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ABSTRACT 

 

  The intrinsically disordered c-Myc oncoprotein is deregulated in ~70% of human cancers 

and is considered a promising but challenging drug target.  To regulate transcription, c-Myc 

undergoes coupled folding and binding with another intrinsically disordered protein, Max, 

forming a basic-helix-loop-helix leucine zipper (bHLHZip) motif that interacts with the E-box 

DNA consensus sequence.  In the early c-Myc literature, homo-oligomerization of c-Myc was 

observed but dismissed as only occurring at high (>20 µM) concentrations.  Although it has been 

demonstrated in a mouse model that interfering with the c-Myc/Max interaction can lead to 

complete tumor regression, a clinically viable small-molecule inhibitor of the c-Myc/Max 

interaction remains elusive.  

  In this work, it is found that the c-Myc bHLHZip domain dramatically quenches the 

fluorescent probe Alexa488 upon conjugation.  Quenching occurs irrespective of c-Myc labeling 

position and it is determined through specific cleavage of the bHLHZip that the residues 

responsible for quenching are located at the N-terminus.  It is shown that the quenching occurs 

intramolecularly and the c-Myc bHLHZip forms a disordered, compact state in solution.  

Unexpectedly, quenching by the bHLHZip was concentration dependent, with relief occurring at 

higher c-Myc concentrations, providing evidence for an intermolecular interaction between c-

Myc molecules.  This association begins at ~100 nM, which is much lower than the previously 
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identified concentration for c-Myc homo-oligomerization.  The formation of higher order c-Myc 

bHLHZip oligomers displays a pH and salt dependence.  

    In addition to describing c-Myc self-association, the c-Myc-Max inhibitor 10074-A4 is 

investigated.  This small-molecule was previously shown to interact enantiospecifically with the 

bHLHZip of c-Myc.  By synthesizing the individual enantiomers of 10074-A4, the 

enantiospecific interaction with c-Myc is further characterized.  The small-molecule undergoes 

formation of a chiral self-assembly which may have interfered with previous affinity 

measurements.  The affinities of R-10074-A4 and S-10074-A4 for Myc353-437 are tenfold stronger 

than previously reported (Kd=1.9±0.2 µM and 2.6±0.5 µM respectively).   Synthesis of 

10074-A4 derivatives an initial structure activity relationship for 10074-A4/c-Myc binding is 

reported.  Although this system is prone to challenges stemming from the self-association of both 

small-molecule inhibitors and the c-Myc protein, these studies elaborate upon an example of an 

IDP/small-molecule interaction with single-digit micromolar affinity.  
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Chapter 1  A general background on intrinsically disordered proteins and their therapeutic 

significance 

1.1  Defining intrinsically disordered proteins (IDPs) 

When scientists are first introduced to proteins, they are often presented with protein 

folding funnels (Figure 1.1 A) and crystal structures, such as that of human serum albumin (PDB 

4K2C, Figure 1.1 C).  Protein crystal structures are the product of careful sample preparation to 

obtain a crystal lattice suitable for study by x-ray crystallography.  Structures obtained by this 

method typically represent the most thermodynamically stable conformation of the protein. 

Protein folding funnels are used to describe the ‘path’ followed by a protein when it is attempting 

to fold as it moves from energetically higher conformations to those that are energetically lower 

until finally reaching the lowest energy conformation.
1
   Crystal structures and protein folding 

funnels can be misinterpreted by scientists that are new to the field as suggesting that proteins 

only sample a few energetically favorable and spatially similar conformations, and once the 

protein has folded it is energetically adverse to sample other conformations.  In fact, even highly 

structured proteins undergo breathing motions, which are dynamic motions in sections of 

secondary structures or domains (Figure 1.1 D).
2
 While the crystallographic study of proteins has 

allowed for great strides in protein research, it has also tended to skew the perspective of 

researchers towards one of static protein behavior.  Textbooks still present proteins in this 

fashion and as such the general conception remains that structure is required to beget function, as 

it was first presented in the ‘lock and key’ model of enzymes by Emile Fischer in the late 

1800s.
2-4

  For these reasons it has been difficult for the study of intrinsically disordered proteins 
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(IDPs) to gain traction.  IDPs are a class of proteins that lack a fixed three-dimensional 

structure.
5
  They experience a dynamic ensemble of energetically similar but structurally diverse 

conformations (Figure 1.1 E and F).   It has been maintained for so long that a protein must have 

structure to function that early examples of IDPs were assumed to be oddities or the result of 

poor sample handling leading to denaturation of the protein.
6
  The IUPAC gold book defines 

tertiary structure as “the spatial organization (including conformation) of an entire protein 

molecule or other macromolecule consisting of a single chain.”
7
 IDPs do not lack structure; their 

structure is dynamic and requires an adaptation of protein ideology.  
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Figure 1.1: Comparing intrinsically disordered regions to structured regions of proteins.   (A) Representative 

energy diagram of a structured protein region’s conformations. (B) Representative energy diagram of an intrinsically 

disordered protein region’s conformations. (C) Crystal structure of human serum albumin (PDB 4K2C).  (D) 

Overlay of several copies of the human serum albumin crystal structure, to illustrate breathing motions. Individual 

conformations of Myc353-437 (E) and an overlay of 20 potential conformations of Myc353-437 (F) to demonstrate the 

conformational diversity of intrinsically disordered regions.  Myc353-437 conformations were generated using the 

program flexible meccano.
8
  Conformations of Myc353-437 were generated using only the acceptable phi psi angles of 

the amino acids as constraints.  Crystal structure and IDP ensemble graphics were generated using the program 

UCSF Chimera.
9
   

 

It is common for proteins to contain regions of both order and disorder, and an 

intrinsically disordered region (IDR) is a section of a protein that is intrinsically disordered. It 

should be noted that there is no formal definition for the size of an IDR needed to classify a 

protein as disordered.   A key question in the study of IDRs is why these regions do not fold.  A 
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comparison of the mean net charge and mean hydrophobicity of IDRs versus structure regions by 

Uversky and Dunker shows that IDRs are enriched in hydrophilic residues and tend towards a 

higher net charge (Figure 1.2).
10

  The mean hydrophobicity in Figure 1.2 was determined using 

the scale of Kyte and Doolittle.
11

  The solid black line in Figure 1.2 serves as a demarcation 

between the properties that are likely to cause proteins to fold versus those that are almost certain 

to cause a region to be disordered.  

 

Figure 1.2: Comparison of the properties of IDRs versus structured regions.  Correlation between the mean net 

charge and mean hydrophobicity of 275 folded (open circles) and 91 disordered (grey circles) proteins.  The solid 

black line represents the demarcation between the ratio of mean hydrophobicity to mean net charge for structured 

proteins versus IDPs.   Figure reproduced with permission from Uversky et al.
10
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Further investigation of IDRs versus structured domains shows that regions involved in 

disorder are enriched in the amino acids alanine, arginine, glycine, glutamine, serine, glutamic 

acid, lysine and proline.
12-14

  Enrichment in polar amino acids aids in conformational diversity.  

The primary sequence is hydrophilic, and as such contacts with the solvent become as 

energetically favorable as contacts between hydrophobic residues.  Recognizing the relationship 

between mean net charge and hydropathy, as well as the propensity for IDRs to contain polar 

amino acids, the flexible amino acid glycine, and proline has aided in the development of 

prediction tools which can identify IDRs from primary sequence.
14-18

  PONDR-FIT (a 

compilation of the predictors PONDRVLXT, PONDRVL3, PONDRVSL2, IUPred, FoldIndex, 

and TopIDP) is one of the more recently developed predictors.
15

 The PONDR-FIT framework 

utilizes a consensus artificial neural network that determines the agreement between the 

compilation of predictors after having been trained on a dataset containing known disordered 

proteins.  PONDR-FIT has an accuracy of between 80-97% for predicting disordered regions 

depending upon the disordered set the neural network was trained against.
15

  PONDR-FIT 

struggles with short regions of disorder (10 amino acids or less) and with regions that contain 

residues that are close to ordered/disordered boundaries.
15

 

In the study of IDPs the protein’s structure is represented by an ensemble of 

conformations. The characterization and determination of the protein ensemble presents a unique 

challenge.  Due to the dynamic nature of IDPs, it is necessary to obtain pieces of complementary 

information that describe the size of the protein (typically radius of gyration or hydrodynamic 

radius) and inter-residue contacts over time.  A combination approach involving experimental 

data and computational simulation (typically molecular dynamics) is used to provide a ‘snap 



6 

 

 

shot’ of the overlaid conformations.
19-28

  Small-angle scattering techniques (SANS, SAXS) and 

NMR are often used together because scattering techniques provide information about the 

ensemble’s three-dimensional geometry and size, while NMR provides information about long 

range intramolecular contacts using techniques such as paramagnetic relaxation enhancement 

(PRE) and the Nuclear Overhauser effect (NOE).
29-33

   

The chemical shift data obtained from NMR experiments provides basic information 

about the secondary structure propensity of a protein.  In IDPs specifically, the proton and 

carbon chemical shifts observed for the amino acids are not well dispersed and generally 

consistent with random coil values and are often difficult to assign due to overlapping 

resonances. The use of 2D 
1
H-

15
N heteronuclear single quantum coherence (HSQC) spectra can 

aid in assignment, but 3D techniques combining correlation between 
1
H, 

15
N, and 

13
C are often 

needed to make residue specific assignments.
32

  PRE relies on the use of a paramagnetic label to 

determine if there is contact between regions of a protein.  Paramagnetic species affect the signal 

intensity of residues they are in close proximity to, allowing determination of whether or not 

regions of a protein come near one another.  The observed effects are dependent on the distance 

between the species; specifically they are inversely proportional to the distance between them to 

the sixth power (1/r
6
).  Therefore, if there is a paramagnetic label on the C-terminus of a protein 

and its effects can be observed for regions at the N-terminus of the protein, then the strength of 

those effects can be used to determine how closely the two regions contact one another.  The 

observed effects are also dependent on the time the regions spend close to one another.  A short 

duration close contact would give similar results to an extended duration contact at longer range.  

A caveat in the use of PRE and NOEs to determine long-range contacts is that the effects 
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observed could be from either intermolecular or intramolecular interactions.  Therefore, it is 

necessary to determine if there are concentration-dependent changes in the PRE or NOEs to rule 

out intermolecular interference.   

Experimentally determined information is used to constrain computationally generated 

conformations of the protein and predict an ensemble that agrees with the available experimental 

evidence.  While scattering techniques and NMR are considered some of the best techniques for 

characterizing the ensemble, other methods can be used such as circular dichroism (CD), 

fluorescence correlation spectroscopy (FCS), and single-molecule Förster resonance energy 

transfer (smFRET) to provide additional constraints.  Once the constraints have been complied, 

they are then utilized by one of several molecular dynamics software packages to constrain a 

larger set of potential ensemble members.  The software narrows down the possible ensemble 

members to those that fit the experimental constrains. An excellent example of this work is in the 

determination of the ensemble of Sic1.
23, 34

  Using a combination of SAXS and NMR, Mittag and 

colleagues determined experimentally consistent ensembles for Sic1 and phosphorylated Sic1 

containing 14.7 ± 1.2 and 10.7 ±0.5 members respectively (Figure 1.3).
23, 34

  These 

experimentally constrained ensembles were obtained starting from a set of 200 possible 

conformations.  By applying constraints to the pool of conformations, they were able to narrow 

the ensemble down to the minimum number of conformations that accurately represented the 

data.  Each time this process is performed, the ensemble can be a little bit different as there are 

several ensembles that can accurately represent the experimental data.  Therefore, the ensembles 

in Figure 1.3 contain all conformations from the 3 trials performed, for a total of 44 and 33 

conformations in A and B, respectively.   The ability to narrow down the possible conformations 
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sampled by an IDP has implications for the field of drug discovery as well as for the 

development of simulations to model the behavior of these complex proteins. 
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Figure 1.3: Ensembles of Sic1 before and after phosphorylation.  (A) The 44 experimentally constrained 

ensemble members of unphosphorylated Sic1 (PeDB 9AAA).  (B) The 33 experimentally constrained ensemble 

members of phosphorylated Sic1 (PeDB 1AAA).   Graphics were generated and aligned using UCSF Chimera.
9
  The 

ensembles were uploaded to the PeDB by Mittag and colleagues.
23
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1.2  Intrinsically disordered proteins are biologically relevant 

First proposed as their own distinct class of proteins in the early 2000’s, IDPs are gaining 

wide acceptance as a discrete class of proteins.
12, 35

  Examples are prevalent in the literature of 

IDPs performing a range of functions from cell signaling and transcription in mammals to acting 

as protective chaperones in dehydrated plant seeds.
36-39

  Recently, Covarrubias and colleagues 

characterized the behavior of Arabidopsis group 4 late embryogenesis abundant (LEA) 

proteins.
36

  LEA proteins play a key role in the preservation of plant embryos (aka seeds) and in 

protection of vegetation under drought conditions.  In their study, Covarrubias and colleagues 

determined that the highly conserved motif 2 at the N-terminus of the Arabidopsis group 4 LEA 

proteins was intrinsically disordered and underwent a disordered-to-ordered transition to form an 

α-helix under conditions of low water potential and macromolecular crowding.  This behavior 

suggested that the formation of this helical motif served a function under dehydrated and low 

water conditions.  Using in vitro methods, they demonstrated that the N-terminal disordered 

region of these LEA proteins protected the activity of lactate dehydrogenase (LDH) through 

multiple rounds of free-thaw cycles and also through partial dehydration.  While the specifics of 

the protective mechanism are yet unknown, the work of Covarrubias and colleagues emphasizes 

the value of the disorder in the N-terminus of group 4 LEA proteins under low water and 

dehydrated conditions as this region serves a protective role. 

Another area where IDPs are prominent is cell signaling pathways and within 

mechanisms that facilitate programmed cell death (PCD) such as apoptosis, autophagy, and 

necroptosis.  In their 2013 paper, Uversky and colleagues assessed the role of disorder in PCD 

mechanisms by analyzing sets of PCD proteins across 28 species using bioinformatics techniques 



11 

 

 

to determine the occurrence of IDRs.
37

  Within humans, they analyzed sequences of 1138, 137, 

and 35 proteins relating to apoptosis, autophagy, and necroptosis, respectively.  As a first pass 

they analyzed the proteins using two binary predictors of disorder, the charge-hydropathy plot 

(as seen in Figure 1.2) and cumulative distribution function analysis.  This analysis predicted that 

50%, 33% and 45% of apoptosis, autophagy, and necroptosis related proteins, respectively, 

contained regions of disorder.  Further analysis was performed on recognized PCD pathway 

proteins using PONDR-FIT (Figure 1.4).  In Figure 1.4  each rectangle represents a protein 

involved in the indicated signaling cascade and the coloring of those rectangles indicates the 

predicted amount of disorder.  Blue rectangles indicate a disorder score of < 10%, pink 

rectangles represent a disordered score between 10% and 30%, and red rectangles represent 

disordered scores greater than 30%.  The majority of the proteins shown are in pink or red 

rectangles, emphasizing the role of disorder in PCD pathways. 
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Figure 1.4: Schematic illustrating the abundance of disordered domains in PCD proteins.   Pathways for PCD 

mechanisms apoptosis, necroptosis, and autophagy are shown.  Each rectangle represents a protein involved in the 

signaling cascade.  Analysis by PONDR-FIT was used to categorize these proteins as highly ordered (IDP score 

<10%; blue bars), moderately disordered (IDP score between 10%-30%; pink bars) and highly disordered (IDP 

score > 30%; red bars).  Figure reproduced with permission from Uversky and colleagues.
37

 

 

The flexibility of IDPs affords them unique behaviors when compared to their structured 

counterparts.  For example, their flexible nature allows interaction with multiple protein partners, 

as is the case with the tumor suppressor p53.  Containing a structured DNA binding domain and 

a disordered transactivation domain, p53 can interact with a number of proteins, peptides, and 

cofactors to regulate the cell cycle and apoptosis (Figure 1.5 B).
10, 40-41

   The ability of the same 

IDR to interact with multiple partners is highlighted by the disordered C-terminus of p53, which 

adopts discrete conformations upon interacting with at least four different proteins.  When 

interacting with the CBP bromodomain, residues 380-386 of p53 form a β-turn.  The interaction 
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between p53 and CBP bromodomain occurs after acetylation of K382 and the recruitment of the 

CBP bromodomain by p53 occurs in response to DNA damage and activates transcription of the 

cyclin-dependent kinase inhibitor p21 leading to cell cycle arrest. 
42

  When interacting with 

S100ββ, residues 377-388 of p53 form an α-helix.
43

  The calcium concentration dependent 

interaction between the S100ββ calcium binding protein and p53 prevents phosphorylation of 

p53’s C-terminal negative regulatory domain, prompts dissociation of the p53 tetramer, and 

inhibits p53’s transcriptional activity.
43

  When residues 379-387 of p53 interact with Sirtuin they 

form a β-strand.
44

  The interaction with the NAD
+
-dependent protein deacetylase Sirtuin results 

in deacetylation of residue K382 on p53.
44

   In the interaction between CyclinA and p53 residues 

378-386 do not adopt specific secondary structure.
45

  CyclinA/cdk2 phosphorylates p53 at 

Ser315 in response to DNA damage.
46

  Overall, these interactions of the p53 C-terminal negative 

regulatory domain illustrate the efficacy of IDP flexibility in permitting interactions with 

multiple protein partners. 
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Figure 1.5: The flexibility of IDPs allows them to interact with multiple protein partners.  (A) Structure of 

tumor suppressor p53, illustrating that proteins can contain both disordered and structured domains.  Reproduced 

with permission from Fersht et al.
27

  (B) The multiple interactions of p53.  Space filling models in blue represent the 

indicated region of p53 as it interacts with different peptides, proteins or DNA.  In the center is the PONDR Score 

for the p53 sequence to illustrate the regions with varying amounts of disorder.  Adapted with permission from 

Uversky et al.
10

  

 

It is useful to discuss the concept of coupled folding and binding here, as this process 

often occurs when an IDR performs its biological function.  Coupled folding and binding refers 

to a disordered domain interacting with a partner protein and undergoing a disordered-to-ordered 

transition.  The aforementioned examples of p53 interacting with different partners provides 

several examples of instances where coupled folding and binding occurs. In their 2007 Nature 

paper, Wright and colleagues showed that the phosphorylated kinase inducible activation domain 

(pKID), which is an IDR, of the transcription factor CREB undergoes a disordered-to-ordered 

transition upon interaction with the KIX domain of the CREB binding protein.
47

  The disordered-
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to-ordered transition is a hallmark of IDRs and the mechanism by which it occurs is of interest to 

the IDP community.  The issue under debate is whether the disorder region folds after binding to 

an ordered region or partner (induced fit) or if the partner protein selects only those members of 

the IDRs ensemble that can fit the binding site (conformational selection).    To date, the 

evidence seems to support an induced fit mechanism over one of conformational selection, but 

researchers studying this behavior caution that they cannot definitively prove one mechanism 

versus the other.
48-50

 

 

Figure 1.6: Coupled folding and binding between pKID and KIX.   The intrinsically disordered phosphorylated 

kinase inducible activation domain (pKID) of CREB is shown in pink.  Upon interaction with the ordered KIX 

domain of the CREB binding protein, pKID folds into a pair of helices.  Figure reproduced with permission from 

Dyson and Wright.
51

 

 

Acceptance of IDPs was initially difficult because they go beyond biology’s long held 

structure-function paradigm.
52-53

  The structure-function paradigm states that a protein must have 

a defined tertiary structure in order to perform its physiological function.  The discovery of IDPs 
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required an adaptation of this paradigm, as there are proteins that can perform their biological 

function while remaining disordered.  A prime example of this is Sic1, an inhibitor of Cdk1-Clb 

in Saccharomyces cerevisiae (yeast).
23

  Research has shown that Sic1, upon multiple 

phosphorylation events, interacts with the ubiquitin ligase subunit of Cdc4 which in turn allows 

for Sic1 to be ubiquitinated and recruited for degradation.
19-20, 23, 34, 54

  The interaction between 

Sic1 and Cdc4 is dynamic, with the phosphorylated residues of Sic1 shifting in and out of the 

Cdc4 binding pocket in order to produce sufficient electrostatic interaction to tether Sic1 for 

ligation (Figure 1.7).
23

  The complex formed between Sic1 and Cdc4 is a prominent example of a 

fuzzy complex.  Fuzzy complexes are interactions between protein partners where the complex 

remains dynamic and the disordered partner maintains its conformational heterogeneity.  The 

formation of fuzzy complexes has been recently reviewed in the literature by Fuxreiter and 

others.
55-58
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Figure 1.7: The IDP Sic 1 remains dynamic during its function.  (A) The ensemble of phosphorylated Sic1 

(PeDB 1-AAA).  (B) Representation of Sic1 recruitment by Cdc4 following multiple phosphorylation events on 

Sic1. Reproduced with permission from Mittag et al.
34

 

 

Recent work by Zkharov and colleagues highlights another example of a fuzzy complex 

and the biological relevance of IDPs in their study of homo-oligomerizing brain proteins BASP1 

and GAP-43.
59

  These fully disordered proteins, which are found at the inner surface of the 

plasma membrane of axon terminals, are involved in synaptic plasticity, axon guidance, and 

neuroregeneration.
59

  Both proteins contain effector domains (ED). In BASP1, the ED is located 

at the N-terminus and is involved in membrane association and interaction with calmodulin. In 

GAP-43 the ED is residues 30-56 and this region in GAP-43 interacts with calmodulin and can 

also bind to acidic membrane phospholipids. The homo-oligomerization of BASP1 and GAP-43 

is believed to serve a functional role in sequestering phosphatidylinositol-4,5-bisphosphate 
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(PIP2) preventing PIP2 from interacting with actin-binding proteins.
59

  BASP1 and GAP-43 were 

each found to form disordered, high-order homo-oligomers as evidenced through proteolysis 

studies, circular dichroism (CD), size exclusion chromatography (SEC), and polyacrylamide 

gradient gel electrophoresis (PGGE).
59

  In the oligomeric complex, the effector domains (ED) of 

these proteins resisted proteolysis while the rest of the protein could be cleaved, suggesting local 

ordering (presumably α-helical structure observed by CD) of the ED while the rest of the protein 

remained dynamic.  The formation of the oligomeric complexes is thought to be triggered by the 

interaction with negatively charged species, such as phospholipid head groups or SDS.  The 

authors note that there is a manuscript in preparation describing in situ studies of this behavior in 

presynaptic membranes, which should provide additional support for the relevance of fuzzy 

complexes in vivo. 

Some of the strongest evidence for the physiological relevance of IDPs comes from 

ongoing in-cell NMR experiments by Selenko and colleagues.
60-62

  Their work focused on α-

synuclein, an IDP widely studied due to its prominent role in Parkinson’s disease.
63-67

 Using 

electroporation, they were able to introduce 
15

N labeled α-synuclein into both neuronal and non-

neuronal mammalian cell lines.  Using various NMR techniques, they showed that the protein 

remained disordered within the cell.
60

  Furthermore, they showed that post translational 

modification of exogenously introduced  α-synuclein occurred upon introduction into the 

mammalian cell lines.
60

  By showing that IDPs retain their disorder in mammalian cells, Selenko 

and colleagues have help to solidify the significance of studying IDPs.   
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1.3  The role of intrinsically disordered proteins in liquid-liquid phase separation 

The first observed membraneless organelle was the nucleolus in the early 1800s.
68

  

Membraneless organelles are unique in the cellular environment, lacking the membrane that 

protects cellular components such as the nucleus from their external environment.  Such freedom 

allows them to behave in a dynamic manner, responding to changes in concentration and pH as 

the cell environment fluctuates. Liquid-liquid phase separation, a term used in the biological 

community to describe the partitioning of one liquid into distinct phases, one that is solute-rich 

and one that is solute-poor.  Phase separation has recently become of great interest to the IDP 

community as IDPs have been found in a range of phase-separated membraneless organelles.
69

  

Examples of phase-separated species in the cell include the aforementioned nucleolus, p-bodies, 

speckles, RNA granules, and blebs.  Several recent reviews cover the applications of phase 

separation in biology and progress towards understanding the mechanisms of formation for these 

membraneless species.
70-74
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Figure 1.8: Phase-separated compartments of the nucleolus.  Studies of the nucleolus using fluorescently labeled 

fusion proteins show the impact of protein ratios on phase separation behavior. (A-C) Recombinant fusion proteins 

FIB1:GFP and NPM1:RFP were observed in vitro at different concentrations to probe phase separation behavior. 

(D-F) The proteins RNA polymerase I:GFP, FIB1:RFP, and NPM1: Cerulean were studied in vivo in the nucleus of 

X. laevis oocytes at varying concentrations.  Reproduced with permission from Brangwynne and colleagues.
75

 

 

In their 2016 paper, Brangwynne and colleagues used a combination of in vivo, in vitro, 

and computational methods to describe the phase-separated compartments within the nucleolus.  

