molecules for protein binding 

 After selecting tractable targets for drug-like inhibitors, it is important to differentiate 

advantages and disadvantages of the available approaches and screening methods and 

choose proper and appropriate methods to screen for initial activity. There are several 

approaches and screening methods and new techniques are emerging to modulate PPIs in 

better and more sensitive directions. Widely used approaches to develop a new 

therapeutic molecule are library screening, fragment-based drug discovery, peptide-based 

drug discovery, protein secondary structure mimetics, and computer-aided drug 

discovery.  

Screening assays measure signals either from direct binding of compounds to 

macromolecules or competitively replacing other macromolecules or inhibitors. High 

throughput screening (HTS) assays use a single concentration o,r dose response assays to 

obtain Kd or IC50 values in 96 or 384 well plates. Traditional HTS assays like ELISA 
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and, DELFIA involve binding one of the protein partners to the surface and screening the 

inhibitors. Though the assay is sensitive and accurate, due to involvement of multiple 

incubation/wash cycles and time consuming, solution-phase assays caught more 

attention. These screening assays involve mix-and-read assay format such as FP, FRET, 

TRFRET, HTRF, and bead-based assays.  

Depending upon the nature of the therapeutic molecules, the size of the targeted interface, 

the spatial orientation of the hot spot residues and the availability of certain assay tools, 

different strategies can be envisioned.  

We utilized a combination of the above-mentioned approaches and assay strategies to 

probe spiroligomers against specific biological molecules like proteins, peptides and 

DNA to encounter the associated activity. Details of the particular approaches and assays 

along with methods and materials are discussed as required in later chapters. 

1.8. Pro-4 bis-amino acids: building blocks for spiroligomer synthesis 

As mentioned earlier, spiroligomers are synthesized using bis-amino acid monomer units. 

These monomers (1-10 to 1-17) are synthesized in multi-gram scale starting from trans-

L-4-hydroxyprolin 1-1 (Scheme1.1). 
46,47
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 Scheme 1.1: Synthesis of pro-4 aminoacids 

(a) Ac2O, AcOH, reflux, 24 hrs; 2 M HCl, reflux, 24 hrs, Crystalize from H2O/EtOH (55% yield) (b) 

Cbz-Cl, NaHCO3, 1:1 Water:dioxane; (100% crude yield) (c) Jones reagent, acetone; (95% crude 

yield) (d) Isobutelene, H2SO4(Cat), CH2Cl2; (95% crude yield) (e) (NH4)2CO3, KCN, 1:1 

Water:EtOH, r.t., (62-75% mixture yield) (f) (Boc)2O, Pd/C, THF, H2O/N2 (62% yield) (g) i) 

(Boc)2O, DMAP, THF;  ii) 2 M KOH (70-85% yield).  
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Discussion about building spiroligomers from pro-4 amino acids, using acylation 

chemistry on solid and solution phases is elaborated in appropriate chapters.  

1.9. Objectives 

The focus of the research was to utilize the acylation chemistry
48,49 

and synthesize several 

spiroligomers and their analogues using solid
50

 and solution phase
51,52 

chemistries to: 

1. Establish spiroligomers as a potential novel class of α-helical mimics that interfere 

with protein-protein interactions and inhibit an undesired biological effect.  

2. Identify new PPI targets and develop the biological components, utilizing 

computational techniques, which suits spiroligomer structural aspects. 

3. Utilize existing in vitro screening methods and develop them according to the assay 

needs to screen PPIs inhibitory properties of spiroligomers in different biological 

systems.  

These key elements are accomplished with particular approaches as described below.  

1.10. General approach 

1. Establish required tools for microbiology and generate/develop/optimize 

recombinant proteins for bio-analysis purpose. 

2. Design, synthesize, purify and characterize spiroligomers and expand the library 

utilizing medicinal chemistry tools.  

3.  Screen compounds for inhibitory activity against macromolecules (recombinant 

proteins, peptides) using different bio-analytical techniques. 
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4. Collaborate with other biology research groups to establish spiroligomer 

inhibitory activity to the next level. 

1.11. Thesis overview 

Chapter 2 details the molecular biology experiments conducted to express and purify 

recombinant proteins by establishing protocols and optimizing existing literature 

protocols for several HDM2 constructs and HDMX. Along with proteins a brief 

discussion about solid phase peptide synthesis and details of synthesized peptides is 

covered. 

Chapter 3 covers the biology involved between HDM2/p53 and the importance of 

inhibiting these PPIs in developing cancer therapeutics. It gives the overview of two 

spiroligomer libraries along with in vitro fluorescence polarization (FP) data and results 

from ex vivo cellular assays.  

Chapter 4 discusses expanding the library of spiroligomers by taking the account from 

chapter 3 and also extending spiroligomers to incorporate one extra side chain functional 

group along with in vitro results from binding to HDM2 and HDMX. 

 Chapter 5 describes leucine zippers and the myc/max/mad network and the approach of  

using spiroligomers to inhibit Myc-Max interactions to stop proliferation of cells. This 

chapter details the synthesis of spiroligomers using solution phase chemistry with 

isocyanate caps and discusses results obtained from circular dichroism, α-screen and 

ELISA experiments.  
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CHAPTER 2 

2. PROTEIN EXPRESSION AND PURIFICATION AND SOLID PHASE 

PEPTIDE SYNTHESIS 

Molecular biology experiments were undertaken in the lab to test the inhibition of 

protein-protein interactions using spiroligomers. This chapter is dedicated to the 

development and optimization of the protein expression and purification of different 

HDM2 constructs and HDMX. Also discussed is the synthesis of a few peptides on solid 

support which were used as positive controls or binding partners during the screening.   
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2.1. Introduction 

As mentioned in Chapter 1, the major goal of this thesis is to develop spiroligomers that 

inhibit protein-protein interactions. To accomplish this goal, we need to be able to rapidly 

screen spiroligomers for binding to macromolecules, like proteins and peptides. 

Obtaining the required pure proteins and peptides from commercial sources is expensive, 

so we developed in-house methods for the expression and purification of the desired 

proteins. There are many parameters that needed to be optimized for protein expression 

and purification from selection of cell growth media to the type of dialysis buffer to 

produce an acceptable amount of protein pure enough to use for in vitro binding assays.
1,2

 

Finally, the required peptides were synthesized in the lab on solid support.  

2.2. Results and Discussion 

To support the different assays that will be used in later chapters of this dissertation, we 

used several different plasmids to produce the required proteins. Plasmids are 

incorporated with ampicillin resistance gene and were fused with either hexa histidine or 

GST tag at N-terminus. After presenting the expression and purification details of the 

required proteins, a brief discussion regarding the synthesis of the peptides to be used in 

the assays is also enclosed. Details and significance of the proteins are discussed in later 

chapters.  

2.2.1. Expression and purification of HDM2 1-140 

Expression of HDM21-140 was performed in TB media in cultures developed from E.coli 

BL21 with the pEt28b vector having HDM21-140 gene. Higher protein expression was 
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observed by inducing the growth of bacteria using 0.4 mM IPTG at the exponential 

growth phase 0.9 OD600 rather than at 0.6 OD600 (Figure 2.1). Induction at a higher 

bacterial density increased the production of inclusion bodies, but is required to isolate 

useful amounts of protein.  After the addition of IPTG, incubation was continued for five 

hours at 30 °C, then the media was centrifuged and the bacterial pellet was suspended in 

buffer and immediately stored at -80 °C until the purification step.  

 

 

Figure 2.1: SDS page gels of HDM2 1-140. A. Protein expression induced at 0.6 OD. 

B. Protein expression induced at 0.9 OD. C. Eluted pure protein. 
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Trials were carried out to optimize the purification conditions for this His-tagged protein 

utilizing affinity chromatography techniques.
3,4

 The expressed cell pellet in buffer at  

-80 °C was first thawed before being sonicated and centrifuged to remove cell debris. The 

supernatant was then loaded on nickel-charged His-resin column. A published procedure 

was used to elute the protein using 1 M imidazole after first washing the column with 60 

mM imidazole.
5 

Unfortunately, using this method resulted in the protein eluting during 

the wash. A gradient system using one column volume each of 5 mM to 60 mM 

imidazole concentrations was then used. From the results of this experiment, we 

concluded that 30 mM imidazole is high enough to wash away impurities while 

preventing the elution of the desired protein.  

2.2.2. Protein expression and purification of HDM2 25-117 

The expression and purification of protein HDM2 25-117 was then replicated as HDM21-140 

protein construct without any needed modifications, except for the induction of protein 

which was done with IPTG when cell density reached between 0.7-0.8 at OD600. Figure 

2.2 shows the SDS gel.  
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2.2.3. Protein expression and purification of HDM2-GST1-188 

The expression of HDM2 was performed in LB media from cultures developed from 

E.coli BL21 with the pEt28b vector having an HDM21-188 containing plasmid. 

Purification of the protein was conducted using glutathione sepharose 4B resin and the 

protein was eluted using a 200 mM glutathione solution. The desired protein fractions 

were dialyzed overnight to remove excess glutathione. After this dialysis, the protein 

precipitated, which had a negative effect on the yield. Through trial and error, it was 

determined that adding 5% glycerol helped minimize this precipitation issue. Figure 2.3 

shows the samples with precipitated protein and the difference in the UV absorbance for 

the two different protein samples and the SDS page gel.   

Figure 2.2: SDS page gel of HDM2 25-117 showing expressed protein and 

purified protein. 
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2.2.4. Protein expression and purification-HDMX-GST 18-111 

The expression of HDMX was performed in LB media from cultures developed from 

E.coli BL21 with the pEt28b vector having a HDMX18-111 gene. After the expression, the 

cell pellet was found to store best at -80 °C as a solid instead of suspended in buffer. 

Proteolytic degradation of the protein is known to occur if this protein is stored in buffer 

even in the presence of protease inhibitors. It is highly recommended that this protein be 

purified immediately after expression and used in binding assays as soon as possible. 

Figure 2.3: Data of GST tagged HDM2 1-188   A. Purified protein sample A after dialysis and 

showing precipitated protein circled. B. Purified protein sample B after dialysis and showing 

precipitated protein circled C. UV data of sample A, B and diluted samples of B D. SDS page 

gel of HDM2 1-188  
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Protein purification was performed using a glutathione sepharose resin and 250 mM 

glutathione as the elution buffer. 

 

 

2.2.5. Overview of peptide synthesis 

The objective here is to support the study of the binding activity relationship of a peptide 

to either a recombinant protein or spiroligomer inhibitor. Out of several peptides 

synthesized, three of the peptides discussed here will be used in subsequent chapters.  

 

Figure 2.4: SDS page gel of HDMX 18-111 showing eluted pure protein samples  
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2.2.6. Solid phase peptide synthesis (SPPS) introduction 

In 1963, Bruce Merrifield developed a new method of peptide synthesis that takes place 

on polystyrene beads and was awarded the 1984 Nobel Prize for this innovation
6
. In this 

process, the C-terminal amino acid is attached to the solid support before being elongated 

through repetitive deprotection and coupling steps using excess reagents to drive the 

reactions to completion. Once the desired peptide is obtained, it is then liberated from the 

solid support in relatively pure form. This technique has been widely used in the fields of 

biology, microbiology, biochemistry, and medicinal chemistry towards development of 

new peptide drugs. There are two common strategies in synthesizing peptides on solid 

phase: one is a Boc-based strategy and the other an Fmoc-based strategy. In the Boc-

based strategy, the amine is protected with Boc and the resins utilized are most often 

cleaved by hydrofluoric acid or nucleophilic displacement. The Fmoc-based method uses 

the Fmoc amine protecting group and resins that are cleaved by milder acids, such as 

trifluoroacetic acid. The peptides presented here (2-1, 2-2 and 2-3) were all synthesized 

on solid support using the Fmoc-based strategy.
7-12

 

2.2.7. Synthesis of peptides using Fmoc strategy in SPPS 

Peptides 2-1, 2-2 and 2-3 were synthesized using acid labile Rink Amide resin as solid 

support and using the Fmoc-based method, as shown in Scheme 2.1. After pre-swelling 

the Rink Amide resin in DMF, 20% piperidine in DMF was added to remove the Fmoc 

protecting group on the amine of the resin. The first amino acid of the desired peptide to 

be synthesized was pre-activated using HATU in DMF in the presence of DIPEA at room 

temperature before being added to the deprotected resin. This process, removal of Fmoc-
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protecting group followed by coupling the next amino acid, was repeated to produce the 

desired peptide. A representative scheme of this solid phase synthesis is shown in 

Scheme 2.1.  

2.2.8. Peptides synthesized on SPPS  

The three control peptides synthesized on Rink Amide resin using Fmoc based SPPS:  

Compound 2.1 - p53 peptide residues 14-29 with β-Ala installed on the N-terminus and 

labelled with fluorescein tag.  

Sequence: Fluorescein-β-Ala-L-S-Q-E-T-F-S-D-L-W-K-L-L-P-E-N-NH2 

Compound 2.2 - p53 peptide residues 14-29 with β-Ala installed on the N-terminus.  

Sequence: β-Ala-L-S-Q-E-T-F-S-D-L-W-K-L-L-P-E-N-NH2 

Compound 2.3- c-Myc peptide residues 411-431 with tryptophan installed on C-

terminus to serve as a chromophore and 4-pentynoic acid on the N-terminus for click 

chemistry.  

Sequence: 4-pentynoyl- Q-K-L-I-S-E-E-D-L-L-R-K-R-R-E-Q-L-K-H-K-L-W-NH2 
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Scheme 2.1: General scheme for the Fmoc-based solid phase synthesis of peptides 
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To achieve higher yields of pure peptides, each coupling step was performed twice 

(double-coupling). Once the growing polypeptide chain reached eight residues in length, 

Ninhydrin tests were performed after each Fmoc protecting group was removed to 

confirm the formation of a free amine group. Along with double coupling, it was also 

important to increase the time of the coupling after around six to seven amino acids were 

coupled on to the solid support. Intermediate test cleavages were also performed to 

actively access the purity of the peptide. Figure 2.5 shows some of the LCMS traces of 

the test cleavages during the synthesis of 2-3.  
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Figure 2.5: LCMS traces from intermediate test cleavages during the 

synthesis of 2-3 and purified final peptide. 
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2.3. Conclusions 

This chapter is focused on the expression and synthesis of proteins and peptides that will 

be utilized later in this dissertation to study the inhibitory properties of spiroligomer 

inhibitors. Multiple HDM2 constructs and HDMX were used in FP and TRFRET assays 

to demonstrate the binding of spiroligomers to these proteins. p53 peptides (compounds 

2-1 and 2-2) were used in direct and competitive assays. c-Myc peptide (compound 2-3) 

was used in CD experiments to determine the induced secondary structure upon binding 

of spiroligomers. 

2.4. Experimental Section 

2.4.1 Materials and methods (Molecular Biology) 

Double-distilled, deionized water was used for all molecular biology experiments. 

Molecular biology grade chemicals and reagents were purchased from Sigma-Aldrich or 

Fisher Scientific. Plasmid purification kit, Qiagen was purchased directly from the 

company. Spectra/Por dialysis membranes with molecular weight cut-offs of 5 to 20 kDa 

were purchased from Fisher Scientific. Novagen brand Ni
2+

-NTA chromatography resin 

was purchased from EMD Millipore (Billerica, MA).  Sterilized polypropylene and 

polystyrene tubes, spreaders, loops, and Petri dishes for cell cultures were purchased 

from Fisher Scientific. Protein assay kits, reagents, and protein size markers for SDS-

PAGE were purchased from Bio-Rad Laboratories (Hercules, CA). Amicon spin 

concentrators for concentrating proteins were purchased from EMD Millipore.  Standard 

molecular biology techniques were used in preparing media, buffers and autoclaving the 

materials under aseptic conditions.    
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2.4.2 Transformation of E. Coli 

Competent cells and plasmid were thawed on ice. In a labeled, sterile Eppendorf tube (2 

ml) 50 µL of competent cells were then added (the cells were gently tapped to mix and 

centrifugation was not used). To this, 5 µL of each plasmid of interest was added and 

aspirated gently with pipette tip. The reaction was then incubated while on ice for 30 

mins (no shaking or stirring). Then each mixture was incubated at 42 °C in a water bath 

for 1 minute before being immediately transferred back to ice and incubated for 2 mins. 

This process is known as “heat shock” and allows the plasmid to enter the cells. This was 

pipetted in to pre warmed 1ml of SOC medium in sterile culture tube at 42 °C water bath. 

This mixture was further incubated at 37 °C for 1-3 hrs in a shaker set at 250 rpm. The 

incubated cells were transferred on to LB agar media plates and these plates were kept at 

37 °C in an incubator overnight to grow colonies of E.coli with the desired plasmid. 

These plates were sealed and stored in a 4 °C fridge until needed.  

2.4.3 Isolation and quantification of plasmid DNA 

4 mL of LB media containing ampicillin (100 µg/mL, final concentration) was inoculated 

with a single colony and the culture was allowed to grow overnight at 37 °C. Plasmid 

DNA was isolated from these cultures using plasmid mini prep purification kit (Qiagen) 

following the protocol supplied by the kit. The extracted DNA pellet was stored at -20 °C, 

in TE buffer at pH 8 until further use.  

2.4.4 Expression and purification of recombinant protein constructs
3

 

The N-terminal domain of human HDM2 and HDMX plasmids were transformed into 

BL21 cells following the general transformation of E.coli. Cells from single colony were 
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inoculated in to 25 mL LB media supplemented with ampicillin (100 µg/mL, final 

concentration) and grown at 37 °C overnight. These cultures were transferred to 1 L 

autoclaved media of choice for each specific protein and further grown to reach an optical 

density of 600 nM before being induced using IPTG with final concentration of 0.4 mM. 

These induced cultures were allowed to express the protein at the given temperature and 

specified amount of time listed in Table 2.1. After the expression, the media was 

centrifuged to pellet-out the expressed cells at 5000 rpm and 4 °C. The pellet was stored 

at -80 °C in either lysis buffer or as a solid.  

 

 

 

SN Protein 

Construct 

Growing 

Media 

OD Temperature (°C ) 

after IPTG  

Incubation 

Time (hrs) 

1 HDM2(1-140) TB 0.9 30 4 

2 HDM2(25-117) TB 0.7 30 5 

3 HDM2(1-188) LB 0.7 20 12-18 

4 HDMX(18-111) LB 0.6 20 12 

SN Protein 

Construct 

Tag Purification 

method 

Extincti

on Co-

efficient 

Molecula

r weight 

Dalton 

Yield 

(mg) 

(for 1L 

expression

) 

Spectra/Por 

dialysis 

Membrane 

(MWCO*) 

Dalton 

1 HDM2(1-140) His Nickel 

Column 

10430 16633.88 1.8-2 8,000-

10,000 

2 HDM2(25-117) His Nickel 

Column 

10430 11611.47 1.5-2 3,500-5000 

3 HDM2(1-188) GST Glutathione 

Sepharose 

4B 

53290 49021 3-4 20,000 

4 HDMX(18-111)  GST Glutathione 

Sepharose 

4B 

50310 38294.47 2-3 20,000 

Table 2.2: Details of protein constructs purification techniques, molecular weights, and extinction co-efficient.  

MWCO*= Molecular weight cut off. 

 

Table 2.1: Displaying protein constructs with their protein expression details. 
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2.4.4.1 Protein purification for His-tagged proteins 

The cell pellet was stored in pre-chilled 1 x binding buffer (0.5 M NaCl, 20 mM Tris-Hcl, 

5 mM imidazole, pH 7.9) at -80 °C until protein purification. The frozen cell pellet was 

thawed at 4 °C and lysed by sonication for 2 minutes with 10 sec on and 20 sec off cycles. 

Cell debris were pelleted by centrifugation for 30 min at 15000 g at 4 °C and the 

supernatant was filtered through a 0.2 μm syringe filter. A column was prepared using 2 

mL Novagen His-bind suspended resin and washed with 3 volumes of DI water. The flow 

rate was maintained below 0.5 ml/min throughout the purification. The resin was charged 

with 5 column volume 1 x charge buffer (50 mM NiSO4) and then equilibrated with 3 vol 

1x binding buffer (5 mM imidazole). After loading the column with prepared extract, the 

resin was washed with 10 vol 1x binding buffer and then with 6 vol 1x wash buffer (30 

mM imidazole). Protein was then eluted with 6 vol 1x elution buffer (1 M imidazole). 

The eluate was captured in 0.5 ml fractions. Fractions were assayed with Coomassie blue 

and desired fractions were combined and dialyzed using Spectra/Por dialysis membranes 

MWCO (Spectrum Laboratories) in PBS (pH 7.4, 5 mM EDTA and 0.5 mM DTT) 

overnight. 

2.4.4.2 Protein purification for GST-tagged proteins 

For purification, each bacterial pellet was suspended from 1 L of culture in 50 mL of 

lysis buffer (1 x PBS, 1 mM EDTA, 2 mM DTT, pH 7.3) and the cells were sonicated for 

10 minutes with 20 seconds on and 20 seconds off at 4 °C to lyse the cells. The extract 

was clarified by centrifugation at 30,000 rpm for 20 minutes at 4 °C. The supernatant was 

transferred to a 50 mL tube containing 5 mL slurry of Gluthione Sepharose 4B. This was 
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incubated for at least 1 hour at 4 °C with constant rotation. The resin was then pelleted by 

centrifugation for 5 minutes at 500 rpm in a tabletop centrifuge. The supernatant was 

transferred to a fresh sample container and the resin was washed three times with 20 mL 

of lysis buffer. After final wash, the beads were suspended in ~5 mL of lysis buffer and 

transferred to a disposable column that was allowed to drip by gravity. To elute bound 

proteins, two column volumes (~5 mL) of elution buffer (lysis buffer + 250 mM 

glutathione) was used. 1 mL fractions were collected in 1.5 mL Eppendorf tubes and 

analyzed by SDS-PAGE. Specific details of the protein purification system, molecular 

weights, and extinction co-efficients are listed in Table 2.2.  

2.4.5 Protein dialysis 

Pooled purified protein fractions were carefully pipetted into dialysis membrane 

(Spectra/Por) by securely closing both ends while leaving enough space in the bag to 

permit the diffusion. These filled dialysis bags were placed in 1 L of cold dialysis buffer 

containing a stir bar at 4 °C while constantly stirring slowly for 2 hours. These bags were 

then transferred into fresh 1 L dialysis buffer with constant slow stirring overnight while 

maintaining the cold temperatures. Molecular weight cut off of the dialysis membranes 

used for protein constructs are also listed in Table 2.2. 

2.4.6 Protein analysis 

2.4.6.1 SDS-polyacrylamide-gel electrophoresis
4 

10 µL of each sample was added to 10 µL 2X SDS sample buffer and heated at 40 °C for 

5 mins to denature the protein before being cooled to room temperature. These samples 
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were loaded on to pre-cast polyacrylamide gels for gel electrophoresis. Gels were 

analyzed to assess the purity the protein in each sample.   

2.4.6.2 Measuring protein concentration 

After dialysis, the protein solution was carefully transferred into 2 mL centrifuge tubes 

and centrifuged using a benchtop centrifuge in 4 °C cabinet at 12,000 rpm to remove any 

precipitated protein. This protein solution was further filtered through 0.2 µm syringes 

and 50 µL of solution was used to calculate the concentration by measuring the 

absorbance in a micro-cuvette at 280 nm using UV spectrophotometer using dialysis 

buffer as a blank.  The protein solution was diluted further accordingly if the absorbance 

was greater than 1 ABS at 280 nm. Concentration and yields of proteins were calculated 

using molar extinction coefficient and molecular weights using the below formula:  

Concentration = Absorbance at 280 nm (A) / Extinction Coefficient (€) * Dilution 

Mg protein / mL = Molarity / Protein molecular weight 

Extinction coefficient and molecular weight of each construct are included in Table 2.2. 

2.4.7 Synthesis of peptides (compounds 2.1, 2.2 and 2.3) 

100 mg of Rink Amide AM low loading resin (0.62 mmole/g) was weighed in to a clean 

8 mL dry solid phase reactor and was soaked in DCM for minimum of 30 mins. The 

soaked resin was washed thoroughly using DMF and 20% piperidine in DMF was added 

and stirred for 30 minutes to remove the Fmoc protecting group. In a clean, dry vial 5 eq 

of the amino acid, with respect to resin loading, to be attached on c-terminal end of the 

respected peptide was preactivated by adding 5 eq of HATU and 10 eq of DIPEA in 
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DMF. The reaction mixture was left for 10 minutes before it was added to the resin 

stirred for 1 hour. Double couplings were performed after the resin-bound polypeptide 

chain reached eight residues in length. After finishing the series of coupling and 

deprotection steps required to achieve the desired sequences, the resin was washed 

thoroughly and treated with 2-3 mL of TFA:TIPS:H2O (95%:2.5%:2.5%) to liberate the 

peptide. The cleavage reaction was allowed to continue for 4 to 5 hours before being 

collected by filtration. The filtrate was then added dropwise to cold ether to precipitate 

the peptide. The crude peptide was dissolved in 50% ACN/H2O and was purified using 

reverse phase HPLC.  