In vivo, the nucleolus is divided into three compartments that coexist as a phase-separated 

system.
75

  One compartment contains the fibrillary center and is the location of RNA polymerase 

I and the materials necessary for transcription.
75

  The second compartment, the dense fibrillary 
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compartment, is enriched in the protein fibrillarin (FIB1) and is where rRNA is processed.
75

 The 

third compartment, the granular compartment, is enriched in the protein nucleophosmin (NPM1) 

and is the location of ribosome assembly.
75

  FIB1 contains an arginine/glycine-rich disordered N-

terminus and an RNA methyl transferase domain.  NPM1 contains an N-terminal 

oligomerization domain, a disordered, acidic central domain, and an RNA binding domain at the 

C-terminus.  Fusions of each protein of interest with a corresponding fluorescent protein (RNA 

polymerase I:GFP, FIB1:RFP, and NPM1:Cerulean) were generated to facilitate in vivo studies 

and recombinant fluorescent fusion proteins FIB1:GFP and NPM1:RFP were expressed for in 

vitro studies. In Figure 1.8 B and C, the behavior of the phase-separated materials was assessed 

by modulating the concentrations of NPM1:RFP and FIB1:GFP, and it was shown that both 

proteins could phase-separate individually in vitro.  In Figure 1.8 D-E, a similar experiment was 

performed in vivo.  The authors note that the protein F1B1 has an increasing propensity for 

forming fibrils as the protein ages and that this was observed both in vivo and in vitro.  The work 

of Brangwynne and colleagues emphasizes the role of disordered proteins in liquid-liquid phase 

separation in the earliest identified membraneless organelle.     

In 2012-2013 Steven McKnight and colleagues described the formation of RNA granules 

in a series of three papers.
76-78

  These granules, which they found could be induced by the 

compound b-isox  (6-(5-(Thiophen-2-yl)isoxazole-3-carboxamido)hexyl 5-((3aS,4S,6aR)-2-

oxohexahydro-1H-thieno[3,4-d]imidazol-4-yl)pentanoate, Figure 1.9 A), consisted of RNA and 

proteins known to be involved in RNA regulation, examples of which included FUS, EWS, 

ataxin2, and FXR1.  The phase-separated granules were observable in vivo.  It was found that the 

driving force for the formation of the phase-separated hydrogel state of the RNA granules in the 



22 

 

 

absence of b-isox was the low complexity domain (LC) of the IDP FUS.   Low complexity 

domains consist of tandem repeats of a simple sequence of amino acids and these domains 

promote disorder.  Phosphorylation of FUS at serine residues 26, 42, 61 and 84 by DNA-PK 

impacted the stability of phase separation, preventing the formation of these RNA granules and 

providing plausible means for control of this behavior in vivo.
77

  McKnight and colleagues 

showed that in the crystal structure of b-isox the compound aligns in an anti-parallel fashion with 

valleys of 4.7 A in between strands and they observed that these are just the right size for a β-

peptide strand (Figure 1.9).  It should be emphasized that the RNA granules observed here are 

dynamic, unlike amyloid aggregates and fibrils which also form with cross-β structure. 

 

Figure 1.9: The compound b-isox can induce the formation of RNA granules.  (A) Structure of b-isox.  (B) 

Crystal structure of b-isox, showing the anti-parallel nature of the molecules and emphasizing the spacing of the gap 

in between strands of 4.7 A.  (C) Model of β-peptide strands nestled into the groves of the b-isox crystal lattice.  

Panels (B) and (C) reproduced with permission from McKnight et al.
77
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 McKnight and colleagues followed up on this work in 2015 with a paper describing the 

LC, disordered domain of hnRNPA2.
79

  In this work, they found that when hnRNPA2 

participated in the formation of hydrogels, liquid-like droplets, and nuclei the protein adopted 

polymers with a cross-β structure.  This behavior was hindered by mutations in the LC domain of 

the protein, suggesting that the LC domain is responsible for the formation of these structures 

and driving phase separation.  Unlike the papers in 2012-2013, in this work McKnight had 

developed a method for observing and confirming the formation of cross-β structure in situ.  The 

role of cross-β polymerization is still in contention in the literature, and McKnight highlights 

several other papers that argue against cross-β polymerization being the driving force in liquid-

liquid phase separation.
80-85
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Figure 1.10: Model proposed for the formation of amyloid fibrils from phase-separated droplets by Mittag, 

Taylor and colleagues.  Reproduced with permission from their 2015 cell paper.
83

 

 

As mentioned earlier, amyloid-like aggregates and fibrils are not dynamic species, but 

they do contain cross-β structure.  In their 2016 paper, Mittag, Taylor and colleagues probed the 

phase separation of hnRNPA1 and identified a link between phase separation and the formation 

of fibrils.
83

  The protein hnRNPA1 contains two N-terminal RNA recognition motifs that are 

folded and a C-terminal LC domain.  The formation of fibrils by hnRNPA1 through missense 

mutations in the LC domain is one of the driving forces for the development of the 

neurodegenerative disorders amyotrophic lateral sclerosis (ALS) and multisystem proteinopathy 

(MSP).  Using confocal microscopy, they observed that the LC domain of hnRNPA1 was 

sufficient to cause liquid-liquid phase separation in vitro.  They also observed the formation of 
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fibrils within the phase-separated species.  Based on this and other evidence in their paper, they 

developed the model shown in Figure 1.10.  They suggest that the formation of amyloid-like 

fibrils is promoted by liquid-liquid phase separation, and under normal cellular conditions this 

formation is controlled by the disassembly of the phase-separated stress granule.  Amyloid-

related pathology occurs when mutations are present that increase the formation of fibrils in the 

condensed phase or when stress granules persist longer than intended.  The increased formation 

of amyloid fibrils or the persistence of stress granules past their intended life time facilitates the 

escape of amyloids species into the cellular milieu, where they can grow into pathology causing 

species. The work of Mittag, Taylor and colleagues suggests that the observation of cross-β 

structure within liquid droplets and as a foundation for amyloid species is linked. 
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1.4  Intrinsically disordered proteins as therapeutic targets 

1.4.1  Targeting protein-protein interactions 

 Before discussing the relevance of IDPs as therapeutic targets, it is useful to provide 

background on targeting protein-protein interactions (PPIs). Despite their overwhelming 

biological relevance and appearance in disease states, PPIs are considered challenging drug 

targets because of the sheer size of the interface between partners.
86-87

  Initially it was assumed 

that the energy of the interaction between protein partners was distributed evenly over the 

interaction surface.  Work by Clackson and Wells in 1995 dispelled this assumption by 

identifying so called ‘hot spots’ on the protein-protein interface between  human growth 

hormone and its receptor human growth hormone binding protein.
88

  Using alanine scanning 

mutagenesis and binding assays, they developed a heat-map that described the energetics of the 

interaction between the proteins in terms of binding free energy for each residue (Figure 1.11).  

From this information they defined the residues that energetically contributed to binding as the 

‘functional epitope’ and those residues that made contact but did not contribute to the binding as 

the ‘structural epitope’.  Learning that not all contact residues contributed to the energetics of 

binding between partner proteins has facilitated advances in the targeting of PPIs by narrowing 

the regions of study when in silico docking methods are employed.  More importantly, it also 

facilitated the idea that small molecules could disrupt PPIs that span vast surfaces because the 

binding energy is localized to an area small enough to be targeted by a small molecule. 
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Figure 1.11: Hotspots of protein interaction between human growth hormone and human growth hormone 

binding protein.   Yellow spheres represent ordered water molecules in the crystal structure of the complex.  

Residues are colored based on the experimentally determined energy contribution that they make to the PPI.  

Reproduced with permission from Clackson and Wells.
88
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 In a broader sense, it is useful to describe the types of PPIs (Figure 1.12).  The 

aforementioned example of human growth hormone and its binding partner falls into the 

category described by A in Figure 1.12, which is the interaction between globular proteins where 

the interaction does not lead to significant changes in protein structure upon binding.  PPIs 

classified as B are those between globular proteins where the binding interface morphs to 

accommodate the binding event.  In classification C, the interaction occurs between a flexible 

peptide which changes conformation to accommodate a rigid globular protein.  When the 

globular protein adapts its binding interface to accommodate the peptide, it falls into 

classification D.  Finally, when both regions undergo significant structural changes to interact it 

falls into category E.  
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Figure 1.12: Classification of various PPIs.  For each column, a cartoon representation of the type of interaction is 

provided and below a specific example is given.  (A) Interaction between two globular proteins where no change 

occurs at the protein-protein interface.  (B) Interaction between two globular proteins where the interaction requires 

the protein structure to adapt to facilitate interaction.  (C) Interaction between a globular protein and a peptide where 

the globular protein is rigid, require adaptation of the peptide to the interface of interaction.  (D) Interaction between 

a peptide and a globular protein where the globular protein structurally accommodates the peptide.  (E) Interaction 

between two partners where a significant structural change is required for both to facilitate interaction.  Reproduced 

with permission from the recent PPI review by Skidmore and colleagues.
87

 

 

 Of particular interest in this work are those interactions that are relevant to intrinsically 

disordered protein systems which would loosely fall into categories C-E in Figure 1.12.  Before 

describing specifics about targeting IDPs, it is important to highlight the relevance of IDRs in 

disease states. 
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1.4.2  IDRs in disease states 

 In 2008, Uversky, Oldfield and Dunker introduced the disorders in disorders, or D
2
 

concept, which described the relationship between IDRs and disease states and highlighted the 

idea that IDRs are more prevalent in disease than structured regions.
89

  Expanding on earlier 

work by Dunker and colleagues, they analyzed subsets of proteins from the protein data bank 

(PDB) and Swiss-Prot and found that those protein regions involved in cell signaling, cancers, 

cardiovascular diseases, neurodegenerative diseases and diabetes were enriched in disordered 

regions (Figure 1.13).
89-90

  Their analysis of the 1138 proteins from the control set (PDB Select 

25) showed that about 10% of these proteins contained at least 40 residues of predicted disorder.  

Analysis of proteins correlated with disease states, as identified by keyword searches of Swiss-

Prot, showed that at least 40% of those proteins involved in the aforementioned disease 

conditions were predicted to contain at least 40 residues of disorder.
89-90

  For the disease sets 

represented in Figure 1.13, the categories contained 1786, 487, 689, and 285 proteins for cancer, 

cardiovascular disease, neurodegenerative disease, and diabetes, respectively. At just 40 residues 

of predicted disorder, there is a four-fold increase in the amount of disorder observed in disease 

related proteins when compared to the overall occurrence of disorder in the PDB Select 25 data 

set.   More can be found about the over representation of disorders in disease in several recent 

review articles.
91-93

  Specific examples of several IDPs involved in disease states follow.   
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Figure 1.13: IDRs are overrepresented in diseased states.   Dunker and colleagues examined the predicted 

disorder for subset of proteins from the protein data bank and found that those proteins involved in diseased states 

from other sample sets are more likely to be disordered than structured. This trend also followed for those proteins 

involved in cell signaling.  Figured reproduced with permission from Dunker et al.
89

   

 

There are several important examples of disease-related IDPs that are prominent in the 

literature.  There is a relationship between genetically inherited mutations in BRCA-1 or BRCA-

2 and aggressive breast cancers.  The BRCA-1 protein contains a large (1480 amino acid) 

intrinsically disordered linker between two ordered domains.
94

  Another example of an IDP 

associated with cancer is tumor suppressor p53.  Various mutations in p53 are correlated with a 

wide array of cancers, and the study by Sander and colleagues provides an interesting glimpse 
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into the pervasiveness of those mutations.
95

  In their study they analyzed genomic data from 12 

types of cancer within a set of 3,299 tumor samples.  They were able to categorize the tumors 

into two classes, M and C, which corresponded to mutation-driven cancers and copy-number-

driven cancers respectively. The dominant protein that exhibited mutations in the M class tumors 

was p53.  Their study also highlights the involvement (specifically deregulation) of another IDP, 

c-Myc, in a diverse array of cancer types.  The deregulation of c-Myc was the dominant 

characteristic of tumors of the C class. 

Some of the most aggressively studied malignancy causing IDPs are those involved in 

neurodegenerative diseases and of particular interest are α-synuclein and amyloid-β.  Those 

disorders involving oligomerization of the disordered protein α-synuclein are widely referred to 

as synucleinopathies and include Parkinson’s disease, Lewy body dementia, and multiple system 

atrophy.
96

  The hallmark of synucleinopathies is the accumulation of Lewy bodies within the 

central nervous system.
96

  These Lewy bodies are comprised of lipids, neuromelania, and up to 

several hundred proteins, but the dominant protein component is highly ordered fibrils of α-

synuclein.
96

  Large scale genomic studies have provided evidence that the formation of Lewy 

bodies in Parkinson’s disease is directly correlated with mutations in the α-synuclein gene 

(SNCA) locus.
97

  This and other evidence, including recognition that α-synuclein overexpression 

is often associated with Lewy body pathology, has reinforced the need to understand the 

mechanism underlying fibril formation by α-synuclein.
96

  To date, there is not consensus in the 

literature about the specific pathway underlying α-synuclein aggregation in vivo, though efforts 

continue to be made to delineate how the pathology occurs.
96, 98-99
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Oligomerization and fibril formation by amyloid-β is a signature of the pathology 

associated with Alzheimer’s disease.  The recent review by Dwivedi and colleagues details the 

community’s current understanding of amyloid-β pathology and discusses the state of therapeutic 

targeting of amyloid-β.
100

 In brief, the amyloid-β precursor protein is cleaved in vivo by β-

secretase and γ-secretase to produce the peptides Aβ42 and Aβ40.
101

  As implied by their names 

Aβ42 and Aβ40 consist of 42 and 40 amino acids, respectively.  Both peptides can participate in 

oligomerization and the eventual formation of disease-causing plaques, with one main difference 

between the two peptides being the area of localization.
102

  Aβ42 is predominantly located in 

neuritic plaques, while Aβ40 is the primary constituent of cerebrovascular amyloid deposits.
102

  

The aggregation of Aβ peptides into plagues leads to a number of deleterious effects in neuronal 

cells, such as oxidative damage and altered kinase and phosphatase activity, which eventually 

culminate in cell death.
100, 103

  It should be noted that studies of Aβ42 plaques using a variety of 

techniques indicate the extensive formation of cross-β structure.
104-105

  A key difference between 

the cross-β structural formation observed in amyloid and other neurodegenerative plaques and 

the cross-β structure observed in liquid-liquid phase separation is the timescale of their 

reversibility.  Plaques are nearly non-reversible, while liquid-liquid phase separations are highly 

dynamic. 

1.4.3  Design and development of inhibitors that target IDRs 

Although there is an overrepresentation of IDRs in disease states, Heller and colleagues 

have pointed out that there are no FDA-approved small-molecule drugs that directly target 

IDPs.
106

  Our understanding of IDPs has grown significantly since their recognition as a 



34 

 

 

functional class of proteins, yet they remain difficult therapeutic targets due to their 

conformational diversity.
86, 106-109

  When targeting structured proteins, a valuable tool has been in 

silico docking methods which have been used to identify and refine inhibitors when there is 

general knowledge about the structure of the target.
88, 110-113

  In the case of IDPs, it is difficult to 

experimentally determine and visualize the protein’s ensemble and therefore it is non-trivial to 

develop in silico methods to aid drug design and discovery.  The field of drug discovery has been 

skewed towards the targeting of structured proteins and as such the methods used and expected 

responses observed are representative of interactions between therapeutics and structured targets.  

As the field of IDPs has grown and IDRs representation in diseases has been recognized, it has 

become apparent that targeting IDRs and developing therapeutics may not follow the same 

model as those processes for structure targets.  Advancing our understanding of IDP-small 

molecule interactions would facilitate expansion of the druggable proteome. 

An important tool in the drug discovery arsenal is the screening of drug-discovery 

libraries.  While this process is often expensive and time consuming, it can provide initial hits 

leading to eventual development of therapeutics. A recent article by Vendruscolo and colleagues 

discusses the development of fragment-based libraries to specifically target IDPs involved in 

aggregation based disorders, such as α-synuclein, tau, and amyloid-β.
114

  They emphasize that 

one of the major challenges in targeting IDPs is that the libraries currently available for 

screening are designed for specific classes of structured targets, such as G protein-coupled 

receptors and protein kinases.  The creation of focused compound libraries for disordered targets 

would help abrogate some of the negative effects of screening for small-molecule IDP inhibitors, 

such as cost of large scale screening and the difficulty of purifying and isolating IDPs. 
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Before describing specific examples of the targeting of IDPs by therapeutics, the types of 

interactions involving an IDP need to be delineated.  This requires returning to the earlier 

discussion of PPIs.  Recall that in Figure 1.12 binding modes C-E represented potential 

interactions between IDRs and either structured or unstructured targets. On one end of the 

spectrum (Figure 1.12 C) are interactions between an intrinsically disordered region and an 

already structured partner.  One example of this type of interaction that has already been 

described is the interaction between the disordered pKID domain and the ordered KIX domain 

(Figure 1.6).  Another example of significance is the interaction between the disordered N-

terminus of p53 (specifically residues 15-29) and the structured N-terminus of the protein 

MDM2 (Figure 1.5 B).  In their 2004 paper, Vassilev and colleagues described a set of 

compounds, called the Nutlins, that bind to the interaction site for p53 on MDM2.
115

  Nutlin-3 

was shown to suppress the growth of human osteosarcoma cells xenografted in mice by 90% 

without significant deleterious effects on the mice under study.   The Nutlins are an example of 

compounds used to indirectly target the pathology of IDPs by interacting with a structured target 

and a derivative of these compounds RG7112 showed promise in phase I clinical trials.
116

  More 

difficult to target are the pathologies on the opposite end of the spectrum (Figure 1.12 E), which 

are defined by interactions between a pair of disordered partners or by aggregation of an IDP.  

Examples of IDPs involved in aggregation-based pathology include α-synuclein and amyloid-β, 

which were discussed earlier.    

   Toth and colleagues demonstrated that experimental data about an IDP’s ensemble 

coupled with a docking model could be used to identify potential drug candidates for α-

synuclein.
117

  Toth and colleagues randomly selected 100 ensemble members starting from 
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40,000 potential conformations.  The initial 40,000 potential ensemble members were 

determined by Dobson and colleagues from molecular dynamics simulations of α-synuclein 

using NMR derived PRE distance thresholds.
118

 From these 100 structures they further narrowed 

to 22 diverse members, with a bias towards compact structures.  Their logic was that the 

collapsed members of the IDP’s ensemble would be more likely to offer small-molecule binding 

sites. Screening these 22 ensemble members, they further identified 8 ‘hot spots’ which could act 

as compound-binding pockets.  These pockets were screened in silico against 33,000 drug-like 

small molecules.  From this set of small molecules, 89 hits were identified.   Of these the 

compounds ELN484228 and ELN484217 were extensively characterized and discussed in the 

article.  ELN484228, which fit their proposed model by demonstrating in silico interaction with a 

compact structure, was capable of preventing α-synuclein aggregation, while the control 

compound ELN484217 was ineffective.  Although they identified ELN484228, they did not 

experimentally establish that ELN484228 interacts with the conformations they predicted.  To 

understand how IDPs and small molecules interact, and to validate their method, this information 

is needed.  The interaction between ELN484228 and α-synuclein provides a promising system 

for experimentally determining if the overall ensemble of an IDP is shifted by interaction with a 

stabilizing small molecule or if small molecules interact with conformations that lead to 

dysfunction without shifting the ensemble.  A similar study was conducted recently for the 

interaction between c-Myc and the chiral inhibitor 10074-A4 and this study will be discussed in 

more detail in Chapter 3.
119

   

 There are several examples in the literature of small-molecule inhibitors of IDP 

interactions (Figure 1.14).  Targeting protein-tyrosine phosphatase 1B (PTP1B) is of interest 
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because of its involvement in the insulin signaling pathway and also because it has been 

implicated in the development of certain breast cancers.
120-123

  The compound MSI-1436 was 

shown by Tonks and colleagues to interact at not only the catalytic active site of PTP1B but also 

with a disordered region of the protein (Kd = 600 nM for the full protein).
124

    By interacting 

simultaneously with the structured and disordered regions, MSI-1436 prevents the catalytic 

function of the phosphatase, interfering with HER2 signaling and resulting in excellent tumor 

growth inhibition in a mouse breast cancer model.     

 

Figure 1.14: Examples of IDP inhibitors.  The compound MSI-1436 targets PTP1B, EPI-001 targets the androgen 

receptor, and SJ403 interacts with p27
Kip1

.
124-126
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 Another example of a small-molecule IDP inhibitor is the compound EPI-001, which 

interacts with the disordered N-terminal domain of the androgen receptor.
125, 127-128

  This 

compound was identified by screening a library containing marine sponge extracts, however it is 

not a natural product but actually a bisphenol A cross-linker that bio-concentrated in the 

sponges.
125

  Castanas and Pelekanou noted in their recent perspective article that targeting the 

androgen receptor is of great importance in the development of therapeutics for prostate cancer 

and that prostate cancer is the most common malignancy among men.
129

  They emphasize the 

importance of developing targeted therapies for the androgen receptor because these receptors 

remain viable targets in castrate-resistant prostate cancer, which is otherwise difficult to treat and 

often fatal. The compound EPI-001 was found to suppress castrate-resistant prostate cancer 

tumors in mice without deleterious effects (IC50 = 12.63 ± 4.33 µM).
125

  EPI-001 prevents the 

transcriptional  activity of the androgen receptor through covalent attachment to an unidentified 

nucleophilic residue in the disordered N-terminal domain.
127

  A derivative of EPI-001, EPI-506, 

is currently undergoing phase I/II clinical trials.
130

  

 Yet another example of a small-molecule inhibitor for an IDR comes from the work of 

Iconaru and colleagues.
126

  In their work they screened for inhibitors of the protein p27
Kip1 

using 

a fragment-based NMR approach.  There are two main reasons for targeting p27
Kip1

, the first of 

which is the protein’s involvement in maintaining the cell cycle in sensory and non-sensory 

epithelial cells in the inner ear.  Controlled manipulation of p27
Kip1 

could facilitate hearing 

restoration.  In addition aberrant phosphorylation of p27
Kip1 

at threonine 157 has been implicated 

in anomalous cytoplasmic localization of the protein and up-regulation of breast cancer cell 

migration.  In particular the work of Iconaru and colleagues is novel because it is one of the first, 
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if not the first, instance of successful implementation of an NMR-based fragment screen against 

an IDR target.  While their results did not involve in vivo proof of principle, they did show in 

vitro that one of the inhibitors (SJ403) was capable of arresting the Cdk2/cyclin A inhibitor 

function of p27
Kip1

.  The affinities determined in the study were in the low millimolar range (2.2 

± 0.3 mM for SJ403 specifically).     

 Examples such as MSI-1436, EPI-001, and SJ403 demonstrate that progress is being 

made in the development of small molecule IDP inhibitors.  While these developments are 

necessary for moving the field forward, they do not necessarily provide a mechanistic 

understanding of the binding interactions between small molecule and IDPs.  A few groups have 

begun to characterize the energetics and mechanisms of these disordered interactions, but there is 

still a need for a deeper understanding to allow for rational drug discovery with ID targets.
131-138

  

The next sections will describe inhibitors of the disordered c-Myc oncoprotein which will be 

used in this dissertation as a specific test case for small-molecule IDP interactions. 
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1.5  The c-Myc oncoprotein 

1.5.1  c-Myc is an important regulatory protein 

c-Myc (Myc) is a 439 amino acid, fully disordered protein in its monomeric state.  

Broadly, Myc is involved in regulation of the cell cycle, apoptosis, chromatin remodeling, and 

transcriptional activation.
139

  Myc’s ability to perform such a broad array of tasks is facilitated by 

several key domains which are essential for physiological function (Figure 1.15 A).  The C-

terminal basic helix-loop-helix leucine zipper (bHLHZip) motif is responsible for Myc’s specific 

DNA-binding.  Through interaction with Myc’s obligate, bHLHZip partner, Max, this domain 

undergoes coupled folding and binding to form an ordered, two-helix bundle.  The basic domains 

of Myc and Max do not interact with one another.  Rather, these domains become ordered 

α-helices upon interaction with the E-box consensus sequence (CACGTG) of DNA (Figure 1.15 

B).  The Myc-Max interaction with the E-box consensus sequence generally activates 

transcription of the target gene through interaction of Myc’s N-terminal activation domain with 

components of the transcriptional machinery.  Studies have indicated that Myc is found localized 

at ~15% of human genes and is believed to be involved in their regulation.
140

  This dissertation 

focuses on the behavior of c-Myc’s bHLHZip domain. 
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Figure 1.15: The intrinsically disordered c-Myc oncoprotein.  (A) Representation of the regions of c-Myc.  MB 

refers to the putative Myc Boxes, which are regions of homology across Myc proteins and are involved in various 

functions.  TAD is the transactivation domain.  PEST is a domain enriched in proline, glutamic acid, serine, and 

threonine. NLS is the nuclear localization sequence.  The bHLHZip is involved in DNA binding and transcriptional 

regulation.  A red cylinder represents Myc’s obligate dimerization partner Max.  (B) Scheme showing the DNA 

binding of Myc-Max.  Coupled folding and binding of Myc and Max can lead to interaction with the e-box 

consensus sequence of DNA and subsequent transcriptional regulation.    

 

Other regions of note within the Myc sequence include the N-terminal transactivation 

domain, the ‘Myc Boxes’ (MB; regions conserved in N-Myc and L-Myc as well), the PEST 

domain (rich in proline, glutamic acid, serine, and threonine), and the nuclear localization 

sequence (NLS).  An exhaustive description of the many interaction partners of Myc that bind at 

these regions is beyond the scope of this dissertation, but was recently reviewed by Penn and 

colleagues.
141

  Sunnerhagen and colleagues recently called for the addition of another Myc Box 

(MB0; at residues 15-33) because this region is also conserved and evidence suggests its 

involvement in c-Myc regulation by Pin1.
142

  Of particular interest is that the anchoring of Pin1 

to unphosphorylated Myc1-88 at MB0 occurs through a dynamic, fuzzy complex with contacts 

between both the WW and PPIase domains on Pin1.
142
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The full extent of Myc’s role in cell cycle control, apoptosis and other regulatory 

functions is unknown.  The interactome is a construct where proteins are represented by spheres 

and their connections represented by lines with varying widths depending on the strength of the 

evidence supporting the connection.  STRING is a commonly used applet for generating 

interactomes that is greatly customizable and was used to generate Figure 1.16, which attempts 

to communicate the broad reach of Myc.
143-144

  In Figure 1.16, the interactome generated for Myc 

was limited to experimentally verified protein-protein interactions with a confidence level of 

0.75 or greater.  The confidence score is determined by the STRING program using a 

benchmarking process that assesses the quality of the predictions against a known and trusted 

data set.
144

  For experimentally verified protein-protein interactions, the reproducibility and 

frequency of the observed interaction in their database is also taken into account.
145

  Looking at 

Figure 1.16 it is useful to point out a few key Myc interaction partners.  Max, the obligate 

heterodimerization partner to Myc’s bHLHZip region has already been described.
146

  The 

proteins FBXW7 and SKP2 are involved in regulating Myc through either transcriptional 

repression or degradation and interact at MBI and MBII, respectively.
141

  The HDAC proteins, 

which interact with the transactivation domain of Myc in multiprotein complexes, are involved in 

histone acetylation/deacetylation and gene activation.
141, 147
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Figure 1.16: c-Myc has numerous interaction partners.   Generated using the applet STRING,
143

 this 

interactomes emphasize the broad reach of c-Myc. This interactome was generated by selecting for only 

experimentally verified PPIs at a confidence interval of 0.75.  Myc partner proteins specifically mentioned in the 

text are highlighted in yellow. 
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1.5.2 Targeting the c-Myc oncoprotein 

In Chapter 2, there will be an in-depth discussion of the early Myc literature as it 

provides necessary context for discussing the subject of that chapter, self-association of Myc.  

Here, it is useful to present some of the information surrounding the discovery of Myc.  The 

initial investigation that led to the discovery of the human c-Myc protein began in the early 

1960s when researchers were trying to determine the origins of MC29, a viral strain that resulted 

in anemia and the formation of solid tumors.  MC29 had propagated from Rhode Island Red hens 

in Sofia, Bulgaria.
148

  It was during this time period that breakthroughs relating to viral 

oncogenesis were coming to the forefront of cancer research.  After extensive study and 

characterization of MC29, v-Myc, the viral form of the Myc protein, was identified in the late 

1970s.
149-150

  Subsequently, the mammalian c-Myc gene and protein were isolated in 1982.
148, 151

  

Since the identification of c-Myc there has been an explosion of published material relating to 

the protein, with more than 18,000 publications emerging since 2000 (Figure 1.17).  The 

extensive investigation into Myc is the result of its involvement in cellular regulation and 

oncogenesis. 
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Figure 1.17: Number of publications relating to the Myc protein as a function of publication year.  Values 

based on a survey of the literature searchable through the PubMed database.   

 

Deregulation of Myc is observed in the majority of human cancers and inhibition of the 

Myc-Max interaction is considered a promising ‘universal’ treatment for a broad range of 

cancers.
139, 152-155

  Myc-driven cancers are often the result of chromosomal translocation of the 

MYC gene leading to aberrant expression.  Due to the role of Myc in transcriptional activation, 

translocations that result in aberrant expression lead to rapid cellular growth because they disrupt 

the normal cellular machinery that tightly controls the cellular concentration of Myc.  The role of 

Myc in regulating cellular metabolism has also been indicated to exacerbate tumor growth.
156

 

The development of a dominant negative for Myc, Omomyc, in 1998 by Nasi and 

colleagues has advanced the study of Myc tumorigenesis.
157-158

  Omomyc is a truncated version 

of Myc (residues 348-439) which contains four point mutants in the leucine zipper (E410T, 

E417I, R423Q, and R424N).  This construct maintains its ability to heterodimerize with WT 
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Max and can also heterodimerize with WT Myc.  By heterodimerizing with Myc and preventing 

heterodimerization with Max, Omomyc has been shown to reduce transcriptional activity of Myc 

related genes.  Evan and colleagues performed studies with Omomyc which led to the first 

successful example of Myc targeting leading to tumor regression in mice.
152

 Unfortunately, 

Omomyc is not a viable therapy in humans because it cannot penetrate cells upon exogenous 

delivery and because it is not currently possible to introduce the gene genetically.   

An alternative to targeting Myc directly is stabilizing the Max homodimer.  If Myc’s 

interaction with Max faces greater competition because of improved Max homodimer affinity, 

then unwanted oncogenic behavior that occurs as a result of deregulated Myc levels can be 

avoided.  Vogt and colleagues discovered a series of compounds that stabilize the Max 

homodimer after performing a virtual ligand screening of 1668 compounds using the crystal 

structure of the Max bHLHZip homodimer as their target.
159

  These compounds were predicted 

to independently bind three sites on the Max bHLHZip.  One site was located between the 

positively charged DNA-binding α-helices of the dimers.  Another site was located amongst the 

positively charged residues in the basic region (His 44, Arg 47, and Arg 60) and the neutral HLH 

residues close by.  The final site was located at the transition from the HLH to the LZ. The top 

40 compounds from the virtual screen were selected for study by FRET and EMSA assays to 

determine which resulted in the best stabilization.  Only the compound NSC13728, which bound 

to the site located at the transition from the HLH to the LZ and strengthened the Kd of the Max 

homodimer from 5.9 µM to 7 nM, showed inhibition of Myc-induced oncogenic transformation, 

Myc-dependent cell growth, and Myc-mediated transcriptional activation.  
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Much effort has been invested in developing small-molecule inhibitors of Myc.  In 2002 

results from screening a 7000 member peptidomemetic library for Myc-Max heterodimerization 

disrupters were published by Berg and colleagues.
160

  The compounds IIA4B20 and IIA6B17 

showed disruption of Myc-Max dimerization, but lacked specificity and also interfered with the 

AP-1 transcription factor (Figure 1.18).  Building upon this work, Boger and Vogt synthesized 

and screened an additional 240 compounds based on a symmetrical and racemic trans-3,4-

dicarboxylic acid template.
161

  This screening resulted in two compounds, Mycmycin-1 and 

Mycmycin-2, specific for Myc-induced oncogenic transformation (Figure 1.18).  Berg and 

coworkers discovered the Mycro series of compounds through high throughput screening of 

17,298 small molecules and subsequent structure-activity relationship (SAR) studies.
162

  Mycro 1 

and Mycro 2 inhibited Myc-Max DNA binding and reduced Myc reporter gene transcription, 

displaying IC50 values in the 30 µM range (Figure 1.18).  The compounds also targeted the Max 

homodimer, however, as well as AP-1 dependent reporter gene transcription.  Follow-up 

syntheses of targeted analogs resulted in Mycro 3 (IC50 = 40±13) which suppressed Myc 

transcription but not AP-1 transcription.
163

  Janda and colleagues developed a ‘credit-card’ 

library approach to finding new disruptors, using a one-pot synthetic approach to construct a 

library of 285 compounds with similar motifs.
164

   Two of these compounds, NY2267 and 

NY2280, were found to disrupt oncogenic, Myc-induced transcription, but also disrupted c-Jun 

transcription.  A common theme in early studies searching for Myc-Max inhibitors is the 

promiscuity of the inhibitors for other transcription factors.  In 2014, Janda identified an 

additional Myc-Max inhibitor with low nanomolar affinity from a 220 member Kröhnke pyridine 

library previously developed by their group.
165-166

  The compound, KJ-Pyr-9, was characterized 
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using backscattering interferometry and found to have an affinity of 6.5 ± 1.0 nM for Myc.  In 

2015, Prochownik and colleagues found that the natural product celastrol and other triterpenoids 

based on celastrol could inhibit the Myc-Max dimer as well.
167

  Natural products are an attractive 

source of potential therapeutics due to their chemical diversity. 

 

Figure 1.18: Structures of known Myc-Max inhibitors.  
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Of particular interest in this dissertation is the work performed by Yin and coworkers.  In 

2003, they screened 10,000 compounds using a yeast-two hybrid assay looking for inhibitors that 

were specific for Myc-Max and/or Id2-E47 disruption.
168

     Of the 45 hits obtained, seven were 

specific for Myc-Max, 10 were specific for Id2-E47, and 28 inhibited both pairs.  Following 

these results, they screened the compounds against 32 other proteins with HLH, HLHZip, or 

bZip partners.  Compounds that were specific for Myc-Max or Id2-E47 targeted at most one 

other protein pair, while those that were not specific for the original two dimers disrupted three 

or more other protein pair interactions.  This absence of specificity is not surprising given that 

IDP partners, such as Myc-Max, have an extended interface between them where any small-

molecule binding could potentially disrupt dimerization.  The study performed by Yin and 

colleagues was unique compared to the other early Myc-Max inhibitor screens because the 

counter screen against other transcription factors was built into the earliest stage of the work and 

was extensive.  

Using a series of Myc truncations and mutations, the Metallo and Prochownik 

laboratories determined the binding sites of the original seven Myc-Max heterodimerization 

disrupting molecules from the screening performed by Yin et al.
131-132, 168

  These molecules bind 

three independent sites on Myc located in the bHLHZip region, as shown in Figure 1.19.  More 

than half the inhibitors interacted with residues 402-412, while two interacted with residues 366-

375, and only one interacted with residues 373-383.  Of these molecules, 10050-C10 had the 

strongest affinity for Myc (Kd = 0.9 ± 0.3 µM), but was not pursued further because the 

compound had very low solubility (Figure 1.19).  The compounds 10009-G9 (Kd = 40 ± 10 µM), 

10031-B8 (Kd = 16 ± 4 µM), and 10075-G5 (Kd = 24 ± 4 µM) were also not pursued further 
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because their affinities were weaker than the other candidates.  Additional work was performed 

with 10058-F4 (Kd = 5.3 ± 0.7 µM),  and 10074-G5 (Kd = 2.8 ± 0.7 µM) because they had low 

micromolar affinity.  Analogs of the compound 10058-F4 were synthesized and screened, 

resulting in hits with minor increases in affinity.
169

  These compounds were used to develop a 

pharmacophore model, which resulted in structurally diverse inhibitors of Myc-Max.
133

  

Recently, efforts have also been made to derivatize and characterize the inhibitor 10074-G5.
170-

174
  Follow-up work for the compound 10074-A4 is described in this dissertation.  

 

 

Figure 1.19: Small-molecule binding sites assigned in the bHLHZip domain of Myc. Also included is a table of 

the affinities of each Myc-Max inhibitor for Myc.    

For our purposes, Myc provided an excellent system for studying IDP small-molecule 

interactions because small-molecule binding sites have already been identified in the bHLHZip 

region of the protein (Figure 1.19).
131-134, 169
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1.6  Scope of dissertation 

 Previous work done in the Metallo laboratory identified small-molecule binding sites 

consisting of contiguous regions of primary sequence contained in the bHLHZip region of the c-

Myc oncoprotein.  My initial research goal was to further characterize the interaction between 

the chiral inhibitor 10074-A4 and c-Myc.  Previous work focused primarily on the inhibitors 

10058-F4 and 10074-G5 because they had strong affinities for c-Myc and pharmacological 

potential.  Study of 10074-A4, specifically through the synthesis and characterization of the 

individual enantiomers, presented an opportunity to determine the effects of inhibitor 

stereochemistry on binding to an IDP.  While studying 10074-A4, I learned that the compound 

was capable of forming chiral assemblies at concentrations that could have impacted previous 

affinity measurements.  By taking care to perform studies at concentrations where chiral 

assembly of 10074-A4 was limited, it was found that 10074-A4 actually bound Myc353-437 with 

ten-fold stronger affinity than previously reported.  This was in agreement with the cell based 

assays performed by Yin and colleagues in 2003, where they observed that 10074-A4 was 

capable of inhibiting the growth of Rat1a-neo and Rat1a-c-Myc fibroblasts better than the other 

inhibitors in the screen.
168

  This information suggests that though the compound is challenging to 

work with, 10074-A4 may present a stronger candidate for the development of potent Myc-Max 

inhibitors.   

During the course of studying 10074-A4, it became apparent that inconsistencies in 

certain data sets could not be attributed to the self-assembly behavior of the inhibitor, 

aggregation of Myc, or human error.  This prompted a closer look at the behavior of Myc353-437 in 

the absence of inhibitor and the protein’s obligate partner Max.   Prior to the discovery of Max, 
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C.V. Dang and colleagues described the homo-oligomerization of c-Myc.
175

  This topic has not 

received attention in recent literature (Dang’s article has been cited <10 times in the last ten 

years) most likely due to the flurry of articles that came after describing Max and delineating that 

the homo-oligomerization of Myc only occurred at concentrations above 20 µM.
176-179

  I 

encountered the homo-oligomerization phenomenon during my studies involving Myc inhibitors.  

In order to effectively study Myc-Max inhibitors, it was necessary characterize the homo-

oligomerization of Myc in a more stringent fashion than in the early literature and determine how 

it affects various affinity measurements.  In the course of doing so, I learned that the homo-

oligomerization of Myc353-437 occurs at much lower concentrations than previously described 

(mid to low nanomolar concentration range).  This dissertation focuses on two major areas.  The 

first is recent findings relating to self-association of the c-Myc bHLHZip and the impact of 

homo-oligomerization on c-Myc inhibitor studies.  The second the self-association of 10074-A4 

and its impact on c-Myc inhibitor studies relating to this series of compounds. 
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Chapter 2  Self-association of the c-Myc basic helix-loop-helix leucine zipper domain 

2.1  Introduction 

 

 This chapter addresses the self-association of the C-terminal basic helix-loop-helix 

leucine zipper domain (bHLHZip) of the protein c-Myc.  A historical discussion of the homo-

oligomerization of this protein is useful, but first a few now established findings are needed in 

order to put the historical work into context effectively and to support the significance of the 

work presented here.  First, the bHLHZip domain of c-Myc interacts with an obligate 

heterodimerization partner, Max.
146

  These proteins, both intrinsically disordered in their 

monomeric states, undergo coupled folding and binding to form an ordered α-helical dimer 

which interacts with the enhancer box (E-box) DNA consensus sequence CACGTG to regulate 

transcription of approximately 15% of human genes.
180-181

  Currently, the literature indicates that 

c-Myc does not homo-oligomerize in vivo.
147

  Max is capable of homodimerization, as well as 

heterodimerization with other partner proteins, and these interactions are in competition with 

heterodimerization with c-Myc.
182-183

 This scheme of protein interactions is sometimes referred 

to as the Myc/Max/Mad regulatory network, a complex cascade responsible for regulating the 

cell cycle, cellular apoptosis, and cellular proliferation.  Interaction between the Myc-Max 

heterodimer and the E-box consensus sequence upregulates transcription and as such the cellular 

concentration of c-Myc is very tightly regulated.
155

  The cellular concentration of Max is not as 

tightly controlled because the homodimerization of the protein and the heterodimerization with 

Mad acts in a transcriptionally repressive manner. It is the deregulation of c-Myc concentration 

that has been observed as a common denominator in numerous, otherwise unrelated human 
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cancers.
91, 148, 155, 184-185

  For that reason, direct targeting of the bHLHZip domain of c-Myc in 

order to disrupt the Myc-Max interaction is held as a promising cancer target because it would 

allow for a nearly universal treatment approach for a disease with an otherwise diverse set of 

causes.      

 

Figure 2.1: Timeline of early studies addressing Myc homo-oligomerization. 

 

The study of virally driven oncogenesis, specifically that of the MC29 virus-encoded 

protein v-Myc, ultimately led to the discovery of c-Myc and its role in cellular proliferation.
148

  

The identification of the human c-Myc gene occurred in 1982.
151

   Figure 2.1 provides a succinct 

timeline of early studies addressing Myc homo-oligomerization. In 1985, little was known about 

the biophysical properties of human c-Myc but it was known that the protein was involved in 

• Bader & Ray report dimerization of P110gag-myc , an MC29 viral fusion 

protein, in cellular extracts.
186

 

 

• Dang observes human c-Myc homooligomerization using velocity 

sedimentation, glutaraldehyde cross-linking, and size exclusion 

chromatography.
175

 

 

 

• Weintraub identifies specific DNA binding sequence for Myc (CACGTG).
187

  

• Prochownik cannot reproduce glutaraldehyde cross-linking studies of Myc  

using Murine c-Myc instead of human c-Myc.
179

 

 

 

• Klempnauer shows specific DNA binding using recombinant v-Myc.
95, 188

  

• Dang determines that mammalian cellular functions of c-Myc require a yet 

unidentified hetero-oligomerization partner.
189

 

• Blackwood and Eisenman identify Max.
146

 

 

 

• Evan and colleagues present evidence suggesting that homooligomerization of 

full length human c-Myc occurs only at high concentrations in vitro.
177
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cellular proliferation and oncogenesis.
148

  At this time, Max had not yet been identified.  There 

was literature describing bZip proteins, which contain a basic region and a leucine zipper and LZ 

proteins, which contain just a leucine zipper. The proteins c-Jun and Fos, which are members of 

the AP-1 transcription factor network, were known to homodimerize or heterodimerize with 

other bZip proteins in order to interact with DNA.
190-191

  In the early literature, it was suspected 

that Myc was a bZip or LZ protein due to its role in cellular transformation, but it had not been 

shown. Bader and Ray described the dimerization of the MC29 virus coded protein, p110
gag-myc

 

(p110).
186

  This protein is the fusion between the N-terminal region of the viral gag protein and 

v-Myc, the avian viral variant of the Myc protein.
192

  While studying Japanese quail (Q8) cells 

and chicken embryos infected with the virus MC29, they learned that p110
gag-myc

 was localized to 

the nucleus and had a short half-life of approximately 30 minutes. Zonal centrifugation studies of 

extracts from these cell lines found that the P110
gag-myc

 protein partitioned into fractions that 

would be consistent with the formation of monomers and dimers.   In their study Bader and Ray 

found that the dimers formed by p110
gag-myc

 are disrupted by 0.2% SDS but not by β-

mercaptoethanol (BME) or the presence of up to 1 M NaCl.  No other proteins or RNA were 

found associated with p110 in their sedimentation studies and they were able to demonstrate 

reassociation of monomeric p110
gag-myc

 into dimers by gel electrophoresis.  It was not clear in the 

article if the electrophoresis was performed under native or non-native conditions, but the 

samples loaded on to the gel contained 0.2% SDS. The N-terminal region of the protein gag does 

not self-associate, supporting the conclusion that the dimerization observed in this study was a 

function of v-Myc self-association.
186

  The fact that BME did not disrupt dimer formation 

indicated that the dimer did not form as a result of disulfide interactions between the protein 



56 

 

 

partners.  The insensitivity of the protein multimer to high salt concentrations suggested that 

dimers formed by p110
gag-myc

 were not electrostatically driven.   The sequence alignment of c-

Myc and v-Myc is given in Figure 2.2. 

 

Figure 2.2: Sequence alignment of human c-Myc and avian viral MC29 v-Myc.  The alignment was generated 

using the SIM algorithm.
193

 The C-terminal bHLHZip domain is highlighted in yellow.  Within the bHLHZip the 

residues 370-384 are highlighted in blue.  The Uniprot identifiers for human c-Myc and avian viral MC29 v-Myc are 

P01106-1 and P01110-1 respectively. 

 

In 1989 C.V Dang and colleagues were the first to characterize oligomerization of 

bacterially synthesized, human c-Myc (Myc1-439).
175

  They observed that wild type Myc1-439 

c-Myc          1 MPLNVSFTNRNYDLDYDSVQPYFYCDEEE-NFY--QQQQQSELQPPAPSEDIWKKFELLP 

v-Myc          1 MPLSASLPSKNYDYDYDSVQPYFYFEEEEENFYLAAQQRGSELQPPAPSEDIWKKFELLP 

                 ***  *    *** **********  *** ***   **  ******************** 

 

c-Myc         58 TPPLSPSRRSGLCSPSYVAVTPFSLRGDNDGGGGSFSTADQLEMVTELLGGDMVNQSFIC 

v-Myc         61 MPPLSPSRRSSLAAASCFP-----------------STADQLEMVTELLGGDMVNQSFIC 

                  ********* *   *                    ************************ 

 

c-Myc        118 DPDDETFIKNIIIQDCMWSGFSAAAKL---VSEKLASYQAARKDSG-----------SPN 

v-Myc        104 DPDDESFVKSIIIQDCMWSGFSAAAKLEKVVSEKLATYQASRQEGGPAAASRPGPPPSGP 

                 ***** * * *****************   ****** *** *   *           *   

 

c-Myc        164 PARGHSVCSTSSLYLQDLSAAASECIDPSVVFPYPLNDSSSPKSCASQDSSAFSPSSDSL 

v-Myc        164 PPPPAGPAASAGLYLHDLGAAAADCIDPSVVFPYPLSERAP------------------- 

                 *           *** ** ***  ************                         

 

c-Myc        224 LSSTESSPQGSPEPLVLHEETPPTTSSDSEEEQEDEEEIDVVSVEKRQAPGKRSESGSPS 

v-Myc        205 ----RAAPPGANPAALLGVDTPPTTSSDSEEEQEEDEEIDVVTLAEANESESSTESSTEA 

                        * *      *   **************  ******            **     

 

c-Myc        284 AGGHSKPPHSPLVLKRCHVSTHQHNYAAPPSTRKDYPAAKRVKLDSVRVLRQISNNRKCT 

v-Myc        261 SEEHCKPHHSPLVLKRCHVNIHQHNYAAPPSTKVEYPAAKRLKLDSGRVLKQISNNRKCS 

                    * ** ***********  ***********   ****** **** *** ********  

 

c-Myc        344 SPRSSDTEENVKRRTHNVLERQRRNELKRSFFALRDQIPELENNEKAPKVVILKKATAYI 

v-Myc        321 SPRTLDSEENDKRRTHNVLERQRRNELKLRFFALRDQIPEVANNEKAPKVVILKKATEYV 

                 ***  * *** *****************  **********  *************** *.  

 

c-Myc        404 LSVQAEEQKLISEEDLLRKRREQLKHKLEQLRNSCA 

v-Myc        381 LSLQSDEHKLIAEKEQLRRRREQLKHNLEQLRNSRA 

                 ** *  * *** *   ** ******* ******* * 
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formed tetramers, as determined by size exclusion chromatography, velocity sedimentation 

measurements, and glutaraldehyde cross-linking experiments.  Using a series of deletions, they 

narrowed the region responsible for the formation of tetramers to residues 355-439, which is now 

recognized as the bHLHZip domain. They also determined that deleting residues 370-384, which 

contain helix 1 and part of the loop region, from Myc1-439 prevented formation of tetramers but 

not dimers.  In addition to determining the in vitro oligomerization behavior of Myc1-439, Dang 

and colleagues also showed that the bHLHZip domain was necessary for transformation activity 

in rat embryos.  This work was key in furthering the in vivo significance of Myc1-439.  At this 

point Max still had not been discovered.  Dang and colleagues hypothesized that either the 

homo-oligomerization of Myc1-439 or hetero-oligomerization with a yet unknown partner was 

needed for cellular transformation.
175

 

In 1990 Weintraub and colleagues identified a sequence specific DNA binding site for 

human c-Myc.
187

  Using bacterially synthesized, GST-tagged human c-Myc347-439 (GST-

MycC92) and the selected and amplified binding sequence imprinting technique (SAAB) they 

determined that this region of Myc interacted with the sequence CACGTG.  In SAAB, 

successive rounds of protein-DNA binding followed by PCR are used to identify those DNA 

sequences that bind the region of interest with the highest affinity.  The authors caution that 

while the sequence they identified was CACGTG, they did not test permutations of the 3
rd

 and 

4
th

 base, and Myc347-439 may recognize variants of CA--TG DNA sites.  The focus of their paper 

was on DNA binding, and they did not address whether the Myc construct used in their work was 

interacting as a dimer or a monomer.  Note that they used bacterially synthesized Myc and 
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therefore the interaction they observed with DNA presumed to be that of Myc alone as there is 

no orthologue of Max in E. coli. 