Compound 2-1 elutes at tr 15.8 min, Compound 2-2 elutes at tr 8.6 min and compound 2.3 

elutes at tr 8.8 min (5-95% H2O/ACN with 0.1% formic acid, 30 min run). 
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CHAPTER 3 

3. SPIROLIGOMERS TARGETING THE HDM2-P53 PROTEIN-PROTEIN 

INTERACTION 

Chapter 3 presents two sets of spiroligomers that mimic the α-helical conformation of the 

p53 activation domain that binds to HDM2. The best spiroligomer from the two series 

showed 0.4 µM Kd in in vitro assays. Furthermore, it was found to enter into cells 

through passive diffusion and affect the activity of HDM2 and p53 at the cellular level in 

both dose- and time-dependent experiments.
1
  

  

 

 

 

A portion of this chapter is published as 

Brown, Z. Z.; Akula, K.; Arzumanyan, A.; Alleva, J.; Jackson, M.; Bichenkov, E.; 

Sheffield, J. B.; Feitelson, M. A.; Schafmeister, C. E. PLoS ONE 2012, 7, 45948. 

 

Figure 3.1: The model showing Spiroligomer 3-25 (green side chains) mimicking the α-helical 

transactivation domain of p53 (yellow). Spiroligomer 3-25 binds to HDM2 with Kd = 0.4 µM 

and A (inset) shows cell permeability of 3-25.  
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3.1. Introduction 

3.1.1. HDM2/p53 protein-protein interactions 

The interaction between p53 and its antagonist, HDM2, is a very well-studied system. 

Many diverse cellular biological functions such as cell development, growth control, and 

apoptosis rely upon the relationship between these two proteins.
2
 After the co-crystal 

structure of this interface was solved in 1996,
3
 it has since served as a model system in 

the field of protein-protein interactions. This interface has allowed researchers to explore 

multiple strategies and various approaches in targeting transient domain motif 

interactions in general.
3,4,5

 

Tumor suppressor protein p53, also known as the “guardian of the genome”, is a 

transcriptional factor that inhibits malignant cell proliferation by inducing cell cycle 

arrest, apoptosis, and DNA repair in response to a variety of cellular stress signals.
6,7

 Half 

of human cancers were reported to contain functionally inactivated p53 either by 

mutation or other genomic alterations in its activation pathway
8,9

 and in most of the 

remaining cancers the over expression of oncoprotein HDM2 was observed.
10,11,12

 

In normal cells, HDM2 protein is integral to regulate the growth suppressing activity of 

p53 by controlling the stability of p53. HDM2 and p53 are part of an auto-regulatory 

negative feedback loop (Figure 3.2),
13,14

 where HDM2 is transcriptionally activated by 

p53 and, in turn, inhibits p53 activity through at least two main mechanisms. One of these 

mechanisms is binding to the N-terminal transactivation domain of p53 and halting its 

expression. The second mechanism is by acting as an E3 ubiquitin ligase for p53 and 
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subsequently leading to rapid degradation of p53 by ubiquitin dependent 

proteolysis.
13,15,16

  

 

3.1.2. Inhibiting the interaction of HDM2 and p53 as a cancer therapeutics strategy 

Since HDM2 is the master regulator of p53, blocking the interaction of HDM2/p53 and 

restoring the activity of p53 has gained great interest as a potential cancer therapeutic 

strategy.
17

 The crystal structure of the interaction revealed that N-terminal transactivation 

domain of p53 adopts an α-helical conformation and occupies a deep hydrophobic cleft of 

HDM2.
3
 The key contacts in this interface are the hydrophobic and aromatic residues of 

p53 (Phe 19, Trp 23 and Leu 26) aligned in i, i+4 and i+7 positions along one face of the 

Figure 3.2: Illustration of HDM2/p53 interaction. Cellular stress activates p53 and p53 

then activates apoptosis and also initiates HDM2 expression. HDM2 in turn binds to p53 

and degrades p53.
13,14
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helix (Figure 3.3). These residues are buried deep into the HDM2 cleft making van der 

Waals interactions and are considered the key interaction at this interface.
3,18,19

  

 

 

 

3.1.3. Inhibitors for the HDM2-p53 interaction 

Extensive chemical modifications of the p53 peptide were investigated to test the 

feasibility of targeting the HDM2/p53 interface. These efforts lead to the development of 

more active peptides (down to 1nM) than wild type p53 peptide (1000 nM).
20

 However, 

due to limitations of peptide based therapeutics in terms of stability towards peptidases 

and poor permeability across biological membranes they suffer serious problems when 

used as therapeutics.
21

 However, these studies guided the design of a wide range of 

Figure 3.3:  Crystal structure of p53 peptide (red) bound to HDM2 (cyan). (PDB code: 1YCR
3
) 

side chain residues on p53 peptide: Phe19, Leu29, Trp23 (top to bottom) are shown.   
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therapeutic agents, including, small molecules, α-helix mimics (foldamers), and mini-

proteins (Fig 3.4).
22, 23, 24

  

Several small molecule scaffolds have been identified through high-throughput screening, 

in which nutlins were found to be the first selective, potent, non-peptide molecules. 
22,25

 

Further chemical modifications on nutlins lead to compound RG7112, the first HDM2 

inhibitor to advance into clinical trials.
26

 The other branch of inhibitors extensively 

developed are α-helix mimetic scaffolds that imitate the p53 i, i+4 and i+7 positions. 

Terphenyl scaffolds, β-hairpin inhibitors, β-peptides, α-peptides and stapled peptides are 

other examples of the many well-studied foldamers that contain either non-peptide 

scaffolds or have minor peptide backbone modifications.
27-29

 These type of compounds 

are more favorable for cellular studies and avoid some of the therapeutic limitations of 

peptides. (Figure 3.4)  

Despite extensive study of this interface, both in academia as well as in industry, very 

few molecules targeting this interaction have entered in to clinical studies to date.
30

 One 

exception is the foldamer ALRN-6924, a stapled peptide.
31

 All other inhibitors of 

HDM2/p53 that have reached clinical trials are small molecules. A recent review 

published in “Frontiers in Oncology” elaborated on clinical trials of HDM2 inhibitors and 

highlighted the cytotoxicity challenges associated with these compounds that must be 

overcome to develop a marketable drug.
30

 The authors conclude that there is a need for 

the development of more potential molecules and new scaffolds to disrupt HDM2/p53 

interactions. This system provides a good platform to develop spiroligomer-based 

inhibitors that take advantage of their predictable three-dimensional structural and other 
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associated biochemical advantages, such as protease resistance, over other compounds in 

the literature.
32

    

 

 

 

Using a software program developed in house, called CANDO,
 33

 we were able to 

identify spiroligomers that could mimic residues Phe19, Trp23, and Leu26 of p53. The 

software is able to mix and match the backbone stereochemistry as well as the type of 

functional groups to identify spiroligomers that may mimic the structure- p53.  

3.2. Results and Discussion 

Spiroligomers that position functional groups that mimic the three key residues of the p53 

peptide at the i, i+4 and i+7 positions were synthesized on solid support. These molecules 

Figure 3.4:  Representative examples of HDM2 inhibitors. Nutlin (3-1), Terphenyl Scaffold (3-2a 

& 3-2b), Benzodiazepinedione-1 (3-3), Spirooxyindole (MI-219) (3-4), peptoid based inhibitor (3-5) 

β-peptide scaffold-inhibitor (3-6).  
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were covalently tagged with fluorescein to facilitate fluorescence polarization assays to 

determine the binding constant of spiroligomers to HDM2.  

 

 

 

3.2.1. The solid-phase synthesis of α-helical mimics of spiroligomers 

Scheme 3.1 shows 3-7, as the general representation of spiroligomer that can mimic the 

p53 helix. The detailed synthesis of 3-25 is shown below in Scheme 3.3.  In general, the 

building blocks required for the synthesis include one un-functionalized pro4 monomer, 

3-8, which can be synthesized from compound 1-15 using a published procedure from 

our group,
34,35

 will be linked to solid support through an ester bond. And two reductively 

alkylated pro4 monomers like 3-9 and 3-10 that mimic i+4 and i+7 positions of p53, can 

be attached using acylation chemistry
36

 developed by former graduate student from our 

lab, Zachary Brown. And next amino acid 3-11 having the functional group that can 

Scheme 3.1: Illustration of a retrosynthetic decomposition of a representative α-helix 

mimic (3-7) spiroligomer and required starting materials for the synthesis (3-8 to 3-11). R1, 

R2 R3 represents the side chain functional groups to mimic i, i+4 and i+7 positions of p53. 
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mimic the i position of p53 can be attached using HATU/DIPEA activation method. The 

pro4 building block, 3-8, attached first to the solid support can be elongated by the lysine 

derivative, 3-12, which can be linked to the fluorescein group and also can facilitate the 

release of the spiroligomer from the solid support to form 3-7.  

This synthetic procedure allows the choice of a variety of functional groups and also can 

achieve variety of spatial arrangements by utilizing the other optically pure pro4 amino 

acids. A representative of the synthesis of these spiroligomers is detailed below in 

Scheme 3.3. All other analogues were made using the same synthetic procedure. 

3.2.2. Solid phase synthesis of compound 3-25 

Scheme 3.2 details the synthesis of the pro4 amino acid monomers utilized in the 

synthesis of compound 3-25. Fmoc protected pro4 amino acid 3-13 is made from pro4 

building block 1-15 using a published procedure.
37 

The pro4 amino acids containing 

functional groups, 3-14 and 3-15, were synthesized via reductive alkylation reaction in 

MeOH using the appropriate aldehydes and sodium cyanoborohydride as the reducing 

agent.
38 

The purified compounds were then utilized in the solid phase synthesis shown in 

Scheme 3.3.   
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For the synthesis of compound 3-25 (Scheme 3.3) compound 3-13 was first attached to 

hydroxymethylbenzamide (HMBA) resin using MSNT/MeIm
39

 through an ester linkage. 

After the removal of the Boc and tert-butyl ester protecting groups using TFA/TIPS, the 

functionalized monomer 3-14 was activated using HOAT/DIC to form 3-17 and then 

coupled to the resin-bound spiroligomer following the standard acylation coupling 

method.
37

 The resulting intermediate was then deprotected and 3-15 was then activated to 

form 3-19 and coupled following the same procedure. The resin bound 3-20 was then 

treated with HBr/AcOH in DCM to remove the Cbz protecting group and then N-Boc 

protected homophenyl alanine, 3-21, was attached.  

Scheme 3.2: Synthesis of starting materials for solid phase assembly of compound 3-25.      

 A. Fmoc protection B. Reductive alkylation.  
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The Boc protecting group of the homophenyl alanine was removed using TFA and this 

promotes the formation of compound 3-22 via acid-promoted diketopiperazine (DKP) 

Scheme 3.3: Synthesis of spiroligomer 3-25 utilizing solid phase synthesis. 
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formation. The resin bound oligomer was then treated with 20% piperidine in DMF to 

remove the Fmoc protecting group attached to the monomer directly connected to the 

resin. A lysine derivative, 3-23, was then coupled to the newly formed free amine using 

HATU/DIPEA.
40 

Amino acid 3-23 is orthogonally protected, with Boc on the α-amine 

and Fmoc on the ɛ-amine, which allowed the introduction of the fluorescein group using 

fluorescein isothiocyanate to form 3-24. This compound was then treated with 1:1 TFA in 

DCM to remove the Boc protecting group and, finally, treated with 10% DIPEA in DMF 

to promote the release of the oligomer from resin by nucleophilic displacement to yield 3-

25. Following conformation by LCMS analysis, the compound was purified using 

preparative scale HPLC and the fractions containing product were collected and 

lyophilized. 

Two different sets of spiroligomers utilizing the same approach described for compound 

3-25 were synthesized. The first generation of spiroligomers (3-26 to 3-30) were built 

containing all eight stereocenters having ‘S’ stereochemistry and various sidechain 

functional groups. The second generation (3-25, 3-31 and 3-22) were synthesized based 

on the binding results from fluorescence polarization (FP) assays by keeping the tighter 

binding side chain residues and changing the stereochemistry of the scaffold. The first 

compound screened using FP assays to bind HDM2 was the compound 3-26.  

3.2.3. Fluorescence polarization (FP) assays 

Fluorescence polarization is a sensitive, non-radioactive method used to study molecular 

interactions in solution. This assay is feasible when one of the molecules is relatively 

small and labelled with fluorescent tag while its binding partner is large. The system gets 
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irradiated with polarized light and the emission will be detected at the appropriate 

wavelength corresponding to the fluorescent tag. The intensity of this emitted polarized 

light is measured in milli-polarization units (mp) and is inversely proportional to the rate 

of the molecular rotation in solution. If the tagged molecule is bound to a larger 

macromolecule this rotation is slower and will result in greater emission intensity. The 

binding constant of the system is then determined by serial dilutions of the 

macromolecule with a fixed concentration of the tagged small molecule and by recording 

the intensity of emitted polarized light. If the molecule labelled with fluorescein has no 

association to the macromolecule then there will be no emission of polarized light due to 

free rotation of molecule in the solution.
41

  

 

 

Compound 3-26, has the side chains homo phenyl, naphthyl and isobutyl that mimic p53 

residues Phe19, Trp23 and Leu26 that bind the groove of HDM2. (Figure 3.6 A), was 

incubated at a constant concentration of 10 nM, with sequential dilutions of HDM21-140 in 

a 96 well plate. It was screened using a plate reader by using excited polarized light at 

485 nm and emitted polarized light at 530 nm, which was recorded. The calculated 

dissociation constant (Kd) from the FP assay was found to be 46 μM. We also screened a 

Figure 3.5:  Illustration of fluorescence polarization assay (FP). F = fluorophore L = 

ligand/peptide/inhibitor P = protein. 
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p5314-29 peptide labeled with fluorescein as a positive control for binding HDM2 and the 

Kd was determined to be 0.6 μM (data shown in appendix), which is in close agreement 

to the published data.
42

 Even though the binding of spiroligomer 3-26 to HDM2 1-140 is 

modest, it was a positive initial result. Further analogues of compound 3-26 were built 

that alter the side chain residues displayed on the spiroligomer backbone and were 

screened for binding using the same FP assay. Five examples of the functional groups of 

these spiroligomer analogues are shown in Figure 3.6A along with their dissociation 

constant values. A 7-fold increase in binding to HDM2 was found from 3-26 to 3-30. 

Introducing dichlorobenzyl group to mimic the indole ring of Trp23 was found to 

significantly increase the binding affinity in β-peptide scaffolds. Similar analogy is found 

with spiroligomers having dichloro benzyl group at R2 position showed better binding 

affinity over the naphthyl functional group.  

Following the moderate success of the generation-1 compounds, another series of 

molecules were synthesized that focused on optimizing the stereochemistry of the 

spiroligomer backbone.  Figure 3.6B shows the three stereoisomers of these generation-2 

compounds (3-25, 3-31 and 3-32) along with their dissociation constant values.  
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Figure 3.6: Spiroligomer structures and dissociation constants (μM). FP binding data 

from HDM21-140 construct. 

A. Functional group analogues (Generation-1) 

B. Stereo chemical analogues (Generation-2) 
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These results lead to an improvement of the binding of the spiroligomer to HDM2. It is 

worthy to note the slight variation in stereochemistry led to a substantial difference in 

binding. The tightest binding spiroligomer, compound 3-25, has a Kd of 0.4 µM and 

binds more tightly to HDM2 than the 
fl
p5314-29 peptide that we used as a positive control.   

3.2.4. Cell permeability assays 

Encouraged by obtaining an approximate 120-fold increase in binding from a small set of 

spiroligomers, cell permeability assays were undertaken. Cell permeability is a very 

important trait of biologically active molecules and can offer a major challenge in drug 

development. Cell permeability studies were performed in two different hepatocarcinoma 

cell lines, HepG2 (expresses wild-type p53) and Huh7 (expresses mutant p53). 

Compound 3-26 was incubated for five hours in both cell lines at a concentration of 2 μM 

and analyzed using fluorescence microscopy to determine permeability. Fluorescein was 

also incubated using the same conditions as a control. Confocal images show that the 

spiroligomer crossed cell membrane and is evenly distributed within the cell for each cell 

line (Figure 3.7). 

 

 

A

  A 

Figure 3.7: Fluorescent images of compound 3-26 (2μM) in A. Huh7 cells B. HepG2 cells, 

showing the cell permeability of spiroligomer. 

B 
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The most active compound, 3-25 was then incubated with both cell lines varying the 

concentration of the compound from 2 μM to 40 μM for 72 hours. No visible effect on 

cell morphology or viability was observed in either cell line over the concentration range. 

The distribution of spiroligomer was observed in the cytoplasm and nucleus using 

confocal fluorescence imaging. As a control experiment, cells were exposed to 

fluorescein for the same amount of time as 3-25 and no fluorescence was observed. There 

are two major ways molecules move across a membrane: active and passive transport. 

These mechanisms are differentiated by whether (active) or not (passive) energy is used 

during transportation. To determine the mechanism of transportation, 3-25 in phosphate 

buffered saline (pH 7.4) was added to precooled HepG2 cells (4 °C, 30 mins) making 5 

μM final concentration of 3-25. The cells were incubated for 3.75 hours at 4 °C and then 

images were taken. The fluorescence images reveal that substantial amounts of 

spiroligomer were inside the cells which was indistinguishable from the cells treated with 

3-25 at 37 °C. In further experiments, HepG2 cells at 37 °C were pre-treated with sodium 

azide (10 mM) and deoxy-D-glucose (50 mM) for 60 min.  Compound 3-25 was added to 

these cells and imaging was performed after incubating for 3.75 hours. These images also 

showed fluorescence at same level as from control cells treated at 37 °C. Diffusion of the 

compound into cells by active transportation is inhibited by external forces, suggesting 

that the penetration of 3-25 is occurring through passive diffusion.      

That 3-25 is able to enter the cells and even access the nucleus despite having a high 

molecular weight (outlying Lipinski’s rules)
 43

 was surprising. Perhaps the rigid backbone 

and decreased polar surface area due to N-alkylation improve the cell permeability 
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properties of the compound. These promising results led to the testing the best binder, 3-

25, in cells.   

 

 

 

  

 Figure 3.8:  Fluorescence images after the incubation of spiroligomer 3-25 with HepG2 cells 

to determine diffusion mechanism (A) 37 °C treated cells for 3.75 hours and then fixed and 

imaged; (B) DAPI stained cells shown in (A); (C) live cells treated with 3-25 for 3.75 hours at 

37 °C and then imaged; (D) Cells were pre-cooled at 4 °C for 30 min and then treated with 3-25 

for 3.75 hours and then washed, fixed and imaged; (E) DAPI stained cells shown in (D); (F) 

Live cells treated with 3-25 for 3.75 hours at 4 °C (as in D); (G) Cells pre-treated with 10 mM 

NaN3and 50 mM deoxy-D-glucose for 60 minutes and then with 3-25 for 3.75 hours and then 

washed, fixed and imaged; (H) DAPI stained cells shown in (G); (I) live cells treated with 

NaN3and deoxy-D-glucose (as  in G). 

 



55 

 

3.2.5. Cellular assays 

Two sets of assays were carried out to determine the effect of 3-25 on the HDM2/p53 

interaction in HepG2 and Huh7 cells. The first assay will determine the effect of the 

spiroligomer in a dose dependent manner and the other to determine the effect of the 

compound in a time dependent manner. For the dose dependent assay, the concentration 

of 3-25 was varied from 2 μM to 20 μM at a fixed incubation time and time dependent 

assay was monitored at seven different times over a 24-hour period at a fixed 

concentration of 3-25.  

3.2.6. Dose dependent assay  

Spiroligomer 3-25 was incubated with HepG2 and Huh7 cell lines at 2, 5, 10 and 20 μM 

concentrations for 17 hours at 37 °C along with a nutlin-3, a well-studied HDM2/p53 

inhibitor, sample as a positive control. After incubation, the cells were harvested and 

western blots were used to quantify the amounts of HDM2, p53, p21, and β-actin as 

shown in  Figure 3.9. The protein p21 is activated by p53 in response to cellular stress 

which in turn helps in cell cycle arrest.  

  

 Figure 3.9: Dose dependent western blot analysis.  A. Huh7 cells treated with 2, 5, 10 and 

20 μM spiroligomer 3-25 and Nutlin-3A, B. HepG2 cells treated with 2, 5, 10 and 20 μM 

spiroligomer 3-25 and Nutlin-3A. 
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The Huh7 cell line, containing mutant p53, showed an over 30-fold increase in levels of 

HDM2 protein in a dose dependent manner while levels of p53 and p21 stayed constant. 

The nutlin-3 The Huh7 cell line, containing mutant p53, showed an over 30-fold increase 

in levels of HDM2 protein in a dose dependent manner while with levels of p53 and p21 

stayed constant. The nutlin-3 sample in the same experiment showed very low expression 

of HDM2 and the levels of p53 and p21 stayed the same across the varied concentrations 

( Figure 3.9). The results clearly indicated that compound 3-25 is demonstrating activity 

in cells but opposite in effect to nutlin. Western blots from the HepG2 cell line, 

containing wild-type p53, where the feedback loop is active, showed low levels of HDM2 

throughout the course of experiment and a dose-dependent decrease in the levels of p53 

and p21.  In the same experiment the nutlin-3 sample showed elevated levels of p53 and 

p21. Western blot results from both cell lines suggest a different effect to the expected 

results. Stabilizing HDM2 is a counter activity for inhibition of cancer. To further 

confirm we tested the compound by incubating at different time intervals to learn the 

activity of HDM2 and p53 over the time period. ( Figure 3.9). 

3.2.7. Time dependent assay  

Compound 3-25 was incubated with each cell line at a concentration of 15μM and cells 

were harvested at 1, 2, 4, 6, 8, 12 and 24 hours. As shown in Figure 3.10, Western blot 

analysis from the Huh7 cell samples showed the level of HDM2 to be elevated over the 

course of experiment while the p53 level remained constant. The nutlin-3 sample at the 

same concentration showed very small change in the levels of HDM2 over the course and 

no effect on the levels of p53. As shown in Figure 3.11, the HepG2 cell samples showed 
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about a two-fold spike in the level of HDM2 around 4-8 hours before decreasing. The 

expression levels of p53 for this cell line complimented the expression of HDM2, 

showing a 2/3-fold spike at 6-12 hours before decreasing. 

  

  

 

 

 

3.3. Conclusion 

Two sets of spiroligomers that mimic the placement of key residues of p53 were 

synthesized and screened for binding to HDM2. Improved binding was observed by 

changing functional groups and stereocenters of the spiroliogmer backbone. The best 

binder, 3-25, as determined from FP assays was further investigated in cellular assays. 

These assays revealed that 3-25 enters cells through passive diffusion and stabilizes 

HDM2 in a dose- and time-dependent manner.  

Figure 3.11: Time dependent assay western blot results after incubating spiroligomer and 

Nutlin-3A in HepG2 cells at various time stamps. 

Figure 3.10: Time dependent assay western blot results after incubating spiroligomer and 

Nutlin-3A in Huh7 cells at various time stamps. 
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3.4. Experimental Section 

3.4.1 General procedure for the reductive alkylation of the pro4 amino acids (3-I).  

1-11 or 1-14, (3.0 mmol, 1 eq.) was dissolved in MeOH (40 mL) and the aldehyde (3.6 

mmol, 1.2 eq.) was added in a single portion. The reaction was allowed to stir for 30 

minutes at room temperature and then NaBH3CN (4.5 mmol, 1.5 eq.) was added in a 

single portion as solid. The reaction was allowed to stir for additional specified amount of 

time at room temperature. Progress of the reaction was monitored by LCMS. After the 

reaction was determined to be complete, the solvent was removed under vacuum and the 

resulting residue was dissolved in 40 mL H2O. To this solution, 2 M HCl was added 

dropwise until the pH was changed to 7 resulting in the precipitation of the product as 

white solid. The solid was collected by filtration and dried by lyophilization. This product 

was used without further purification in the next step, unless otherwise specified. For 

NMR characterization, a portion of each product was dissolved in a minimal volume of 

DMSO and purified using a C18 column with a gradient of 20-100% H2O/ACN with 0.1% 

formic acid. The desired fractions were collected together and lyophilized to give a white 

powder.  

3.4.2 General procedure for removal of Cbz and tert-butyl ester groups (3-II).  

The resin bound oligomer was treated with 1:1 33% HBr/AcOH in DCM (about 2 mL for 

100 mg resin) to remove both Cbz and tert-butyl ester groups. The deprotection reaction 

was allowed to proceed for 30 minutes at room temperature and the resin was washed 5X 

with DCM while removing the solvent through vacuum filtration following each wash. 

The deprotection was repeated for 30 mins and then the resin was washed with 5X DCM 
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and 5X DMF alternatively while removing the solvent as before. The resin was 

neutralized by stirring the resin in 5% DIPEA in DMF for 30 seconds and washed the 

resin with 3X DCM, with 3X DMF. This neutralization step was repeated 3 times.  

3.4.3 General procedure for removal of Boc and tert-butyl ester groups (3-III).   

The Boc and tert-butyl ester protecting groups from the resin bound oligomer were 

removed by adding 95% TFA with 5% TIPS (triisopropylsilane) as a scavenger. The 

reaction was allowed to proceed for 1 hour at room temperature and then the resin was 

washed with 5X DCM allowing the solvent to be removed by vacuum. Deprotection 

reaction was repeated for another 1 hour with fresh 95% TFA/TIPS solution and the resin 

was washed using 5X DCM and 5X DMF alternatively by removing solvent as before. 