Also in 1990, Prochownik and colleagues demonstrated that the c-Myc leucine zipper 

was necessary for the protein to inhibit cellular differentiation in Friend murine 

erythroleukemia.
179

  In their work they were unable to reproduce Dang’s observation that c-

Myc1-439 could form homo-oligomers, but it is important to note that Prochownik and colleagues 

were using murine c-Myc (Figure 2.3 for sequence alignment).  While there is 91.6% similarity 

between human and murine c-Myc, there are several residues that are different in the bHLHZip 

domain of the protein including a charge swap from a glutamic acid to a lysine at position 417 

and a swap from glutamine to histidine at position 411.  It is possible that these residues are 

important for the homo-oligomerization of human c-Myc and that these differences are the 

reason why Prochownik and colleagues were unable to observe glutaraldehyde induced cross-

linking of murine c-Myc while Dang could observe this behavior for human c-Myc.  Another 

possibility is that the conditions used for these studies differed.  For example, the glutaraldehyde 

cross-linking studies performed by Dang utilized 75 mM sodium phosphate at pH 7.0, 750 nM 

human c-Myc, and 0.005% glutaraldehyde.  The c-Myc in Dang’s studies was bacterially 

synthesized and subsequently purified.  Prochownik utilized murine c-Myc generated from rabbit 

reticulocyte lysate.  The use of reticulocyte lysate for translation of target proteins was common 

at this time because commercial gene synthesis was expensive and had limited availability.  

Reticulocyte lysate provided a simple system for generation of protein directly from isolated 

cDNA.  Prochownik did not indicate the concentration of the murine c-Myc used in their 

cross-linking studies and does not provide details on exactly how the cross-linking was 
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performed.  They indicate the use of a procedure from Nakabeppu ‘essentially’.
194

  In their work, 

Nakabeppu and colleagues cross-linked their in vitro translated proteins after dialysis against 

potassium phosphate at pH 8.0.  The methods section in Prochownik’s paper implies that their 

dialysis step happened after cross-linking the protein in the residual media from the reticulocyte 

lysate.  If so, then it is difficult to know what was present in that lysate and if there may have 

been other components that could interfere with the cross-linking.   

 

Figure 2.3: Sequence alignment between human c-Myc and murine c-Myc.  Sequence alignment generated 

using the SIM algorithm.
193

 The C-terminal bHLHZip domain is highlighted in yellow.  Residues 411 and 417, 

which are referenced in the text, are indicated with black triangles for easy identification. The Uniprot identifiers for 

human c-Myc and murine c-Myc are P01106-1 and P01108-1 respectively. 

Human        1 MPLNVSFTNRNYDLDYDSVQPYFYCDEEENFYQQQQQSELQPPAPSEDIWKKFELLPTPP 

Murine       1 MPLNVNFTNRNYDLDYDSVQPYFICDEEENFYHQQQQSELQPPAPSEDIWKKFELLPTPP 

               ***** ***************** ******** *************************** 

 

Human       61 LSPSRRSGLCSPSYVAV-TPFSLRGDNDGGGGSFSTADQLEMVTELLGGDMVNQSFICDP 

Murine      61 LSPSRRSGLCSPSYVAVATSFSPREDDDGGGGNFSTADQLEMMTELLGGDMVNQSFICDP 

               ***************** * ** * * ***** ********* ***************** 

 

Human      120 DDETFIKNIIIQDCMWSGFSAAAKLVSEKLASYQAARKDSGSPNPARGHSVCSTSSLYLQ 

Murine     121 DDETFIKNIIIQDCMWSGFSAAAKLVSEKLASYQAARKDSTSLSPARGHSVCSTSSLYLQ 

               **************************************** *  **************** 

 

Human      180 DLSAAASECIDPSVVFPYPLNDSSSPKSCASQDSSAFSPSSDSLLSSTESSPQGSPEPLV 

Murine     181 DLTAAASECIDPSVVFPYPLNDSSSPKSCTSSDSTAFSPSSDSLLSS-ESSPRASPEPLV 

               ** ************************** * ** ************ ****  ****** 

 

Human      240 LHEETPPTTSSDSEEEQEDEEEIDVVSVEKRQAPGKRSESGSPSAGGHSKPPHSPLVLKR 

Murine     240 LHEETPPTTSSDSEEEQEDEEEIDVVSVEKRQTPAKRSESGSSPSRGHSKPPHSPLVLKR 

               ******************************** * *******    ************** 

 

Human      300 CHVSTHQHNYAAPPSTRKDYPAAKRVKLDSVRVLRQISNNRKCTSPRSSDTEENVKRRTH 

Murine     300 CHVSTHQHNYAAPPSTRKDYPAAKRAKLDSGRVLKQISNNRKCSSPRSSDTEENDKRRTH 

               ************************* **** *** ******** ********** ***** 

 

Human      360 NVLERQRRNELKRSFFALRDQIPELENNEKAPKVVILKKATAYILSVQAEEQKLISEEDL 

Murine     360 NVLERQRRNELKRSFFALRDQIPELENNEKAPKVVILKKATAYILSIQADEHKLTSEKDL 

               ********************************************** ** * ** ** ** 

             ▲     ▲ 

Human      420 LRKRREQLKHKLEQLRNSCA 

Murine     420 LRKRREQLKHKLEQLRNSGA 

               ****************** * 
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In January 1991, Klempnauer and colleagues reported specific DNA binding and 

oligomerization of recombinant v-Myc.
188

  Using electrophoretic mobility shift assays (EMSA) 

they determined that only the bHLH and not the full bHLHZip of v-Myc was required for 

oligomerization of v-Myc and for specific DNA binding to the consensus sequence (CACGTG) 

identified by Weintraub in 1990.  In their studies they used bacterially synthesized, full length 

v-Myc and the truncations v-Myc1-309, v-Myc310-416, and v-Myc313-391 to confirm DNA binding, 

and they did not indicate relative affinities of the truncations for the consensus sequence.  In v-

Myc the basic region is residues 331-344, the HLH is residues 345-384, and the leucine zipper is 

residues 390-411.  

In February 1991, Dang and colleagues showed that c-Myc’s mammalian cellular 

function required hetero-oligomerization to a protein of unknown identity.  In their study, they 

used a transcription reporter assay based on the interaction between the DNA binding domain of 

the Saccharomyces cerevisiae protein GAL4 and the transactivation domain of the herpes 

simplex virus VP16 protein.  When these two domains interact, they can activate a reporter gene 

that is downstream of the GAL4 DNA binding site in mammalian cells.  To determine if the in 

vivo behavior of c-Myc required homo-oligomerization, fusion proteins of the c-Myc regions 

262-439 or 262-412 with either residues 1-147 of GAL4 (DMycLZ, and DM-GCN4LZ, 

respectively) or residues 411-490 of VP16 (AMycLZ and AM-GCN4LZ, respectively) were 

generated.  These fusion proteins are presented with labels in Figure 2.4 for clarity. In the case of 

the Myc262-412 constructs, the LZ of GCN4 (Residues 258-281) was fused to the C-terminus of 

the construct for use in a control assay.  When they cotransfected DMycLZ and AMycLZ into 

cells, they were unable to observe activation of the downstream reporter.  If the Myc bHLHZip 
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were able to homo-oligomerize, they anticipated that these two constructs would be able to 

interact with one another through Myc homo-oligomerization and active the reporter gene.  To 

rule out the possibility that the fusion of the GAL4 and VP16 protein portions were unable to 

interact with DNA with Myc present, they used the AM-GCN4LZ and DM-GCN4LZ constructs 

to ensure oligomerization through dimerization of the LZ of GCN4.  These constructs, when 

cotransfected were able to activate the reporter gene.  Therefore, they concluded that c-Myc did 

not homo-oligomerize in vivo and that Myc’s cellular behavior required a partner.  It is possible 

that the reason homo-oligomerization of Myc was not observed here was due to interaction with 

another bHLHZip protein in vivo.  

 

Figure 2.4: Myc constructs used by Dang and colleagues in their 1991 paper.
189

 

 

In March of 1991, Blackwood and Eisenman identified Myc’s heterodimerization partner 

Myc Association Factor X (Max).
146

  Using GST-MycC92 (described previously by Weintraub 

and colleagues) they screened a λgt11 cDNA expression library that was derived from a baboon 

lymphoblastoid cell line.
187

  In this screen, they identified two isoforms of Max, P21 and P22.  

P21 differs in sequence from P22 by deletion of nine amino acids near the N-terminus of the 
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protein.  Following up on their λ-phage screen, Eisenman and colleagues screened the protein 

database and identified features consistent with other bHLH proteins in the MaxP21 sequence.
146

  

To confirm binding to human c-Myc, other Myc homologues, and various c-Myc mutants they 

generated a GST tagged Max construct containing the C-terminal 124 amino acids (GST-

MaxC124) and tethered the protein to glutathione-Sepharose beads.  They established that 

deletion of the bHLHZip of c-Myc interfered with binding to Max while the deletion of the N-

terminal 100 residues of c-Myc had no effect on binding to Max.  They further narrowed the 

region of interaction to the HLHZip, as deletion of the basic region did not interfere with binding 

to Max.  They also established binding of N-Myc and L-Myc to Max using this technique and 

determined that Max was capable of homo-oligomerization.  N-Myc and L-Myc are conserved 

members of the same gene family as c-Myc.
148

  Eisenman and Blackwood confirmed interaction 

between full length human c-Myc and Max using coimmunoprecipitation.
146

  Using EMSA, they 

were able to confirm binding of the Myc-Max complex (comprised of both full length human 

proteins) to the previously identified consensus sequence, CACGTG and establish that the basic 

region of c-Myc was necessary for interaction with DNA.  It should be noted that the EMSA 

studies performed by Eisenman and Blackwood were done with reticulocyte translation lysate 

and that during the studies the unprogrammed reticulocyte lysate was able to retard the migration 

of CACGTG DNA, which resulted in a separate band on the EMSA.  This is due to the presence 

of USF, a protein endogenous to reticulocyte lysate that can also bind the CACGTG DNA 

sequence.   

After the discovery of Max, the focus in the literature shifted from Myc homo-

oligomerization to Myc-Max heterodimerization and the experimental evidence supported that 
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Myc’s transcriptional behavior explicitly required association with Max in vivo.
146, 176-178, 195-196

 

In 1992, Evan and colleagues showed using immunoprecipitation that extracts of Colo 320 cells 

contain Myc only in heterodimeric complex with Max.
177

  They were unable to detect homo-

oligomers of Myc using velocity gradient centrifugation of Colo 320 cell lysates.  To address 

earlier literature that full length c-Myc could homo-oligomerize, they postulated that homo-

oligomerization could only occur at “high” concentrations.  To test this, they co-translated c-Myc 

with MycD145-262 (a deletion mutant that removed the epitope recognized by the Mycl-3C7 

antibody in immunoprecipitation studies).  If c-Myc homo-oligomerization is dependent on the 

bHLHZip domain then MycD145-262 would still oligomerize with full length c-Myc and when 

extracts of cells co-translated with these constructs are subjected to immunoprecipitation with the 

Mycl-3C7 antibody then both constructs should precipitate even though the MycD145-262 

construct lacks the antibody’s epitope.  They found that immunoprecipitation only isolated full 

length c-Myc, suggesting that in this system oligomerization did not occur between MycD145-

262 and full length c-Myc.  It should be noted that this study was also done using protein 

expressed in rabbit reticulocyte lysate.  The use of rabbit reticulocyte lysate expressed versus 

bacterially synthesized Myc appears to correlate in the literature with the inability to observe 

Myc homo-oligomerization.   Following up on the immunoprecipitation experiments, Evan and 

colleagues performed sedimentation studies on bacterially expressed human c-Myc and found 

that at 20 µM concentration the protein homo-oligomerized into predominantly dimers, with 

some evidence of higher order oligomers.  These results correlated with those of Dang and 

colleagues in 1989.
175

  Their article does not indicate that other concentrations were tested.   
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 The original study of human c-Myc self-association by C.V. Dang is now rarely 

mentioned (<20 citations since 2000, none of which probe Myc homo-oligomerization) despite a 

growing sea of Myc literature (Figure 1.17).
175

  Although Myc studies are plentiful in recent 

literature due to the protein’s role in cancer, few groups study Myc’s behavior using in vitro 

biophysical measurements.  Studies have been done to characterize the interaction of the 

bHLHZip of Myc with Max and to engineer Myc homodimers that fit the traditional 

characteristics of bZIP proteins.
158, 185, 197-199

  But no one has revisited the original work by C.V. 

Dang and put it into the context of findings in the newly evolved field of intrinsically disordered 

proteins.   

In this chapter I address the topic of Myc self-association, identify new information 

pertaining to Myc’s behavior as a monomer, and demonstrate that this process is relevant to the 

ongoing study of Myc and the development of Myc related therapeutics. 
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2.2 Overview of dynamic light scattering and fluorescence correlation spectroscopy 

While studying the self-association of Myc353-437, it was necessary to characterize the 

protein’s hydrodynamic radius.  To do this dynamic light scattering (DLS) and fluorescence 

correlation spectroscopy (FCS) were employed.  There are a number of reviews that cover the 

basics of DLS, with An Introduction to Dynamic Light Scattering by Macromolecules written by 

Kenneth Schmitz being an excellent starting reference for biochemists.
200

 Specific information 

relating to DLS of IDPs is covered in a book chapter written by Gast and Fiedler.
201

  Here, I 

provide an overview of DLS and FCS.   
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Figure 2.5: Schematic of a dynamic light scattering set-up and its representative output data.  (A) Block 

diagram of the setup used during light scattering experiments.  (B) Representation of the data observed by the photo 

detector for particles that are trapped in a solid medium versus those that are diffusing freely in solution. (C) Graphs 

representing the output data the user observes during the DLS experiment.    

 

In DLS, particles in a sample scatter incident laser light leading to fluctuations in the 

detected intensity, I (Figure 2.5).   These fluctuations in intensity are captured by a 



67 

 

 

photodetector.  In Figure 2.5 B, the clustering of these intensity fluctuations as a function of time 

is shown.  If the particles are not in motion when they scatter the incident light, as would be the 

case for a solid medium like ice, then the intensity fluctuations occur in a random manner. If the 

particles are in motion, then the scattered light experiences a Doppler shift with respect to time 

and the incoming photons appear to cluster.
202

  The correlation time, τc, is a measure of the 

timeframe in which the clustering of the incoming photons occurs and is dependent upon the 

diffusion time of the particles and the angle of the scattered light.  Equation 2.1 describes the 

correlation function, which is based on the correlation time measured by the photo correlator.  

Equation 2.2 is the dimensionless form of Equation 2.1.
202

   

 �(�) = 〈�(�)�(� + �)〉 (2.1) 

 �(�) = 〈�(�)�(� + �)〉〈�(�)〉�  (2.2) 

 

To relate these values to the particle size the scattering vector, q, is needed.
203

  The scattering 

vector, also called the momentum transfer vector in some literature, describes the behavior of the 

incident light as it is scattered by a particle.  In Equation 2.3, n is the refractive index of the 

solvent, λ is the vacuum wavelength of the incident light, and θ is the scattering angle.
203

 

  = 4��� sin �2 (2.3) 

 

The scattering vector relates back to the decay rate of the correlation time using Equation 2.4, 

and describes the relationship to the translational diffusion coefficient, D.
203

 

 ���� = 2�� (2.4) 
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The simplest and most commonly used model for fitting DLS data is Cumulants analysis, which 

applies a single exponential decay and provides the mean particle size and distribution of sizes 

(the poly-dispersity index) for a sample.
204

  Cumulants analysis is considered to be more robust 

than other methods because there is less margin for error and over interpretation of the data.  It is 

limited, however, because it can only provide the average particle size and the poly-dispersity 

index for a given sample and cannot provide specific detail about multiple species if they are 

present.  Cumulants analysis extracts the translational diffusion coefficient, so that the Stokes-

Einstein relationship can be applied to determine the average hydrodynamic radius of the 

particles (Equation 2.5).
204

  

 � = ��6���  (2.5) 

 

 In Equation 2.5, k is the Boltzmann’s constant, T is the temperature, and η is the viscosity of the 

solvent. 

An alternative to Cumulants analysis is to fit the correlation function using a series of 

multiple exponentials in order to extract more specific information about multiple species.  This 

method requires performing an inverse Laplace transformation on the correlation function.  One 

way of doing this is using an algorithm called CONTIN, which was developed by Provencher in 

the early 1980s.
205

  CONTIN applies an inverse Laplace transformation to the correlation 

function using a regularized non-negatively constrained least-squares approach (NNLS). This 

information is then used to calculate the diffusion rate of the different particles in the solution 

and permits the identification of multiple species.  A more stringent mathematical description of 



69 

 

 

CONTIN and other commonly used inverse Laplace transformation methods was recently 

reviewed by Verma.
204

       

There is a direct relationship between the size of the scattering particle and the intensity 

of scattered light.
204

  Large particles will scatter light with a higher observable intensity than 

small particles.  If a sample produces high intensity scatter, it is easier for the correlator to 

determine the size of the particle.  Therefore, higher concentration samples are needed for small 

particle sizes.  In the case of proteins, it is common to use concentrations in the low millimolar 

range, assuming the protein does not aggregate.  Due to the nature of the DLS measurement, the 

auto-correlation function is easily skewed by strongly scattering large particles and it is 

important to practice diligent sample preparation, removing large particles either through sub-

micron filtration or centrifugation at high relative centrifugal force.  In this work, the goal was to 

observe and characterize the oligomerization of Myc353-437.  Thus, while buffers and other 

components that went into the samples of interest were sub-micron filtered prior to sample 

preparation, the samples themselves were not.       
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Figure 2.6: Schematic of the FCS setup used for experiments in this work. (A)  Incident light from an argon 

laser is focused through a small pinhole and then directed down towards the sample.  This light is used to excite 

fluorophores passing through the small volume at the focal point of the laser.  The emitted light is directed back out 

the same pinhole to the detector, where it is processed by an auto-correlator.  (B) The effect that changes in sample 

concentration and the diffusion time of the particles observed have on the correlation curve.  As concentration 

increases, the amplitude of the autocorrelation decreases.  As diffusion time increases, the decay time of the 

autocorrelation increases.  (C) Three-dimensional representation of the focal volume of the laser. 

 

A complementary technique to DLS is fluorescence correlation spectroscopy (FCS) and 

there are a number of strong introductory reviews.
206-210

  To be suitable for study by FCS, the 

species of interest must be either natively fluorescent or conjugated to a suitable fluorophore.  

Similar to DLS, a laser is used as the incident light source, but in the case of FCS this laser is 

high power and set to the excitation wavelength of the fluorophore of interest (Figure 2.6 A).  
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The laser light is focused through a tiny pinhole and then down through an objective.  The focal 

point of the laser through the objective is sub-micron in size. The goal is to observe  only a few 

diffusing species in the focal volume of the laser at a given time which allows for correlation of 

changes in the fluorescence intensity as the species move in and out of the volume.  Therefore, 

not only does the focal volume of the laser in the sample need to be small, but the concentration 

of the fluorophore in sample must be low (nanomolar to picomolar range) such that only a few 

fluorescent species diffuse through the focal point at a time (Figure 2.6 B).  If the concentration 

is too high, the intensity fluctuations are not detectible by the photocorrolator.  

 The autocorrelation function determined by FCS is derived using the same 

photocorrelation principles as DLS and is still described by Equation 2.2.  The difference comes 

from the theoretical model used in interpreting the data.  Consider a sample containing a single 

diffusing, fluorescent species.  As in DLS, the diffusion coefficient for that species is described 

by D and assuming a Gaussian profile for the excitation intensity and detection efficiency the 

autocorrelation of the sample can be fit as:
208

 

 �(�) = 1"#$%% (1 + 4��&'� )��(1 + 4��('� )��� + 1 (2.6) 

 

In Equation 2.6, the concentration of the sample is c and the volume observable within the focal 

point of the laser is Veff.
208

 The terms w0 and z0 describe the dimensions of the focal volume 

(Figure 2.6 C).  This description of FCS data is used for three-dimensional diffusion of species 

and requires knowledge of the x, y, and z dimensions of the spot size.  The term w0, the diameter 

of the spot, is trivial to determine if a sample containing particles of known size is used, and that 

relationship is defined as:
208
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 �)*%% = &'�4� (2.7) 

 

In Equation 2.7, τdiff is the effective diffusion time of the species being measured.  Determining 

the value of z0 is challenging, as the observation volume is not spherical, but rather elliptical in 

shape (Figure 2.6 A).  Finding the value of z0 for the setup used in our work requires imaging the 

laser with a beam profile camera and it was not possible to determine this value for each run. 

Calibration of the spot size is necessary, as there are fluctuations in the quality of the beam each 

time the laser is started.  Therefore a standard is used to determine the spot size using Equation 

2.7 each time the instrument is used.  Due to the difficulty in determining the value of z0 and the 

impact fluctuations in z0 can have on the robustness of the data, our data was fit using a two 

dimensional diffusion model.
211

   Rigler and colleagues discuss the efficacy of using a 2D model 

versus a 3D model in their 1993 paper and indicate that the relative error associated with use of a 

2D model varies depending on the size of the pinhole in the apparatus.
211

  Rigler and colleagues 

saw a difference in τdiff of 3.3% for a 15 µm radius pinhole, which is similar to the pinhole size 

used here.
211

  Therefore, for this work the error associated with fitting to a 2D versus a 3D 

diffusion model is inconsequential.  

In addition to the focal point geometry, it is also important to consider the photophysics 

of the dye used.  Because transitions to the triplet state can happen on the timescale that FCS 

measurements are conducted, they need to be considered when fitting data.  Equation 2.8 

describes the model used to fit FCS data containing a single diffusing species and accounting for 

the triplet decay of the fluorophore.
212
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In Equation 2.8, A0 is the offset, n is the number of particles in the confocal area, T is the 

fraction of particles in the triplet state, and τtrip is the residence time of the particles in the triplet 

state.  The offset (A0) is a correction term used if there are significant contributions from the 

background. This model for fitting FCS data is incorporated into the program PyCorrFit and was 

used in this work.
212
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2.3 Results and discussion 

2.3.3  Identifying conditions that drive Myc353-437 aggregation  

 The c-Myc truncation used in this dissertation is the bHLHZip domain, residues 353-437 

(Figure 2.7).  This domain was selected because it contains the features necessary for 

heterodimerization with Max and binding to DNA as well as because it expresses well and was 

used in the original screen for small molecule binding sites by Hammoudeh and colleagues.
132

  

The full MaxP21 isoform, which is capable of heterodimerization with Myc through interaction 

of their bHLHZip domains, was used for this work.  MaxP21 differs from the isoform MaxP22 

by the deletion of nine amino acids in the N-terminus.  The loss of these residues weakens the 

homodimerization affinity of Max but does not change the heterodimerization affinity with 

Myc.
134

  Use of the MaxP21 isoform is beneficial here because there is direct competition 

between the formation of the Max-Max homodimer and the Myc-Max heterodimer.  Using the 

isoform which forms weaker homodimers reduces the potential that interference from Max-Max 

interaction will occur during Myc-Max studies.  Information about the expression and 

purification of Myc353-437 and Max P21 constructs used in this work can be found in sections 

2.5.4 (page 187) and 2.5.5 (page 193).   

The initial goal in studying the self-association of Myc353-437 was to determine how this 

behavior impacted ongoing studies of Myc-Max inhibitors.  If the Myc353-437 being used to probe 

Myc-Max inhibition was undergoing competing self-associations then there are implications for 

the robustness of affinities determined between Myc and previously identified inhibitors.  For 

example, if Myc353-437 self-associates in the applicable concentration range then it could 

influence the apparent stoichiometry and affinity of the interaction. 
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Figure 2.7: Myc and Max interact through their bHLHZip domains to form an ordered dimer.  (A) Sequences 

of the Myc and Max bHLHZip domains.  (B) Scheme showing the formation of the Max-Max homodimer and the 

Myc-Max heterodimer from monomeric Max.  Ensembles of monomeric Myc353-437 and Max are an overlay of 20 

conformations generated using the software flexible meccano.
8
  Crystal structures are labeled with their PDB 

reference codes.  Protein structure graphics were generated using UCSF Chimera.
9
  

 

2.3.3.1 Preliminary CD data suggest Myc353-437 has helical secondary structure propensity 

Circular dichroism (CD) reports on the secondary structure of proteins.
213

 Intrinsically 

disordered proteins present with random coil structure by CD due to their flexible and dynamic 

nature.
214

  CD is a useful diagnostic in this work because the coupled folding and binding of the 

Myc-Max dimer changes the secondary structure of the proteins.  In Figure 2.8 A, an overlay of 

characteristic CD spectra for different protein secondary structures is shown and in Figure 2.8 B 

an overlay of spectra from samples containing Myc365-379, Myc353-437, MaxP21, and the 
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heterodimer formed by Myc353-437/MaxP21 is shown.  The compilation of spectra in Figure 2.8 B 

emphasizes the diversity of secondary structures observable in the Myc-Max system (Methods 

2.5.1.3 , page 181). Myc365-379 displays random coil CD as expected for a short, disordered 

peptide with a minimum near 200 nm.  This peptide is included here because of its role later in 

the chapter.  Myc’s obligate bHLHZip partner Max is expressed as two isoforms, P21 and P22, 

which differ by 9 amino acids at the N-terminus.  Max is disordered in its monomeric state, but 

forms bHLHZip homodimers with an affinity of 167 ± 52 nM and 33 ± 51 nM for the P21 and 

P22 isoforms, respectively.
215

 The CD spectrum of MaxP21 in Figure 2.8 presents with minima 

of near equal intensity at 208 nm and 222 nm.  This is characteristic of α-helical secondary 

structure and is reasonable because MaxP21 forms an α-helical homodimer at these 

concentrations.  The Myc-Max heterodimer also has CD characteristic of α-helical secondary 

structure because the Myc-Max dimer is an α-helix. If a solution of Myc353-437 and MaxP21 were 

measured where no heterodimerization occurred and therefore no additional secondary α-helical 

structure formed between the partner proteins, than the weighted average spectrum (yellow trace 

in Figure 2.8 B) would be observed.  This spectrum is the sum of the Myc353-437 and MaxP21 

spectra at equivalent concentrations weighted for the number of amino acids in each construct.  

The observation that the spectrum of Myc-Max displays more pronounced minima at 222 nm and 

208 nm supports the conclusion that Myc353-437 and MaxP21 form an α-helical heterodimer, as 

the sum of the individual protein shows less helical character than that of the proteins when 

mixed.  
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Figure 2.8: Differences in the circular dichroism spectra of proteins and peptides studied in this chapter. (A) 

Reference spectra for secondary structure of proteins obtained from the program CCA+.
216

 (B) CD spectra of 

proteins and peptides studied in this chapter. Spectra were collected in 1xPBS pH 7.4 at 25°C.  Myc peptides used 

are as indicated in the legend.  The Max used in this study was the full length P21 isoform.  The weighted average 

spectrum is the sum of the spectra of Myc353-437 alone and MaxP21 alone, weighted for differences in protein length.   

 

The CD spectrum of Myc353-437 does not represent only random coil secondary structure 

and is consistent with other Myc CD observations in the literature.
199, 217-218

  Previous work with 

v-Myc, a homologue of c-Myc, suggested that this secondary structure is from transient helices 

(sequence alignment Figure 2.2).
219

  Given that Myc and Max heterodimerize to form an 

α-helical heterodimer, it is reasonable that the bHLHZip of Myc would display helical 

propensity.  NMR studies of Myc353-437 display only random coil chemical shifts (Veselin 

Dobrev, unpublished data), supporting the assertion that the helical propensity observed by CD is 

transient and not the result of persistent or stable secondary or tertiary structure.  
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Figure 2.9: Model CD spectra of blended (A) α-helical or (B) β-sheet secondary structure with random coil 

propensity.  Spectra are normalized to a peptide of 86 amino acids for direct comparison to Myc353-437 spectra.  

Linear combinations of spectra were generated using the deconvolution program CCA+.
216

   

   

 CD spectra represent the average of the ensemble over time, meaning that all states 

sampled by the protein contribute to the CD signature.  Therefore, it is useful to have a reference 

for linear combinations of characteristic CD spectra.  For example, the spectrum of Myc353-437 in 

Figure 2.8 B is not indicative of only random coil structure as would be expected for a 

completely disordered protein.  Deconvolution software can be used to estimate the secondary 

structure content of a protein. Deconvolution algorithms compare linear combinations of known 

secondary structures to determine what percentage of these structures is represented in solution.  

In Figure 2.9, the deconvolution program CCA+ was used to prepare examples of linear 

combinations of (A) α-helical and (B) β-sheet secondary structure with random coil structure.
216

  

Referring back to Figure 2.8 A, random coil conformation presents with a minimum at 195 nm.  

As the proportion of α-helical conformation is increased relative to random coil in Figure 2.9 A, 
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the minimum at 195 nm red shifts and becomes more positive.  Concomitant with that, the signal 

at 222 nm becomes more negative.  In Figure 2.9 B, as the proportion of β-structure is increased 

relative to random coil the minimum at 195 nm becomes more positive but does not red shift.  In 

both sets of spectra, there is an isosbestic point.  For transitioning to increasing α-helical content 

that point is at 205 nm and for transitioning to increasing β-sheet content it is at 208 nm. 

 

Figure 2.10: Comparison of Myc construct CD spectra to model spectra of α-helical content crossed with 

random coil content. 

 

From the literature and from the behavior of v-Myc in the aforementioned NMR studies 

one might conclude that the CD spectra of Myc353-437 represent a mixture of only helical and 

random coil content.  In Figure 2.10 a direct comparison of Myc365-379, Myc353-437 and varying 

degrees of α-helical structure blended with random coil is presented.  Myc365-379 which should be 

completely random coil shows a minimum at 200 nm, which is redshifted from the minimum of 
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195 nm for a completely random coil peptide. Furthermore, the intensity of that minimum is 

attenuated compared to the random coil reference.  Upon comparison, Myc365-379 is better 

represented by the CD spectrum of 20% α-helical content and 80% random coil content than that 

of the random coil reference.  Reviewing the sequence of Myc365-379 and its location within the 

Myc bHLHZip, this region comprises a few residues from the basic region and the majority of 

the first helix when the Myc-Max heterodimer forms (Figure 2.7).    For the CD profile of 

Myc353-437, which was earlier presumed to reflect random coil and helical content, the spectra of 

40/60 and 20/80 α-helical to random coil content do not adequately account for the spectral 

characteristics.  The spectra from Figure 2.9 A suggest that a blending of α-helical and random 

coil content cannot accurately describe Myc353-437’s CD profile.  Attempts were made to 

deconvolute the Myc353-437 spectrum using the CCA+ software but the results had high error, 

likely because the reference spectra included with this package are limited.  Therefore, a 

different deconvolution program, CDNN, was employed.
220

  This program, developed by Gerald 

Bohm, uses a neural network trained against a reference set of proteins with known secondary 

structure propensities to deconvolute CD spectra. CDNN was used to deconvolute the spectra of 

Myc353-437 and Myc365-379 given in Figure 2.10 and the results are displayed in  

 

 

Table 2.1.  The neural network was trained against a set of 33 proteins that had their 

secondary structure independently validated and computed for use in the CDNN software 

package.
220

  CDNN cites an error of 6.2% for the subset of spectra and ranges used for 

deconvolution of the Myc spectra.   
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Table 2.1: Secondary structure propensities from deconvolution of Myc spectra.  Values were obtained using 

the software CDNN trained on a 33 protein basis set.
220

    

Secondary structure Myc353-437 Myc365-379 

α-helix 24.4% 3.9% 

Anti-parallel β-sheet 9.7% 10.6% 

Parallel β-sheet 4.7% 1.8% 

Type I β-turn 25.2% 30% 

Random coil 37.5% 52.3% 

   

 

        

The results in  

 

 

Table 2.1 provide a complex interpretation of the spectra in Figure 2.10.  Most striking is 

the quantity of Type I β-turn estimated to be present for both Myc353-437 and the peptide Myc365-

379 as this type of secondary structure has not been previously reported for Myc and there is 

evidence implicating β-structure in the formation of amyloid aggregates and also in the 

formation of IDP based liquid-liquid phase separations.
79, 83

  The predicted quantity of Type I β-

turn is consistent between the two Myc constructs and within the error of the deconvolution 

program.  The main change in secondary structure is predicted to come from an increase in α-

helical propensity at the expense of random coil conformation.  It should be noted that the values 

obtained from CD deconvolution cannot be taken literally.  For example, to say that Myc353-437 

and Myc365-379 differ by exactly 14.8% random coil would be inaccurate.  These data can be 
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used, however, to qualitatively interpret an overall shift in the secondary structure content of the 

protein.   

When studying proteins by CD, it is common practice to avoid buffers that may absorb at 

the wavelengths of interest and interfere with measurements. Examples of buffers or components 

that can interfere in the UV region include buffers containing amines (HEPES, MES) and 

solutions with high chloride ion content, such as PBS.  The original studies of the Myc353-437 

interaction with inhibitors published by the Metallo group utilized a modified buffer for CD 

measurements, which contained KF in place of NaCl, while the fluorescence polarization 

measurements used PBS.
131-132

  As we began reproducing studies, it was found that Myc353-437 

was prone to precipitation in PBS at pH 7.4 at the highest concentrations reported in the papers 

(50-100 µM).  This behavior was pH dependent, with reduced solubility observed at pH values 

greater than 6.8.  Why this was not reported in the previous work can be explained.  The final 

step of Myc353-437 purification is reverse phase HPLC using a water/acetonitrile gradient.  It is 

standard practice to include 0.1% trifluoroacetic acid (TFA) in the solvents to improve separation 

and reduce peak broadening.  Under these conditions, Myc353-437 is eluted at an acidic pH as the 

TFA salt.  At 50-100 µM Myc353-437, enough residual acidity remains to overwhelm the buffering 

capacity of PBS and drive the pH down to ~6.5, with some batch to batch variation.  Therefore, 

the high concentration samples in the original work may have been at lower pH where Myc353-437 

is more soluble, which could explain why higher concentrations could be sampled during 

titrations and NMR measurements.  A desire to characterize Myc353-437 at physiological pH in 

PBS prompted study of the protein’s aggregation propensity by CD.   
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2.3.3.2  Ionic strength and pH impact Myc353-437 secondary structure and aggregation  

As mentioned earlier, one goal in studying Myc353-437 was to determine if the behavior of 

the protein could affect studies with Myc-Max inhibitors.  One of the techniques employed to 

improve the solubility and dispersion of an inhibitor is to sonicate the compound in the presence 

of the protein.  If there is an interaction between the inhibitor and Myc353-437 then being in the 

presence of the protein should assist in disaggregation of the compound.  During sonication any 

aggregates of the compound that may have resulted from dilution out of organic solvent can be 

broken apart.  If the protein is present and also disaggregated, the interaction between the 

presumably more soluble protein and the now monomeric inhibitor can improve the inhibitor’s 

solubility.  For this reason, it was important to characterize the behavior of Myc353-437 not only at 

physiological pH in PBS, but also after sonication in order to determine if there was an impact on 

the protein’s behavior. 

 To probe the effects of sonication on Myc353-437, a study was conducted where 50 µM 

Myc353-437 was subjected to various times of sonication in a Brandson Model 1510 bath sonicator 

under various conditions and observed by CD, absorbance, fluorescence, and DLS (c.f. 2.5.7 

198).  This concentration was selected because I had previously observed that precipitation of 50 

µM Myc353-437 in 1xPBS pH 7.4 was possible and dependent upon the care taken during sample 

preparation. CD measurements were used to determine if there was a change in the secondary 

structure of the protein upon sonication and when studied under the conditions of interest.  DLS 

measurements were used to determine if there was aggregation and to characterize the size of the 

aggregates.  Absorbance measurements were used to verify protein concentration. Fluorescence 

measurements tracked the intrinsic fluorescence of Myc353-437’s single tyrosine, which might 
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provide clues to the protein’s behavior through changes in the maximum intensity wavelength or 

in the overall intensity.  

To begin, 50 µM Myc353-437 in water at pH 3.4 was studied because the protein at this pH 

and in the absence of buffer was analogous to the conditions of the protein stocks used to prepare 

other samples.  Knowledge of the protein’s behavior under these conditions ameliorates concerns 

that the protein may be already aggregated following resuspension.   In Figure 2.11, the DLS and 

CD measurements of Myc353-437 in water at pH 3.4 are shown (c.f. 2.5.7 198).  At the start of the 

experiment (t0) the protein scatters at an intensity comparable to the background, suggesting that 

there are no aggregates in the sample and that at this concentration it is not possible to obtain 

information on the size of monomeric Myc353-437 by DLS (Figure 2.11 A).  As seen in Figure 

2.11 C there is no correlation observable for the background sample and the correlation that can 

be seen for the protein before sonication is minimal and does not produce useable data when fit.  

After 30 minutes of sonication, the sample of Myc353-437 begins to scatter, but only with twice the 

intensity of the background and therefore low signal to noise.  A correlation curve is observable, 

but when the data are fit the tailing of the curve skews the radius towards an unrealistic size 

(upwards of 10 µm).  ‘Tailing of the curve’ refers to the apparent inflation of the baseline at the 

longer correlation times of the black and blue traces seen in Figure 2.11 C.  This biphasic 

behavior of the correlation curve occurs when there are two or more species of different sizes 

and total concentrations and the larger particles are at low enough concentrations that they do not 

dominate the curve.  If the blue trace in Figure 2.11 C were fit excluding the tailing, it would 

produce the radius distribution observed in Figure 2.11 D where the scattering species is a 

particle with an average radius of ~100 nm.  At 60 minutes of sonication, Myc353-437 still scatters 
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with low signal to noise, but the correlation curve is better defined.  This behavior is consistent at 

120 minutes.  When these correlations curves are fit using a reverse Laplace transformation, 

there are two particle size distributions observed.  The first is localized near a 1 nm radius while 

the other is between 100 nm and 1 µm.  The small radius (~1 nm) is an unreliable value because 

it is close to the detection limit of sizes in DLS and is likely an artifact.  As for the larger radii, 

the broad nature of the peak suggests poor resolution in the data, which is likely given that the 

intensity values and signal to noise are so low for these samples.  Overall, the DLS data suggest 

that there are a few larger particles in solution, but the low scatter indicates that the majority of 

the Myc353-437 is soluble.  The secondary structure of Myc353-437 in water at low pH is not greatly 

affected by sonication, as observed in Figure 2.11 B.  The CD profile is nearly identical with 

increasing sonication time and if anything, sonication improves the solubility of the protein 

under these conditions.  Deconvolution of the CD spectra for the sonication study is provided 

following the description of the remaining data.   
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Figure 2.11: In the absence of buffer, 50 µM Myc353-437 at pH 3.4 displays little change in secondary structure.  
(A) Tabulated intensity values after varying sonication times and the subsequent signal to noise.  (B) Circular 

dichroism spectra after varying amounts of sonication.  (C) DLS correlation curves with increasing sonication time.  

(D)  Unweighted radius distribution derived from the DLS correlation curves in (C). 

 

In addition to characterizing the behavior of Myc353-437 in water at pH 3.4 by DLS and 

CD, these samples were also analyzed using the fluorescence and absorbance of the single 

tyrosine in the Myc353-437 sequence (Figure 2.12; c.f. 2.5.7 198).  In Figure 2.12 A, the 
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fluorescence intensity and peak position of the tyrosine do not change with up to two hours of 

sonication.  A similar trend is observed for the absorbance of the protein in Figure 2.12 B.  The 

absorbance spectrum of Myc353-437 in water at pH 3.4 is unaltered by sonication.  There is a small 

increase in the absorbance at 280 nm, but given that the overall absorbance of the tyrosine is low 

at these protein concentrations, it is unlikely that the difference reflects a significant change in 

the protein’s behavior.  When taken together the CD, DLS, fluorescence, and absorbance data 

suggest that there is not a significant impact on the behavior of Myc353-437 in water at pH 3.4 

upon sonication for two hours.  Furthermore the data support the conclusion that Myc353-437 is 

soluble and not aggregated under these conditions. 

 

Figure 2.12: Tyrosine fluorescence and absorbance of 50 µM Myc353-437 in water at pH 3.4.  (A) Tyrosine 

fluorescence of 50 µM Myc353-437 in water at pH 3.4 as the sonication time increases.  (B) Absorbance of 50 µM 

Myc353-437 in water at pH 3.4 as the sonication time increases.  The values in the inset table are the calculated 

concentrations based on the absorbance at 280 nm and an extinction coefficient of 1490 M
-1

cm
-1

 for the single 

tyrosine in Myc353-437.  
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 With data indicating that the behavior of Myc353-437 at acidic pH in the absence of buffer 

was unaffected by sonication, it was next determined if sonication would affect the protein in 

PBS.  The earlier studies in the Metallo laboratory were conducted in PBS buffer at pH 7.4.   

First, a sample of 50 µM Myc353-437 in 1xPBS (contains 137 mM NaCl, 2.7 mM KCl, 4.3 mM 

Na2HPO4, 1.4 mM KH2PO4) with pH adjusted down to 3.4 with HCl was assessed (Figure 2.13; 

c.f. 2.5.7 198).  This sample had identical pH to the unbuffered Myc353-437 sample.  By only 

changing from an unbuffered sample in water to PBS without adjusting the pH, it was possible to 

delineate those effects caused by changing pH from those caused by the addition of PBS which 

alters the ionic strength of the solution.  Note that the pH of samples of Myc353-437 here and in 

further studies in this work were manually verified using a pH probe and that adjustments to the 

pH were made using either NaOH or HCl as required.   
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Figure 2.13: At 50 µM Myc353-437 in PBS at pH 3.4 is unaffected by sonication.    (A) Tabulated intensity values 

after varying sonication times and the subsequent signal to noise.  (B) Circular dichroism spectra after varying 

amounts of sonication.  (C) DLS correlation curves with increasing sonication time.  (D)  Unweighted radius 

distribution derived from the DLS correlation curves in (C).  Only the correlation curve after sonication for 120 

minutes produced a reasonable fit.  The other time points were not of sufficient quality due to low signal to noise. 

 

As in the study of Myc353-437 in water at low pH, the scattering intensity of the sample did 

not increase substantially with sonication time and the signal to noise remained close to one at all 

time points (Figure 2.13 A).  This suggests that the protein does not aggregate substantially upon 
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sonication in the presence of PBS at pH 3.4.  Samples of Myc353-437 in PBS at pH 3.4 showed 

weak correlation by DLS, except after two hours of sonication.  When the correlation curve for 

the two hour sample was fit, the radius distribution was similar to that observed for low 

scattering samples of Myc353-437 in water at acidic pH.  The CD of Myc at low pH in PBS is 

unchanged after two hours of sonication.  It should be noted that at pH 3.4 the phosphate buffer 

is exclusively monobasic. 

 

Figure 2.14: Tyrosine fluorescence and absorbance of Myc353-437 in 1xPBS at pH 3.4. (A) Tyrosine fluorescence 

of 50 µM Myc353-437 in 1xPBS at pH 3.4 as the sonication time increases.  (B) Absorbance of 50 µM Myc353-437 in 

1xPBS at pH 3.4 as the sonication time increases.  The values in the inset table are the calculated concentrations 

based on the absorbance at 280 nm and an extinction coefficient of 1490 M
-1

cm
-1

 for the single tyrosine in Myc353-

437. 

 

In Figure 2.14 A, there is not a significant change in the fluorescence intensity or peak 

position of Myc353-437’s tyrosine upon sonication in 1xPBS at pH 3.4.  This is consistent with the 

behavior of Myc353-437 in water at pH 3.4.  In Figure 2.14 B, there is no change in the absorbance 

of Myc353-437 upon sonication for two hours in 1xPBS at pH 3.4.  Again, this is consistent with 
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the behavior of Myc353-437 in water at equivalent pH.  Taken together, the DLS, CD, absorbance 

and fluorescence data support the conclusion that Myc353-437 is unaffected by two hours of 

sonication at 50 µM concentration in 1xPBS at pH 3.4.  Furthermore, the protein does not show 

signs of significant aggregation. 

Having determined that at low pH in the presence and absence of PBS Myc353-437 did not 

show signs of aggregation, the next step was to analyze the behavior of Myc353-437 in PBS at pH 

6.6.  These conditions were chosen because they would match the plausible conditions from 

work done earlier in the Metallo laboratory.  As previously mentioned, Myc353-437 when diluted 

into standard 1xPBS at a 50 µM concentration depresses the pH to approximately 6.5.  

Therefore, knowing how Myc353-437 behaves under these conditions could provide context for 

previous experimental work. 
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Figure 2.15: At 50 µM Myc353-437 in 1xPBS at pH 6.6 shows signs of changing secondary structure upon 

sonication.  (A) Tabulated intensity values after varying sonication times and the subsequent signal to noise.  (B) 

Circular dichroism spectra after varying amounts of sonication.  (C) DLS correlation curves with increasing 

sonication time.  (D)  Unweighted radius distribution derived from the DLS correlation curves in (C). 

  

At pH 6.6 in 1xPBS, 50 µM Myc353-437 shows a change in behavior upon sonication (c.f. 

2.5.7 198).  Again, note that the pH was experimentally verified using a pH probe. In Figure 2.15 

A, an increase in scattering intensity and signal to noise is observed with increasing sonication 
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time.  These data track with changes in the correlation curves in Figure 2.15 C and differences in 

the unweighted radius distribution in Figure 2.15 D.  Prior to sonication, 50 µM Myc353-437  in 

1xPBS at pH 6.6 displays similar correlation and particle radius distribution to the samples of 

Myc353-437 in the presence and absence of PBS at low pH.  After 30 minutes of sonication, the 

scattering intensity increases slightly, indicating the presence of more scattering species or larger 

particles.  The particle distribution shifts to smaller radius values and a peak emerges correlating 

with a radius of approximately 8 nm.  As mentioned earlier, DLS does not have good resolution 

for small particle sizes or for samples containing multiple species of different sizes.  Therefore, 

the fluctuations in size (and peaks themselves) observed for particles with radius of 

approximately 1 nm and those with radius of approximately 10 nm may be artifacts due to 

distortion from the larger scattering species. The decrease in size of the particles in the 50-100 

nm regime is more reliable and suggests the aggregated species is shrinking.  After one hour of 

sonication, the sample of Myc353-437 in 1xPBS at pH 6.6 contains particles of ~80 nm average 

radius as compared to particles of ~300 nm radius after 30 minutes of sonication.  After two 

hours of sonication the ~80 nm particles are still present and in greater abundance as suggested 

by the overall increase in scattering intensity.  Concomitant with the appearance of these 

particles and the increased scatter there are changes in the CD spectrum of Myc353-437.  In Figure 

2.15 B, the CD spectrum of Myc353-437 experiences attenuation of signal at 205 nm but little 

change at 222 nm with increasing sonication time. Normally the change in ratio of MRE at 205 

nm to 222 nm could indicate that the protein is sampling an increased α-helical propensity.  

However, in the usual situation where an increase in α-helical propensity occurs the MRE at 222 

nm is increasing while the MRE at 208 nm remains relatively constant.  The fact that this trend is 
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reversed here indicates that there may be protein loss due to aggregation or that there is a 

different, less common change in secondary structure occurring.  The appearance of ~80 nm 

particles suggests that the attenuation at 205 nm could also be the result of the loss of observable 

protein due to aggregation, although why there would be loss of signal at 205 nm while the 

intensity remains consistent at 222 nm is unclear.  It should be reiterated that the DLS data 

cannot quantitative indicate the amount of protein that is contained in the ~80 nm particles and 

therefore it is not possible to tell if the CD signal is a result of monomeric Myc353-437 or an 

aggregated form of the protein.   

 

Figure 2.16: Tyrosine fluorescence and absorbance of Myc353-437 in 1xPBS at PH 6.6 upon sonication. (A) 

Tyrosine fluorescence of 50 µM Myc353-437 in 1xPBS at pH 6.6 as the sonication time increases.  (B) Absorbance of 

50 µM Myc353-437 in 1xPBS at pH 6.6 as the sonication time increases.  The values in the inset table are the 

calculated concentrations based on the absorbance at 280 nm and an extinction coefficient of 1490 M
-1

cm
-1

 for the 

single tyrosine in Myc353-437. (*) At increasing sonication time, scatter unduly influences the calculated 

concentration.  

 

In Figure 2.16 A, there is an apparent increase in the fluorescence intensity of the 

tyrosine in Myc353-437 upon sonication in 1xPBS at pH 6.6.  There is also a peak shift in from 303 
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nm prior to sonication to 298 nm after sonication for one hour.  The apparent increase in 

intensity may be from increasing scatter as a result of the formation of particles observed in the 

DLS measurements.  There is evidence of increased scatter in the fluorescence spectra, as seen 

by the increased intensity at 280 nm and the tailing that occurs at wavelengths greater than 340 

nm.  In the absorbance spectra (Figure 2.16 B) the scattering of the sample is less pronounced 

than in the fluorescence spectra.  It does, however, lead to an increase at 280 nm absorbance, 

which skews the calculated concentration of the sample towards a higher value.  Given the 

observation of ~80 nm particles as well as the increased scattering intensity in the DLS, 

fluorescence, and absorbance, it is apparent that Myc353-437 begins to aggregate in 1xPBS at pH 

6.6.  Concomitant with this aggregation, there are changes in the CD spectrum of the protein, 

which suggest that the aggregation could be related to a change in secondary structure. 