The resin was neutralized by stirring the resin in 5% DIPEA in DMF for 30 seconds and 

the resin was washed with 3X DCM, with 3X DMF. This neutralization step was repeated 

3 times.  

3.4.4 General procedure for removal of Fmoc group (3-IV).  

The resin bound oligomer was treated with 20% piperidine in DMF for 20 minutes and 

then the resin was washed with 5X DMF while removing the solvent in vacuum and then 

3X DCM and 3X DMF alternatively. 

3.4.5 General procedure for pre-activation of functionalized pro4 amino acid (3-V).  

In a flame-dried flask the N-alkylated pro4 bis amino acid (3-14, 3-15) to be activated (3 

eq relative to resin loading) and HOAT (6 eq relative to amino acid) were dissolved in 

1:2 ratio of DMF/DCM (50 mM final concentration of amino acid). To this DIC (1 eq 
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relative to amino acid) was added and solution stirred for 90 minutes. The reaction was 

monitored to assess the formation of activated OAt ester by trapping the OAt ester. We 

took 5 µL of preactivated solution from the reaction mixture and quenched it with 500 µL 

of MeOH and injected 10 µL in HPLC-MS to detect a single peak as a result of methyl 

ester formation and indicate all starting material is activated to OAt ester.  

3.4.6 General procedure for coupling of preactivated amino acid to resin (3-VI).  

The preactivated pro4–OAt ester was added to the resin which suspended in DIPEA (2 eq 

in 200 μL DMF) and allowed to stir overnight (8-12 hours). After washing the resin with 

5X DMF and with 5X DCM, HOAT and DIC (5 eq each relative to resin) were added in 

a 1:2 DCM/DMF mixture. The reaction was allowed to proceed for 2 hours to close the 

diketopiperazine and then the resin was washed with 5X DMF and 5X DCM removing 

the solvent by vacuum filtration.  

3.4.7 Synthesis of compound 3-14.   

Starting material pro4 amino acid (1-11) and isobutaraldehyde 

were allowed to react for six hours after the addition of 

NaBH3CN following the general procedure (I). Compound 3-14 

was obtained as a white solid (78%). 

1
H NMR (500 MHz, DMSO-d6, 350K δ) 7.42 – 7.23 (m, 4H), 5.07 (s, 2H), 4.29 – 4.17 

(m, 1H), 3.92 (d, J = 10.8 Hz, 1H), 3.36 (d, J = 10.8 Hz, 1H), 2.65 (dd, J = 12.8, 8.8 Hz, 

1H), 2.36 (dd, J = 11.1, 6.3 Hz, 1H), 2.26 (dd, J = 11.1, 6.7 Hz, 1H), 1.99 (dd, J = 12.9, 

6.1 Hz, 1H), 1.61 (dt, J = 13.2, 6.6 Hz, 1H), 1.38 (s, 9H), 0.87 (dd, J = 6.6, 3.3 Hz, 6H).; 

13
C NMR (126 MHz, DMSO-d6, 350K, δ) 174.0, 171.0, 154.2, 137.3, 128.6, 128.1, 127.7, 



61 

 

81.2, 66.6, 59.5, 54.7, 52.8, 38.5, 28.6, 28.1, 20.7, 20.7. HPLC (C18 reverse phase, 30 

mins, 5-95% H2O/ACN with 0.1% formic acid): Tr= 16.35 mins; HRMS-ESI: m/z 

Calculated for compound 3-14 (M+H)
+
: 421.2333; found: 421.2343. 

3.4.8 Synthesis of compound 3-15.  

 

Starting material pro4 amino acid (1-14) and 2,4-

dichlorobenzaldehyde were allowed to react for overnight after 

the addition of NaBH3CN by following the general procedure 

(I). Compound 3-15 was obtained as a white solid (58%). 

Rotamers observed 
1
H NMR (500 MHz, DMSO-d6, δ) 7.49 (t, 

J = 16.2 Hz, 1H), 7.45 – 7.36 (m, 1H), 7.36 – 7.16 (m, 6H), 5.06 – 4.83 (m, 2H), 4.24 – 

4.11 (m, 1H), 3.65 (dd, J = 23.2, 13.4 Hz, 1H), 3.60 – 3.45 (m, 3H), 2.23 – 2.03 (m, 2H), 

1.37 – 1.21 (m, 9H).;
13

C NMR (126 MHz, DMSO-d6) 175.2, 172.4, 172.0, 154.6, 154.31, 

144.3, 144.2, 137.3, 137.2, 131.1, 131.0, 130.3, 129.8, 129.7, 128.9, 128.9, 128.70, 128.6, 

128.24, 128.1, 128.0, 127.6, 80.6, 80.4, 70.1, 69.3, 66.1, 60.3, 59.7, 55.7, 54.9, 47.5, 28.0, 

27.9. HPLC (C18 reverse phase, 30 mins, 5-95% H2O/ACN with 0.1% formic acid): Tr= 

20.1 min; HRMS-ESI: m/z Calculated for 3-15 (M+H)
+ 

: 523.1397; found: 523.1413. 

3.4.9 Solid phase synthesis of spiroligomer 3-25: 

 In an 8 mL solid phase reactor with a magnetic stir bar, 100 mg of HMBA-AM resin 

(0.88 mmol/g loading, 88 µmol) was loaded and soaked in DCM (4 mL) for 30 mins and 

then washed thoroughly with DCM while removing solvent in vacuum. In a flame dry 

vial, compound 3-13 (3 eq, 301 µmol) and MSNT (1-(2-Mesitylenesulfonyl)-3-nitro-1H-
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1,2,4-triazole, 3 eq, 301 µmol) 1.5 mL dry DCM was added under argon. To this solution 

N-methyl imidazole (2.25 eq, 226 µmol) was added to observe the clear solution. This 

solution was added to the resin and allowed to react for 2 hours. Then the resin was 

washed with DCM and DMF 3 times each. Resin was treated with 2 mL of 95% 

TFA/TIPS to remove BOC and tert-butyl groups using the general procedure III. 

Meanwhile, the functionalized bis-amino acid 3-14 was pre activated and coupled to the 

resin using the general procedure for preactivation and coupling (V & VI) and allowed 

the coupling to continue for 5 hours, followed by deprotection of Cbz and tert-butyl 

groups using the general procedure IV. The next functionalized bis-amino acid 3-15 was 

activated and coupled for overnight following the general procedures V & VI. Protecting 

groups Cbz and tert-butyl were removed following the general procedure IV and to this 

next compound Boc-L-HomoPhe-OH (5 eq, 440 µmol) and HATU (5 eq, 440 µmol) in 

DMF (2.2 mL); DIPEA (10 eq, 153 uL) was added. Reaction was allowed to stir for 2 

hours and then the resin was washed with DMF and DCM five times each. To the resin 2 

mL of 1:1 TFA in DCM was added to remove BOC protecting group and allowed the 

reaction for 20 minutes before washing resin with DCM 3 times and the same process 

repeated one more time. The resin was washed with DCM and DMF 5 times each and 

neutralized with 10% DIPEA in DMF. To close the diketopiperzine additional amount of 

DIC (5 eq relative to resin loading) and HOAT (5 eq relative to resin loading) in a 1:2 

DCM: DMF mixture. After 2 hours of stirring the resin was washed with DCM and DMF 

5 times each alternatively. Fmoc group was removed using general procedure of removal 

of Fmoc (IV). In a dry vial, Boc-D-lys(Fmoc)-OH (4 eq, 352 µmol), and HATU (4 eq, 

352 µmol) were mixed with DMF (2.0 mL); DIPEA (8 eq, 704 µmol) and the reaction 
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was allowed to sit for 10 mins for preactivation. This solution was added to the resin and 

stirred for 2 hours before washing the resin with 5 times DMF and 5 times DCM. Fmoc 

group on Lysin was removed using method IV and a solution of fluorescein 6-

isothiocyanate (3 eq, 301 µmol) in DMF (2.5 mL) and DIPEA (3 eq, 301 µmol) was 

added and stirred overnight.  The resin was washed with DMF and DCM 5 times each 

and 1:1 TFA: DCM (2 mL) was added to remove BOC protecting group. The resin was 

washed thoroughly with DCM and then DMF for 5 times each. Finally the compound 

was cleaved from resin by adding 10% DIPEA in DMF (2 mL in total) from overnight 

stirring at room temperature. The crude product was reverse phase purified using 

preparative HPLC (5-95% H2O/ACN). Purified product was lyophilized. HPLC (C18 

reverse phase, 30 mins, 5-95% H2O/ACN with 0.1% formic acid): Tr= 21.3; HRMS-ESI: 

m/z Calculated for 3-25 (M+H)
+ 

: 1307.3752; found: 1307.3775. See appendix for NMR 

characterization.  Other analogues of 3-25 were synthesized in the similar way and details 

of characterization are published.
1
 

3.4.10 Fluorescence polarization (FP) experiments:  

All binding experiments were conducted using Analyst GT plate reader (Molecular 

Devices, Sunnyvale, CA) in black 96 well Costar plates and screened using excitation 

filter (485 nm) and the emission filter (530nm). Buffer used for this experiment was the 

protein dialysis buffer, PBS with 5 mM EDTA and 0.5 mM DTT.  

3.4.11 Direct binding fluorescence polarization experiments:  

These experiments were conducted to screen binding of spiroligomers, covalently 

attached to fluorescein, to HDM2. Spiroligomers (3-25 to 3-32) at 10 nM concentration 
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were incubated at room temperature for 30 mins into different concentration of HDM21-

140 protein, by sequentially diluting using PBS with 5 mM EDTA and 0.5 mM DTT 

buffer. These separately incubated solutions were carefully pipetted in to 96 well plates 

and analyzed using a plate reader. Graphpad Prism program was used to analyze the data 

with one-site specific binding model. (See few attached plots in appendix) 

3.4.12 Cell culture and treatment.   

HepG2 and Huh7 cell lines were purchased from the American Type Culture Collection 

(ATCC) and cultured as monolayers in Dulbecco’s modified Eagle’s medium (DMEM) 

(Invitrogen) supplemented with 100 mM nonessential amino acid solution, 100 mM 

sodium pyruvate, 100 U/mL penicillin, 100 μg/mL streptomycin, and 10% heat 

inactivated fetal bovine serum (FBS) (all from Hyclone).  Cells were maintained at 37 °C 

and 5% CO2 and were treated with media that contained 0.5% FBS. Nutlin-3 (Sigma) was 

dissolved in 0.01% DMSO (Sigma). For dose dependent assays Both nutlin-3 and 

spiroligomers were added into the medium for final concentrations of 2 µM, 5 µM, 10 

µM and 20 µM for 24 hours. For the western blot experiments detailed below, the time 

length for incubation with spiroligomer was 17 hours. For time dependent assays same 

procedure was followed by incubating a single concentration (15 µM) of spiroligomer 

and nutlin. Cells were harvested at every 1, 2, 4, 6, 8, 12 and 24 hours.  

3.4.13 Fluorescence and confocal microscopy.  

 Fluorescence and confocal microscopy were applied to live and fixed cells.  Cells were 

grown on glass chambers and fixed with ice-cold 95:5 ethanol/acetic acid for 10 minutes 

at -20°C.  Sections were washed with PBS and mounted in Vectashield aqueous 
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mounting medium with DAPI (Vector laboratories). Fluorescent specimens were 

analyzed using an ECLIPSE Ti microscope (Nikon), lenses with hardened filters (Nikon), 

and a Nikon DS-Fi1 camera, which was operated by NIS Elements computer software 

(Nikon).  Confocal microscopy was performed with a Leica SP-1 microscope, with 

illumination at 488 nm and spectral detection. 

3.4.14 Western blotting.   

For protein extraction, cells were lysed in cell lysis buffer (Cell Signaling) with a 

protease inhibitor cocktail for 20 minutes on ice.  Protein extracts (50 μg) were separated 

by SDS-PAGE electrophoresis, transferred to nitrocellulose membranes (Schleicher & 

Schuell), and incubated overnight with primary antibodies to p53, HDM2, p21, and β-

actin (all from Santa Cruz Biotechnology).  The blots were developed using ECL plus 

detection system (Amersham Biosciences) and exposed to Kodak imaging films (Kodak 

BioMax). Images were quantified using ImageJ software (NIH).  

3.4.15 Active vs. passive transport experiments.  

HepG2 cells were plated to a density of 1.2 x 105 cells per chamber using the media 

described above (treatment used 0.5% FBS). Control experiments were performed by 

incubating the compound 3-25 (5 μM concentration) at 37 °C as well as fluorescein only 

(5 μM concentration at 37 °C) with HepG2 cells for 3.75 hours. For the 4 °C
 
experiments, 

cells were pretreated at 4 °C
 
for 30 min, and then compound 3-25 was added to the same 

medium (final concentration of 5 μM).  Incubation time at +4 °C
 
was 3.75 hours, and ~5% 

cells became detached after this period of time. For experiments with NaN3 and deoxy-

D-glucose, cells were pretreated with NaN3 (10 mM) and deoxy-D-glucose (50 mM) for 
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60 min at +37 °C, followed by the addition of compound 3-25 to the medium (final 

concentration of 5 μM).  Incubation time at +37 °C
 
was 3.75 hours, and ~30-40% cells 

became detached after this period of time.  For all experiments, the media was removed 

from the chamber after the required incubation time. PBS was then added, and pictures of 

live cells were taken in PBS. PBS was then removed, cells were fixed (as described 

above), covered with mounting medium with DAPI, and pictures of fixed cells were 

taken. Control experiments, where cells were incubated with fluorescein only, failed to 

produce any fluorescence in the images. 
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CHAPTER 4 

4. EXPANDING THE LIBRARY OF SPIROLIGOMERS TO TARGET 

HDM2/P53 INTERACTION 

This chapter discusses the next generation of spiroligomers synthesized to screen and 

investigate binding to HDM225-117   by FP assays. There is also a discussion about the 

specificity of binding of the spiroligomers from three different competitive assays and 

from screening a non-specific functionalized spiroligomer. Finally, there is a discussion 

regarding TRFRET assays and the specificity of spiroligomer binding to HDM2 over 

HDMX.  
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4.1. Introduction 

As discussed in Chapter 3, spiroligomers can be used to mimic the α-helical domain of 

p53 with the example of spiroligomers, 3-25, found to bind to HDM2 with a 400nM 

dissociation constant and which is able to penetrate the cell membrane. Further 

investigation of the activity of this spiroligomer in cellular assays produced the surprising 

result of stabilizing HDM2 expression. The original objective of this research was to 

increase the activity of p53 by blocking HDM2, thus triggering apoptosis. However, the 

results clearly show the opposite effect in both dose- and time-dependent manner.  One of 

the major challenges in the development of therapeutic molecules that reach clinical trials 

is toxicity to normal cells due to pharmacological activation of p53.
1
  Our compound may 

be able to help, in combination therapy, to control cytotoxicity. Before going any further 

with cellular assays, more structural activity studies were undertaken in vitro in an 

attempt to develop more potent compounds from the lead structure, 3-25.   

4.2. Results and Discussion 

In the development of a more active ligand for HDM2, the same stereochemical 

backbone of 3-25 was chosen to screen the effect of altering the functional groups on side 

chains.  

4.2.1. Change in the protein construct from HDM2 1-140 to HDM2 25-117 

It is important to note that the HDM2 construct used in the previous chapter (HDM21-140) 

is different from the one (HDM225-117) used here, due to the unavailability of the old 

plasmid. It has been observed in the literature that a change in the protein construct will 
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lead to a change in binding affinity of ligands. Table 4.1 details some of the literature 

values, where variation in the length of p53, HDM2, or the type of the assay impacted on 

the measured activity.
2-7

 From this data, we expected to see a shift in the activity of our 

compounds to the new HDM2 construct in FP assays. 

 

 

Entry # 

Ligand 

Protein 

Sequence 

Assay Type 

Activity 

Kd 

(M) 

Ki (M) IC50 (M) 

1 p53(15-30) HDM2  FP 2.03 - - 

2 p53(13-29) HDM2(1-118) FP - 6.67 - 

3 p53(17-29) HDM2(1-118) ELISA 0.64 - - 

4 p53(15-29) HDM2(1-188) FP - - 0.3 

7 p53(7-36) HDM2(25-117) FP 0.121 - - 

5 Nutlin-3A HDM2(1-188) FP - - 0.28 

6 Nutlin-3A HDM2(1-188) SPR - - 0.09 

 

 

  

 

Table 4.1:  Comparing the activity differences with variable parameters  

(proteins, peptides, type of assay) – Literature values.
2-7

 



74 

 

First, compound 3-25, which demonstrated a binding affinity to HDM21-140 as a Kd of 0.4 

µM, and 
fl
p5314-29 (compound 2-1), which displayed Kd of 0.6 µM to the same construct 

were tested with the new construct, HDM225-117. We incubated compound 3-25 and 
fl
p53 

with HDM225-117 and determined the polarization using a plate reader. Dissociation 

constants observed upon binding to HDM225-117 for 3-25 were determined to be 5 µM and 

1µM for 
fl
p53 respectively. This is a ten-fold decrease in affinity for 3-25 and a two-fold 

decrease for 
fl
p53 when compared to the affinity found using HDM21-140.  Our hypothesis 

is that the new, shorter construct is less ordered because it contains fewer amino acids at 

its termini and because of this, does not bind these molecules as tightly. 

Before going on to build the functional group analogues to our lead molecule, 3-25, 

competitive assays were performed with the new construct HDM225-117 and the effect of 

hydrophobicity of the functional groups at binding site was investigated by mutating all 

three functional groups to isobutyl.  

4.2.2. Competitive or displacement assay using fluorescence polarization 

We set out to determine if the spiroligomers were binding the groove on HDM2 that we 

designed it to bind. This can be determined by a competitive assay that replaces one 

binding partner with the other.  
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As shown in Figure 4.1, a protein is mixed with fluorescein-tagged molecule (“hot”), 

which gives a strong signal in the FP assay due to the slower tumbling of the fluorescien 

labeled molecule upon association with protein compared to when free in solution. This 

complex is then titrated with an untagged molecule (“cold”) which causes the 

polarization to drop if the “hot” molecule is replaced on the protein by the “cold” 

molecule. For this assay, 3-25 and
 Fl

p5314-29 were used as the “hot” molecules while 

spiroligomer 4-1, p53, nutlin-3A were used as the “cold” inhibitors. Three different 

competitive assays were conducted:  

A. Replacing peptide 2-1 
Fl

p5314-29 (hot) with spiroligomer 4-1 (cold) 

B. Replacing 
Fl

spiroligomer 3-25 (hot) with nutlin-3A (cold)  

C. Replacing 
Fl

spiroligomer 3-25 (hot) with unlabeled p53 peptide- compound 2-2 

(cold) 

Figure 4.1: Illustration of competitive fluorescence polarization assay. 

                     P=Protein F= Fluorescent tag. 
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Spiroligomer 4-1 is similar to 3-25 except the fluorescein tag is replaced with glutamic 

acid at the terminus of the molecule, the synthesis of which is discussed later in this 

chapter. There are two p53 peptides with amino acid sequence of 14-29; one of them is 

tagged with fluorescein and the other without fluorescein. Finally nutlin-3A
8
 is a well-

known inhibitor of HDM2/p53 interactions and, therefore, was selected as a control. 

 

  Figure 4.2: Fluorescence polarization measurement – Displacement Assays. 

A. Fl
P5314-29 displaced by spiroligomer 4-1 (cold) 

B. Fl
spiroligomer (3-25) displaced by p5314-29 (cold) 

C. Fl
spiroligomer (3-25) displaced by Nutlin-3A (cold)  
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All three experiments were carried out in three replicates by titrating the “cold” molecule 

to the incubated protein (2 µM) and fluorescently labelled (“hot”) molecule (10 nM). If 

the “cold” molecule replaces the “hot” molecule, the polarization signal decreases as the 

amount of “cold” molecule is increased. All three experiments produced a sigmoidal 

curve indicating displacement as shown in Figure 4.2.   

Spiroligomer 4-1 replaced 
fl
p53 (2-1) with Ki of 5.1 ± 0.2 µM, as shown in Figure 4.2A. 

Spiroligomer 3-25 replaced by p53 (2-2) with Ki of 5.0 ± 0.2 µM, clearly indicating that 

the molecule binds in the same location as the p53 peptide ligand. This was further 

confirmed by the competitive displacement results with nutlin-3A and 3-25 since the co-

crystal structure of HDM2 -nutlin reveals that it binds in the same pocket as of p53.
9
 The 

displacement of 3-25 titrated with nutlin produced a Ki of 4.6 ± 0.1 µM. All these results 

collectively indicate that spiroligomer 3-25 binds specifically to the same hydrophobic 

pocket of HDM2 that p53 binds. 

4.2.3. Synthesis of compound 4-1 and 4-2 

The synthesis of 4-1 followed that discussed in Chapter 3, Scheme 3.3 until 3-22, which 

was coupled with glutamic acid after the removal of the Fmoc protecting group in the 

proceeding step. The resin was treated with TFA to remove Boc and tert-butyl groups 

and finally spiroligomer 4-1 was achieved by concomitant cyclization and release after 

treating the resin-bound molecule with 10% DIPEA in DMF. This molecule is an 

analogue of 3-25 without the fluorescein group, so it was used as cold molecule for 

competitive assays.  
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Scheme 4.1:  Synthesis of compound 4-1 follows the same procedure as Scheme 3.3 

 

As discussed in Chapter 3, the transactivation domain of p53 binds to HDM2 with three 

key side chain interactions - Phe19, Trp23 and Leu26. Extensive functional group 

analysis was carried out by single residue modification to identify the key residues in the 

binding epitope. Trp23 was identified as an important residue for transcription as well as 

for binding HDM2. Studies have found that mutation of Trp23 to Leu resulted in a 3.0 

kcal mol
-1

 loss in binding affinity.
2
 In HDM2-p53 crystal structures, Trp23 is in contact 

with 10 residues of HDM2.
10

 An important hydrogen bond contact from the Trp23 indole 

NH to the carbonyl of Leu54 of HDM2 adds to the importance of Trp23. In addition, it is 

believed from the crystal structural elucidation Phe19 and Leu26 side chains organize in 

a way that Trp23 sidechain can interact with HDM2.
11,12

 Overall, it is clear that these 

three residues, especially Trp23, are of great importance. Spiroligomer 4-2 was 
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synthesized in a similar manner of that described in Chapter 3, Scheme 3.3 with the 

appropriate building blocks to produce a compound with all isobutyl side chain groups. 

Direct binding FP assays were conducted by incubating 4-2 with sequential dilutions of 

HDM2. Results from this polarization data shows that 4-2 does not bind to HDM2 

(Figure 4.3).  

  

 

From the above two different sets of experiments it was determined that the spiroligomer 

inhibitors bind specifically at the intended interface of HDM2 and that by replacing the 

side-chains with side-chains that fail to mimic those of p53, binding is eliminated. 

 

 

Figure 4.3: Direct fluorescence polarization measurement of 4-2 
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4.2.4. Generation-3 spiroligomers 

As seen in generation-1 and generation-2 spiroligomer inhibitors,
13

 subtle variations in 

the structure of the backbone or the presentation of functional groups altered the binding 

affinity of the molecule. These results suggest a tighter binding spiroligomer may be 

developed by optimizing the functional groups while maintaining the backbone 

stereochemistry. Generation-3 spiroligomers were developed by systematic modifications 

in side chain functionality and screened using FP assays. 

4.2.5. Synthesis of generation-3 spiroligomers 

After finding a lead molecule it is common practice in pharmaceutical chemistry to 

attempt to optimize the structure to increase the potency of molecule through SAR 

studies. Many small molecule inhibitors that were developed to inhibit the HDM2/p53 

interaction in the literature went through structure based strategies to optimize the 

activity.
14

 Compounds 4-13 to 4-22 were all synthesized on solid support
15

 following the 

same synthesis detailed in Chapter 3, Scheme 3.3 but performed with appropriate 

functional group incorporation toward the goal of investigating the impact of mutating 

the side chain functionality have on the binding affinity. Details of the functional groups 

utilized in the synthesis of generation-3 spiroligomers are given in Table 4.2.  
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                                            Table 4.2:  Reductively alkylated pro-4 amino acids. 

Each spiroligomer was screened using direct binding FP assays along with the 
Fl

p5314-29 

(2-1) peptide as a control. The assay parameters used for each compound was the same. 

Each compound was incubated in the dark for one hour with sequential dilutions of 

Compound R1 

3-17 
 

4-3 

 
4-4 

 
4-5 

 
4-6 

 

Compound 

 

R2 

3-18 

 
4-8 

 
4-9 

 

4-10      

 
4-11 

 
4-12 
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HDM2 protein. The polarization was then recorded with a 485 nm fluorescein excitation 

filter and a 535 nm emission filter. Data was processed using nonlinear least square fit 

using Graphpad Prism software to determine the dissociation constant (Kd) values. Table 

4.3 displays each molecule and its corresponding Kd value.  

4.2.6. Functional group analysis based on fluorescence polarization data  

Changing the functional groups in the R3 (mimicking Phe19 of p53) and R1 (mimicking 

Leu26 of p53) positions of 3-25 gave spiroligomers 4-13 and 4-14, respectively. 

Spiroligomer 4-13 contained a phenyl group at R3 position and 4-14 contained an 

isopentyl group at R1 position both of which decreased the binding affinity nearly 4-fold 

compared to 3-25. The next spiroligomers made modifications at R2 position that mimics 

Trp23. As discussed earlier in this chapter, the Trp23 position has more hydrophobic 

contribution in binding to HDM2 compared to the other positions.  Introducing fluorine 

to the benzyl group showed improved binding in spiroxiindole inhibitors
16

 inspiring the 

replacement of one of the chlorines of 3-25 by fluorine, however, the affinity decreased 

nearly 3-fold (4-15). Subtle changes at the R2 position were tolerated for compounds 4-

16 to 4-18, showing similar binding (5 µM to 3 µM) as 3-25. Changing the isobutyl 

group at R1 position to cyclopentyl and simultaneously replacing dichlorobenzene with 

meta-trifluromethyl benzene at the R2 position in compound 4-19 resulted in a 10-fold 

increase in binding affinity. Decreased activity was observed when the R2 position of 4-

19 was manipulated in compound 4-20. Further compounds indicate that a cyclo propyl 

group at R1 position for both compounds 4-21 and 4-22 may improve the binding affinity 

of the inhibitor to HDM2. 
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The best molecule determined to date is spiroligomer 4-19 which has a 460 nM 

dissociation constant to HDM2.  This is a 10-fold increase from the original lead 

molecule, 3-25. Looking at the table thus far, we might be able to mix and match 

functional groups to attain more tighter binder, for example keeping cyclopropyl at R1 

position and meta-trifluoromethyl benzene at the R2 position might show improved 

affinity. We are still working to synthesize more functional group variants in an attempt 

to further improve binding.  
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Spiroligomer 

Generation-3 

 

R1 R2 R3 *Kd (µM) 

3-25 
 

 
 

5.0 ± 0.8 

4-13 
 

 
 

18.0 ± 2 

4-14 

 
 

 

22.0 ± 4 

4-15 
 

 
 

16.0 ± 6 

4-16 
 

  

3.0 ± 0.5 

4-17 
 

 
 

4.5 ± 0.3 

4-18 
 

  

3.0 ± 0.5 

4-19 

 
 

 

0.45 ± 0.11 

4-20 

 

 

 

5.7 ± 0.7 

4-21 
 

 

 

1.27 ± 0.17 

4-22 
 

 
 

0.54 ± 0.09 

 

Table 4.3: Generation-3 spiroligomers and Kd values for direct binding to HDM225-117. 
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4.2.7. Synthesis of generation-4 spiroligomers 

Attempts were also made to elongate the skeleton by introducing an additional monomer 

at the R position in Figure 4.4. Our hypothesis was that increased functionality may 

enhance the activity by creating an additional interaction with HDM2 without paying a 

large entropic penalty due to the highly pre-organized nature of the spiroligomer 

backbone. The synthesis of the generation-4 molecules followed the synthetic route
15

 

shown in Scheme 3.3 with one additional monomer incorporated into the skeleton.  

The first two functionalized building blocks introduced into our original lead compound, 

3-25, were 2S4S pro4-naphthyl (4-7) to produce 4-24 and 2S4R pro4-naphthyl (4-23) to 

produce 4-25. Figure 4.4 shows the resulting difference in the orientation of naphthyl 

group at R position for 4-24 and 4-25. In 4-25, the naphthyl group is in close contact with 

the assumed binding interface of HDM2 compared to 4-24. Figure 4.4 also shows each 

compound docked to HDM2 and overlaid with p53. 

Fluorescence polarization assays show that compound 4-24 (2.22±0.22 µM) has 2-fold 

higher binding affinity than the same analogue 3-25 (5±0.8 µM) which contains one less 

functional group. Furthermore, 4-25 (0.87±0.08 µM) showed a 2-fold increase in affinity, 

presumably by orienting the additional naphthyl function group in close contact to the 

binding interface and creating an additional hydrophobic interaction that was not there 

previously. If proven correct, this represents a method to systematically create additional 

binding contacts in the development of spiroligomer-based inhibitors. These molecules 

and other extended spirologmer p53 mimics are currently under further investigation.  
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Figure 4.4:  Overlay of spiroligomers 4-24 (cyan) 4-25 (green) with p53 (pink) docking
17,18

 in 

HDM2 hydrophobic groove. Images show the difference in orientation of “R” group between 4-

24 and 4-25. 
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4.2.8. TRFRET (Time Resolved Fluorescence Energy Transfer) assay 

A few of the spiroligomer p53 mimics were also studied using TRFRET assays.
19

 This 

assay is based on the donor-acceptor resonance transfer when the two groups are in 

sufficient proximity to each other. This is a non-radiative energy transfer between two 

fluorophores with specific spectral properties. Two molecules, one with the donor 

fluorophore, and the other with the acceptor fluorophore are incubated before the donor is 

excited by incident light, the energy from donor is then transferred to acceptor via long-

range dipole-dipole interactions and causing acceptor emission if the distance between 

Figure 4.5:  Dissociation constants for 3-25, 4-24 and 4-25. 
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two molecules are within range of each other, as a result of binding to each other. Various 

binding assays were developed for TRFRET technology especially using Lanthanide 

chelate labels exhibiting decay times from a few microseconds to milliseconds.
20,21

 

Using the commercially available Lanthascreen Tb-anti-GST-Antibody kit, 2 nm Tb-anti-

Gst-antibody was incubated for two hours with 3 nM GST tagged HDM21-188. This 

solution was then titrated with fluorescein-tagged spiroligomers (4-17, 4-19, 4-24 and 3-

25) and 
Fl

p53 (2-1) as a positive control. After one hour of incubation, the samples were 

screened in 384 well plates by irradiating at 340 nm and recording the emissions at 495 

nm and 520 nm. The emission ratio of 520:495 was used to analyze the binding affinity 

of molecules using in Graphpad Prism software. In this assay, Tb chelate embedded with 

anti gst antibody which anchors to GST-HDM21-188 protein when incubated together. 

After titrating the compound with fluorescein-tagged molecule, irradiating at 340 nm Tb 

chelates readily excites and emits light with wave length of 495 nm and transfers energy 

to the suitable acceptor, fluorescein, in this study. If the acceptor is less than 100 Å apart 

from the donor, then the transferred energy emits from the acceptor as a detectable 

fluorescence signal at 520 nm. Assay parameters were stabilized and optimized with the 

supplied positive control. 

 

 

Figure 4.6: Illustration of Tb operated TRFRET Assay 

X=Gst antibody, Y=Gst-HDM2 protein, F=Fluroscein attached with spiroligomer. 
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Entry IC50 (µM) from TRFRET 

Assay (GstHDM21-188) 

*Kd from (µM) FP Assay 

(HDM225-117) 

3-25 0.80 ± 0.02 5.0 ± 0.8 

4-17 0.70 ± 0.04 4.5 ± 0.3 

4-19 0.37 ± 0.04 0.45 ± 0.11 

4-24 0.57 ± 0.06 2.22 ± 0.22 

Fl
p53 0.40 ± 0.06 1.0 ± 0.2 

*Kd values represent the average of three data points alongside the standard error. 

 

Table 4.4 compares the values obtained from TRFRET and FP screening assays for 

selected compounds. It should be noted that the proteins used for these assays are 

different; TRFRET assay uses a GST tagged protein (GST-HDM21-188) to anchor to the 

anti GST Tb chelate, whereas FP assays were done on HDM225-117. TRFRET assays 

determined tighter binding for spiroligomers, as well as for p53 peptide, compared to the 

FP assays. These results are in close agreement with the FP assays conducted using 

HDM21-140 protein with 1-140 amino acid sequence. As described at the beginning of this 

chapter, other literature results also showed differences in binding when using different 

protein constructs or different types of assays, so the difference seen here is not 

unexpected.    

4.2.9. Spiroligomers binding to protein HDMX 

HDMX is another oncoprotein and is another critical regulator of p53 activation 

independent of HDM2.
22

 Despite operating separately, HDMX is a homologous to 

HDM2 and makes largely the same binding interactions to p53.
23

 However, the slight 

Table 4.4:  Comparison of dissociation constants from TRFRET and FP assays. 
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differences make it a completely distinct target than HDM2.
24,25

 Many molecules which 

are active binders to HDM2 are weak binders to HDMX, including previously mentioned 

nutlin-3A (0.28 µM to HDM2 and 20.1 µM to HDMX).
26-28 

Selected spiroligomer 

compounds were tested for binding to HDMX to determine if there is any specificity 

between the two systems. 

  

 

 

 

                       

                       *Kd values represent the average of three data points alongside the standard error 

 

  Table 4.5 compares the result of the binding assays using HDMX the assays using 

HDM2. Spiroligomer 3-25 shows a 4-fold reduction in binding affinity to HDMX 

compared to HDM2, while the decrease in binding of compound 4-19 was almost 60-fold. 

Spiroligomer 4-24, which contained the extra functional group, showed only a 2-fold 

reduction in binding when comparing the two systems. 

4.3. Conclusion 

From the above assays it was determined that spiroligomers are binding to HDM2 in the 

range of low µM to the high-nanomolar range. Competitive assays demonstrated the 

Entry HDM2 25-117 Kd (µM) HDMX 18-111 Kd (µM) 

3-25 5 ± 0.8 23 ± 3  

4-19 0.45 ± 0.11  30.6 ± 0.8 

4-24 2.2 ± 0.22  5.5 ± 0.7 

Fl
p53 1 ± 0.2  4.1 ± 1.1 

Table 4.5: Comparison of the dissociation constants up on binding to HDM2 and HDMX.  
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specificity of binding of spiroligomers at the same pocket as p53 and nutlin-3 binding to 

HDM2. From the generation-3 spiroligomers we achieved a 10-fold increase in affinity 

starting from the lead molecule. And the preliminary results from elongation of 

molecules showed an increase in binding with increased functional groups.  

4.4. Experimental Section 

4.4.1 General procedure for the synthesis of reductively alkylated building blocks: 

The N-alkylation on pro-4 building blocks was achieved from the corresponding pro-4 

amino acids using the general procedure 3-I described in Chapter 3 experimental section.  

4.4.2 Synthesis of compound 4-3 

 

Starting materials pro-4 amino acid (1-11) and isovalaraldehyde were 

allowed to react for five hours after the addition of NaBH3CN by 

following the general procedure 3-I, described in Chapter 3. 

Compound 4-1 was obtained as a white solid (yield 82%).  

NMR (500MHz, DMSO-d6, 350K, δ) 7.50 – 7.09 (m, 4H), 5.07 (s, 2H), 4.27 – 4.21 (m, 

1H), 3.90 (d, J = 10.8 Hz, 1H), 3.37 (d, J = 10.8 Hz, 1H), 2.64 (dd, J = 12.6, 8.7 Hz, 1H), 

2.53 (d, J = 7.0 Hz, 2H), 2.00 (dd, J = 12.8, 6.2 Hz, 1H), 1.63 (dt, J = 13.3, 6.7 Hz, 1H), 

1.36 (d, J = 15.7 Hz, 9H), 1.32 (dd, J = 14.2, 7.1 Hz, 2H), 0.86 (d, J = 6.6 Hz, 6H).; 
13

C 

NMR (126 MHz, DMSO-d6, 350K, δ) 173.4, 171.0, 154.2, 137.2, 128.6, 128.1, 127.7, 

81.1, 66.6, 59.5, 54.6, 42.9, 38.8, 28.1, 25.7, 22.8, 22.7. C18 reverse phase, 30 mins, 5-
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95 % H2O/ACN with 0.1% formic acid): Tr= 16.55 mins; HRMS-ESI: m/z Calculated for 

4-3 (M+H)
+ 

: 435.2490; found: 435.2517. 

4.4.3 Synthesis of compound 4-4 

 Starting materials pro4 amino acid (1-11) and 

cyclopropanecarboxaldehyde were allowed to react for five hours 

after the addition of NaBH3CN by following the general procedure 3-

I, described in chapter 3. Compound 4-4 was obtained as a white 

solid (yield 75%).  
1
H NMR (500MHz, DMSO-d6, 350K, δ) 7.41 – 

7.23 (m, 5H), 5.07 (s, 2H), 4.27 – 4.23 (m, 1H), 3.90 (d, J = 10.8 Hz, 

1H), 3.39 (d, J = 10.9 Hz, 1H), 2.64 (dd, J = 12.8, 8.6 Hz, 1H), 2.48 – 2.44 (m, 1H), 2.38 

(dd, J = 11.7, 6.8 Hz, 1H), 2.01 (dd, J = 12.9, 6.2 Hz, 1H), 1.38 (s, 9H), 0.92 – 0.81 (m, 

1H), 0.47 – 0.37 (m, 2H), 0.14 (q, J = 4.7 Hz, 2H); 
13

C NMR (126 MHz, DMSO-d6, 

350K, δ)
 
173.3, 171.0, 154.2, 137.3, 128.6, 128.1, 127.7, 81.2, 66.7, 59.5, 54.7, 49.6, 38.3, 

28.1, 11.0, 3.7, 3.7; HPLC analysis (C18 reverse phase, 30 mins, 5-95 % H2O/ACN with 

0.1% formic acid): Tr= 17.3 mins; HRMS-ESI: m/z Calculated for 4-4 (M+H)
+ 

: 

419.2176; found: 419.2178. 

4.4.4 Synthesis of compound 4-5.  

Starting materials pro4 amino acid (1-11) and 

cyclopentanecarboxaldehyde were allowed to react for five hours after 

the addition of NaBH3CN by following the general procedure 3-I, 

described in chapter 3. Compound 4-5 was obtained as a white solid 

(yield 72%).  



93 

 

1
H NMR (500MHz, DMSO-d6, 350K, δ) 7.40 – 7.24 (m, 4H), 5.07 (s, 2H), 4.27 – 4.22 

(m, 2H), 3.88 (t, J = 15.4 Hz, 1H), 3.39 (d, J = 10.9 Hz, 1H), 2.64 (dd, J = 12.8, 8.6 Hz, 

1H), 2.47 – 2.42 (m, 1H), 2.38 (dd, J = 11.7, 6.8 Hz, 1H), 2.01 (dd, J = 12.9, 6.2 Hz, 1H), 

1.38 (s, 9H), 0.92 – 0.81 (m, 1H), 0.46 – 0.39 (m, 2H), 0.17 – 0.08 (m, 2H); 
13

C NMR 

(126 MHz, DMSO-d6, 350K, δ) 173.3, 171.0, 154.2, 137.3, 128.6, 128.1, 127.7, 81.2, 

66.7, 59.5, 54.7, 49.6, 38.2, 28.1, 11.0, 3.7, 3.7. HPLC analysis (C18 reverse phase, 30 

mins, 5-95 % H2O/ACN with 0.1% formic acid): Tr= 17.54 mins; HRMS-ESI: m/z 

Calculated for 4-5 (M+H)
+ 

: 447.2489; found: 447.2528 

4.4.5 Synthesis of compound 4-6.  

 Starting materials pro-4 amino acid (1-11) and 1-naphthaldehyde were 

allowed to react for overnight after the addition of NaBH3CN by 

following the general procedure 3-I described in chapter 3. Compound 

4-6 was obtained as a white solid (yield 68%).  

1
H NMR (500MHz, DMSO-d6, 350K, δ) 8.17 (t, J = 7.4 Hz, 1H), 7.91 (d, J = 7.4 Hz, 

1H), 7.83 (d, J = 7.9 Hz, 1H), 7.59 – 7.38 (m, 4H), 7.33 (tt, J = 13.1, 6.3 Hz, 5H), 5.05 

(dd, J = 37.0, 12.8 Hz, 2H), 4.27 (dt, J = 35.9, 7.6 Hz, 1H), 4.18 – 4.05 (m, 2H), 4.00 (t, J 

= 10.8 Hz, 1H), 3.47 (t, J = 10.4 Hz, 1H), 2.86 – 2.65 (m, 1H), 2.15 – 2.03 (m, 1H), 1.29 

(d, J = 35.3 Hz, 9H) ; 
13

C NMR (126 MHz, DMSO-d6, 350K, δ) 174.7, 170.9, 154.2, 

137.2, 136.0, 133.8, 131.9, 128.7, 128.7, 128.1, 127.9, 127.7, 126.6, 126.3, 125.9, 125.7, 

124.2, 81.1, 66.6, 59.4, 55.1, 46.6, 28.0.  HPLC analysis (C18 reverse phase, 30 mins, 5-

95 % H2O/ACN with 0.1% formic acid): Tr= 18.9 mins; HRMS-ESI: m/z Calculated for 

4-6 (M+H)
+ 

: 505.2333; found: 505.2349. 
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4.4.6 Synthesis of compound 4-7.   

Starting materials pro-4 amino acid (1-12) and 1-naphthaldehyde 

were allowed to react for overnight after the addition of NaBH3CN 

by following the general procedure 3-I described in chapter 3. 

Compound 4-6 was obtained as a white solid (yield 65%).  

1
H NMR (500MHz, DMSO-d6, 340K, δ) 8.17 – 8.09 (m, 1H), 7.94 – 7.78 (m, 2H), 7.55 – 

7.39 (m, 4H), 7.34 (d, J = 22.0 Hz, 5H), 5.08 (q, J = 12.6 Hz, 2H), 4.33 (t, J = 7.7 Hz, 

1H), 4.15 (q, J = 13.0 Hz, 2H), 3.86 (d, J = 10.9 Hz, 1H), 3.74 (d, J = 11.3 Hz, 1H), 2.32 

(dd, J = 12.5, 8.1 Hz, 1H), 1.38 (s, 9H) ; 
13

C NMR (126 MHz, DMSO-d6, 350K, δ) 173.6, 

171.2, 154.5, 137.2, 136.2, 133.9, 132.0, 128.7, 128.6, 128.1, 127.9, 127.7, 126.5, 126.2, 

125.9, 125.8, 124.2, 81.2, 67.6, 66.7, 59.5, 54.3, 46.1, 30.9, 28.1.  HPLC analysis at 220 

nm (C18 reverse phase, 30 mins, 5-95 % H2O/ACN with 0.1% formic acid): Tr= 18.4 

mins; HRMS-ESI: m/z Calculated for 4-7 (M+H)
+ 

: 505.2333; found: 505.2345. 

4.4.7 Synthesis of compound 4-8.  

Starting material pro4 amino acid (1-14) and 3-fluro-4-chloro 

benzaldehyde were allowed to react for overnight after the addition of 

NaBH3CN by following the general procedure 3-I, described in 

chapter 3. Compound 4-8 was obtained as a white solid (yield 63%). 

1
H NMR (500 MHz, DMSO-d6, δ) δ 7.61 – 7.45 (m, 1H), 7.42 – 7.20 

(m, 6H), 5.14 – 4.92 (m, 2H), 4.33 – 4.19 (m, 1H), 3.89 – 3.78 (m, 1H), 3.77 – 3.53 (m, 

3H), 3.41 (dd, J = 10.9, 6.5 Hz, 1H), 2.69 – 2.52 (m, 1H), 2.28 – 2.00 (m, 1H), 1.47 – 

1.17 (m, 9H); 
13

C NMR (126 MHz, DMSO-d6, δ) 172.8, 170.8, 154.2, 139.3, 137.5, 
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133.6, 131.9, 128.7, 128.7, 128.1, 127.9, 127.7, 126.6, 126.3, 125.9, 125.7, 118.3, 80.1, 

69.8, 65.7, 58.6, 48.3, 38.7, 29.2. HPLC analysis at 220 nm (C18 reverse phase, 30 mins, 

5-95 % H2O/ACN with 0.1% formic acid): Tr= 18.6 mins; HRMS-ESI: m/z Calculated 

for 4-8 (M+H)
+ 

: 507.1692; found: 507.1705. 

4.4.8 Synthesis of compound 4-9.  

Starting material pro4 amino acid (1-14) and 4-(trifluromethyl) 

benzaldehyde were allowed to react for overnight after the addition 

of NaBH3CN by following the procedure 3-I, described in chapter 

3. Compound 4-9 was obtained as a white solid (yield 52%). 
1
H 

NMR (500 MHz, DMSO-d6) rotamers observed δ 7.75 – 7.45 (m, 

13H), 7.41 – 7.22 (m, 15H), 5.15 – 4.96 (m, 6H), 4.38 – 4.21 (m, 

3H), 3.96 (t, J = 16.0 Hz, 2H), 3.88 – 3.65 (m, 8H), 3.46 (d, J = 10.9 Hz, 2H), 2.71 (dd, J 

= 12.9, 8.9 Hz, 2H), 2.09 (dd, J = 13.1, 5.7 Hz, 2H), 1.42 – 1.27 (m, 27H). 
13

C NMR (126 

MHz, DMSO-d6) rotamers observed δ 174.4, 173.5, 171.1, 170.8, 154.4, 154.2, 142.8, 

142.3, 137.3, 132.4, 132.2, 130.0, 129.8, 129.5, 129.3, 129.3, 128.6, 128.6, 128.1, 127.7, 

125.9, 124.8, 124.8, 124.7, 124.6, 123.7, 123.7, 123.7, 121.5, 81.1, 67.6, 66.7, 59.4, 55.0, 

54.6, 48.4, 47.8, 38.9, 28.0. HPLC analysis (C18 reverse phase, 30 mins, 5-95 % 

H2O/ACN with 0.1% formic acid): Tr= 19.2 mins; HRMS-ESI: m/z Calculated for 4-9 

(M+H)
+ 

: 523.205; found: 523.2067. 
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4.4.9 Synthesis of compound 4-10.  

 Starting material pro4 amino acid (1-14) and 3-

(trifluromethyl) benzaldehyde were allowed to react for 

overnight after the addition of NaBH3CN by following 

the general procedure 3-I, described in chapter 3. 

Compound 4-10 was obtained as a white solid (yield 

55%). 
1
H NMR (500MHz, DMSO-d6, 350K) δ 8.20 – 

7.75 (m, 13H), 7.44 – 7.17 (m, 18H), 5.04 (dd, J = 26.7, 13.9 Hz, 7H), 4.38 – 4.24 (m, 

4H), 3.95 (dt, J = 23.3, 13.4 Hz, 10H), 3.67 (s, 4H), 3.42 (d, J = 10.9 Hz, 2H), 2.79 – 2.65 

(m, 2H), 2.39 (ddd, J = 8.3, 5.7, 5.0 Hz, 2H), 2.32 – 2.19 (m, 2H), 2.11 – 1.96 (m, 2H), 

1.47 – 1.23 (m, 9H). ; 
13

C NMR (126 MHz, DMSO-d6, 350K) δ 170.7, 154.2, 145.3, 

144.8, 137.2, 132.2, 131.9, 129.3, 128.6, 128.6, 128.1, 127.7, 127.6, 125.2, 125.0, 123.0, 

122.9, 122.6, 100.0, 81.2, 66.7, 59.4, 44.6, 44.1, 28.0, 28.0.  HPLC analysis at 220 nm 

(C18 reverse phase, 30 mins, 5-95 % H2O/ACN with 0.1% formic acid): Tr= 19.4 mins; 

HRMS-ESI: m/z Calculated for 4-10 (M+H)
+ 

: 523.205; found: 523.2059. 

4.4.10 Synthesis of compound 4-11.  

Starting material pro4 amino acid (1-14) and 3-(trifluromethoxy) 

benzaldehyde were allowed to react for overnight after the 

addition of NaBH3CN by following the general procedure 3-I, 

described in chapter 3. Compound 4-11 was obtained as a white 

solid (yield 63%). 
1
H NMR (500MHz, DMSO-d6, 350K) δ 7.40 (d, 

J = 8.5 Hz, 2H), 7.34 – 7.25 (m, 4H), 7.16 (d, J = 8.1 Hz, 2H), 
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5.03 (dd, J = 29.7, 12.8 Hz, 2H), 4.27 – 4.14 (m, 1H), 3.74 – 3.51 (m, 4H), 2.21 (dt, J = 

20.2, 12.2 Hz, 2H), 1.36 (s, 9H).; 
13

C NMR (126 MHz, DMSO-d6) δ 175.1, 172.2, 154.7, 

147.5, 142.1, 137.6, 129.8, 128.5, 127.9, 127.6, 123.7, 121.7, 120.5, 119.6, 117.6, 80.4, 

66.2, 60.3, 55.9, 48.1, 28.1. (C18 reverse phase, 30 mins, 5-95 % H2O/ACN with 0.1% 

formic acid): Tr= 20.1 mins; HRMS-ESI: m/z Calculated for 4-11 (M+H)
+ 

: 539.1999; 

found: 539.2020. 

4.4.11 Synthesis of compound 4-12.  

Starting material pro4 amino acid (1-14) and 1-naphthyl 

benzaldehyde were allowed to react for overnight after the 

addition of NaBH3CN by following the general procedure 3-I, 

described in chapter 3. Compound 4-12 was obtained as a white 

solid (yield 55%). 