96 

 

 

 

Figure 2.17: At 50 µM Myc353-437 in 1xPBS at pH 7.2 shows significant changes in scattering and secondary 

structure with increasing sonication time.  (A) Tabulated intensity values after varying sonication times and the 

subsequent signal to noise.  (B) Circular dichroism spectra after varying amounts of sonication.  (C) DLS correlation 

curves with increasing sonication time.  (D)  Unweighted radius distribution derived from the DLS correlation 

curves in (C). 

      

Raising the pH from 3.4 to 6.6 in PBS led to apparent aggregation and a change in the 

secondary structure propensity of Myc353-437.   The next logical step was to further increase the 

pH to physiological values.  In Figure 2.17 the DLS and CD study of the effect of increasing 
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sonication time on Myc353-437 in 1xPBS at pH 7.2 is shown (Methods c.f. 2.5.7 198).  As seen 

with the previous samples, prior to sonication the sample has low scatter and a particle size 

distribution indicating two species, one with a radius of ~1 nm (likely an artifact) and the other 

with a radius of ~800 nm (Figure 2.17).  Unlike at pH 6.6 in 1xPBS, 50 µM Myc353-437 in 1xPBS 

at pH 7.2 shows a two fold increase in scattering intensity after only 30 minutes of sonication.  

The particle size distribution after 30 minutes of sonication indicates the formation of ~80 nm 

radius particles like those observed at pH 6.6 after an hour of sonication.  Unlike at pH 6.6, there 

are still larger particles present.  After an hour of sonication, the DLS data indicate a dramatic 

increase in scattering intensity compared to other samples and this value continues to increase 

with additional sonication.  The dominant species in the sample has an ~80 nm radius after two 

hours of sonication and there is no longer evidence of the ~800 nm radius species.  There are still 

smaller species present in the radius distribution.  The CD spectrum of Myc353-437 in  PBS at pH 

7.2 displays attenuation in the signal at 208 nm while the signal at 222 nm remains relatively 

constant with increasing sonication time.  This behavior is similar to that of the pH 6.6 sample. 
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Figure 2.18: Tyrosine fluorescence and absorbance of Myc353-437 in 1xPBS pH 7.2 with increasing sonication 

time. (A) Tyrosine fluorescence of 50 µM Myc353-437 in 1xPBS at pH 7.2 as the sonication time increases.  (B) 

Absorbance of 50 µM Myc353-437 in 1xPBS at pH 7.2 as the sonication time increases.  The values in the inset table 

are the calculated concentrations based on the absorbance at 280 nm and an extinction coefficient of 1490 M
-1

cm
-1

 

for the single tyrosine in Myc353-437. (*) At increasing sonication time, scatter unduly influences the calculated 

concentration.  

 

Turning to the fluorescence measurements (Figure 2.18 A) there is an apparent increase 

in fluorescence intensity of the single tyrosine upon sonication of 50 µM Myc353-437 in 1xPBS at 

pH 7.2.  Similar to the behavior at pH 6.6, the increase in fluorescence intensity is concomitant 

with an increased scatter and appearance of ~80 nm particles.  Therefore, this apparent increase 

in fluorescence intensity is likely an increase in Rayleigh scattering due to an increased number 

of large particles in the solution.  In the absorbance spectrum (Figure 2.18 B) there is a marked 

increase in scattering leading to artificially high absorbance values at 280 nm after one or two 

hours of sonication.  Overall, the data from the sonication study of 50 µM Myc353-437 in 1xPBS at 

pH 7.2 support the conclusion that under these conditions Myc353-437 forms aggregates.  
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Furthermore, the aggregation is more extensive than what occurs at pH 6.6, based on the 

increased intensity of the scatter, suggesting that the increase in pH drives the behavior. 

 

Figure 2.19: Composite of data obtained for samples of 50 µM Myc353-437 under various conditions after two 

hours of sonication. (A) Unweighted radius distribution derived from DLS.  (B) CD spectra of the constructs.  (C) 

Tyrosine florescence of the constructs.  (D) Absorbance of the constructs.  These data are representative of at least 

two additional trials. 

 

Reviewing the data from the sonication time experiments independent from one another, 

one might conclude that changes in Myc353-437 behavior are driven by sonication alone.  This is 
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not the case, though.  If one compares the data from these experimental conditions to each other, 

it becomes apparent that the behavior seen is driven by the increased pH. Sonication may speed a 

process that is already underway upon creation of the higher pH samples.  The particle sizes 

shown in Figure 2.19 A indicate a relationship between increased pH and the presence of PBS 

with increased scatter and the appearance of ~80 nm particles with increasing sonication time.  

The scattering intensity of the higher pH samples (as seen in preceding figures) was greater than 

those of the pH 3.4 samples after only 30 minutes of sonication.  This effect was more extreme 

after 60 and then 120 minutes of sonication.  Therefore, the ~80 nm radius particles are likely 

formed as a result of increased pH.  It should be noted that samples containing these ~80 nm 

particles do not show visible signs of precipitation and that the protein does not pellet upon 

centrifugation.  This suggests that the ~80 nm particles could represent a soluble aggregate.  It is 

also possible that this is representative of liquid-liquid phase separation, a phenomenon 

discussed in Chapter 1 of this dissertation.  The possibility of Myc353-437 undergoing liquid-liquid 

phase separation will be addressed in the conclusions section of this chapter, once additional 

information has been introduced. 

Table 2.2: Secondary structure propensites deconvoluted from the CD spectra of 50 µM Myc353-437 under 

various conditions after two hours of sonication.   The program CDNN was used for deconvolution.
220

  

Secondary structure 
Water 

pH 3.4 

PBS  

pH 3.4 

PBS 

pH 6.6 

PBS 

pH 7.2 

α-helix 16.2 24.4 22.6 22.9 

Anti-parallel β-sheet 15.2 9.7 13.2 14.1 

Parallel β-sheet 4.4 4.7 4.9 5.1 

Type I β-turn 25.5 25.2 22.3 20.7 

Random coil 38.6 37.5 33.6 33.1 
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 The CD spectra in Figure 2.19 B display a red shift in the minimum near 208 nm and an 

increase in signal at 222 nm when comparing Myc353-437 in water at pH 3.4 to Myc353-437 in 

1xPBS at pH 3.4. If those spectra are subjected to deconvolution using CDNN, the values in 

Table 2.2 are obtained.
220

  According to deconvolution, the change in the spectrum results from 

an apparent decrease in anti-parallel β-sheet and an increase in helicity in the presence of PBS. 

Note that while deconvolution is helpful for determining if there is a shift in overall secondary 

structure propensity, the results should not be taken literally without additional data to support 

the conclusion.  For example, while the deconvolution data suggest a decrease in random coil 

character from 37.5% for 50 µM Myc353-437 in PBS at pH 3.4, to 33.6% at pH 6.6, we should not 

assume that means an absolute loss of 3.9% random coil secondary structure overall.  It should 

be taken as a general trend towards decreased random coil.   Also note that deconvolution 

algorithms depend on the overall concentration of the sample to accurately interpret the 

secondary structure propensities.  Because the higher pH samples here show signs of 

aggregation, it is possible that there is loss of signal due to that aggregation which could impact 

the results of deconvolution.  At increased pH, the ratio of 222 nm to 208 nm in the Myc3553-437 

spectrum also increases.  Concomitant with the increase in the ratio of 222 nm to 208 nm is a 

redshift of the minimum at 208 nm. Deconvolution of the spectra using CDNN suggests that by 

comparison to Myc353-437 at acidic pH in PBS the samples at higher pH appear to have slightly 

less random coil character and slightly more anti-parallel β-sheet character while maintaining a 

similar amount of helicity.   

The data in Figure 2.19 C and D demonstrate a similar trend to the source data for Figure 

2.19 A, specifically increasing scattering intensity with increasing pH.  As the pH increases, the 
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apparent fluorescence of the tyrosine seen in Figure 2.19 C increases dramatically, but the 

increase is very likely a function of increased scatter due to the formation of ~80 nm particles as 

observed by DLS.  The absorbance spectra in Figure 2.19 D also show evidence of Rayleigh 

scattering which leads to inflation of absorbance values.  Overall, the trend in Figure 2.19 is that 

as the sample pH increases, sample of Myc353-437 are more prone to aggregation into particles of 

~80 nm Rh upon sonication. As these particles accumulate at higher pH values (pH 7.2 in this 

case) they increase the Rayleigh scattering which presents as an apparent increase in tyrosine 

fluorescence.   

The overall conclusion from the time based sonication studies is that the act of sonicating 

samples containing Myc353-437 does not induce a structural change in the protein or aggregation.  

If that were the case, then there would be evidence of increasing scatter with sonication time for 

the samples of Myc353-437 in water at pH 3.4 and in PBS at pH 3.4. These samples do not exhibit 

significant changes in secondary structure with sonication as observed by CD, scattering 

intensity as observed by DLS, tyrosine fluorescence intensity as observed by fluorescence, or 

concentration as observed by absorbance.  Therefore, sonication does not universally induce 

aggregation of Myc353-437.  With regards to the conditions sampled in this study, however, there 

is evidence of changes in protein behavior relating to pH and the presence of PBS concurrent 

with sonication.  Considering the behavior of the protein at pH 3.4 in the presence and absence 

of PBS, it is evident that having PBS present impacts the secondary structures sampled by the 

protein.  The most likely explanation for why this occurs is that the presence of salt leads to 

charge screening, which in turn permits intermolecular, and perhaps also intramolecular, 

interactions that are otherwise unfavorable due to electrostatic repulsion.  In Figure 2.20, the 
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charge distributions for the sequence of Myc353-437 at pH 2.0, 6.0, and 7.4 are given.  At pH 2.0 

Myc353-437 has an overall positive net charge (+23).  At pH 6.0, the glutamic acid and aspartic 

acid residues are deprotonated, leading to a decrease in net charge to ~10.  Note that the pKa of 

histidine is 6.3, and as such histidine will be partially protonated at pH 6.0.  At pH 7.4 both 

histidines (emphasized by orange bars in Figure 2.20) are mostly deprotonated, resulting in a 

small drop in net charge to ~8.  The pKa values for the side chains of  the individual amino acids 

glutamic acid and aspartic acid are given as 4.25 and 3.65 respectively.
2
  In the literature there is 

evidence for changes in the side chain pKa of various amino acids in the context of folded 

proteins or polypeptides.
221-222

  These data suggest that as a glutamic acid or aspartic acid 

encounters a hydrophobic environment, the pKa value is elevated.  To date, we do not have 

evidence that suggests in our system that the pKa values of ionizable amino acid side chains are 

altered, so for this discussion we will presume that the ionizable side chains of Myc353-437 

samples studied here maintain standard pKa values.  Even with some shift in pKa, Myc353-437 is 

strongly positively charged at pH 3.6 and behaves as a polycation.  At this pH, the two aspartic 

acids in Myc353-437 would be ~50% protonated as it is their pKa value, so there would be some 

negative charge, but overall the protein is positively charged.  Therefore, the screening of charge 

by PBS likely reduces repulsion between positively charged residues, facilitating the formation 

of both intermolecular and intramolecular interactions.  At pH 6.6 and 7.4, the aspartic acids and 

glutamic acids are deprotonated, making Myc353-437 a polyampholyte.  Based on this information 

and the fact that as the pH increases, particles of ~80 nm radius begin to form, it seems likely 

that the intermolecular interactions between Myc353-437 are induced by screening of Myc353-437’s 

charge.  When Myc353-437’s overall charge is screened, it can either lead to aggregation induced 
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by hydrophobic interactions which are no longer repelled by sufficient electrostatics, or it may 

lead to aggregation via the interaction of complementary charged amino acid side chains.  It is 

not possible to tell which event occurs with the current data. 



105 

 

 

  

Figure 2.20: Charge distribution of the Myc353-437 sequence at pH values of interest.  For each ionizable side 

chain, the possible charge at a given pH is shown.  The histidine residues are presented as orange bars because these 

residues have pKa values (6.0) close to physiological pH. 
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2.3.3.3 Changes in Myc353-437 secondary structure are concentration dependent 

One way to determine if a behavior is intermolecular or intramolecular is to determine if 

it has concentration dependence.  While it seems likely based on the previous study that the 

change in secondary structure in Myc353-437 as observed by CD occurs concomitant with the 

formation of ~80 nm radius particles, it was necessary to determine if the change in CD was 

indeed an intermolecular phenomenon.  To do this, a concentration-dependent titration of 

Myc353-437 in PBS was conducted.  Each concentration in the titration was prepared individually 

and sonicated for 60 minutes prior to measure (c.f. 2.5.8 page 199). At 10 µM, the spectrum of 

Myc353-437 in 1xPBS pH 7.4 is comparable to that of Myc353-437 in 1xPBS at pH 3.4 (Figure 2.21 

A).  As the concentration is increased, a change in the CD spectrum of Myc353-437 becomes 

apparent (Figure 2.21 B).  The CD signal attenuates at 205 nm as the concentration increases, but 

remains constant at 215 nm and above.  Subjecting these spectra to deconvolution produces 

similar results to those seen in Table 2.2.  The attenuation at 205 nm appears to track with a 

decrease in the random coil content of Myc353-437 and an increase in the amount of anti-parallel β-

sheet sampled as suggested by deconvolution.  A sample of Myc353-437 at 50 µM in 1xPBS pH 

7.4 was allowed to sit for 3 hours following sonication and precipitation was observed. This 

suggested that the species observed during these experiments may be on path to precipitation and 

could provide insight into the driving force for Myc’s aggregation behavior.   
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Figure 2.21: Concentration-dependent CD behavior of Myc353-437.  In 1xPBS pH 7.4, the CD spectrum of Myc 

exhibits attenuation at ~205 nm with changing concentration, suggesting a change in secondary structure propensity. 

(A) Comparison of Myc353-437 at 10 µM in 1xPBS at pH 7.4 to 50 µM Myc353-437 at pH 3.4 in 1xPBS.  (B) A 

concentration based titration of Myc353-437 in 1xPBS at pH 7.4.  The points of this titration were prepared 

individually and the pH experimentally verified using a pH probe. 

  

There are several well-known IDPs whose pathology occurs when the protein forms β-

aggregates.
223-228

  For example, the protein α-synuclein has been shown to form amyloid fibrils 

which exhibit cross-β structure.  These fibrils are major contributors to the plaques formed in 

Parkinson’s disease.  One of the hallmarks of these α-synuclein amyloid fibrils is that they form 

irreversibly.  A coarse-grained molecular dynamics simulation of the α-synuclein monomer 

indicated that the IDP samples conformations that contain transient β-hairpins.
229

  In fact, they 

showed that two mutations in α-synuclein’s sequence which correlate with development of 

Parkinson’s disease (A30P and A53T) resulted in more frequent formation of these transient β-

hairpins.  The authors postulated that the formation of β-hairpins acts as a pathway to the 

formation of α-synuclein aggregates preceding the formation of amyloid fibrils. 
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In another recent article Steven McKnight and colleagues demonstrated that in protein 

liquid-liquid phase separations of the disordered regions of hnRNPA2 the dominant structural 

feature formed was cross-β sheets.
79

 It is important to note that the formation of liquid-liquid 

phase separations is a reversible process, unlike the formation of amyloid fibrils.  In their 2015 

paper Mittag and colleagues showed that the phase separation of hnRNPA1 was linked to the 

eventual formation of amyloid fibrils and that the formation of such fibrils was accelerated for 

the phase-separated protein.
83

  Observation of β-structure in these two different phenomena 

prompted us to consider the possibility that Myc353-437 could be on path to phase separation or on 

path to aggregation at 50 µM in 1xPBS at pH 7.4 where larger particles are observed by DLS.  

Phase separations are often condition dependent and sensitive to small changes in pH, ionic 

strength and temperature.
84

  Therefore, the precipitation observed for samples of 50 µM in 

1xPBS at pH 7.4 could be indicative of being on the cusp of conditions necessary for phase 

separation.  Alternatively, those observations could be indicative of the formation of amyloid or 

amorphous aggregates.  Veselin Dobrev observed that at concentrations necessary for NMR (> 

50 µM), Myc353-437 in PBS at pH 7.4 experienced line broadening followed by eventual 

precipitation (unpublished work).  Line broadening seen in NMR studies can be attributed to 

phase separation.
84

 It can also be attributed to the formation of aggregates.  While this 

information does not clearly point to one possibility versus the other, it is another indicator that 

one or both of these behaviors is occurring. 

2.3.3.4  Thermal denaturation of Myc353-437 

 Up to this point, the ~80 nm species formed by Myc353-437 has been referred to as an 

aggregate.  It is important to clarify what is meant by aggregate here, as the term can refer to 
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species ranging from dimers to large clumps of amorphous precipitated protein.  In the case of 

Myc353-437, the aggregate species presents as a soluble state, meaning that the larger protein 

species does not precipitate from solution upon centrifugation (13,000 rpm for 10 minutes).  This 

is consistent with liquid-liquid phase-separated species but more evidence is needed to confirm 

that Myc353-437 is actually phase separating.    In order to assess the stability of the aggregates 

formed by Myc353-437 and to learn about their thermodynamic behavior, melts were conducted 

and followed by CD.  Melting in this context refers to the process of dissociating or unfolding a 

species using an increase in temperature. CD melts have been used extensively to determine the 

stability of folded proteins and to assess the stability of protein-protein interactions.  Greenfield 

describes the theoretical background needed to obtain thermodynamic information using CD.
230

   

In brief, if we define the equilibrium of the folded (F) and unfolded (U) states as in Equation 2.9, 

then the fraction of protein folded at a given temperature (α) is Equation 2.10.
230

  

 7 = [�][:] (2.9) 

  

; = [�][�] + [:] 
 

(2.10) 

 

The relationship between the dissociation constant (K) and Gibbs free energy (∆G) is given in 

Equation 2.11, where R is the gas constant in units of calories/mole and T is the temperature in 

Kelvin.
230

  

 ∆= = −��>�(7) (2.11) 
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The Gibbs free energy can be used to define the energy of folding.  In order to fit a CD melt 

curve, the expression for the fraction of protein folded at a given temperature (Equation 2.10) 

must be expressed in terms of changes in ellipticity (θ) as a function of temperature.
230

 

 ; = �? − �@�A − �@ (2.12) 

 

In Equation 2.12, θt is the ellipticity at a given temperature, θU is the ellipticity when the protein 

is completely unfolded and θF is the ellipticity of the completely folded protein.  This information 

sets the ground work for applying the Gibbs-Helmholtz equation, which describes the change in 

Gibbs free energy of a system as a function of temperature.
230

 

 ∆= = ∆B ,1 − ��C - − ∆DE F(�C − �) + �>� , ��C-G (2.13) 

 

In Equation 2.13, ∆H is the enthalpy and ∆Cp is the change in heat capacity between the folded 

and unfolded states of the protein.  The melting temperature (TM) is the temperature at which the 

fraction of protein folded is equal to 0.5.
230

   

The above equations provide the background for fitting the thermal transition of a folded 

protein monomer to an unfolded protein monomer, but in this work we are observing a behavior 

that may be intermolecular.  Furthermore, the presence of aggregates in some samples suggests 

that we may not be detecting all the protein by CD and therefore the values obtained could be 

skewed.  While there are equations for fitting a melt for a transition from oligomer to monomer, 

they do not account for loss of signal due to protein aggregation.   There also may not be a 

cooperative transition in the melts as seen with folded proteins.  In addition, protein aggregation 



111 

 

 

can affect the reversibility of the melting curve.  If the CD melting curve is not reversible (i.e. 

the spectral data after heating and subsequent cooling are not consistent with the original spectral 

data) then the thermodynamic values obtained from fitting the melt are not robust.  In such an 

instance, the apparent TM can still be used to estimate relatively stability of the protein species 

formed.   Therefore, the relationship describing the unfolding of a monomer will be used here to 

determine only the TM of the samples and that value will be used as a metric to qualitatively 

compare the relative stability of Myc353-437 states observed.    

 

Figure 2.22: CD melt of 50 µM Myc353-437 in 1xPBS at pH 3.5.  (A) Full CD spectra at different temperatures 

during the melt.  The 25C Rec spectrum is the recovery of the sample to 25°C after being heated to 80°C.  (B) The 

change in MRE at 222 nm as a function of temperature. 

 

As a starting point, the thermal stability of 50 µM Myc353-437 in 1xPBS at pH 3.5 was 

assessed (Figure 2.22; c.f. 2.5.9 page 200).  In the previous study of protein behavior with 

increasing sonication time, 50 µM Myc353-437 was stable and disaggregated under these 

conditions.   The full CD spectra of 50 µM Myc353-437 in 1xPBS at pH 3.5 with increasing 



112 

 

 

temperature are given in Figure 2.22 A and the change in the MRE at 222 nm is given in Figure 

2.22 B.  In Figure 2.22 A there is both a change in the intensity of the spectra and in the shape of 

the spectra as the temperature increases.  An important question when analyzing the change in a 

protein’s behavior with temperature is that of thermal reversibility.  The 25C Rec trace (red 

triangles) is the spectrum of the sample after reaching 80°C and then returning and equilibrating 

to 25°C.  The 25C Rec spectrum overlays perfectly with the 25C spectrum (purple solid line) 

supporting the conclusion that the changes observed with temperature for this sample are 

reversible. This is consistent with earlier data, where it was observed that Myc353-437 at low pH 

did not form aggregates at room temperature.  The TM of the melt in Figure 2.22 B is 29.1±0.7°C 

when fit to the model described by equations 2.10, 2.12, and 2.13.
230

   

 

Figure 2.23: CD melt of 50 µM Myc in 1xPBS at pH 6.0.  (A) Full CD spectra at different temperatures during the 

melt.  The 4CRec spectrum is the recovery of the sample to 4°C after being heated to 80°C.  (B) The change in MRE 

at 222 nm as a function of temperature. 
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In Figure 2.23 A, the CD spectrum of 50 µM Myc353-437 in 1xPBS at pH 6 is shown at 

different temperatures (c.f. 2.5.9 page 200).  As the temperature increases, there is pronounced 

attenuation at 222 nm, but not at 208 nm until after 40°C.  Above 40°C, the rate of attenuation 

for the minimum at 208 nm occurs more quickly than the attenuation at 222 nm, and the values 

are nearly equal at 80°C.  As with the sample of Myc353-437 in 1xPBS at pH 3.5, the changes 

induced by increasing temperature are reversible upon cooling.  In Figure 2.23 B, the change in 

CD at 222 nm is shown.  The TM for these data is 3.5 ± 10.2 °C.  Note that the curve in Figure 

2.23 B does not have a discernable baseline for the low temperature end of the melt, which is 

why the error in the fit is so high.  In the full spectra, there is a transition near 40°C where the 

spectrum starts to attenuate at 205 nm as well as at 222 nm.  This suggests that there may be two 

or more states experienced by the protein during the transition of the melt.  

 

 

Figure 2.24: CD melt of 50 µM Myc353-437 in 1xPBS at pH 7.4. (A) Full CD spectra at different temperatures 

during the melt.  The 4CRec spectrum is the recovery of the sample to 4°C after being heated to 80°C.  (B) The 

change in MRE at 222 nm as a function of temperature. 
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In Figure 2.24 A the CD spectrum of 50 µM Myc353-437 at pH 7.4 in 1xPBS at different 

temperatures is shown (c.f. 2.5.9 page 200).  Unlike the earlier melts, this sample does not show 

reversibility.  The spectrum after recovery to 4°C shows continued attenuation at 208 nm, but 

some recovery at 222 nm.  Interestingly, the change in MRE with respect to temperature shown 

in Figure 2.24 B indicates a transition in the curve near 40°C, which is similar to the behavior 

observed with 50 µM Myc353-437 in 1xPBS at pH 6.6.  The two events may be connected and the 

behavior leading to this transition in the melting curve may be more pronounced at higher pH in 

1xPBS.  Indeed, Figure 2.25 is a picture of a 50 µM Myc353-437 sample in 1xPBS pH 7.4 after 

reaching 80°C but before equilibrating back to 4°C.  In that photo, there is evidence of 

localization of Myc353-437 into speckles.  While these could be precipitated protein, they may also 

be large, phase-separated droplets.   The formation of these white speckles was reversible with 

addition of HCl to lower the pH.   
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Figure 2.25: Sample of 50 µM Myc353-437 in 1xPBS at pH 7.4 after reaching 80°C but before cooling to 4°C. 

 

 

Figure 2.26: Melt of 50 µM Myc353-437 in water at pH 7.5. (A) Full CD spectra at different temperatures during the 

melt.  The 4C R spectrum is the recovery of the sample to 4°C after being heated to 80°C.  (B) The change in MRE 

at 222 nm as a function of temperature. 
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 After observing that the transition in the thermal stability of Myc353-437 in PBS was pH 

dependent, the behavior of Myc353-437 in water at elevated pH was tested in order to determine if 

the behavior was simply a function of pH or if it was due to a combination of elevated pH and 

buffer conditions. In Figure 2.26 A the full CD spectra of Myc353-437 in water at pH 7.5 with 

increasing temperature are shown (c.f. 2.5.9 page 200).  As the temperature increased from 4°C 

to 37°C there was also a dramatic increase in the MRE at 222 nm.  After 37°C, the rate of 

increase in the MRE at 222 nm slowed.  The MRE at 208 nm increased gradually over the course 

of the melt.   Unlike the melt of Myc353-437 in 1xPBS at pH 7.4, the melt of Myc353-437 in water at 

pH 7.5 was reversible.  This suggests that the irreversible nature of the pH 7.4 PBS sample could 

be driven by the presence of PBS in conjunction with near neutral pH.     The melting curve in 

Figure 2.26 B has a TM of 23.3 ± 0.5°C.     

 

Figure 2.27: CD melt of 50 µM Myc353-437 in 1xSalt (137 mM NaCl, 2.4 mM KCl) at pH 7.1.  (A) Full CD 

spectra at different temperatures during the melt.  The 4C rec spectrum is the recovery of the sample to 4°C after 

being heated to 80°C.  (B) The change in MRE at 222 nm as a function of temperature. 
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 Having determined that the aggregation of Myc353-437 was not simply a function of pH, 

the next logical step was to determine whether the behavior was a function of the buffer chosen 

(phosphate), the ionic strength of the solution, or a combination of the two at physiological pH. 

In Figure 2.27 A, the CD spectrum of 50 µM Myc353-437 in 1xSalt (137 mM NaCl, 2.4 mM KCl) 

at pH 7.1 is shown at increasing temperatures; 1xSalt contains the non-phosphate associated salt 

components equivalent to 1xPBS (c.f. 2.5.9 page 200).  As with previous samples, the pH here 

was adjusted using NaOH and the final value was determined using a pH probe.  At 4°C, the CD 

spectrum of Myc353-437 in 1xSalt had nearly equivalent signals at 208 nm and 222 nm.  As the 

temperature increased the MRE at 222 nm also increased substantially while the MRE at 208 nm 

increased more slowly.  Above 37°C, this trend is reversed, with the MRE at 222 nm increasing 

slowly while the MRE at 208 nm increased more dramatically.  The TM for of 50 µM Myc353-437 

in 1xSalt (Figure 2.27 B) is 7.0 ± 7.6°C.  Similar to the sample of 50 µM Myc353-437 in 1xPBS at 

pH 7.4, there is a transition in the melt near 40°C.  The irreversibility of 50 µM Myc353-437 in 

1xSalt at pH 7.1 suggests that the protein is aggregating under these conditions, which in turn 

suggests that ionic strength of the solution in conjunction with the pH may be a key factor in the 

aggregation of Myc353-437. 
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Figure 2.28: Melt of 50 µM Myc353-437 in 1xPhosphate at pH 7.0.  (A) Full CD spectra at different temperatures 

during the melt.  The 4C rec spectrum is the recovery of the sample to 4°C after being heated to 80°C.  (B) The 

change in MRE at 222 nm as a function of temperature. 

  

Having identified that 1xSalt contributed to the aggregation behavior of Myc353-437, the 

next step was to test 1xPhosphate (4.3 mM Na2HPO4, 1.4 mM KH2PO4), which contains just the 

sodium and potassium phosphate components of 1xPBS (c.f. 2.5.9 page 200). In Figure 2.28 A, 

the CD spectra of 50 µM Myc353-437 in 1xPhosphate at pH 7.0 as a function of temperature are 

shown; the pH of this sample was confirmed using a pH probe.  As in previous melts, the MRE 

at 222 nm attenuates dramatically from 4°C to 37°C while the MRE at 208 nm changes little.  

Above 37°C, there is dramatic attenuation in the MRE at 208 nm, but not the 222 nm.  The melt 

of 50 µM Myc353-437 in 1xPhosphate at pH 7.0 is not completely reversible, but unlike the 1xSalt 

and PBS pH 7.4 samples the curve maintains a shape similar to that at the start of the melt, but 

with the signal attenuated.  This suggests loss of protein during the melt, and indeed there was 

precipitation observed following the melt.  Unlike the sample in Figure 2.25, there was no 
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ambiguity about the precipitation of the protein in this case.  The precipitate went back into 

solution upon acidification with HCl, suggesting the process leading to precipitation is pH 

dependent and reversible.  In Figure 2.28 B, the change in MRE at 222 nm as a function of 

temperature for 50 µM Myc in 1xPhosphate at pH 7.0 is shown.  These data have a TM of 25.4 ± 

0.6 °C. 

 

Figure 2.29: CD melts of 50 µM Myc353-437 under various conditions. (A) Change in the MRE at 222 nm as a 

function of temperature. (B) Summary of the conditions observed, the melting temperature (TM) derived from fitting 

the data, and the reversibility of the melts.  

  

In Figure 2.29 the melts of 50 µM Myc353-437 are overlaid (A) and a table summarizing 

the TM and reversibility of the melt is provided (B).  All of the curves in Figure 2.29 A present 

with an inflection near 40°C.  If not for differences in amplitude, the melting curves for Myc353-

437 in 1xPBS at pH 6.6, in 1xPBS at 7.4, and in 1xSalt at pH 7.0 would overlay almost 

completely, suggesting that these samples are behaving similarly.  Indeed, if the curves for those 

samples are normalized for intensity, then they do overlay almost perfectly (Figure 2.30).  To 
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normalize the curves in Figure 2.30, the lowest value of the curve (most negative) was divided 

by each subsequent value in the curve and then 1 was subtracted.  This preserved the slope of the 

data as a function of percentage change over temperature while accounting for initial differences 

in MRE that could be due to aggregation.  Melts of 50 µM Myc353-437 in 1xPhosphate at pH 7.0, 

1xPBS at pH 3.5, and water at pH 7.5 cluster together when normalized as well.  The clustering 

of Myc samples under different conditions suggest that there is a common phenomenon 

occurring under certain conditions.  When Myc353-437 is close to physiological pH and in an 

environment with sufficient ionic strength (~140 mM salt concentration), the protein behaves 

differently than at similar ionic strength and acidic pH or in water or just phosphate buffer at 

physiological pH in the absence of sufficient ionic strength.  These data suggest that a 

combination of ionic strength and appropriate pH are needed for Myc353-437 to self-associate.  

Under conditions of sufficient pH and ionic strength Myc353-437 self-association leads to 

thermally induced aggregation, as evidenced by the irreversibility of the 1xPBS at pH 6.6, the 

1xPBS at 7.4, and the 1xSalt at pH 7.0 samples.  This aggregation is not reversed upon cooling, 

though does appear to be reversible by decreasing the pH.   The outlier in this is the 1xPhosphate 

at pH 7.0.  At room temperature this sample does not display a CD spectrum consistent with 

those samples which undergo thermally induced aggregation.  Upon heating, however, the CD 

spectrum changes dramatically and there is a shift towards characteristics of aggregated Myc353-

437 samples, such as lack of recovery upon cooling.  It is possible that the ionic strength 

contributed by phosphate alone is enough to drive aggregation of Myc353-437, but only at high 

temperatures where the activity of the water changes.  Once the Myc353-437 aggregates at these 
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high temperatures, the behavior is irreversible, which is why the CD spectrum is irreversible 

upon cooling. 

 

Figure 2.30: Normalized CD melts of 50 µM Myc353-437 under various conditions.  Curves were normalized to 

the most negative MRE value in their respective spectrum so that the profiles of the curves could be analyzed 

against one another.  

  

To better characterize the dependence of Myc’s aggregation propensity on pH and on the 

presence of phosphate, samples were prepared in the pH range 4.5-7.5 with phosphate buffer, 

MOPSO, or bis-tris (c.f. 2.5.10 page 200).  Structures of these buffers are available in Figure 

2.31.  The salt concentration was kept constant in these samples at 1xSalt which is analogous to 

the salt concentration in 1xPBS.  The buffers MOPSO and bis-tris were selected because they 

provided viable buffering capacity in the region of interest and because of their structures.  
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MOPSO contains a sulfonic acid, which is structurally similar to phosphate while bis-tris 

contains an amine and hydroxyl groups which are structurally dissimilar to phosphate.    

 

Figure 2.31: Tracking the aggregation behavior of Myc353-437 at different pH values in phosphate, MOPSO, 

and Bis-Tris.  Samples contained 50 µM Myc353-437, 5.7 mM of the indicated buffer, 137 mM NaCl and 2.7 mM 

KCl.  All pH values were experimentally verified using a pH probe.  Error bars represent standard deviation of five 

trials.    

 

 In Figure 2.31, the pH dependence of Myc353-437 aggregate size when using phosphate, 

MOPSO, or bis-tris as the buffer is shown.  These samples were sonicated for 60 minutes prior to 

measure.  There is consistency in the aggregate size of these samples in that the aggregate size 

does not exceed an Rh =200 nm, and in most instances the aggregate size is less than 100 nm.  

Unfortunately there was not a clear correlation between pH and the size of the aggregates formed 

nor was there a correlation with the buffer used.  This confirmed that the driving force for 

aggregation under these conditions was likely related to the ionic strength of the solution and not 

the specific buffer selected.  Of equal interest to the experimentally determined Rh values was the 

profile of the scattering intensity with pH (Figure 2.32).  As the pH increases for samples of 50 

µM Myc353-437 containing MOPSO, phosphate, or bis-tris the overall scattering intensity of the 

sample also increases.  For MOPSO and bis-tris, this effect was less pronounced than with 
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phosphate as the buffer.  It should be noted that in the pH range tested, phosphate undergoes a 

transition from mono basic to dibasic, which changes its charged state and also its contribution to 

the ionic strength of the solution.  This suggests that phosphate, while not the driving force for 

the aggregation of Myc353-437, may exacerbate aggregation under conditions which already 

facilitate aggregation.  This is consistent with what was observed for the melt of 50 µM Myc353-

437 in 1xPhosphate at pH 7.0 discussed earlier.   It should be reiterated that while the overall 

scattering intensity of the sample can suggest the presence of more aggregates, it can only be 

used as a qualitative metric and is not quantitative. 

 

Figure 2.32: Scattering intensity versus pH of 50 µM Myc353-437 in different buffers.  Samples contained 50 µM 

Myc353-437, 5.7 mM of the indicated buffer, 137 mM NaCl and 2.7 mM KCl.  All pH values were experimentally 

verified using a pH probe.   Error represents the standard deviation of five trials. 

  

Overall, the results of the sonication study, CD melts, and DLS study of aggregation 

propensity suggested that samples of Myc353-437 at near physiological pH and salt concentrations 
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were prone to aggregation.  The concentration-dependent change in Myc353-437 CD seen in Figure 

2.21 suggests that aggregation occurs at concentrations above 10 µM. From these measurements 

it was decided that a more precise method of tracking the aggregation behavior of Myc353-437 was 

required and that it would be beneficial if that method allowed direct observation of monomer 

species and for analysis of Myc353-437 samples at lower concentrations.  Therefore, fluorescent 

labeling of Myc353-437 was pursued to facilitate access to lower Myc353-437 concentrations using 

FCS and Förster resonance energy transfer (FRET) measurements. 
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2.3.4  Studying Myc353-437 using FCS and steady-state fluorescence of conjugated Alexa dyes 

Following the results obtained by DLS and CD, Myc353-437 was labeled with the 

fluorescent probes Alexa Flour 488 (Alexa488) and Alexa Flour 594 (Alexa594) in order to 

characterize protein self-association using a combination of FCS and FRET (Figure 2.33 A).  If 

the protein forms an aggregate it should be possible to observe FRET between constructs labeled 

with dissimilar dyes when they are mixed.  Energy transfer between one construct labeled with 

Alexa488 and another construct labeled with Alexa594 could indicate that the labeled regions are 

in contact during aggregation, bringing the FRET pair into close proximity to one another.  For 

FCS studies, the use of Alexa488 instead of fluorescein is advantageous because Alexa488 is 

resistant to photobleaching and changes in fluorescence intensity with pH. Alexa488 also has 

improved water solubility.  
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Figure 2.33: Modification of Myc353-437 for fluorescence labeling. (A) The C5 maleimide derivatives of Alexa 

Fluor 488 and Alexa Fluor 594 were used to labeled cysteine containing Myc353-437 constructs. (B) Cartoon of 

Myc353-437 labeled at the N terminus.  In the text this construct would be called A488-N-Term. (C) Cysteine residues 

were individually mutated into the N-terminus, C-terminus and in place of A390 in the loop region of Myc353-437.  

 

In order to label the protein, cysteine mutants were engineered individually into Myc353-

437 at the N-terminus, C-terminus, and in the loop region as the mutation A390C to generate 3 

distinct constructs (Figure 2.33 C). The cysteine side chain contains a nucleophilic sulfur, which 

reacts selectively with maleimide.  Myc353-437 cysteine mutants were labeled with C5 maleimide 

Alexa488 or Alexa594 according to the manufactures protocol (Molecular Probes; c.f. 2.5.6 , 

page 195) .  Following the reaction, the labeled proteins were extensively dialyzed and then 

further purified using reverse phase HPLC.  By reverse phase HPLC using a water/acetonitrile 
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gradient, the free dye and labeled protein differ in retention time by ~15 minutes, which allows 

for complete separation.  Labeled and unlabeled protein do not have sufficiently different 

retention times for separation under the conditions used.  Labeled constructs were characterized 

by ESI-MS to confirm labeling (c.f. 2.5.1.1 page 180).  In Figure 2.34 the ESI- MS spectra for 

the Alexa488 Myc353-437 constructs are shown.  For each spectrum, the expected molecular mass 

of the labeled construct at a given charge is provided alongside the value observed in the 

spectrum that coincides with that species.  For the remainder of this chapter Myc mutants labeled 

with Alexa488 will be referred to as A488-Position (i.e. A488-N-Term) and those labeled with 

Alexa594 will be referred to as A594-Position (i.e. A594-N-Term) (Figure 2.33 B).  The degree 

of labeling was determined using the concentration of fluorophore calculated from the 

absorbance of fluorophore in labeled protein samples and the concentration of protein 

determined using a bicinchoninic acid assay (BCA) (c.f. 2.5.6 page 195).  Overall, the degree of 

labeling for samples was high (~75%) for Myc353-437 constructs. 
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Figure 2.34 (previous page): ESI-MS spectra of Alexa488 labeled constructs.  Alongside each ESI-MS spectrum 

is a table with the expected molecular mass of the construct for a given charge state and the corresponding observed 

peak. 

  

2.3.4.1 Myc353-437 quenches conjugated Alexa dyes 

To begin probing the behavior of Myc353-437, first samples of the labeled constructs at 20 

nM fluorescent probe concentration were assessed by steady-state fluorescence.  In Figure 2.35, 

fluorescence spectra of equivalent concentrations of Alexa488 and Alexa594 labeled Myc353-437 

conjugates are shown (c.f. 2.5.11 page 201). These data are normalized to the intensity of the 

free Alexa dye at equivalent concentration, and comparison to this intensity was used as a metric 

to quantify the fluorescence intensity of the Myc353-437 conjugates. In Figure 2.35 A, A488-N-

Term, A488-Loop and A488-C-Term all have fluorescence intensity that is dramatically reduced 

compared to that of the free Alexa488.  A similar trend is seen in Figure 2.35 B for the Alexa594 

labeled constructs.  When expressed in terms of quenching, these spectra show that Alexa488 

and Alexa594 are more than 95% quenched upon conjugation to Myc353-437.  In Figure 2.35 C, a 

control is presented where 20 nM Alexa488 was combined with 10 µM unlabeled, WT Myc353-437 

(500 fold excess).  In the presence of unlabeled, WT Myc353-437 Alexa488 does not experience 

quenching, supporting the conclusion that conjugation to Myc353-437 is required in order to 

quench the Alexa dye and that the quenching observed is neither a function of a specific 

interaction between Alexa488 and Myc353-437 nor a function of an exogenous quenching 

component within the protein sample.    
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Figure 2.35: Alexa488 and Alexa594 undergo extreme quenching upon conjugation to Myc353-437.  In panels A 

and B, normalized emission scans of the conjugated Myc constructs are overlaid with the emission of their 

respective dye.    Spectra were collected at 20 nM fluorophore concentration in 1XPBS, 1 mM DTT, and 1 mM 

EDTA at pH 7.4.  In panel C, 20 nM free Alexa488 alone and in the presence of 10 µM Myc353-437 are overlaid to 

demonstrate that the fluorescence quenching observed upon conjugation is the not the result of an affinity of the dye 

for Myc353-437. 

  

The quenching of both Alexa488 and Alexa594 occurred independent of where the dye 

was conjugated to the protein.  From this information, it was inferred that the labeling sites could 

contact the same quencher and therefore the protein was likely in a compact state.  An 

unfortunate side effect of this extreme quenching was that it obfuscated energy transfer data, 

making it impossible to perform reliable FRET measurements.  

2.3.4.2  FCS of Myc353-437 with quenched Alexa488 suggests an unrealistic protein size 

Although Alexa488 was greatly quenched when conjugated to the Myc bHLHZip domain 

there was still enough residual fluorescence to obtain FCS measurements of the labeled proteins.  

The ability to obtain FCS data is independent of the overall fluorescence intensity and depends 

on the fluctuation of the fluorescence over time in and out of the laser focal spot during the 

measurement.  Before discussing the specific results, it is useful to discuss the expected 
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hydrodynamic radius values for Myc353-437.  In the field of IDPs, extensive work has been 

performed in order to develop a mathematical description for the expected sizes of IDPs.  Using 

data mined from the literature, Uversky developed a series of equations that describe the 

relationship between the apparent molecular density of proteins and their molecular mass.
5
  The 

apparent molecular density (ρ) is described by Equation 2.14 where M is the molecular mass.
231

 

 H = I(4�� J 3⁄ ) (2.14) 

Trends were observed dependent on the classification of the protein as native, molten globule 

(MG), pre-molten globule (PMG), unfolded in urea (UU), unfolded in guanidinium chloride 

(UGD), intrinsically disordered coil like (IDC), or intrinsically disordered PMG like (IDPMG).  The 

native protein state is the compact, folded form of the protein.  MG describes a partially unfolded 

state of a native protein and a PMG describes a partially folded state of an unfolded protein.  

Native proteins that are unfolded behave differently than those proteins that are natively 

intrinsically disordered.   The denaturant used to unfold a native protein can have an impact on 

the dimensions of the protein.  Unlike urea, guanidinium chloride has high ionic strength, which 

leads to charge screening that impacts protein dimensions.  If the equations developed by 

Uversky are applied to Myc353-437, the hydrodynamic radius values in Table 2.3 are obtained. 
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Table 2.3: Predicted sizes (Rh) for Myc353-437.  Based on relationships developed by Uversky.
5
  The molecular 

mass of Myc353-437 used is 10403.98 for the unlabeled construct.  For the labeled construct, the value used was the 

MW of A488-N-Term, 11199.5.  The results did not differ significantly for the A488-Loop and A488-C-Term 

constructs. 

State Unlabeled (nm)  Labeled (nm)  
Native 1.7 1.7 

MG 1.9 2.0 

PMG 2.3 2.4 

UU 2.8 2.9 

UGD 2.9 3.0 

IDC 2.7 2.8 

IDPMG 2.4 2.5 

 

 

Although the equations efficiently describe the values taken from the literature by 

Uversky, there was concern that such a general description of IDP size based solely on molecular 

mass could not accurately describe the structural variability in IDPs.  Forman-Kay and Marsh 

developed an equation for determining the expected size of an IDP based on the number of 

amino acids in the protein, the absolute value of the net charge, and the fraction of prolines 

present.
232

  They found in their work, which surveyed experimental data of 32 different IDPs, 

that the number of prolines and the net charge had a significant impact on the compaction of an 

IDP.  Using the relationship they developed, the predicted radius of hydration for Myc353-437 is 

2.3 nm.  In this work, the experimentally determined values for the size of Myc353-437 are 

compared to those generated by the relationship developed by Forman-Kay and Marsh as their 

equation better considers the diversity of IDPs (Equation 2.15). 

 � = M+NEOP + QR(D|T| + �)U *V�'WX (2.15) 

In Equation 2.15, the values A, B, C, D, V, and R0 are constants determined from best fit 

parameters using a sample set of 32 proteins by Forman-Kay and Marsh in their work.
232

  The 
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values from the best fit for IDPs were A=1.24, B=0.904, C=0.00759, D=0.963, R0=2.49 and 

V=0.509.
232

  It should be noted that the values V and R0 that they obtained were in good 

agreement with experimentally determined values by other groups and that these parameters are 

used to describe the radius of denatured, folded, and intrinsically disordered proteins though the 

constants differ for each class of protein. The values Ppro, Q, and N are the fractions of prolines 

in the sequence, net charge of the protein, and length of the protein respectively.  The term Shis 

accounts for electrostatic effects of hexahistidine tags commonly used in the purification of 

proteins.  If this is not cleaved, it can dramatically impact the size of the protein.  During the 

preparation of Myc353-437 constructs, the hexahistidine tag is cleaved.  Therefore the term Shis is 

given a value of 1 because no hexahistidine tag is present in the Myc353-437 construct used here. 

 In Figure 2.36, the correlation curves for FCS measurements of the Alexa488 labeled 

samples are presented (c.f. 2.5.11 page 201).  Due to the type of laser used for FCS in the Van 

Keuren Laboratory where measurements were conducted, only the Alexa488 constructs could be 

measured.  The correlation curves of the Alexa488 labeled Myc353-437 constructs in Figure 2.36 

overlay perfectly.  The correlation curve of the free Alexa dye has slightly greater amplitude.  

The table in Figure 2.36 contains the values for the diffusion time (τ) of each sample after fitting 

to a model accounting for the effects of the triplet state and a single species diffusing in two 

dimensions.  The triplet values obtained for the fits were approximately 3 µs, which is within the 

accepted value for the triplet lifetime for Alexa488.  The diffusion times were converted into 

diffusion using Equation 2.7 and then the hydrodynamic radius values were obtained from 

Equation 2.5.  The value of w0 in Equation 2.7 was determined using the diffusion time of free 

Alexa488, as the diffusion value of Alexa488 under these conditions has been reported in the 
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literature.
233

  The diffusion value for Alexa488 was independently confirmed using a 

nanoparticle standard.  The Alexa488 labeled Myc353-437 constructs appeared to diffuse at a rate 

that was similar to the free Alexa488 dye. When the diffusion times were converted to Rh the 

values were much smaller than the 2.3 nm predicted for Myc353-437 by the work of Forman-Kay 

and Marsh.
232

    

 

Figure 2.36: Fluorescence correlation spectroscopy measurements of Myc353-437 constructs.  Samples of 20 nM 

protein or free Alexa488 were measured in 1xPBS pH 7.4.   

 

The significant discrepancy in the size of Myc353-437 between the values obtained 

experimentally and what would be expected for a compact IDP was cause for concern.  Even if 

the relationship described by Uversky was used and an assumption was made the Myc353-437 was 

folded into a native state, there was still a noticeable discrepancy between the ~1.3 nm radius 

observed and the 1.7 nm radius predicted.
6
  One possible explanation for such low values could 
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be the presence of trace amounts of free dye in the sample.  The most likely source for residual 

free dye would be from the original labeling reactions.  This explanation seemed unlikely 

though, as the protein was extensively dialyzed and then purified by reverse phase HPLC 

following labeling and no free dye was detectible by HPLC upon reinjection of labeled protein 

(c.f. 2.5.6 page 195).  Furthermore, if the correlation observed by FCS was the result of residual 

free dye, then we would expect that amplitude of the correlation curve for the labeled Myc353-437 

constructs to be greater than that of the 20 nM dye sample, as there is an inverse relationship 

between fluorophore concentration and the amplitude of the autocorrelation function (Figure 2.6 

B)    

Ruling out the possibility of free dye contamination, and considering the extreme 

quenching of the fluorophore prompted a search for an explanation that was rooted in the photo 

physical properties of the dye.  Although a survey of the literature did not turn up a direct 

instance where a quenched fluorophore provided anomalously fast diffusion readings by FCS, it  

did reveal a cautionary article from Mazouchi and colleagues.
234

  Their work warned against 

over interpretation of FCS data as a means to explain ‘sub-diffusion events’.  They indicated that 

the photo physical behavior of a dye conjugated to a protein could lead to changes in the short 

timescale behavior of FCS data and that this could be misinterpreted as changes in conformation.  

From this, it was concluded that quenching could be occurring on a short timescale and 

interfering with the intensity fluctuations during diffusion in and out of the FCS laser spot.  