1
H NMR (500 MHz, DMSO-d6, δ) Rotamers observed 8.19 (dd, J = 8.0, 4.5 Hz, 1H), 

7.88 (d, J = 8.1 Hz, 1H), 7.77 (d, J = 8.1 Hz, 1H), 7.51 – 7.36 (m, 4H), 7.34 – 7.20 (m, 

5H), 5.11 – 4.93 (m, 2H), 4.19 (ddd, J = 21.9, 10.0, 7.5 Hz, 1H), 4.07 – 3.92 (m, 2H), 

3.71 – 3.56 (m, 2H), 2.20 (ddt, J = 23.4, 12.8, 11.1 Hz, 2H), 1.33 (d, J = 41.7 Hz, 9H); 

13
C NMR (126 MHz, DMSO-d6, δ) Rotamers observed 174.2, 173.6, 169.3, 167.5, 155.2, 

134.3, 130.3, 129.9, 128.7, 127.6, 127.5, 126.9, 125.7, 122.9, 122.7, 70.0, 67.3, 67.3, 

59.6, 57.0, 52.3, 51.1, 50.7, 49.7, 48.1, 36.6, 36.2, 28.8, 27.6, 20.7, 20.6, 20.4, 20.3.  

HPLC analysis (C18 reverse phase, 30 mins, 5-95 % H2O/ACN with 0.1% formic acid): 

Tr= 18.3 mins; HRMS-ESI: m/z Calculated for 4-12 (M+H)
+ 

: 505.2333; found: 

505.2347. 
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4.4.12 Solid phase synthesis of compound 4-1 

  Spiroligomer 4.1 utilized for competitive assays was synthesized starting from 50 mg of 

3-22. After resin was rinsed with DCM and DMF five times each, the Fmoc group was 

removed using the general procedure for removal of Fmoc Group (D) as discussed in 

chapter-3. To the solution of Boc-(D)-Glu(OtBu)-OH (5 eq, 250 µmol) and HATU (5 eq, 

250 µmol) in DMF (1.4 mL), DIPEA (10 eq, 500 µmol ) was added and let the solution 

sit for 10 minutes for pre-activation. The preactivated amino acid was added to the resin 

and stirred the reaction for 2 hours at room temperature. After washing the resin 5 times 

with DMF and 5 time with DCM, 95% TFA/TIPS was added to remove BOC and tert-

butyl groups using the general procedure “C” discussed in chapter-3 experimental section. 

The resin was treated with 10% DIPEA in DMF for 6 hours at room temperature to get 

the final product. Solvent was collected by in vacuo filteration and purified using reverse 

phase. HPLC analysis at 220 nm (C18 reverse phase, 30 mins, 5-95 % H2O/ACN with 

0.1% formic acid): Tr= 18.52 mins; HRMS-ESI: m/z Calculated for (M+H)
+ 

: 919.29432; 

found: 919.2930.  

4.4.13 Synthesis of generation-3 and generation-4 spiroligomers 

Generation-3 and generation-4 compounds were synthesized  on solid support following 

the same procedure described in chapter-3. These molecules were synthesized on small 

scale and purified on reverse phase HPLC.  

4.4.14 NMR analysis of compound 4-1: 

For complete structural elucidation a series of NMR experiments were performed and 

characterized the synthesized compound.   
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Figure 4.7:  NMR numbering for compound 4-1. 
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Table 4.5:    NMR key for the 
1
H and 

13
C assignments for compound 4-1. 
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4.4.15  NMR analysis of compound 4-19 

 

 

Table 4.6:  NMR key for the 
1
H and 

13
C assignments for compound 4-19 
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4.4.16  HRMS and HPLC analysis 

 

Spiroligomer HPLCMethod/ rt Exact Mass Calculated Mass Found Mass-

HRMS 
4-13 5-9530min / 22.3 1292.3595 1293.3668 (M+H)

 +
 1293.3672 

4-14 5-10010min/4.49 1320.3908 1321.3981(M+H)
+
 1321.3412 

4-15 5-10010min/ 3.89 1290.4047 1291.412 (M+H)
 +

 1291.398 

4-16 5-9530min/  23.62 1306.4405 1307.4478(M+H)
+
 1307.449 

4-17 5-9530min/ 23.7 1306.4405 1307.4478 (M+H)
+
 1307.3775 

4-18 5-9530min /23.8 1322.4354 684.2072 (M+2Na)
+2

 684.2048 

4-19 5-9530min/24.6 1332.4561 1355.4459 (M+Na
+
) 1355.4427 

4-20 5-9530min/23.9 1314.4844 1315.4917(M+H)
 +

 1315.502 

4-21 5-9530min/22.6 1286.4531 1287.4604(M+H)
 +

 1287.4587 

4-22 5-9510min/4.38 1304.3595 1305.3668(M+H)
 +

 1305.3558 

4-24 5-9530min/25.8 1584.48074 1585.48801(M+H)
 +

 1585.4906 

4-25 5-9530min/25.7 1584.48074 1585.48801 (M+H)
 +

 1585.4912 

 

Table 4.7: HRMS and HPLC data of spiroligomers 4-13 to 4-25 

 

4.4.15 Direct Binding Fluorescence polarization experiments  

Fluorescence polarization experiments were carried out in the same way as described in 

Chapter-3 experimental section.  

4.4.16 Competitive fluorescence polarization experiments 

As discussed in results and discussion section three different competitive assays were 

performed. All experiments were done in triplicates. For these studies, 2 µM of Protein 

HDM2 25-117 incubated with hot ligand (2-1, 3-25) for one hour at room temperature in 

PBS binding buffer (pH 7.4). Cold ligand (4-1, Nutlin-3A, p53 peptide 2-2) was then 

titrated in to the above incubated solution serial 2 times dilutions starting from the 

concentration 500 µM to 0.122 µM. These solutions were further incubated for another 1 

hour before irradiating with the polarized light using Analyst GT plate reader. The 
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collected data was processed using the one-site, specific binding equation in Graphpad 

Prism Software.  

4.4.17 TRFRET direct binding assays 

These assays were performed by following the instructions obtained from the 

commercially available Lanthascreen Tb-anti-GST-Antibody kit. Purified 3 nM GST 

tagged HDM21-188 was incubated for two hours with 2 nm Tb-anti-Gst-antibody. This 

solution was then titrated with fluorescein-tagged spiroligomers (4-17, 4-19, 4-24 and 3-

25) and 
Fl

p53 (2-1) as a positive control (final concentration 1000 nM to 0.122 nM). After 

one hour of incubation, samples were screened in 384 well plates by irradiating at 340 nm 

and recording the emissions at 495 nm and 520 nm. The emission ratio of 520:495 was 

used to analyze the binding affinity of molecules using Graphpad Prism software.     
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CHAPTER 5 

5. DEVELOPING SPIROLIGOMERS AS INHIBITORS OF MYC/MAX 

HETERODIMERS 

The members of the Myc/Max/Mad protein family form a network of heterodimeric 

proteins that act as transcriptional regulators. c-Myc forms heterodimers with Max to 

bind DNA and stimulate cell proliferation. We proposed to develop functionalized 

spiroligomers that can mimic Max and bind c-Myc therefore disrupting the Myc/Max 

interaction. We initially screened a few spiroligomers using circular dichroism 

spectroscopy before further study using AlphaScreen
TM

 assays. From the AlphaScreen
TM

 

assays, it was evident that spiroligomers can compete with Max to bind Myc, with the 

best inhibitor demonstrating 11 μM activity.   
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5.1. Introduction 

5.1.1. c-Myc - a transcriptional factor 

The c-Myc is a proto-oncogene whose overexpression results in a broad range of human 

cancers.
1- 3

 Transcriptional factor c-Myc is a member of the basic helix-loop-helix leucine 

zipper (bHLHZ) family.
4,5 

The function of Myc in transcriptional activation is triggered 

when it is heterodimerized with its partner, Max, which is also the part of bHLHZ family. 

The Myc/Max heterodimers then bind DNA and stimulate cell proliferation and inhibit 

the cells ability to enter into the resting phase (G0). Max also heterodimerizes with 

another protein called Mad and the dimer competes for the same DNA sequence as 

Myc/Max and act as transcriptional inhibitors. Max serves as the pivotal constant for both 

proteins.
6,7

 Myc/Max heterodimerisation is an “on switch” for cancer while Mad/Max 

heterodimerisation is an “off switch” for cancer (Figure 5.1).
8,9  

 

 

5.1.2 Challenges to c-Myc Inhibition 

Figure 5.1:  Illustration of the Myc/Max/Mad network.  Showing Max as the pivotal constant. 

G0. Resting phase (Cell stops dividing), G1. Growth phase (Cell readies for DNA synthesis). 
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Over-expression of Myc proteins is found in most if not all human cancers. As described 

above, c-Myc preferentially forms heterodimers with the protein Max and stimulate cell 

proliferation.
1,2,8 

For numerous reasons, c-Myc is considered as a very challenging 

therapeutic target and has been called an “undruggable target” despite being a desirable 

therapeutic target.
2,10

 One of these reasons that makes designing an inhibitor to disrupt 

the protein-protein interaction between Myc and Max difficult is because the interaction 

between these two proteins are through large, flat surface areas that lack any distinct 

binding pockets.
11

 Another challenge aspect of inhibition is that the expression of c-Myc 

is present in all proliferating cells and the broad inhibition of Myc may lead to high 

cytotoxicity. 

Despite the challenges discussed above, the therapeutical targeting of Myc, is still 

considered as a good target because c-Myc overexpressed in 70% of cancer cell lines.
12

 

Over the past decade, several peptidomimetic and small molecule inhibitors were 

identified and screened using several numbers of in vitro and in vivo assays.
13-17

  

5.1.2. Crystal structure of the Myc-Max and Mad-Max heterodimers (bHLHZ 

region) 

The x-ray structures of these heterodimers bound to DNA were determined at Rockefeller 

University and reveals the quasi-symmetry of the heterodimers.
18

 These two heterodimers 

carry few specific structural differences in the coiled-coiled leucine zipper regions, which 

causes the Myc/Max hereodimer to form bivalent heterotetramers which, in turn, causes 

Myc to upregulate the expression of genes.   
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The co-crystal structures of the Myc/Max, Mad/Max, and the bivalent structure of 

Myc/Max bound to DNA are illustrated in Figure 5.2.
18 

These heterodimers resemble 

each other by containing two long α-helices separated by a coil loop (L) region. The N-

terminal portion consists of basic region (B) and α-helix-1 (H1). The C-terminal portion 

also contains two α-helical segments, helix-2 (H2) region and leucine zipper (Z) region 

(Figure 5.2). These heterodimeric interfaces are stabilized by both hydrophobic and polar 

interactions involving the H1, H2 and Z regions.
19,20

 The zipper regions of these 

heterodimers consist of a coiled-coil heptad repeat like those found in GCN4 

homodimers.
21

 Coiled-coils are defined by a seven amino acid a
H
b

P
c

P
d

H
e

P
f
P
g

P
 repeat 

(heptad repeat) where a, b, c, d, e, f and g represent the residue position while the “H” 

superscript represents a hydrophobic side-chain and “P” represents a polar side-chain.
22

 

Coiled-coil proteins are a large class of proteins that include the Myc/Max/Mad protein 

family. 
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Figure 5.2: Co-crystal structures of A. Myc/Max, B. Mad/Max heterodimers and 

 C. Bivalent Myc/Max heterodimers bound to DNA. Oligonucleotide (DNA) is shown as an atomic 

stick model. Basic helix and zipper regions are presented in ribbon form on the DNA. 

 



112 

 

5.2. Results and Discussion 

5.2.1. Designing spiroligomers to inhibit Myc/Max dimerisation 

Our goal was to mimic the portion of the Max protein with a spiroligomer and bind c-

Myc to disrupt the formation of the c-Myc/Max heterodimer. The crystal structure of c-

Myc/Max reveals their binding interactions at the zipper region.
18

 Figure 5.3 shows the 

interactions between Myc and Max at the zipper portion, and these hydrophobic 

interactions are vital for the stability of the Myc/Max heterodimer.  

 

 

 

Using CANDO,
23

 we designed spiroligomers that display hydrophobic side-chains 

superimposed on positions “a” and “d” of a coiled-coil heptad repeat to make i, i+4 and 

Figure 5.3: Ribbon diagram of the Myc/Max heterodimer at a portion of zipper region, 

showing the hydrophobic interactions. (From x-ray crystal studies- Myc in Blue and 

Max in Red).
18
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i+7 contacts. These spiroligomers can be extended to increased length by adding 

additional bis-amino acid monomers. Figure 5.4 A shows the bHLHZ sequence of c-Myc 

aligned to Max and the zipper region interactions of the heterodimer. The three main 

interactions shown in Figure 5.4 B from x-ray structure were taken in to account to 

design a spiroligomer scaffold that mimics the Leu88, Asn92, and Leu95 of Max. Figure 

5.4 C and D show a portion of zipper region of c-Myc and Max highlighting the residues 

vital for dimerization. The c-Myc fragment 411-431 was synthesized on solid support to 

form compound 2-3 as discussed in Chapter 2. We aimed to begin with a simplified 

backbone stereochemistry and utilized isocyanate capping
24

 and acylation
25

 from 

corresponding functionalized pro-4 amino acids
26

 to synthesize spiroligomer mimics in 

solution.  
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5.2.2. Synthesis of spiroligomers in solution phase 

Scheme 5.1 displays the functionalized monomers utilized in the synthesis of 

spiroligomer inhibitor from pro-4 building blocks. The synthesis of the pro-4 building 

blocks 1-11 to 1-13 was discussed in Chapter 1. These starting materials were 

reductively alkylated with commercially available alkyl and cyclo-alkyl aldehydes in the 

presence of sodium cyanoborohydride at room temperature to achieve the N-alkylated 

products. Compound 5-1 was produced by the reductive alkylation of a ketone, acetone.  

Figure 5.4: A. Partial sequence alignment of c-Myc with its binding partner, Max. B. The x-ray 

structure of c-Myc/Max at the zipper region
18

 C. Part of the zipper region of c-Myc synthesized 

on solid support. D. Part of the Max zipper region aligned to ‘C’ and highlighting the amino 

acids vital for dimer formation.  
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The retrosynthetic pathway for making tri-functional spiroligomers displaying alkyl or 

cyclo alkyl sidechains is shown in Scheme 5.2. The backbone scaffold of these trimers is 

made up of two DKPs and one hydantoin. 

 

Scheme 5.1: Reductively alkylated monomers used in building spiroligomers. 
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These functionalized monomers were coupled to each other using acylation chemistry to 

forming DKPs and the hydantoin formation was achieved by reacting commercially 

available naphthyl isocyanate with the corresponding functionalized pro-4 amino acid. 

Scheme 5.3 describes the synthesis of spiroligomers 5-17 to 5-22. The functionalized 

building blocks 3-17, 4-3, 4-5, and 5-1 to 5-4 were further reacted with naphthyl 

isocyanate in the presence of triethylamine in dry THF to produce the hydantoins. The 

naphthyl group formed during the isocyanate capping was chosen to provide a good UV 

chromophore to monitor the resulting compounds by LCMS throughout the remainder of 

the synthesis. Also, this reaction is very robust, clean, and high yielding. These 

hydantoins were treated with 33% HBr in acetic acid to simultaneously remove the 

carboxybenzyl (Cbz) and tert-butyl protecting groups to produce 5-6 to 5-10. 

Scheme 5.2: Retrosynthetic pathway to build spiroligomer trimers in solution phase 
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These monomers were precipitated in cold ether and the resulting solid was dried under 

reduced pressure before further use in the synthesis. Functionalized pro-4 amino acids 

were pre-activated to form 1-hydroxy-7-azabenzotriazole (OAt) ester using HOAt/DIC. 

The coupling of preactivated amino acids with monomers was achieved by adding the 

preactivated solution to the mixture of corresponding monomers in the presence of 

DIPEA in DMF. This facilitates the acylation reaction and forms the first amide bond 

before additional DIC is added to promote DKP formation. These protected dimers were 

Scheme 5.3: Synthesis of trifunctionalized spiroligomers 
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then deprotected by treating each compound with 33% HBr in acetic acid to 

simultaneously remove the carboxybenzyl (Cbz) and tert-butyl protecting groups to yield 

dimers 5-11 to 5-16. The above coupling and deprotection reactions were repeated once 

more with the appropriate functionalized pro-4 amino acid to yield the final trimers. The 

purified trimers were then used to test for binding to c-Myc peptide compound 2-3.     

 

 

 

 

 

 

 

 

 

 

Monomers 

Compound R1 Sterocenters 

1 2 

5-6 

 

S S 

5-7 

 

S S 

5-8 

 

S S 

5-9 

 

S S 

5-10 

 

R R 

Table 5.1: Monomers (single functionalized spiroligomers). 
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Dimers 

Compound R1 R2 Sterocenters 

1 2 3 4 

5-11 

  

S S S S 

5-12 

  

S S S S 

5-13 

  

S S S S 

5-14 

  

S S S S 

5-15 

  

R R R S 

5-16 

  

S S S R 

Table 5.2: Spiroligomer dimers.  
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Trimers 

Compound R1 R2 R3 Stereocenters 

1 2 3 4 5 6 

5-17 

   

S S S S S S 

*5-18a 

   

S S S S S S 

5-18 

   

S S S S S S 

5-19 

   

S S S S S S 

*5-20a 

   

S S S S S S 

5-20 

   

S S S S S S 

5-21 

   

R R R S S S 

5-22 

   

S S S R S S 

 

 

5.2.3. Approach for screening spiroligomers to bind c-Myc 

There are several approaches available to rapidly measure the binding of potential 

inhibitors to macromolecules. For this project, we opted to use CD (circular dichroism 

Table 5.3: Spiroligomer trimers. 
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spectroscopy) for preliminary screening to measure the change in the helical quantity
27

 of 

c-Myc up on binding to spiroligomers. c-Myc exists in a monomeric and intrinsically 

disordered form that becomes helical upon binding to Max.
21

 Taking advantage of this 

large structural change, each spiroligomer was added to c-Myc peptide fragment (411-

431) in PBS buffer and the helical nature of each sample was determined by CD.  Similar 

experiments were carried out in literature to screen small molecules using different c-

Myc peptide fragments while monitoring different wavelengths and also CD studies were 

used as additional support to confirm the binding sites of c-Myc to small molecules.
28.29

   

5.2.4. Introduction to circular dichroism spectroscopy 
30,31 

In structural biology, circular dichroism spectroscopy (CD) is a powerful method to study 

the secondary structures of proteins and peptides. CD spectroscopy measures the 

difference in the absorption (ΔA) of left-handed polarized light (Al) versus right-handed 

polarized light (Ar) of an analyte that possess intrinsic chirality or are within chiral 

environments. This determines the protein/peptide’s secondary structure by identifying 

the signal from the "far-UV" spectral (190-250 nm) region. As illustrated in Figure 5.5, 

each secondary structure (α-helix, beta-sheet, and random coil) gives rise to a 

characteristic shape and magnitude in a CD spectrum. 
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Changes in temperature, pH, buffer, or the presence of a ligand makes the conformational 

changes in a protein or peptide’s secondary structure. Circular dichroism spectroscopy 

detects these conformational changes and that allows us to detect the approximate 

fraction of each secondary structure type by analyzing the far-UV CD spectrum of that 

system.
32,33

 

If a protein is titrated with a ligand, an induced CD (ICD) spectrum may be measured. 

Chiral perturbations to protein’s native structure or electron rearrangements are 

responsible for the ICD signal upon ligand binding. The induced signal gives the 

information about the intensity of ligand’s interaction with the protein or peptide.
34 

 

Figure 5.5: Representation of typical circular dichroism spectrum for commonly found 

protein secondary structures. 
31
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5.2.5. Screening spiroligomers using circular dichroism (CD) 

The native secondary structure of the C-Myc 411-431 (2-3) in PBS buffer was first 

determined and shown in Figure 5.6. The resulting CD signal suggests the peptide 

fragment adopts a characteristic α-helical structure with two ellipticity minima at 208 nm 

and 222 nm. The ratio of 222 nm and 208 nm is used to estimate the degree of coiling 

since the intensity of the CD band at 222 nm (n-π*) is in response to the α-helical content 

and band at 208 nm (π-π*) determines if α-helix is monomeric or involved in any tertiary 

contacts because this transition polarizes parallel to the helical axis. Therefore, 

monomeric α-helices show greater intensity at 208 nm than helices with additional 

interactions. If the ratio of bands at 222 nm and 208 nm is less than 0.9, the peptide is 

considered to exist as isolated helix and if this ratio is more than 1.0, homodimerisation is 

likely occurring.
35

 Many studies were conducted on the c-Myc LZ region to understand 

the helical properties of the peptide and the literature have determined that at various salt 

and pH conditions, the c-Myc LZ region exists as a monomer. Stabilization of the peptide 

due to homodimer formation has been found to occur only under very acidic (pH ≤ 3), 

nonphysiological conditions.
35,36

 In this study, the CD spectra of c-Myc411-431 (2-3) was 

measured at 20 µM concentration in 1 X PBS buffer at 25 °C at pH 7 along the 

wavelength range of 250-190 nm. The CD results from this experiment resulted in a 

222/208 nm ratio of 0.56, Figure 5.6 A. We also conducted thermal denaturation by 

increasing temperature from 5 °C to 100 °C and collected a CD spectrum at 10 °C 

increments. Figure 5.6 B shows the decrease in the negative elliptical value at both 222 

and 208 nm as the temperature increased. The signal ratio at 222/208 varied from 0.65 to 

0.48 as the temperature increased, which is in close agreement to the literature data.
35,36

  



124 

 

In addition to CD, several other experiments were reported in literature, such as 

analytical centrifugation and NMR studies, that prove that the Myc LZ region exists as a 

monomeric α-helix.
36

 Existence of the c-Myc LZ region as a monomer is vital to detect 

possible induced helicity caused by the interaction of the peptide with a spiroligomer 

inhibitor.   

For these CD experiments, 10 mM stock solutions of spiroligomers were made in ethanol 

and were diluted to the desired final concentrations using 1 X PBS buffer (pH 7) and the 

CD spectrum was measured at 25 °C. The CD of each spiroligomer alone was measured 

before mixing with the c-Myc peptide (2-3) to determine the contribution of CD signal of 

spiroligomer. All spectra were recorded in 1 mm quartz cuvette on and the average of ten 

scans was measured. The CD spectrum of the buffer was subtracted from all other 

spectra. Figure 5.6 shows the CD signal of compound 2-3 having the sequence of c-Myc 

411-431 along with HT (voltage) signal, which is recorded in parallel. The HT signal should 

be maintained below 700 to avoid a high signal to noise ratio in the CD spectrum.   
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Figures 5.7 to 5.9 display the CD data from the three spiroligomers, 5-17, 5-20, and 5-

21. Also included is the CD spectrum of compound alone (A), the CD spectrum after 

combining each spiroligomer with the peptide fragment, and the overlay of c-Myc 

peptide (2-3) with subtracted CD of compound from the mixture.  The CD spectrum of 

Figure 5.6:  Circular dichroism (CD) spectra of c-Myc411-431 at 20 µM concentration measured 

250-190 nm wavelength.   A. CD signal at 25 °C B. Measured CD signals for c-Myc at different 

temperatures. Temperature range 5 °C to 95 °C with 10 °C increments (bottom to top). Some 

signals were removed for clarity. 
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each spiroligomer alone was subtracted from the CD spectra of the mixture since the 

spiroligomers showed intrinsic CD signal. First, 5-17 which is has an all-ss 

stereochemical backbone and all-isobutyl side chain functional groups was tested.  

Figure 5.7 C compares the overlay of the spectrum from peptide alone to that of the 

mixture subtracted from spiroligomer alone. A small increase in helical quantity of the 

peptide with increased negative ellipticity at 222 nm and 208 nm was observed. The 

green colored line in Figure 5.7 C represents c-Myc 411-431 alone and the blue line in the 

same figure represents the subtracted signal of the peptide compound mixture (From 

Figure 5.7 B) with the spectrum of the spiroligomer alone (from Figure 5.7 A). The 

slight increase in negative ellipticity suggests the addition of spiroligomer increases the 

helicity of the peptide fragment.   

 

Figure 5.7: Circular dichroism (CD) spectra of c-Myc411-431 upon addition of spiroligomer 5-17 at 

25 °C and measured 250-190 nm wavelength.   A. CD signal of spiroligomer 5-17 (20 µM) alone 

B. CD signal for mixture of 5-17 and c-Myc411-431, (20 µM) each . C. Green spectra signal is c-

Myc411-431 alone and blue signal obtained by subtracting signal (A) from the signal (B). D. 

Structure of compound 5-17.                 
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Similar conditions and concentrations were applied to screen two more spiroligomers. As 

shown in Figures 5.8 and 5.9, spiroligomers 5-21 and 5-22 have same side chains as 5-17 

but different stereochemistry along the backbone. The difference in stereochemistry 

resulted in a corresponding difference in the CD spectrum of each spiroligomer when 

taken alone. The overlay spectra from compound 5-21 shows a slight difference in the 

CD signal at 222 nm and 208 nm and for compound 5-22 a shift in the signal at these two 

wavelengths was observed. As a result of this variation, we decided to move to a new 

assay, AlphaScreen
TM

. 

Figure 5.8: Circular dichroism (CD) spectra of c-Myc411-431 upon addition of spiroligomer 5-21 at 

25 °C and measured 250-190 nm wavelength.   A. CD signal of spiroligomer 5-21 (20 µM) alone B. 

CD signal for mixture of 5-21 and c-Myc411-431, (20 µM) each . C. Green spectra signal is c-Myc411-431 

alone and blue signal obtained by subtracting signal (A) from the signal (B). D. Structure of 

compound 5-21.                                
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5.2.6. AlphaScreen
TM 

technology 

AlphaScreen
TM 

technology (Amplified Luminescent Proximity Homogeneous Assay) is a 

high throughput assay to study the inhibition of protein-protein interactions. This is a 

very sensitive, highly efficient, homogeneous bead assay, which is ideal for the 

investigation of protein complexes up to 200 nm in size. AlphaScreen
TM

 is a bead-based 

assay, involving two types of beads: the donor bead, having a photosensitizer that 

converts ambient oxygen to its excited form upon illumination at 680 nm, and the 

acceptor bead, which emits light at 615 nm. If the acceptor bead is not in range of the 

donor bead, then the singlet oxygen relaxes to ground state and no emission is observed.
37 

 

Figure 5.9: Circular dichroism (CD) spectra of c-Myc411-431 upon addition of spiroligomer 5-

22 at 25 °C and measured 250-190 nm wavelength.   A. CD signal of spiroligomer 5-22 (20 

µM) alone B. CD signal for mixture of 5-22 and c-Myc411-431, (20 µM) each . C. Green spectra 

signal is c-Myc411-431 alone and blue signal obtained by subtracting signal (A) from the signal 

(B). D. Structure of compound 5-22.                 
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5.2.6.1. Screening spiroligomers using AlphaScreen
TM

 assays 

These assays were performed in a 384 well plate using c-Myc (His tag removed), His6- 

Max, and biotinylated DNA with a single Ebox sequence. The acceptor beads are coated 

with Ni and the donor beads are coated with streptavidin. In this assay, standard 

concentrations of c-Myc, Ni coated acceptor beads, and biotinylated Ebox DNA were 

mixed together and transferred to 384 well plates. To this solution, spiroligomer was 

added in sequential dilutions (10 total different concentrations) and incubated for one 

hour to allow the compound to interact with c-Myc protein. Streptavidin coated donor 

beads were then added along with His6-Max at a single concentration and incubated for 

another hour. The mechanism works as follows: the biotinylated DNA anchors donor 

beads (streptavidin coated) and His6-Max helps it attach to Ni coated acceptor beads. 

Then, when c-Myc heterodimerizes with His6-Max, it binds to the E-Box DNA bringing 

the acceptor and donor beads to an acceptable proximity for electron transfer. In this 

instance, excitation at 680 nm irradiate the donor and leads to emission from acceptor 

bead, which is then detected. The data was analyzed using Graph Pad Prism software by 

plotting the graph for dose of the compound versus the emitted light in RLUs (Relative 

Light Unit). If the compound binds to c-Myc, a decrease in signal is observed as the 

concentration of spiroligomer increases due to competition between Max and the 

inhibitor. The graph from positive control is shown in Figure 5.10. 
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AlphaScreen
TM

 assays were performed on three different sets of spiroligomers: 

monomers, dimers and trimers to compare the binding affinity. Table 5.4 shows the IC50 

values obtained from these AlphaScreen
TM

 assays. While the four monomers tested each 

have different side chains, all showed nearly the same IC50 values. Dimers, 5-12 and 5-13, 

both showed binding below 100 µM while the other dimers showed no binding.  

 

 

 

 

 

  

Figure 5.10:  Graphical representation from AlphaScreen
TM

 data of a positive 

control showing dose of the compound on x-axis and emission in RLUs on Y axis.  

IC50 calculated is 21 µM. 
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A         B 

    

                                                        

 

 

                    C 

*IC50 calculated from the average of two replicates showed 2-15% of standard error 

 

 

Monomers 

Compound R1 *IC50 

(µM) 

5-6 

 

72 

5-7 

 

160 

5-8 

 

150 

5-9 

 

150 

Dimers 

Compound R1 R2 *IC50 

(µM) 

5-11 

  

575 

5-12 

  

73 

5-13 

  

86 

Compound Stereocenters *IC 50 

(µM) 

1 2 3 4 

5-15 R R R S negligible 

5-16 S S S R negligible 

Table 5.4:  AlphaScreen
TM

 activity data of monomers (A) and dimers (B, C) 
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Table 5.5 & 5.6 represents trimers and their IC50 values obtained from AlphaScreen
TM

 

testing. The resulting data shows a wide range of IC50 values from very weak binding to 

moderately strong. Trimers 5-18a and 5-20a have Cbz and tert-butyl protecting groups 

on the terminus and displayed very weak binding when compared to their unprotected 

analogues, 5-18 and 5-20. Every trimer that contained a free amino acid end, except 5-19, 

showed IC50 values over the range of 50-160 µM. Compound 5-19, which has three 

cyclopentyl functional groups as side chains, exhibited 11 µM activity. The most 

interesting phenomenon was observed with these compounds is that as the number of 

cyclopentyl groups increased, a gradual increase in activity was also observed as shown 

in Figure 5.11 from 150 µM monomer to 86 µM dimer to 11 µM trimer.  

Due to the nature of these molecules, we can incrementally extend spiroligomers further 

down the protein’s coiled-coil region while incorporating various hydrophobic residues at 

the interfacial positions. By utilizing careful modeling studies, we may able design and 

then synthesize spiroligomers that can able to occupy more surface area to further 

improve binding to c-Myc. Furthermore, selectivity for coiled-coil protein versus another 

in heterodimeric coiled-coil system may be engineered by incorporating charged side 

chains that can form specific salt bridges with the desired binding partner. Finally, the 

incorporation of more screening techniques like FP and TRFRET can be investigated 

using recombinant c-Myc protein. Research is ongoing within the group to develop better 

spiroligomer inhibitors and in house screening techniques.  
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                **IC50 calculated from the average of two replicates showed  2-15% of standard error 

 

 

 

 

 

 

                                                         

       * 5-18a and 5-20a are Cbz, tert-butyl protected compounds of 5-18 and 5-20 respectively 

Trimers 

Compound R1 R2 R3 IC50 

(µM) 

5-17 

   

62 

*5-18a 

   

670 

5-18 

 
 

 

70 

5-19 

   

11 

*5-20a 

   

872 

5-20 

   

158 

Table 5.5: Alpha screen activity data of trimers set-1 
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Table 5.6:  Alpha screen activity data of trimers set-2 

 

Figure 5.11: Alpha screen activity data for compounds 5-9, 5-13 and 5-19 showing increased 

functionality increased the binding activity. 

 

 

 

 

 

 

Compound Stereocenters IC50 

(µM) 

1 2 3 4 5 6 

5-21 R R R S S S 48 

5-22 S S S R S S 74 
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5.2.7. ELISA assays using TransAM
TM

 c-Myc transcription factor assay kit 

5.2.7.1. Introduction 

As discussed before, c-Myc as a transcriptional factor that regulates cell growth and is 

commonly deregulated in many human cancers. Therefore, accurate monitoring and 

quantifying c-Myc in cells is important to biomedical and drug development research. To 

this end, Active Motif offers the TransAM
TM 

kit, the first ELISA-based method to 

identify the presence of c-Myc in different cell lines and quantify the expression of the 

protein. These kits are designed specifically to detect c-Myc activation; however we tried 

to adopt this to test the inhibitory activity of our spiroligomer inhibitors.   

The TransAM
TM

 kit is supplied with a 96-well plate with embedded oligonucleotide (5’-

CACGTG-3’). Upon dimerization with Max, c-Myc binds to the E-box motif CACGTG 

of the oligonucleotide and activates transcription. This can be recognized by the addition 

of the primary antibody that recognizes c-Myc epitope following ELISA methods with 

proper wash steps in between incubations. Detection of the binding is observed by using 

secondary antibody, which is conjugated to horseradish peroxidase (HRP) to create a 

colorimetric readout. Our interest in this method is to detect the inhibition of c-Myc/Max 

dimers using spiroligomers which introduced the additional step of adding spiroligomers 

to the well after binding the c-Myc dimers to oligonucleotide (after incubating the Jurkat 

cell extract that was supplied with kit). If the inhibitor is active disrupts the c-Myc/Max 

hetero dimer and this should give low calorimetric signal.  
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The kit is supplied with three control samples: wild-type oligonucleotide, mutated 

oligonucleotide and the Jurkat nuclear extract (lymphocyte cells, expresses c-Myc). The 

wild-type oligonucleotide acts as a competitor for c-Myc by preventing the binding of c-

Myc dimer to the probe immobilized on the plate and should give a low signal. The 

mutated oligonucleotide should have no effect on c-Myc binding and, therefore, should 

result in a higher signal. The Jurkat cells are supplied in this kit as positive control, since 

this assay is developed to detect c-Myc in different cell lines. However, we used the 

supplied cell extract as the probe to detect the inhibition of c-Myc/Max dimerization 

following the addition of the spiroligomer inhibitors.  

5.2.7.2. Spiroligomers in ELISA assays developed by TransAM
TM

 assay kit 

Following the protocols included in the TransAM
TM 

c-Myc transcription factor assay kit, 

we investigated different samples including: blank, wild-oligo, mutant oligo along with 

the spiroligomers 5-17 and 5-19. As previously discussed, spiroligomer 5-17 showed 

activity of 62 µM and 5-19 11 µM activity during the AlphaScreen
TM 

assays. First, a 

blank test was performed without any addition of cell extract to the plate. Then, wild and 

mutated oligonucleotides along with each spiroligomer in cell extract was incubated in 

separate wells. The wells were washed and then monitored at 450 nm using a plate reader 

after the addition of primary and secondary antibodies. Figure 5.12 shows the results 

obtained from the ELISA assay which was detected utilizing 1000 factor diluted 

antibodies at five minute developing times. The results show higher absorbance for 

mutant oligo when compared to wild type, as expected. Both spiroligomers showed an 

absorbance in between the absorbance of wild type and mutant oligo nucleotide 

absorbance indicating a week inhibitory effect. However, the blank absorbance was very 
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high (0.62) and indicated further optimization for use to determine the inhibitory 

properties of spiroligomer inhibitors.  

 

 

5.2.7.3. Optimizing the blank for ELISA tests 

Varying the concentration of the antibodies: 

These tests were performed without using cell extract. Primary and secondary antibodies 

were diluted to different factors with three minute developing time. Figure 5.13 shows 

Figure 5.12: A.  Raw data from the first ELISA- TransAM
TM

 assay at 

absorbance 450 nm and sample details. B. Bar graph of the ELISA data 

detected at 450 nm. 
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that the 2000 dilution of the primary and secondary antibodies gave lower absorbance 

(0.297 at 450 nm).  

   

Figure 5.13: Optimization of blank for ELISA- TransAM
TM

 assay at antibody concentrations as 

parameter. 
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Varying the developing time: 

With the dilution factors of antibodies fixed at 2000 the incubation time of the developing 

solution was varied. The Figure 5.14 shows that a two minute incubation time would 

further reduce the signal of the blank.  

  

 

Figure 5.14:  Optimization of the blank for ELISA- TransAM
TM

 assay at incubation time for 

developing solution. 
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Reanalysis using ELISA 

After optimizing the blank compounds 5-17 and 5-19 along with commercially available 

small molecule, 10058-F4, were investigated. This small molecule thiazolidinone 

derivative specifically inhibits c-Myc/Max interaction in both in vitro and in vivo assays 

(64 mM using c-Myc transfected Rat1a fibroblasts).
38,39

  

 

     

 

 

Figure 5.15: Bar graph of the ELISA data for 5-17, 5-19 and 10058-F4 along with control 

experiments. The structure of 10058-F4 (c-Myc inhibitor in clinical trials) is shown. 
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Figure 5.15 shows the data from the ELISA- TransAM
TM 

c-Myc analysis using the new 

conditions that resulted in the lower absorbance of the blank. All three compounds 

showed the absorbance higher than wild type and almost equal absorbance to mutant 

oligo. These results suggest that our spiroligomer inhibitors do not disrupt the 

dimerization of c-Myc/Max. However, the commercially available 10058-F4, which is in 

phase-2 clinical trials,
40 

also showed no inhibitory effect under these assay parameters.  

5.2.8. Cellular Assay- Myc reporter Luciferase assay  

Spiroligomers 5-17 and 5-19 were tested for cellular activity at the Broad Institute 

(Harvard Univerrsity) using a Myc Reporter Luciferase assay. Data is shown in Figure 

5.16 and indicates that the spiroligomer inhibitors have no effect on the levels of c-Myc 

in these assays. This assay measures firefly data in RLU (relative light units) which is a 

direct indication of Myc transcriptional activity. Renilla luciferase data is used as a 

control. These assays were performed utilizing the instructions from the Cignal Lenti 

Myc Reporter (luc) kit. Figure 5.16 also shows the data from the positive control, from 

Broad Institute. 
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5.3. Conclusions 

This work describes the design and synthesis of spiroligomers that mimic the leucine 

zipper region of Max to compete for binding to the onco-protein, c-Myc. The 

spiroligomers were synthesized in solution phase and before binding was assayed using 

CD spectroscopy and AlphaScreen
TM

. The best molecule was determined to be 

compound 5-19, which displays three cyclopentyl functional groups and led to an IC50 

value of 11 µM. This is a very exciting result considering the difficulty in targeting this 

Figure 5.16: Cellular Assay- Myc Reporter Luciferace Assay showing 5-17, 5-19 and a 

positive control. 
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protein-protein interaction as discussed in Section 5.1.1. However, secondary assays 

(ELISA and cellular assays) were not able to confirm the inhibitory effect of 

spiroligomers on the c-Myc/Max heterodimer, which could be due to having only 

moderate activity. If we are able to design and build molecules that have higher activity, 

the activity may able to be confirmed by these secondary assays. Further improvements 

are possible by extending the spiroligomer scaffold to position additional hydrophobic 

side chains to create additional interactions along the leucine zipper region are suggested 

and polar side chains that can form specific salt bridges are proposed as a method to 

incorporate selectivity.  

5.4. Experimental Section 

5.4.1 General procedures 

5.4.1.1 General procedure for isocyanate capping of reductively alkylated pro4-

building blocks (Method 5-I)   

To the solution of N-alkylated pro4-aminoacid (0.5 mmol, 1 eq.) and trimethylamine (1 

mmol, 2 eq.) in 10 mL of anhydrous THF, the corresponding isocyanate (0.5 mmol, 1 eq.) 

was added. The reaction was allowed to stir at room temperature for overnight. The 

completion of reaction was monitored by LC-MS and once all the starting material 

converted to product, solvent was removed under reduced pressure. The residue was 

dissolved in 20 mL EtOAc and 10 mL saturated NH4Cl was added and product was 

extracted with EtOAc (2X). The combined organic layer was washed with brine and 

saturated NaHCO3 (2X), dried over sodium sulfate and concentrated under vacuum. The 

crude product was carried to the next step without any further purification.  
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5.4.1.2 General procedure for removal of Cbz and tert-butyl ester groups (Method 5-

II) 

Cbz and tert-butyl groups were simultaneously deprotected by adding 33% HBr in AcOH 

(2 mL/100 mg.) to the N-Cbz and tert-butyl protected pro-4 derivatives in DCM (3 

mL/100 mg.) and the reaction allowed to proceed for about 2 hours at room temperature. 

The solvent was removed under reduced pressure by re-suspending the crude material in 

DCM, two more times. The resulting concentrated product was added drop wise in to 

cold ether while stirring slowly and observed the precipitated product. The precipitated 

product in ether was centrifuged on benchtop centrifuge at 200 rpm and discarded the top 

ether layer. The product was air dried for one hour and then lyophilized by dissolving in 

1:1 acetonitrile and water (5 mL/ 100 mg) to obtain white solid powder. The crude 

compound was used for the next step without further purification. For characterization 

purpose it was reverse phase purified with 5-95% H2O/ACN gradient in C18 column.  

5.4.1.3 General procedure for pre-activation of functionalized pro4 aminoacid and 

coupling (Method 5-III)  

In a flame dry vial equipped with a stir bar, N-alkylated pro4 bis amino acid to be 

activated (1 eq.) and HOAT (10 eq.) were suspended in DMF:DCM (50 mM final 

concentration of amino acid). To this mixture DIC (1 eq.) was added and stirred the 

reaction mixture for 90 minutes, until the starting material is converted in to OAt ester. 

Preactivated OAt ester was added to the respected Pro4 derivative (1 eq.) dissolved 

DIPEA (5 eq.) in DMF mixture. This reaction was allowed to stir at room temperature for 

eight hours. Extra equivalent of DIC was added to close any remaining DKP to form the 
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final product. The reaction mixture was then quenched with saturated NaHCO3 and 

extracted in EtOAc (2X). The combined organic layer was further washed with brine, 

saturated NH4Cl and then finally again with brine. EtOAc was evaporated under vacuum 

after it was dried over sodium sulphate.  

5.4.2 Synthesis of reductively alkylated compounds (5-1 to 5-4) 

5.4.2.1 Synthesis of compound 5-1 

 

Starting material pro4 amino acid (1-11) and acetone were allowed 

to react for 15 hours after the addition of NaBH3CN following the 

general procedure (3-I). Compound 5-1 was obtained as a white 

solid (yield 58%). 
1
H NMR (500MHz, DMSO-d6, 350K, δ)

 
 7.52 – 

7.11 (m, 5H), 5.06 (s, 2H), 4.18 (s, 2H), 3.98 (d, J = 10.3 Hz, 1H), 3.35 (d, J = 10.4 Hz, 

1H), 2.97 – 2.86 (m, 1H), 2.69 (d, J = 8.5 Hz, 1H), 1.95 (s, 1H), 1.63 – 1.16 (m, 9H), 1.16 

– 0.87 (m, 6H) ; 
13

C NMR (126 MHz, DMSO-d6, 350K, δ) 174.0, 171.1, 154.1, 137.2, 

128.7, 128.1, 127.7, 81.2, 66.6, 59.2, 55.0, 46.6, 36.8, 28.1, 23.9; HPLC analysis at 220 

nm (C18 reverse phase, 30 mins, 5-95 % H20/Acetonitrile with 0.1% formic acid): Tr= 

16.05 mins; HRMS-ESI: m/z Calculated (M+H)
+
 : 407.2176; found: 407.2193. 

5.4.2.2 Synthesis of compound 5-2 

 

Starting material pro4 amino acid (1-13) and isobutaraldehyde were 

allowed to react for six hours after the addition of NaBH3CN 
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following the general procedure (3-I). Compound 5-2 was obtained as a white solid (yield 

72%). 
1
H NMR (500MHz, DMSO-d6,

 
350K) δ 7.47 – 7.17 (m, 5H), 5.07 (s, 2H), 4.28 – 

4.18 (m, 1H), 3.90 (t, J = 14.5 Hz, 1H), 3.36 (d, J = 10.8 Hz, 1H), 2.65 (dd, J = 12.8, 8.8 

Hz, 1H), 2.34 (dt, J = 20.3, 10.2 Hz, 1H), 2.26 (dd, J = 11.1, 6.7 Hz, 1H), 2.05 – 1.91 (m, 

1H), 1.60 (qt, J = 15.2, 7.6 Hz, 1H), 1.38 (s, 9H), 0.94 – 0.77 (m, 6H).
 13

C NMR (126 

MHz, DMSO-d6, 350K) δ 174.2, 171.0, 154.1, 137.3, 128.6, 128.1, 127.7, 81.1, 66.6, 

59.5, 54.8, 52.8, 28.6, 28.1, 20.7, 20.7. HPLC analysis (C18 reverse phase, 30 mins, 5-95 % 

H2O/ACN with 0.1% formic acid): Tr= 16.34 mins; HRMS-ESI: m/z Calculated (M+H)
+ 

: 

421.2333; found: 421.2345. 

5.4.2.3 Synthesis of reductively alkylated compound 5-3 

 

Starting material pro4 amino acid (1-12) and isobutaraldehyde were 

allowed to react for six hours after the addition of NaBH3CN 

following the general procedure (3-I). Compound 5-3 was obtained 

as a white solid (yield 75%). Rotamers observed, 
 1

H NMR (500 

MHz, DMSO-d6) δ 7.44 – 7.22 (m, 5H), 5.14 – 4.95 (m,2H), 4.23 (dt, J = 29.1, 8.1 Hz, 

1H), 3.76 – 3.67 (m, 1H), 3.65 – 3.51 (m, 1H), 2.45 – 2.19 (m, 4H), 1.68 (ddd, J = 19.3, 

12.9, 6.4 Hz, 1H), 1.46 – 1.20 (m, 9H), 0.97 – 0.77 (m, 6H). 
13

C NMR (126 MHz, 

DMSO-d6) δ 171.5, 171.1, 154.3, 154.0, 137.3, 137.0, 128.8, 128.7, 128.2, 128.2, 127.82, 

127.7, 81.2, 81.0, 69.4, 68.7, 66.6, 66.4, 59.5, 58.9, 54.6, 54.1, 51.8, 37.8, 37.0, 28.0, 

27.9, 20.8, 20.8.; HPLC analysis (C18 reverse phase, 30 mins, 5-95 % H2O/ACN with 

0.1% formic acid): Tr= 15.49 mins; HRMS-ESI: m/z Calculated (M+H)
+ 

: 421.2333; 

found: 421.2357. 
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5.4.2.4 Synthesis of reductively alkylated compound 5-4 

 

Starting material pro4 amino acid (1-14) and isobutaraldehyde were 

allowed to react for six hours after the addition of NaBH3CN 

following the general procedure (3-I). Compound 5-4 was obtained 

as a white solid (yield 68%). 
 
 

1
H NMR (500 MHz, DMSO-d6) δ 

7.34 (s, 5H), 5.06 (s, 2H), 4.25 (s,
 
1H), 3.65 (t, J = 9.3 Hz, 2H), 2.30 (d, J = 45.8 Hz, 4H), 

1.69 – 1.52 (m, 1H), 1.36 (d, J = 20.4 Hz, 9H), 0.83 (d, J = 23.4 Hz, 6H); 
13

C NMR (126 

MHz, DMSO-d6) δ 172.8, 171.3, 154.4, 137.3, 128.7, 128.1, 127.7, 81.1, 66.6, 59.3, 54.5, 

52.1, 38.8, 28.6, 28.1, 20.8, 20.7. HPLC analysis (C18 reverse phase, 30 mins, 5-95 % 

H2O/ACN with 0.1% formic acid): Tr= 15.5 mins; HRMS-ESI: m/z Calculated (M+H)
+ 

: 

421.2333; found: 421.2328. 

5.4.3 Synthesis of monomers (5-6 to 5-10) 

5.4.3.1 Synthesis of monomer- compound 5-6 

The free amino acid end of the compound 3-14 was capped with isocyanate using the 

general method 5-I and then treated with HBr to deprotect Cbz 

and tert-butyl groups using method 5-II to yield the compound 

5-6 as fluffy compound from ether precipitation (yield 86%).  

1
H NMR (500 MHz, MeOD δ), atropisomers were observed in 

50:50 population due to the high barrier of 1-Naphthyl 

rotation, δ ) 8.05 – 7.91 (m, 2H), 7.74 – 7.64 (m, 1H), 7.62 – 7.52 (m, 4H), 4.50 (t, J = 

8.8 Hz, 1H), 3.79 (ddd, J = 34.0, 27.3, 12.9 Hz, 2H), 3.28 – 3.16 (m, 2H), 2.99 – 2.82 (m, 
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1H), 2.76 – 2.56 (m, 1H), 2.27 – 2.12 (m, 1H), 1.06 – 0.85 (m, 6H).; 
13

C NMR (126 

MHz, MeOD δ)
 
174.5, 174.4, 171.0, 170.8, 155.5, 155.5, 134.3, 129.9, 129.8, 128.2, 

127.4, 127.4, 127.1, 126.9, 126.9, 126.7, 126.4, 126.3, 125.1, 125.0, 121.7, 121.6, 69.0, 

68.9, 67.2, 60.4, 60.4, 35.6, 35.0, 27.6, 19.1, 19.1, 19.0. HPLC analysis (C18 reverse 

phase, 30 mins, 5-95 % H2O/ACN with 0.1% formic acid): Tr= 13.02 mins; HRMS-ESI: 

m/z Calculated (M+H)
+ 

: 382.1761; found: 382.1781. 

5.4.3.2 Synthesis of monomer- compound 5-7 

 

The free amino acid end of the compound 4-3 was capped with 

isocyanate using the general method 5-I and then treated with 

HBr to deprotect Cbz and tert-butyl groups using method 5-II to 

yield the compound 5-7 as fluffy compound from ether 

precipitation (yield 78%). 
1
H NMR (500 MHz, DMSO-d6 δ), 

atropisomers were observed in 50:50 population due to the high barrier of 1-Naphthyl 

rotation,  δ) 8.16 – 7.91 (m, 2H), 7.77 – 7.42 (m, 5H), 4.03 – 3.91 (m, 1H), 3.61 – 3.46 

(m, 2H), 3.43 (dt, J = 21.0, 7.2 Hz, 2H), 2.71 (ddd, J = 12.9, 7.5, 5.2 Hz, 1H), 2.36 (ddd, 

J = 46.3, 13.8, 9.8 Hz, 1H), 1.67 – 1.52 (m, 3H), 0.92 (d, J = 5.0 Hz, 6H); 
13

C NMR (126 

MHz, DMSO-d6, δ) 175.3, 171.2, 154.6, 134.1, 130.2, 129.9, 128.7, 128.7, 127.8, 127.7, 

127.5, 127.0, 125.9, 125.9, 123.1, 122.8, 69.9, 60.9, 51.8, 51.3, 39.1, 38.2, 37.7, 37.2, 

26.2, 22.8. HPLC analysis (C18 reverse phase, 30 mins, 5-95 % H2O/ACN with 0.1% 

formic acid): Tr= 13.85 mins; HRMS-ESI: m/z Calculated (M+H)
+ 

: 396.1917; found: 

396.195. 
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5.4.3.3 Synthesis of monomer- compound 5-8 

 

The free amino acid end of the compound 4-4 was capped with 

isocyanate using the general method 5-I and then treated with 

HBr to deprotect Cbz and tert-butyl groups using method 5-II to 

yield the compound 5-8 as fluffy compound from ether 

precipitation (yield 76%). 
1
H NMR (500 MHz, DMSO-d6 δ), atropisomers were observed 

in 50:50 population due to the high barrier of 1-Naphthyl rotation, δ) 8.12 – 7.99 (m, 2H), 

7.87 – 7.73 (m, 1H), 7.73 – 7.50 (m, 4H), 4.52 (ddd, J = 17.0, 12.5, 7.0 Hz, 1H), 3.84 – 

3.67 (m, 2H), 3.47 – 3.29 (m, 2H), 2.97 (tt, J = 22.7, 7.8 Hz, 1H), 2.74 – 2.57 (m, 1H), 

1.26 – 1.15 (m, 1H), 1.11 – 0.94 (m, 1H), 0.60 – 0.49 (m, 2H), 0.46 – 0.31 (m, 2H); 
13

C 

NMR (126 MHz, DMSO-d6, δ) 174.8, 168.8, 155.0, 134.1, 130.2, 130.1, 130.1, 130.1, 

128.7, 128.7, 128.4, 128.3, 127.8, 127.7, 127.5, 127.0, 125.9, 123.4, 123.0, 67.7, 59.0, 

48.4, 44.6, 35.2, 34.9, 23.7, 11.3, 5.0, 4.8. HPLC analysis (C18 reverse phase, 30 mins, 5-

95 % H2O/ACN with 0.1% formic acid): Tr= 12.4 mins; HRMS-ESI: m/z Calculated 

(M+H)
+ 

: 380.1604; found: 380.1647. 

5.4.3.4  Synthesis of monomer- compound 5-9 

 

 
The free amino acid end of the compound 4-5 was capped with 

isocyanate using the general method 5-I and then treated with 

HBr to deprotect Cbz and tert-butyl groups using method 5-II to 

yield the compound 5-9 as fluffy compound from ether 
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precipitation (yield 73%). 
1
H NMR (500 MHz, DMSO-d6 δ), atropisomers were observed 

in 50:50 population due to the high barrier of 1-Naphthyl rotation, δ) 8.13 – 7.98 (m, 2H), 

7.74 – 7.49 (m, 5H), 3.95 (dd, J = 12.4, 9.6 Hz, 1H), 3.63 – 3.41 (m, 2H), 3.42 – 3.27 (m, 

2H), 2.78 – 2.60 (m, 1H), 2.45 – 2.27 (m, 2H), 1.74 (d, J = 6.8 Hz, 2H), 1.59 (d, J = 27.1 

Hz, 2H), 1.53 (t, J = 15.8 Hz, 2H), 1.28 (t, J = 16.5 Hz, 2H) ; 
13

C NMR (126 MHz, 

DMSO-d6, δ) 175.3, 155.2, 134.1, 130.2, 129.9, 128.8, 128.7, 127.8, 127.7, 127.6, 127.0, 

125.9, 122.9, 122.7, 99.9, 70.2, 61.1, 45.1, 38.0, 37.5, 30.5, 30.4, 24.8, 24.8. HPLC 

analysis (C18 reverse phase, 30 mins, 5-95 % H2O/ACN with 0.1% formic acid): Tr= 

14.5 mins; HRMS-ESI: m/z Calculated (M+H)
+ 

: 408.1917; found: 408.1944. 

5.4.3.5  Synthesis of monomer- compound 5-10 

 

The free amino acid end of the compound 5-2 was capped with 

isocyanate using the general method 5-I and then treated with 

HBr to deprotect Cbz and tert-butyl groups using method 5-II to 

yield the compound 5-10 as fluffy compound from ether 

precipitation (yield 82%).
1
H NMR (500 MHz, MeOD, δ), 

atropisomers were observed in 50:50 population due to the high barrier of 1-Naphthyl 

rotation, δ) 8.05 – 7.92 (m, 2H), 7.73 – 7.62 (m, 1H), 7.64 – 7.48 (m, 4H), 4.56 – 4.44 

(m, 1H), 3.80 (ddd, J = 32.3, 21.4, 12.2 Hz, 2H), 3.27 – 3.11 (m, 2H), 2.93 – 2.81 (m, 

1H), 2.65 (ddd, J = 36.2, 13.8, 10.6 Hz, 1H), 2.23 – 2.08 (m, 1H), 0.99 – 0.84 (m, 6H); 

13
C NMR (126 MHz, MeOD, δ) 174.4, 171.1, 155.5, 134.3, 129.8, 128.3, 127.4, 127.4, 

127.1, 127.0, 126.9, 126.8, 126.3, 125.1, 125.0, 121.8, 121.5, 69.0, 68.9, 60.4, 35.6, 27.6, 

19.1, 19.1. HPLC analysis (C18 reverse phase, 30 mins, 5-95 % H2O/ACN with 0.1% 
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formic acid): Tr= 13 mins; HRMS-ESI: m/z Calculated (M+H)
+ 

: 382.1761; found: 

382.1786. 

5.4.4  Synthesis of dimers (5-11 to 5-16) 

5.4.4.1  Synthesis of dimer- compound 5-11 

 

Reductively alkylated compound 3-17 was preactivated 

and coupled to the compound 5-6 utilizing the procedure 

described in the method 5-III, and then treated with HBr to 

deprotect Cbz and tert-butyl groups using method 5-II to 

yield the compound 5-11 as fluffy compound from ether 

precipitation (yield 53%). Atropisomers were observed in 

50:50 population due to the high barrier of 1-Naphthyl 

rotation 
1
H NMR (500 MHz, DMSO-d6) δ 8.10 – 7.98 (m, 4H), 7.75 (ddd, J = 28.5, 16.1, 

12.5 Hz, 2H), 7.68 – 7.51 (m, 8H), 4.73 (dt, J = 29.1, 14.5 Hz, 1H), 4.21 – 4.05 (m, 2H), 

3.99 – 3.92 (m, 2H), 3.81 (dd, J = 20.7, 8.5 Hz, 2H), 3.49 – 3.43 (m, 3H), 3.22 – 3.12 (m, 

3H), 3.04 (ddd, J = 22.7, 16.2, 8.1 Hz, 3H), 2.97 – 2.88 (m, 2H), 2.88 – 2.72 (m, 4H), 

2.72 – 2.52 (m, 3H), 2.00 (ddd, J = 16.7, 14.3, 8.7 Hz, 2H), 1.92 – 1.79 (m, 2H), 1.01 – 

0.76 (m, 12H).
13

C NMR (126 MHz, DMSO-d6) δ 174.2, 173.7, 168.9, 155.2, 134.1, 

130.2, 129.9, 129.0, 128.7, 127.8, 127.6, 127.0, 125.9, 70.4, 67.0, 59.8, 56.8, 55.5, 50.1, 

47.8, 34.9, 29.0, 27.7, 20.9, 20.6, 20.5, 20.3. HPLC analysis (C18 reverse phase, 30 mins, 

5-95 % H2O/ACN with 0.1% formic acid): Tr= 17.2 mins; HRMS-ESI: m/z Calculated 

(M+H)
+ 

: 576.2822; found: 576.2836. 
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5.4.4.2 Synthesis of dimer- compound 5-12 

 

Reductively alkylated compound 4-3 was preactivated 

and coupled to the compound 5-7 utilizing the 

procedure described in the method 5-III, and then 

treated with HBr to deprotect Cbz and tert-butyl groups 

using method 5-II to yield the compound 5-12 as fluffy 

compound from ether precipitation (yield 56%). 

Atropisomers were observed in 50:50 population due to 

the high barrier of 1-Naphthyl rotation, 
1
H NMR (300 MHz, DMSO-d6) δ 8.05 – 7.92 (m, 

2H), 7.77 – 7.65 (m, 1H), 7.61 – 7.47 (m, 4H), 4.72 (q, J = 8.3 Hz, 1H), 4.10 (dd, J = 

32.3, 12.8 Hz, 1H), 3.75 (ddd, J = 22.6, 13.4, 7.8 Hz, 3H), 3.63 – 3.50 (m, 4H), 3.19 – 

3.03 (m, 3H), 2.81 – 2.54 (m, 3H), 2.00 (dd, J = 23.6, 11.4 Hz, 1H), 1.58 – 1.32 (m, 5H), 

1.14 (dd, J = 10.8, 5.8 Hz, 1H), 0.90 – 0.75 (m, 12H). 
13

C NMR (75 MHz, DMSO-d6) δ 

174.2, 174.1, 169.4, 167.5, 166.0, 154.6, 134.1, 130.2, 130.0, 128.7, 128.6, 127.8, 127.6, 

127.6, 127.0, 125.9, 123.4, 123.1, 69.6, 66.9, 66.8, 59.6, 56.7, 51.5, 51.3, 48.9, 41.7, 38.8, 

38.5, 38.1, 36.0, 35.8, 26.4, 26.2, 22.8, 22.8. HPLC analysis (C18 reverse phase, 30 mins, 

5-95 % H2O/ACN with 0.1% formic acid): Tr= 17.8 mins; HRMS-ESI: m/z Calculated 

(M+H)
+ 

: 604.3135; found: 604.3128. 
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5.4.4.3 Synthesis of dimer- compound 5-13 

 

Reductively alkylated compound 4-5 was preactivated 

and coupled to the compound 5-9 utilizing the procedure 

described in the method 5-III, and then treated with HBr 

to deprotect Cbz and tert-butyl groups using method 5-II 

to yield the compound 5-13 as fluffy compound from 

ether precipitation (yield 45%). 
1
H NMR (500 MHz, 

DMSO-d6), Atropisomers were observed in 50:50 

populations due to the high barrier of 1-Naphthyl rotation δ.) 8.11 – 8.00 (m, 2H), 7.82 – 

7.72 (m, 1H), 7.64 – 7.58 (m, 4H), 4.82 (dt, J = 12.4, 8.5 Hz, 1H), 4.25 (d, J = 12.7 Hz, 

0.5H), 4.14 (d, J = 12.7 Hz, 0.5H), 3.88 (dd, J = 12.8, 7.6 Hz, 1H), 3.74 (dd, J = 12.1, 6.0 

Hz, 1H), 3.64 – 3.58 (m, 2H), 3.13 (dd, J = 14.4, 7.3 Hz, 2H), 2.84 (dd, J = 13.4, 8.5 Hz, 

2H), 2.78 – 2.66 (m, 2H), 2.18 (dd, J = 15.6, 7.8 Hz, 1H), 2.08 – 1.99 (m, 1H), 1.95 (dt, J 

= 14.5, 7.2 Hz, 1H), 1.61 (dd, J = 7.8, 4.5 Hz, 8H), 1.48 (d, J = 3.2 Hz, 4H), 1.22 (s,4H).
 

13
C NMR from HMBC (75 MHz, DMSO-d6) δ, 175.2, 170.5, 170.3, 165.3, 155.5, 132.5, 

130.2, 129.8, 128.6, 127.3, 125.6, 124.5, 122.2, 70.3, 68.3, 64.3, 60.3, 53.6, 45.8, 40.5, 

39.8, 36.5, 35.8, 32.8, 30.8, 25.8. HPLC analysis (C18 reverse phase, 30 mins, 5-95 % 

H2O/ACN with 0.1% formic acid): Tr= 19.6 mins; m/z Calculated (M+2H)
+2 

: 314.6601; 

found: 314.66. 
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5.4.4.4 Synthesis of dimer- compound 5-16 

 

Reductively alkylated compound 4-5 was preactivated and 

coupled to the compound 5-9 utilizing the procedure 

described in the method 5-III, and then treated with HBr to 

deprotect Cbz and tert-butyl groups using method 5-II to 

yield the compound 5-16 as fluffy compound from ether 

precipitation (yield 62%). 
1
H NMR (500 MHz, DMSO-d6) 

δ 8.09 – 8.02 (m, 2H), 7.78 (dd, J = 12.0, 6.5 Hz, 1H), 7.67 

– 7.56 (m, 4H), 4.87 (dd, J = 17.7, 9.5 Hz,1H), 4.69 (dd, J = 10.0, 4.1 Hz, 1H), 4.14 (d, J 

= 12.9 Hz, 1H), 4.02 (dd, J = 17.3, 8.7 Hz, 2H), 3.85 – 3.82 (m, 1H), 3.62 (s, 1H), 3.45 

(dd, J = 14.4, 8.2 Hz, 2H), 3.25 – 3.13 (m, 2H), 3.13 – 3.04 (m, 1H), 2.85 (ddd, J = 12.8, 

7.6, 4.9 Hz, 1H), 2.78 – 2.68 (m, 2H), 2.66 – 2.58 (m, 1H), 2.09 – 1.98 (m, 1H), 1.84 – 

1.72 (m, 1H), 0.98 – 0.81 (m, 12H). HPLC analysis (C18 reverse phase, 30 mins, 5-95 % 

H2O/ACN with 0.1% formic acid): Tr= 16.5 mins; HRMS-ESI: m/z Calculated (M+H)
+ 

: 

576.2822; found: 576.2782. 

5.4.4.5 Synthesis of dimers- compound 5-14 and 5-15 

 Dimers 5-14 and 5-15 were synthesized from the corresponding preactivated 

functionalized monomers coupled with the appropriate monomers. HPLC analysis for 

compound 5-14 (C18 reverse phase, 30 mins, 5-95 % H2O/ACN with 0.1% formic acid): 

Tr= 16.9 mins; HRMS-ESI: m/z Calculated (M+H)
+
: 562.2666; found: 562.2659. HPLC 

analysis for compound 5-15 (C18 reverse phase, 30 mins, 5-95 % H2O/ACN with 0.1% 
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formic acid): Tr= 16.8 mins; HRMS-ESI: m/z Calculated (M+H)
+
: 576.2822; found: 

576.2816. 

5.4.5 Synthesis of trimers (5-17 to 5-22 and 5-18a and 5-20a) 

5.4.5.1 Synthesis of trimer- compound 5-17 

 

Reductively alkylated compound 3-17 was preactivated 

and coupled to the dimer 5-11 utilizing the procedure 

described in the method 5-III, and then treated with HBr to 

deprotect Cbz and tert-butyl groups using method 5-II to 

yield the trimer 5-17 as fluffy compound from ether 

precipitation. Atropisomers were observed in 50:50 

populations due to the high barrier of 1-Naphthyl rotation, 

1
H NMR (500 MHz, DMSO-d6, δ) 8.05 (ddd, J = 8.5, 7.3, 

4.8 Hz, 2H), 7.84 – 7.72 (m, 1H), 7.67 – 7.51 (m, 4H), 4.84 (dt, J = 12.7, 8.8 Hz, 1H), 

4.73 (dd, J = 10.2, 4.1 Hz, 1H), 4.35 (d, J = 12.4 Hz, 1H), 4.09 – 3.84 (m, 3H), 3.80 (dd, 

J = 12.8, 2.1 Hz, 1H), 3.61 – 3.51 (m, 3H), 3.22 – 3.03 (m, 5H), 2.90 – 2.77 (m, 2H), 2.72 

(dt, J = 21.9, 13.9 Hz, 2H), 2.65 (dd, J = 13.2, 9.4 Hz, 1H), 2.21 (dd, J = 25.2, 12.3 Hz, 

1H), 2.10 – 1.97 (m, 1H), 1.97 – 1.85 (m, 1H), 1.68 (dd, J = 13.9, 7.3 Hz, 1H), 1.23 – 

1.04 (m, 1H), 1.02 – 0.96 (m, 1H), 0.89 (dt, J = 20.5, 6.8 Hz, 18H). 
13

C NMR (126 MHz, 

DMSO-d6) δ 174.4, 168.8, 165.7, 164.8, 158.1, 155.3, 134.1, 130.3, 130.0, 128.7, 127.8, 

127.7, 127.0, 125.9, 123.3, 123.0, 68.6, 66.9, 66.8, 66.3, 66.2, 57.8, 56.7, 56.6, 52.4, 50.7, 

49.9, 48.9, 48.3, 47.5, 36.4, 33.7, 29.1, 28.8, 27.7, 23.7, 20.9, 20.6, 20.5, 20.3, 20.3. 
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HPLC analysis for compound 5-17 (C18 reverse phase, 30 mins, 5-95 % H2O/ACN with 

0.1% formic acid): Tr= 20.6 mins; HRMS-ESI: m/z Calculated (M+H)
 + 

: 770.3877; 

found: 770.3875. 

5.4.5.3 Synthesis of Trimer- compound 5-20a  

 

Reductively alkylated compound 3-17 was preactivated and 

coupled to the dimer 5-16 utilizing the procedure described 

in the method 5-III to yield the trimer 5-22 as sticky brown 

compound and part of it was purified using C18 reverse 

phase column (20-100 % Water/ACN). Atropisomers were 

observed in 50:50 population due to the high barrier of 1-

Naphthyl rotation. 
1
H NMR (500 MHz, DMSO-d6) δ 8.21 – 

7.93 (m, 2H), 7.72 (dt, J = 39.7, 19.9 Hz, 1H), 7.65 – 7.52 

(m, 4H), 7.46 – 7.24 (m, 5H), 5.25 – 5.04 (m, 2H), 4.83 (dd, J = 17.9, 9.0 Hz, 1H), 4.32 – 

4.13 (m, 4H), 4.10 (dt, J = 20.3, 8.3 Hz, 2H), 3.89 (t, J = 12.3 Hz, 1H), 3.76 – 3.64 (m, 

2H), 3.43 (ddd, J = 14.2, 7.7, 3.5 Hz, 1H), 3.22 (dd, J = 14.0, 7.6 Hz, 2H), 2.93 – 2.77 

(m, 3H), 2.69 (ddd, J = 19.9, 13.5, 8.1 Hz, 2H), 2.36 (dd, J = 12.9, 10.8 Hz, 1H), 2.20 

(dd, J = 14.0, 8.0 Hz, 1H), 2.07 (dt, J = 18.2, 6.6 Hz, 1H), 1.80 (td, J = 13.6, 6.8 Hz, 1H), 

1.52 – 1.24 (m, 15H), 0.93 (dd, J = 10.6, 4.1 Hz, 6H), 0.89 (d, J = 6.6 Hz, 6H). 

 
13

C NMR (126 MHz, DMSO-d6) δ 174.2, 174.2, 171.0, 170.9, 168.9, 165.4, 165.4, 

155.3, 153.9, 136.8, 134.1, 130.2, 130.0, 128.8, 128.7, 128.6, 128.3, 127.8, 127.7, 127.6, 

127.0, 125.9, 123.2, 123.0, 99.9, 81.8, 81.6, 68.5, 67.0, 66.9, 66.8, 59.4, 56.7, 56.3, 51.1, 

50.9, 50.0, 49.5, 49.2, 47.7, 36.5, 36.1, 29.3, 28.0, 27.8, 27.8, 21.4, 21.0, 20.5, 20.3. 
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HPLC analysis for compound 5-20a (C18 reverse phase, 30 mins, 5-95 % H2O/ACN with 

0.1% formic acid): Tr= 28.6 mins; HRMS-ESI: m/z Calculated (M+H)
 + 

: 946.4715; 

found: 946.474. 

5.4.5.3 Synthesis of Trimer- compound 5-20:  

 

Compound 5-20a was treated with HBr following the 

method, 5-II to yield the trimer 5-20. Atropisomers were 

observed in 50:50 population due to the high barrier of 1-

Naphthyl rotation.
 1

H NMR (500 MHz, DMSO) 
1
H NMR 

(500 MHz, DMSO-d6) δ 8.10 – 7.93 (m, 3H), 7.76 (dd, J = 

8.8, 6.0 Hz, 1H), 7.67 – 7.52 (m, 4H), 4.89 – 4.74 (m, 1H), 

4.52 (dt, J = 19.6, 9.8 Hz, 1H), 4.23 (t, J = 15.5 Hz, 1H), 

4.11 (d, J = 12.8 Hz, 1H), 4.04 – 3.96 (m, 1H), 3.78 (dt, J = 

18.0, 9.0 Hz, 1H), 3.52 – 3.40 (m, 2H), 3.25 – 3.09 (m,0.5H), 3.05 (ddd, J = 14.0, 9.1, 5.3 

Hz, 1H), 2.86 – 2.69 (m, 2H), 2.64 (ddd, J = 20.0, 13.6, 9.9 Hz, 1H), 2.03 (ddd, J = 20.4, 

13.3, 4.8 Hz, 1H), 1.92 – 1.79 (m, 2H), 1.71 (ddd, J = 13.1, 9.1, 4.7 Hz, 1H), 1.34 (dt, J = 

23.3, 7.9 Hz, 1H), 1.24 (t, J = 13.5 Hz, 1H), 0.96 – 0.72 (m, 18H). HPLC analysis for 

compound 5-22 (C18 reverse phase, 30 mins, 5-95 % H2O/ACN with 0.1% formic acid): 

Tr= 20.3 mins; HRMS-ESI: m/z Calculated (M+H)
 + 

: 756.3721; found: 756.3729. 

Trimers 5-18, 5-19 and 5-21 were synthesized from their corresponding dimers by 

coupling to appropriate pre-activated functionalized pro-4 aminoacids. All trimers were 

precipitated out from ether after the deprotection of protecting groups. Yields of the final 
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product after purification was 25-30% from their corresponding dimers. All compounds 

were purified on reverse phase HPLC using 10-95% ACN/H2O. 5-18 elutes (C18 reverse 

phase, 30 mins, 5-95 % H2O/ACN with 0.1% formic acid) at Tr=22.3 mins; HRMS-ESI: 

m/z calculated (M+H)
 + 

: 812.4341; found: 812.4352. 5-19 elutes (C18 reverse phase, 30 

mins, 5-95 % H2O/ACN with 0.1% formic acid) at Tr=25.7 mins; HRMS-ESI: m/z 

calculated (M+H)
 +

: 848.4341; found: 848.4336. 5-21 elutes (C18 reverse phase, 30 mins, 

5-95 % H2O/ACN with 0.1% formic acid) at Tr=20.6 mins; HRMS-ESI: m/z calculated 

(M+H)
 + 

: 770.3871; found: 770.392.  

5.4.5.2 Synthesis of Trimer- compound 5-22 

Reductively alkylated compound 3-17 was preactivated 

and coupled to the dimer 5-16 utilizing the procedure 

described in the method 5-III, and then treated with 

HBr to deprotect Cbz and tert-butyl groups using 

method 5-II to yield the trimer 5-22 as fluffy compound 

from ether precipitation. Atropisomers were observed in 

50:50 population due to the high barrier of 1-Naphthyl 

rotation, 
1
H NMR (500 MHz, DMSO-d6) δ 8.05 (ddd, J 

= 13.4, 7.6, 3.3 Hz, 2H), 7.86 – 7.70 (m, 1H), 7.68 – 

7.52 (m, 5H), 4.89 – 4.77 (m, 1H), 4.76 – 4.68 (m, 1H), 4.36 (t, J = 17.0 Hz, 1H), 4.11 – 

3.90 (m, 2H), 3.85 – 3.70 (m, 3H), 2.86 – 2.59 (m, 6H), 2.03 (dddd, J = 39.8, 19.0, 13.6, 

6.7 Hz, 5H), 1.72 – 1.61 (m, 1H), 1.22 (d, J = 6.5 Hz, 4H), 0.95 – 0.77 (m, 24H).
13

C 

NMR from HMBC (126 MHz, DMSO-d6) δ from HMBC 179.2, 176.7, 173.5, 169.9, 

166.9, 156.3, 134.2, 130.8, 128.8, 127.7, 127.7, 127.0, 125.9, 125.3, 72.3, 68.6, 66.9, 
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66.2, 57.8, 56.7, 56.6, 52.4, 49.3, 47.5, 40.5, 40.4,  40.3, 40.2, 39.9, 39.8, 39.6, 36.4, 33.7, 

29.1, 28.8, 27.7, 23.7, 20.9, 20.6, 20.5, 20.2. HPLC analysis for compound 5-22 (C18 

reverse phase, 30 mins, 5-95 % H2O/ACN with 0.1% formic acid): Tr= 19.6 mins; 

HRMS-ESI: m/z Calculated (M+2H)
+2

 : 385.6978; found: 385.6983. 

5.4.6 Circular Dichroism spectroscopy assays 

Circular dichroism measurements were taken using Jasco-810 spectropolarimeter.  

5.4.6.1  Sample preparation 

Desired amount of spiroligomer was weighed and 10 mM stock solution was made in 

ethanol. Desired volumes were taken to prepare 20 µM and 40 µM solutions in PBS 

buffer at pH 7 of about 2 mL samples. c-Myc peptide samples (20 and 40 µM) were 

made by directly mixing the buffer solution to the weighed peptide. All samples were 

vortexed and sonicated to give homogeneous samples. Samples were filtered through 0.2 

mm syringe filters for assay repeatability to filter off any dust particles.  

5.4.6.2   CD measurement 

Instrument was warmed up by turning on nitrogen gas with the flow of 5 lit/min for 30 

minutes and continued the flow throughout the experiment. For each sample data was 

collected at 25 °C at 190-260 nm wavelength range using the prepared sample in 1 mm 

optical path length cuvette. A minimum of 10 scans were taken and were averaged to 

reduce signal to noise ratio. All spectra were corrected by subtracting background by 

measuring buffers alone without the c-Myc peptide or compound. Spectra were collected 

at 20 µM concentration of compounds with continuous wavelength scan mode at 50 
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nm/min speed. For thermal melt experiment for c-Myc peptide temperatures were 

increased at the rate of 0.5 °C /min.  Solution of 40 µM spiroligomer in buffer and 40 µM 

c-Myc peptide (2-3) were mixed to make mixture of 20 µM concentration of each and 

collected the CD data.  

5.4.7 AlphaScreen
TM

 assays c-Myc/Max/Ebox DNA AlphaScreen
TM

 Assay 

Conditions 

 The primary AlphaScreen
TM

 assay is amenable to 384-well and 1536-well plate formats 

for HTS. Human his6-c-Myc and his6-Max is used with biotinylated DNA containing a 

single Ebox sequence (biotinGGAAGCAGACCACGTGGTCTGCTTCC) purchased 

from MWG Operon. Free c-Myc is generated from his6-c-Myc through thrombin 

cleavage of the his6 tag. For 384-well plate assays, 10μL of a 2x solution of free c-Myc 

(25 nM final), Ni
++

-coated Acceptor Bead (25 μg/ml final), and biotinylated Ebox oligo 

(10nM final) is added to 384-well plates with a Biotek EL406 liquid handler. 100 nL of 

compounds from stock plates are added by pin transfer using a Janus Workstation 

(PerkinElmer), and allowed the compounds to interact with c-Myc prior to c-Myc binding 

with Max. In this assay, DMSO is not allowed to exceed 2% v/v of the assay. 10 µl of 2x 

master mix containing streptavidin-coated donor beads (25 μg/ml final) and his6-Max 

(1.25 nM final) are added. AlphaScreen
TM

 measurements are performed on an Envision 

2104 (PerkinElmer) utilizing the manufacturer’s protocol. The assay can also be 

performed in 1536-plate format with 8μL total volume using two 4μL additions (instead 

of 20μL and 10μL respectively). 
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Assays are performed with minor modifications from the manufacturer’s protocol 

(PerkinElmer).  

1. Both master mixes are made in room temperature assay buffer (50 mM HEPES, 

150 mM NaCl, 0.2 % w/v BSA, 0.02 % w/v Tween20, 40 μg/ml glycogen, 500 

μM DTT, pH 8.0, DTT and glycogen added fresh).  

2. Alpha beads are added to respective master solutions and wrapped in foil. All 

subsequent steps should be performed in low light conditions. Solution 1: 2x 

solution of components with final concentrations of cMyc (25 nM), Ni-coated 

Acceptor bead (25 μg/ml), and biotinylated Ebox oligo (10 nM). Solution 2: 2x 

solution of streptavidin-coated donor beads (25 μg/ml final) and his6-Max (1.25 

nM final). 

3. 10μL solution 1 added to 384-well plate (AlphaPlate-384, PerkinElmer) with 

Biotek EL406 liquid handler and the plates are centrifuged at 1000 rpm for 1 

minute. 

4. 100 nL of compounds from stock plates is added by pin transfer using a Janus 

Workstation.  

5. 10 μL of solution 2 is added with the liquid handler. 

6. Plates are sealed with foil to block light exposure and prevent evaporation. Plates 

are centrifuged at 1000 rpm for 1 minute followed by 2 hour incubation. 

7. AlphaScreen
TM

 measurements are performed on an Envision 2104 utilizing the 

manufacturer’s protocol. Excitation is at 680 nm for donor bead release of singlet 

oxygen and emission is read with a bandpass filter from 520-620 nm. 
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The emission data obtained from AlphaScreen
TM

 measurements was processed using 

Graphpad Prism Program, using the equation log of dose of inhibitor vs response.    

5.4.8 ELISA- TransAM
TM

 c-Myc transcription factor assay 

Assays are performed with minor modifications from the manufacturer’s protocol (Active 

Motif). All buffers (complete lysis buffer, complete binding buffer, 1X wash buffer) were 

made according to the protocols supplied by the manufacturer. Proper temperatures were 

maintained for buffers and stock solutions as instructed in the protocol.  

 

1. 2 µL of supplied controlled oligos, mutated and wild-type (20 pmol) along with 

spiroligomers to be tested were added to seperate wells in binding buffer. Cell 

extract (Jurkat) added according to the given protocol.  

2. The plate was sealed and incubated for 1 hour at room temperature with mild 

agitation (100 rpm), after the incubation period wells were washed 3 times by 

squirting wash buffer on wells while drying the plate in between washes. 

3. In the next step 100 µL c-Myc antibody was added to all wells being used and 

sealed the plate to incubate for 1 hour at room temperature without agitation. 

Then, washing was repeated. 

4. Secondary antibody (HRP-conjugated antibody) was added to the washed wells 

and plate was sealed and incubated for 1 hour at room temperature without 

agitation. After the incubation wells were washed as described above. 

5. To each well 100 µL developing solution was added and incubated for 2-3 

minutes at room temperature under dark.  
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6.  TO the above solution 100 µL stop solution was added and absorbance was read 

on plate reader within 5 minutes at 450 nm.  

7. Recorded data was analysed using Microsoft Excel tool. 
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APPENDIX A 

NMR SPECTRA OF COMPOUNDS IN CHAPTER-3 
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1
H NMR of compound 3-14  
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13
C NMR of compound 3-14  
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1
H NMR of compound 3-15  
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13
C NMR of compound 3-15  
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HSQC of compound 3-15 
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HSQC of compound 3-15 
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APPENDIX B 

FP DATA OF SPIROLIGOMERS IN CHAPTER-3 
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APPENDIX C 

FP DATA OF SPIROLIGOMERS IN CHAPTER-4 
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                   A.  Raw data-Table 

X values – protein HDM225-117 concentration in nM 

Y values – millipolarization (mp) of 3-25 three replicates (Y1, Y2, & Y3) 

B. Average Kd and Std.error -Table 

Kd values calculated using Graphpad Prism 

using Non-linear fit parameters.  

 

C. Plot 

Concentration of protein HDM225-117 (nM) 

versus 

Normalized polarization in mp for compound 

3-25  
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                   A.  Raw data-Table 

X values – protein HDM225-117 concentration in nM 

Y values – millipolarization (mp) of 4-13 three replicates (Y1, Y2, & Y3) 

B. Average Kd and Std.error -Table 

Kd values calculated using Graphpad Prism 

using Non-linear fit parameters.  

 

C. Plot 

Concentration of protein HDM225-117 (nM) 

versus 

Normalized polarization in mp for compound 

4-13  
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A. Raw data-Table 

X values – protein HDM225-117 concentration in nM,  

Y values – millipolarization (mp) of 4-14 three replicates (Y1, Y2, & Y3) 

 

B. Raw data-Table 

X values – protein HDM225-117 concentration in nM,  

Y values – millipolarization (mp) of 4-14 three replicates (Y1, Y2, & Y3) 

 

C. Raw data-Table 

X values – protein HDM225-117 concentration in nM,  

Y values – millipolarization (mp) of 4-14 three replicates (Y1, Y2, & Y3) 

 

D. Raw data-Table 

X values – protein HDM225-117 concentration in nM,  

Y values – millipolarization (mp) of 4-14 three replicates (Y1, Y2, & Y3) 

B. Average Kd and Std.error -Table 

Kd values calculated using Graphpad Prism 

using Non-linear fit parameters.  

 C. Plot 

Concentration of protein HDM225-117 (nM) 

versus 

Normalized polarization in mp for compound 

4-14  
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A. Raw data-Table 

X values – protein HDM225-117 concentration in nM,  

Y values – millipolarization (mp) of 4-15 three replicates (Y1, Y2, & Y3) 

 

B. Raw data-Table 

X values – protein HDM225-117 concentration in nM,  

Y values – millipolarization (mp) of 4-15 three replicates (Y1, Y2, & Y3) 

 

C. Raw data-Table 

X values – protein HDM225-117 concentration in nM,  

Y values – millipolarization (mp) of 4-15 three replicates (Y1, Y2, & Y3) 

 

D. Raw data-Table 

X values – protein HDM225-117 concentration in nM,  

Y values – millipolarization (mp) of 4-15 three replicates (Y1, Y2, & Y3) 

B. Average Kd and Std.error -Table 

Kd values calculated using Graphpad Prism 

using Non-linear fit parameters.  

C. Plot 

Concentration of protein HDM225-117 (nM) 

versus 

Normalized polarization in mp for compound 

4-15  
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A. Raw data-Table 

X values – protein HDM225-117 concentration in nM,  

Y values – millipolarization (mp) of 4-16 three replicates (Y1, Y2, & Y3) 

 

B. Raw data-Table 

X values – protein HDM225-117 concentration in nM,  

Y values – millipolarization (mp) of 4-16 three replicates (Y1, Y2, & Y3) 

 

C. Raw data-Table 

X values – protein HDM225-117 concentration in nM,  

Y values – millipolarization (mp) of 4-16 three replicates (Y1, Y2, & Y3) 

 

D. Raw data-Table 

X values – protein HDM225-117 concentration in nM,  

Y values – millipolarization (mp) of 4-16 three replicates (Y1, Y2, & Y3) 

B. Average Kd and Std.error -Table 

Kd values calculated using Graphpad Prism 

using Non-linear fit parameters.  

 

C. Plot 

Concentration of protein HDM225-117 (nM) 

versus 

Normalized polarization in mp for compound 

4-16  
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1. Raw data-Table 

X values – protein HDM218-111 concentration in nM,  

Y values – millipolarization (mp) of 4-16 three replicates (Y1, Y2, & Y3) 

 

2. Raw data-Table 

X values – protein HDM218-111 concentration in nM,  

Y values – millipolarization (mp) of 4-16 three replicates (Y1, Y2, & Y3) 

 

3. Raw data-Table 

X values – protein HDM218-111 concentration in nM,  

Y values – millipolarization (mp) of 4-16 three replicates (Y1, Y2, & Y3) 

 

4. Raw data-Table 

X values – protein HDM218-111 concentration in nM,  

Y values – millipolarization (mp) of 4-16 three replicates (Y1, Y2, & Y3) 

B. Average Kd and Std.error -Table 

Kd values calculated using Graphpad Prism 

using Non-linear fit parameters.  

 

B. Average Kd and Std.error -Table 

Kd values calculated using Graphpad Prism 

using Non-linear fit parameters.  

 

B. Average Kd and Std.error -Table 

Kd values calculated using Graphpad Prism 

using Non-linear fit parameters.  

 

B. Average Kd and Std.error -Table 

Kd values calculated using Graphpad Prism 

using Non-linear fit parameters.  

C. Plot 

Concentration of protein HDM218-111 (nM) 

versus 

Normalized polarization in mp for compound 

4-16  

 

C. Plot 

Concentration of protein HDM218-111 (nM) 

versus 

Normalized polarization in mp for compound 

4-16  

 

C. Plot 

Concentration of protein HDM218-111 (nM) 

versus 

Normalized polarization in mp for compound 

4-16  

 

C. Plot 

Concentration of protein HDM218-111 (nM) 

versus 

Normalized polarization in mp for compound 

4-16  

A. Raw data-Table 

X values – protein HDM225-117 concentration in nM,  

Y values – millipolarization (mp) of 4-17 three replicates (Y1, Y2, & Y3) 

 

B. Raw data-Table 

X values – protein HDM225-117 concentration in nM,  

Y values – millipolarization (mp) of 4-17 three replicates (Y1, Y2, & Y3) 

 

C. Raw data-Table 

X values – protein HDM225-117 concentration in nM,  

Y values – millipolarization (mp) of 4-17 three replicates (Y1, Y2, & Y3) 

 

D. Raw data-Table 

X values – protein HDM225-117 concentration in nM,  

Y values – millipolarization (mp) of 4-17 three replicates (Y1, Y2, & Y3) 

B. Average Kd and Std.error -Table 

Kd values calculated using Graphpad Prism 

using Non-linear fit parameters.  

 
C. Plot 

Concentration of protein HDM225-117 (nM) 

versus 

Normalized polarization in mp for compound 

4-17  
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A.Raw data-Table 

X values – protein HDM225-117 concentration in nM, 

Y values – millipolarization (mp) of 4-18 three replicates (Y1, Y2, & Y3) 

 

E. Raw data-Table 

X values – protein HDM225-117 concentration in nM,  

Y values – millipolarization (mp) of 4-17 three replicates (Y1, Y2, & Y3) 

 

F. Raw data-Table 

X values – protein HDM225-117 concentration in nM,  

Y values – millipolarization (mp) of 4-17 three replicates (Y1, Y2, & Y3) 

 

G. Raw data-Table 

X values – protein HDM225-117 concentration in nM,  

Y values – millipolarization (mp) of 4-17 three replicates (Y1, Y2, & Y3) 

B. Average Kd and Std.error -Table 

Kd values calculated using Graphpad Prism 

using Non-linear fit parameters.  

 
C. Plot 

Concentration of protein HDM225-117 (nM) 

versus 

Normalized polarization in mp for compound 

4-18  
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A. Raw data-Table 

X values – protein HDM225-117 concentration in nM,  

Y values – millipolarization (mp) of 4-19 three replicates (Y1, Y2, & Y3) 

 

B. Raw data-Table 

X values – protein HDM225-117 concentration in nM,  

Y values – millipolarization (mp) of 4-19 three replicates (Y1, Y2, & Y3) 

 

C. Raw data-Table 

X values – protein HDM225-117 concentration in nM,  

Y values – millipolarization (mp) of 4-19 three replicates (Y1, Y2, & Y3) 

 

D. Raw data-Table 

X values – protein HDM225-117 concentration in nM,  

Y values – millipolarization (mp) of 4-19 three replicates (Y1, Y2, & Y3) 

B. Average Kd and Std.error -Table 

Kd values calculated using Graphpad Prism 

using Non-linear fit parameters.  

 
C. Plot 

Concentration of protein HDM225-117 (nM) 

versus 

Normalized polarization in mp for compound 

4-19  
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A. Raw data-Table 

X values – protein HDM225-117 concentration in nM,  

Y values – millipolarization (mp) of 4-20 three replicates (Y1, Y2, & Y3) 

 

B. Raw data-Table 

X values – protein HDM225-117 concentration in nM,  

Y values – millipolarization (mp) of 4-20 three replicates (Y1, Y2, & Y3) 

 

C. Raw data-Table 

X values – protein HDM225-117 concentration in nM,  

Y values – millipolarization (mp) of 4-20 three replicates (Y1, Y2, & Y3) 

 

D. Raw data-Table 

X values – protein HDM225-117 concentration in nM,  

Y values – millipolarization (mp) of 4-20 three replicates (Y1, Y2, & Y3) 

B. Average Kd and Std.error -Table 

Kd values calculated using Graphpad Prism 

using Non-linear fit parameters.  

 

C. Plot 

Concentration of protein HDM225-117 (nM) 

versus 

Normalized polarization in mp for compound 

4-20  

 



189 

 

  

A. Raw data-Table 

X values – protein HDM225-117 concentration in nM,  

Y values – millipolarization (mp) of 4-21 three replicates (Y1, Y2, & Y3) 

 

B. Raw data-Table 

X values – protein HDM225-117 concentration in nM,  

Y values – millipolarization (mp) of 4-21 three replicates (Y1, Y2, & Y3) 

 

C. Raw data-Table 

X values – protein HDM225-117 concentration in nM,  

Y values – millipolarization (mp) of 4-21 three replicates (Y1, Y2, & Y3) 

 

D. Raw data-Table 

X values – protein HDM225-117 concentration in nM,  

Y values – millipolarization (mp) of 4-21 three replicates (Y1, Y2, & Y3) 

B. Average Kd and Std.error -Table 

Kd values calculated using Graphpad Prism 

using Non-linear fit parameters.  

 
C. Plot 

Concentration of protein HDM225-117 (nM) 

versus 

Normalized polarization in mp for compound 

4-21  
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A. Raw data-Table 

X values – protein HDM225-117 concentration in nM,  

Y values – millipolarization (mp) of 4-22 three replicates (Y1, Y2, & Y3) 

 

B. Raw data-Table 

X values – protein HDM225-117 concentration in nM,  

Y values – millipolarization (mp) of 4-22 three replicates (Y1, Y2, & Y3) 

 

C. Raw data-Table 

X values – protein HDM225-117 concentration in nM,  

Y values – millipolarization (mp) of 4-22 three replicates (Y1, Y2, & Y3) 

 

D. Raw data-Table 

X values – protein HDM225-117 concentration in nM,  

Y values – millipolarization (mp) of 4-22 three replicates (Y1, Y2, & Y3) 

B. Average Kd and Std.error -Table 

Kd values calculated using Graphpad Prism 

using Non-linear fit parameters.  

 
C. Plot 

Concentration of protein HDM225-117 (nM) 

versus 

Normalized polarization in mp for compound 

4-22  
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A. Raw data-Table 

X values – protein HDM225-117 concentration in nM,  

Y values – millipolarization (mp) of 4-24 three replicates (Y1, Y2, & Y3) 

 

B. Raw data-Table 

X values – protein HDM225-117 concentration in nM,  

Y values – millipolarization (mp) of 4-24 three replicates (Y1, Y2, & Y3) 

 

C. Raw data-Table 

X values – protein HDM225-117 concentration in nM,  

Y values – millipolarization (mp) of 4-24 three replicates (Y1, Y2, & Y3) 

 

D. Raw data-Table 

X values – protein HDM225-117 concentration in nM,  

Y values – millipolarization (mp) of 4-24 three replicates (Y1, Y2, & Y3) 

B. Average Kd and Std.error -Table 

Kd values calculated using Graphpad Prism 

using Non-linear fit parameters.  

C. Plot 

Concentration of protein HDM225-117 (nM) 

versus 

Normalized polarization in mp for compound 

4-24  
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B. Average Kd and Std.error -Table 

Kd values calculated using Graphpad Prism 

using Non-linear fit parameters.  

 

C. Plot 

Concentration of protein HDM225-1171 (nM) 

versus 

Normalized polarization in mp for compound 

4-25  

 

A. Raw data-Table 

X values – protein HDM225-117 concentration in nM,  

Y values – millipolarization (mp) of 4-25 three replicates (Y1, Y2, & Y3) 

 

B. Raw data-Table 

X values – protein HDM225-117 concentration in nM,  

Y values – millipolarization (mp) of 4-25 three replicates (Y1, Y2, & Y3) 

 

C. Raw data-Table 

X values – protein HDM225-117 concentration in nM,  

Y values – millipolarization (mp) of 4-25 three replicates (Y1, Y2, & Y3) 

 

D. Raw data-Table 

X values – protein HDM225-117 concentration in nM,  

Y values – millipolarization (mp) of 4-25 three replicates (Y1, Y2, & Y3) 
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B. Average Kd and Std.error -Table 

Kd values calculated using Graphpad Prism 

using Non-linear fit parameters.  

 

C. Plot 

Concentration of protein HDM225-117 (nM) versus 

Normalized polarization in mp for compound 
Fl

p53 (2-

1) 

 

A. Raw data-Table 

X values – protein HDM225-117 concentration in nM,  

Y values – millipolarization (mp) of 
Fl

p53 (2-1) three replicates (Y1, Y2, & Y3) 

 

B. Raw data-Table 

X values – protein HDM225-117 concentration in nM,  

Y values – millipolarization (mp) of 
Fl

p53 (2-1)three replicates (Y1, Y2, & Y3) 

 

C. Raw data-Table 

X values – protein HDM225-117 concentration in nM,  

Y values – millipolarization (mp) of 
Fl

p53 (2-1)three replicates (Y1, Y2, & Y3) 

 

D. Raw data-Table 

X values – protein HDM225-117 concentration in nM,  

Y values – millipolarization (mp) of 
Fl

p53 (2-1)three replicates (Y1, Y2, & Y3) 
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A. Raw data-Table 

X values – protein HDMX18-111 concentration in nM,  

Y values – millipolarization (mp) of 3-25 three replicates (Y1, Y2, & Y3) 

 

B. Raw data-Table 

X values – protein HDMX18-111 concentration in nM,  

Y values – millipolarization (mp) of 3-25 three replicates (Y1, Y2, & Y3) 

 

C. Raw data-Table 

X values – protein HDMX18-111 concentration in nM,  

Y values – millipolarization (mp) of 3-25 three replicates (Y1, Y2, & Y3) 

 

D. Raw data-Table 

X values – protein HDMX18-111 concentration in nM,  

Y values – millipolarization (mp) of 3-25 three replicates (Y1, Y2, & Y3) 

B. Average Kd and Std.error -Table 

Kd values calculated using Graphpad Prism 

using Non-linear fit parameters.  

 

C. Plot 

Concentration of protein HDMX18-111 (nM) 

versus 

Normalized polarization in mp for compound 

3-25  

 



195 

 

  

B. Average Kd and Std.error -Table 

Kd values calculated using Graphpad Prism 

using Non-linear fit parameters.  
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B. Average Kd and Std.error -Table 

Kd values calculated using Graphpad Prism 

using Non-linear fit parameters.  

C. Plot 

Concentration of protein HDMX18-111 (nM) 

versus 

Normalized polarization in mp for compound 

4-24  

 

5. Raw data-Table 

X values – protein HDMX18-111 concentration in nM,  

Y values – millipolarization (mp) of 4-19 three replicates (Y1, Y2, & Y3) 
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X values – protein HDMX18-111 concentration in nM,  

Y values – millipolarization (mp) of 4-19 three replicates (Y1, Y2, & Y3) 

 

7. Raw data-Table 

X values – protein HDMX18-111 concentration in nM,  

Y values – millipolarization (mp) of 4-19 three replicates (Y1, Y2, & Y3) 
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X values – protein HDMX18-111 concentration in nM,  

Y values – millipolarization (mp) of 4-19 three replicates (Y1, Y2, & Y3) 

B. Average Kd and Std.error -Table 

Kd values calculated using Graphpad Prism 

using Non-linear fit parameters.  
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C. Plot 

Concentration of protein HDMX18-111 (nM) 

versus 

Normalized polarization in mp for compound 

4-19  

 

C. Plot 

Concentration of protein HDMX18-111 (nM) 

versus 

Normalized polarization in mp for compound 

4-19  

 

C. Plot 

Concentration of protein HDMX18-111 (nM) 

versus 

Normalized polarization in mp for compound 

4-19  

 

C. Plot 

Concentration of protein HDMX18-111 (nM) 

versus 

Normalized polarization in mp for compound 

4-19  
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9. Raw data-Table 

X values – protein HDMX18-111 concentration in nM,  

Y values – millipolarization (mp) of 
Fl

p53 (2-1) three replicates (Y1, Y2, & Y3) 

 

10. Raw data-Table 

X values – protein HDMX18-111 concentration in nM,  

Y values – millipolarization (mp) of 
Fl

p53 (2-1) three replicates (Y1, Y2, & Y3) 

 

11. Raw data-Table 

X values – protein HDMX18-111 concentration in nM,  

Y values – millipolarization (mp) of 
Fl

p53 (2-1) three replicates (Y1, Y2, & Y3) 

 

12. Raw data-Table 

X values – protein HDMX18-111 concentration in nM,  

Y values – millipolarization (mp) of 
Fl

p53 (2-1) three replicates (Y1, Y2, & Y3) 

B. Average Kd and Std.error -Table 

Kd values calculated using Graphpad Prism 

using Non-linear fit parameters.  

 

C. Plot 

Concentration of protein HDMX18-111 (nM) versus 

Normalized polarization in mp for compound 
Fl

p53 (2-

1)  
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APPENDIX D 

NMR SPECTRA OF COMPOUNDS IN CHAPTER-4 
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222 

 

 

 

 

                                       COSY NMR spectra of compound 4-1 



223 

 

 

 

 

 

                                           TOCSY NMR spectra of compound 4-1 



224 

 

 

 

 

                                               HMBC NMR spectra of compound 4-1 



225 

 

 

 

                                      HMBC NMR spectra of compound 4-1 

 



226 

 

 

 

 

                                       HMBC NMR spectra of compound 4-1 

 

 

 



227 

 

 

 

 

 

 

 

 

 

 

HSQC NMR spectra of compound 4-1 
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COSY NMR of compound 4-19 
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APPENDIX E 

ALPHA SCREEN DATA OF COMPOUNDS IN CHAPTER-5 
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NMR SPECTRA OF COMPOUNDS IN CHAPTER-5 
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1
H NMR of compound 5-1 
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1
H NMR of compound 5-2 (High temperature) 
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C NMR of compound 5-2 
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1
H NMR of compound 5-3 
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1
H NMR of compound 5-4 
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H NMR of compound 5-6 
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COSY NMR of compound 5-8 
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