Therefore, the diffusion times observed would be convoluted by this phenomenon resulting in 

artificially fast apparent diffusion values.    
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2.3.5  Quenching of Alexa488 by Myc353-437 can be localized to the N-Terminus 

The extreme quenching observed with Myc353-437 conjugates was striking for a 

commercially available dye that is extensively used and well known for its robust photophysical 

behavior.  In the literature, there are examples of Alexa dye quenching being exploited to 

monitor protein folding and aggregation.
235-239

  For example, Lindhoud and colleagues labeled 

apoflavodoxin with Alexa488 and found that upon folding, the conjugated Alexa488 was 

quenched approximately 50%.
236

  They indicated that the quenching of Alexa488 in the protein 

context of apoflavodoxin was driven by proximity to tryptophan residues.  Melo and colleagues 

labeled lysozyme with Alexa488 as a means of tracking the formation of amyloid-like fibers in 

the presence of anionic membranes.
239

  This work indicated that the thermal unfolding of 

lysozyme led to approximately 75% quenching of the conjugated Alexa488 when compared to 

the change in unconjugated Alexa488 fluorescence with temperature.  This was the most extreme 

quenching of Alexa488 in a protein context that I identified in the literature.  Furthermore, Melo 

and colleagues found that upon introduction of phospholipids to their samples (which induced 

the formation of the amyloid-like fibers they were interested in) the fluorescence of Alexa488 

was also quenched.  As in the work of Lindhoud, Melo and colleagues attributed the quenching 

of Alexa488 by thermally denatured lysozyme to interaction with native tryptophan residues in 

the protein, though Melo and colleagues did not perform explicit experiments to show this.  The 

quenching of Alexa488 labeled lysozyme in the presence of phospholipids was believed to be, in 

part, caused by the hydrophobic environment experienced by the protein when interfaced with 

the phospholipid membrane.   Investigations by Watt Webb and colleagues showed that high 

concentrations of the free amino acids tyrosine, tryptophan, histidine or methionine could be 
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responsible for quenching Alexa488 in solution.
240

 The quenching observed was greatest for 

tryptophan, which at a concentration of 45 mM quenched Alexa488 fluorescence intensity 65%.  

They demonstrated that the quenching observed occurs through a combination of static and 

dynamic mechanisms and that the mechanism of quenching was photo-induced electron transfer 

(PET).  In PET, upon excitation a charge-transfer complex is formed between an electron donor 

and an electron acceptor.
241

  When the complex returns to the ground state, the transferred 

electron is returned from the acceptor to the donor.  This can be done with or without the 

emission of a photon.  It should be noted that in PET either species can act as the acceptor or the 

donor; the fluorophore does not have to be the donor as is the case in FRET.  In fact, it is more 

common with PET mechanisms for the excited fluorophore to act as the acceptor and the 

directionality of the exchange is determined by the redox potential of the PET pair.  PET 

quenching mechanisms require contact between the donor and the acceptor.
241

  In addition to 

protein based examples, an example of extreme fluorescence quenching of Alexa dyes was 

demonstrated in the literature in the presence of Fe
3+

 and Cu
2+

.  This behavior was exploited to 

develop PEBBLE (Probe Encapsulated By Biologically Localized Embedding) nanosensors for 

detecting micromolar concentrations of these metals.
242-243

  Based on this information, I 

concluded that the potential sources for the quenching observed in my system could be PET 

between side chains on the residues of Myc353-437 or that it could be from the presence of trace 

amounts of iron or copper in the solution.   

 The question of metal contamination is more readily addressed than that of specific 

protein interactions leading to quenching.  If metal contamination was the source of the 

quenching, then the metal had to come in with the protein, as the free Alexa488 controls 
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fluoresced within expectations.  In the studies performed here (Figure 2.35, and subsequent 

studies in this chapter), the metal chelator EDTA was employed at a concentration of 1 mM.  

This was in significant excess of the 20 nM concentration of Alexa488-Myc353-437 constructs 

used.  While no direct detection method was used to determine if micromolar concentrations of 

iron or copper were present, the inclusion of EDTA here suggested that the quenching was 

unlikely to be the result of metal contamination.  Furthermore, as will be addressed in an 

upcoming section, the quenching of conjugated Alexa488 experiences a concentration 

dependence upon addition of unlabeled Myc353-437 which would preclude quenching of the dye 

by iron or another exogenous quencher. 

 Ruling out metal contamination as the source of Alexa488 quenching, the protein side 

chains were probed as potential quenchers for the conjugated Alexa488.  In the Myc353-437 

sequence, there are no tryptophans or methonines.  There are, however, two histidines at 

positions 359 and 429 as well as a tyrosine at position 402.  In the work of Webb and colleagues, 

histidine when free in solution at a 45 mM concentration only quenched Alexa488 25%.
240

  

Tyrosine has limited solubility, and as such they were only able to test up to 2 mM free tyrosine 

concentration.  Extrapolating from the trends observed at that concentration range, free tyrosine 

at 45 mM would quench Alexa488 about 25% as well.  In their article, Webb and colleagues note 

that they observed “strong” quenching of conjugated Alexa488 to a protein they were studying 

when it was conjugated just 3 residues away from a tyrosine.
240

  While they do not go into 

specifics or provide the data, this suggested that quenching by tyrosine could be observed in a 

protein context and could be more efficient than what they observed for free amino acids in 

solution.  
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To determine the origin of the quenching of Alexa488 by Myc353-437, a cleavage strategy 

was employed.  Fortuitously, there were two aspartic acids in the Myc353-437 sequence and 

cleavage C-terminal to these residues using formic acid digestion could produce three Myc 

peptides, each containing a single labeled site (Figure 2.37; c.f. 2.5.12 page 201).
244-245

  Cleavage 

reactions were analyzed by reverse phase HPLC to identify fragments; however the 

concentrations of labeled protein in cleavage reactions were too low for reasonable detection on 

our system.  As such, the changes seen for the cleaved protein mixture represent a lower limit as 

larger changes are possible if the cleavage was incomplete. Therefore, controls were conducted 

to ensure that the effects observed were from cleavage of the Myc353-437 and not another source. 

 

 

Figure 2.37: The fragments obtained by cleaving individually labeled Myc353-437 constructs using formic acid.  

Also shown is the peptide 365-379 with an N-terminal cysteine, which was labeled with Alexa488.   

  

Samples of cleaved, individually tagged Alexa488 protein constructs were assessed by 

fluorescence following formic acid cleavage (Figure 2.38).  In Figure 2.38 A, fluorescence 

spectra of the control samples, which were diluted into water and then heated alongside the 

samples of interest, are shown (c.f. 2.5.12 page 201).   All three Alexa488 constructs were still 

quenched by comparison to free Alexa488.  In Figure 2.38 B, the fluorescence spectra of Myc353-

437 Alexa488 constructs diluted into water containing 2% formic acid and then heated are shown.  
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The A488-N-Term construct remained quenched after exposure to 2% formic acid. However, the 

A488-Loop and A488-C-Term constructs recovered their fluorescence completely following 

exposure to 2% formic acid.  By comparison to Figure 2.38 A, there is a peak shift in the lambda 

max of the fluorescence spectra in Figure 2.38 B to longer wavelengths.  This effect is more 

extreme in the free Alexa488 dye, which shifts almost 10 nm, than in the Alexa488 constructs 

which only shift 3-4 nm.  This is a result of the acidic pH in the 2% formic acid samples.  

Although Alexa488 is not as pH sensitive as other fluorophores of similar makeup, it does still 

experience some pH dependent effects such as this peak shift.  The fact that the lambda max of 

the Alexa488 dyes conjugated to proteins does not shift in as dramatic a manner suggests that the 

conjugated fluorophore is in an environment influenced by the protein.  The fact that A488-C-

Term and A488-Loop completely recovered their fluorescence and the A488-N-Term sample did 

not following cleavage suggested that the residues responsible for quenching are localized to the 

N-terminus of Myc353-437.  By cleaving the individually labeled proteins, the Alexa488 label is 

isolated from different regions of the protein.  For example, when A488-C-Term is cleaved, the 

Alexa488 now encounters only the residues of A488-C-Term-Frag.  Note that when the 

Alexa488 is conjugated to the protein, it has an increased probability of encountering the 

residues of the protein it is conjugated to, akin to having a higher local concentration associated 

with the protein.  Therefore, when cleavage occurs, the Alexa488 still has a greater chance of 

encountering the residues of A488-C-Term-Frag because it is physically conjugated to that 

region whereas it no longer has the same probability of encountering the residues of N-Term-

Frag or Loop-Frag.  Therefore, if A488-C-Term is cleaved, and the Alexa488 is no longer 

quenched, then the residues responsible for quenching are unlikely to be located in the A488-C-
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Term-Frag region.  Applying that logic to the other two regions, A488-N-Term-Frag and A488-

Loop-Frag, we can deduce that the residues responsible for quenching are located in the region 

N-Term-Frag.  This also supports the conclusion that Myc353-437 samples predominantly compact 

conformations because the residues responsible for quenching are localized to the N-terminus, 

yet the Alexa488 labels in the loop region and the C-terminus are quenched in the intact protein. 

 

Figure 2.38: Fluorescence spectra of Myc353-437 Alexa488 constructs after cleavage with formic acid.  (A) 

Fluorescence spectra of 500 nM Alexa488 or indicated A488-Myc353-437 construct following microwaving in the 

absence of formic acid.  (B)  Fluorescence spectra of 500 nM Alexa488 or indicated A488-Myc353-437 construct 

following microwaving in the presence of 2% formic acid.   

 

Following fluorescence measurements, FCS measurements of the formic acid cleavage 

samples and controls were conducted.  For FCS measurements, dilutions of samples containing 

formic acid or those containing controls were made into 1xPBS to a final concentration of 20 nM 

(c.f. 2.5.12 page 201).  The pH of the samples was experimentally verified to be ~7.4 using a pH 
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probe.  FCS measurements of the control samples are shown in Figure 2.39 A.  The constructs 

have similar FCS profiles, though the A488-Loop sample shows some evidence of a larger 

diffusing species.  The inset table provides the diffusion time and the hydrodynamic radius 

values obtained from the data.  This information is consistent with earlier FCS measurements 

that indicate the size of the A488-Myc353-437 constructs obtained by FCS is too small to be a 

reliable value.   

  

 

Figure 2.39: FCS measurements of A488-Myc353-437 constructs following exposure to formic acid.  All spectra 

were collected in 1xPBS pH 7.4 at a concentration of 20 nM. 

  

In Figure 2.39 B, the FCS correlation curves for cleaved A488-Myc353-437 samples are 

shown.  There is a marked difference in the correlations curves before and after cleavage.  The 

amplitude of the A488-Loop sample is lower than that of the A488-N-Term and the A488-C-

Term samples, suggesting a greater density of fluorophores in the observation volume.  The 
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relative sizes obtained from fitting the FCS correlation curves are given in the inset table in 

Figure 2.39 B.  It should be noted that while the A488-Myc353-437 constructs before cleavage and 

the A488-N-Term fragment after cleavage best fit to a model accounting for triplet decay and a 

single diffusing species, the A488-C-term and A488-Loop fragments after cleavage fit best to a 

model that accounted for triplet and two diffusing species.  The smaller species is described in 

the inset.  The larger species for the A488-C-term fragment had an Rh of 26 nm while the larger 

species for the A488-Loop construct had an Rh of 49 nm.   

With regard to the smaller species observed in Figure 2.38, it is useful to know the 

expected values for these constructs based on the work done by Forman-Kay and Marsh.
232

  In 

Table 2.4, the expected hydrodynamic radius values for the A488-N-Term, A488-Loop, and 

A488-C-Term constructs after cleavage are given.  The A488-N-Term-Frag construct still 

presents with a size that is too small to be realistic, and again this is probably the result of 

interference from the quenching of the dye which remained unaffected by cleavage.  The A488-

Loop construct had a measured radius of 1.88 nm and applying the relationship developed by 

Forman-Kay and Marsh the expected size of the fully cleaved labeled peptide would be 1.58 nm.  

The difference in these values is reasonable.  If we compare to the values obtained by Uversky, 

the radius would be 1.76 nm for a coil-like IDP and 1.70 nm for a PMG-like IDP.  Observing a 

larger than expected value for an IDP is easier to explain, with the rationale being that the protein 

or peptide could be sampling conformations that are more extended than expected.  For the 

cleaved A488-C-Term construct, the measured radius was 1.47 nm and the expected radius was 

1.04 nm using the relationship developed by Forman-Kay and Marsh.  If we consider the 

relationship developed observed by Uversky, the expected size of a coil like IDP of this 
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molecular mass is 1.34 nm and the expected size of a PMG like IDP is 1.36 nm.  As with the 

A488-Loop construct, these values are larger than the measured value, but easier to rationalize 

than a value that is significantly smaller than expected.  A possible explanation for the slightly 

larger sizes of the A488-Loop-Frag and the A488-C-Term-Frag is that there was incomplete 

cleavage and rather than observing those fragments the diffusion was of the fragments Myc353-418 

(N-Term + Loop) or Myc379-437 (Loop + C-Term).  In the case of the A488-C-Term-Frag 

measurement, the expected size for its fractionally cleaved counterpart (Myc379-437) is too large 

(1.47 nm measured vs 2.0 nm expected).  This is also true for the comparison of the measured 

value of A488-Loop-Frag compared to both plausible incomplete cleavage products.   It is 

possible that the radii obtained for the cleaved samples of A488-C-Term-Frag and A488-Loop-

Frag are the average of a mixture containing all possible cleavage products in proportions such 

that a value too small for the partial cleavage but too large for the complete cleavage is 

measured.   Overall, the cleavage data support the conclusion that the residues responsible for 

quenching of the conjugated Alexa488 dye are localized to the N-terminus of the protein.  

Therefore, additional work was conducted to further determine which residues were responsible 

for quenching of the conjugated dye. 
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Table 2.4: Size values for A488-Myc353-437 constructs. Comparison of the sizes of A488-Myc353-437 constructs as 

measured by FCS compared to values derived from the relationship developed by Forman-Kay and Marsh. The 

constructs Myc353-418 and Myc379-437 represent incomplete cleavage products. 

Construct Measured (nm)  Expected (nm)  
A488-N-Term 0.90 2.30 

A488-Loop 0.99 2.30 

A488-C-Term 0.99 2.30 

A488-N-Term-Frag 0.89 1.27 

A488-Loop-Frag 1.88 1.58 

A488-C-Term-Frag 1.47 1.04 

Myc353-418 - 2.2 

Myc379-437 - 2.0 

   

 

 

2.3.5.1  The Myc353-437 residues quenching conjugated Alexa488 are contained in Myc365-379 

After determining that the residues responsible for quenching were likely located in the 

N-terminus, it was necessary to validate this information and to further localize the residues 

responsible for such extreme quenching of Alexa488.  To do so, the peptide Cys-Myc365-379, 

which contains approximately half of N-Term-Frag was obtained by commercial peptide 

synthesis from Genscript (New Jersey; Figure 2.37).  Returning to the observations made by 

Webb, the histidine at position 429 and the tyrosine at position 402 were ruled out as potential 

quenchers because the A488-Loop and A488-C-Term constructs when cleaved no longer 

experienced quenching.
240

  If Myc365-379 was sufficient to quench Alexa488, it could be 

determined if the quenching of conjugated Alexa488 required the histidine at position 359. 

Using a method similar to that described for the labeling of Myc353-437 constructs, Cys-

Myc365-379 was labeled with C5 maleimide Alexa488 and then purified by reverse phase HPLC 

(c.f. 2.5.6 page 195).  Unlike the Myc353-437 constructs, the Cys-Myc365-379 construct was not 
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dialyzed after labeling due to its size.  There was, however, a difference in retention time for free 

Alexa488, Cys-Myc365-379, and A488-Myc365-379 which simplified purification.   The residues of 

A488-Myc365-379 were found to be sufficient to quench Alexa488 upon conjugation.  In Figure 

2.41 A, the relative fluorescence of free Alexa488 is shown with the fluorescence of A488-

Myc365-379, emphasizing the very strong quenching by this peptide sequence.  Learning that the 

residues of Myc365-379 were sufficient to quench conjugated Alexa488 was helpful, but it 

eliminated the most likely remaining candidate for PET quenching based on the literature.    

 

Figure 2.40: Circular dichroism spectra of labeled Myc constructs compared to unlabeled constructs.  (A) 

Comparison of N-terminally labeled Myc353-437 to unlabeled WT Myc353-437.  Samples were collected in 1xPBS pH 

7.4 at a concentration of 1 µM.  (B) Comparison of N-terminally labeled Myc365-379 compared to unlabeled WT 

Myc365-379. Samples were collected in 1xPBS pH 7.4 at a concentration of 10 µM. 

 

A valid concern when labeling proteins with fluorescent tags is whether or not the 

exogenous molecule will affect the protein’s structure and behavior.  Although there is literature 

to suggest that fluorescent tags do not affect the structure of IDPs,
246

 we wanted to verify this in 

our system.  To determine if conjugation of Alexa488 had an impact on the secondary structure 
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of Myc, we compared the CD spectra of labeled and unlabeled Myc353-437 and Myc365-379 (Figure 

2.40; c.f. 2.5.1.3 page 181).  In both cases there was no evidence of a significant shift in 

secondary structure, though there was a slight red shift in the minimum near 200 nm for both 

constructs.   

Recognizing that the quenching mechanism of Alexa488 by Myc353-437 was not a result of 

the residues suggested by the literature (tryptophan, tyrosine or histidine), other amino acid 

quenchers were considered.  In their work, Webb and colleagues did not observe quenching of 

Alexa488 by phenylalanine, an aromatic amino acid, but they also did not observe strong 

quenching by tyrosine until Alexa488 was conjugated to a protein and in close proximity to 

tyrosine.
240

  Therefore, it is possible that other residues not identified in Webb’s work could 

quench Alexa488 when the dye is tethered to a protein environment. In an effort to determine the 

specific residues responsible for quenching, a mutation strategy was employed.  The most likely 

candidates for quenchers in Myc365-379 were the phenylalanines at positions 374/375, so the 

commercially prepared peptides where those residues were mutated to alanines were purchased 

and labeled with Alexa488 (c.f. 2.5.6 page 195).  Alanine is a reasonable substitution in this case 

because it maintains the neutral, hydrophobic character at that position of the peptide while 

eliminating the aromatic ring.   
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Figure 2.41: The residues of Cys-Myc365-379 are sufficient to quench conjugated Alexa488.  (A) Fluorescence 

spectra of Alexa488 compared to that of A488-Myc365-379. (B) Fluorescence spectra of Alexa488 and A488-Myc365-

379 mutant constructs.  The sequence of Myc365-379 is given in the legend with the mutations highlighted in red. (C) 

Fluorescence spectra of Alexa488 and A488-Myc365-379 mutant constructs after acetylation of K371.  The sequence 

of Myc365-379 is given in the legend with the mutations and subsequence acetylation highlighted in red.  All samples 

contained 20 nM labeled peptide in 1xPBS, 1 mM DTT, 1 mM EDTA pH 7.4.  Spectra are representative of three 

independent trials. 

 

 Upon mutation to alanine of F374 and F375 individually, there was no change in the 

extent of quenching of conjugated Alexa488 (Figure 2.41 B, purple and gold traces).  The double 

mutant FF374-375AA, however, did display minor relief of quenching (~10%).  The 

phenylalanine residues seemed the most likely candidates for quenchers, but in this instance 

mutating them did not result in substantial quenching relief.  To probe another potential 

quencher, the lysine residue was acetylated using acetic anhydride (c.f. 2.5.3 page 186).  If the 

quenching was related to a cation-π interaction between the positively charged amine on lysine 

and the extensive aromatic system of Alexa488, then acetylation of the lysine would disrupt that 

interaction.  Upon acetylation of the lysine in WT Alexa488-Myc365-379 there was ~10% 

quenching relief (Figure 2.41).  When the lysine in FF374-375AA Alexa488-Myc365-379 was 

acetylated, there was 25% total relief of the Alexa488 quenching.  This suggests that the lysine 
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and both the phenylalanines are involved in the quenching mechanism, but that they are not the 

sole source of the quenching.  Although the most common form of quenching of Alexa488 is 

PET, here the most obvious residues that could be involved in the quenching were not the 

primary source of the observed quenching. 

 Having exhausted the residues known in the literature to quench Alexa488, quenching 

mechanisms of aromatic systems by various amino acids were investigated more broadly.  PET 

quenching of tryptophan can occur through interaction with glutamine as demonstrated by work 

done with bacteriophage T4 lysozyme.
247

  In their work, Hudson and colleagues showed that 

upon mutation of glutamine 105 to an alanine the fluorescence intensity of tryptophan 138 was 

increased almost three fold.
247

 Following the literature back from there led to early work by 

Steiner and Kirby which investigated the quenching of indole by electron scavengers.
248

  For 

reference, tryptophan is structurally similar to indole.  Braams and colleagues characterized the 

reactions between ‘hydrated electrons and amino acids’ in the late 1960s and their work 

described some of the first probes into the redox potential of free amino acids in water.
249

  They 

characterized asparagine and arginine as being ‘moderately reactive’ with hydrated electrons, 

suggesting that these residues have some redox potential when free in water.  This supports the 

idea that these residues could be involved in a PET quenching mechanism given appropriate 

circumstances, such as being in close proximity to a quenchable fluorophore.  Such a quenching 

mechanism may not have been reported for these residues in a protein context before because 

their behavior is constrained by folding or a defined tertiary structure, whereas in an IDP such as 

Myc353-437 there is greater conformational freedom and therefore increased opportunity for the 

contact required for quenching. Although additional experiments were not conducted to further 
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deduce all of the residues responsible for the quenching of conjugated Alexa488 by Myc353-437 

investigating arginine, asparagine, and glutamic acid residues within the Myc365-379 sequence 

would be a reasonable next step. 
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2.3.6  Quenching of Alexa488 upon conjugation to Myc353-437 reports on Myc353-437 self-

association 

While exploring conditions to observe FRET between Alexa labeled Myc353-437 

constructs, it was observed that addition of 10 µM unlabeled Myc353-437 to 20 nM A488-N-Term 

led to relief of quenching and substantial Alexa488 fluorescence (Figure 2.42 A; c.f. 2.5.11 page 

201).  This phenomenon was observed for all three dye positions, with addition of 10 µM 

unlabeled Myc353-437 to 20 nM A488-Loop and to 20 nM A488-C-Term also relieving quenching.  

Identical behavior was observed for the three A594-Myc353-437 constructs.  A similar experiment 

was attempted using A488-Myc365-379 where 10 µM Myc365-379 was mixed with 20 nM A488-

Myc365-379.   No relief was observed in this instance, so concentrations of up to 100 µM Myc365-

379 were added to 20 nM A488-Myc365-379 (Figure 2.42 B).   Even at concentrations of 100 µM 

unlabeled peptide there was no relief of Alexa488 quenching.  This suggested that the 

mechanism of quenching relief could not occur with the residues of Myc365-379.   

As a control, 50 µM lysozyme was added to either 20 nM A488-N-Term or free Alexa 

488 (Figure 2.42 C; c.f. 2.5.11 page 201).  Addition of lysozyme to A488-N-Term resulted in 

little quenching relief while addition of lysozyme to free Alexa488 resulted in modest quenching 

that could be explained by non-specific collisional quenching. These data suggest that the 

quenching relief experienced by addition of unlabeled Myc353-437 to labeled Myc353-437 was not a 

function of a non-specific interaction with available proteinaceous material in the solution.   The 

fact that free lysozyme did not substantially quench unconjugated Alexa488 suggested that the 

absence of quenching relief for A488-N-Term was not skewed by quenching of Alexa488 by 

lysozyme.   
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Figure 2.42: Addition of unlabeled Myc353-437 to Alexa488 labeled Myc353-437 resulted in quenching relief.  (A) 

Upon addition of 10 µM unlabeled Myc353-437 to 20 nM labeled Myc353-437 of the indicated construct much of the 

quenched fluorescence was recovered.  (B) An analogous experiment where unlabeled Myc365-379 of the indicated 

concentration was added to 20 nM labeled Myc365-379 did not result in any relief of quenching. (C) Control 

experiments where 50 µM Lysozyme was added to either 20 nM N-terminally labeled Myc353-437 or free Alexa488.  

All samples were at an experimentally confirmed pH of 7.4 in 1xPBS, 1mM DTT, and 1 mM EDTA.   

 

Upon learning that the addition of Myc353-437 to A488-Myc353-437 relieved the quenching 

of conjugated Alexa488, the phenomenon was titrated for all three Alexa488 labeled constructs 

(Figure 2.43 A). For the titrations, samples at each concentration were sonicated individually for 

60 minutes in 1xPBS, 1 mM DTT, 1 mM EDTA at a measured pH of 7.4. The quenching relief 

began at high nanomolar concentrations and the quenching relief reached approximately 50% by 

10 µM total Myc.  Identical behavior was observed with the Alexa594 labeled constructs (Figure 

2.43 B). Attempts were made to measure higher concentrations.  Unfortunately, when samples of 

concentration greater than 25 µM were checked by FCS there was evidence of aggregation.  

When aggregation occurs, there is also an increase in quenching relief, which inflates the 

quenching relief observed at higher concentrations.  In fluorescence spectra of higher 

concentration measurements, Rayleigh scattering was not observed at the edge of the 
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fluorescence peak, which suggests that the increased quenching relief is not a function of 

increased scatter which occurs at these concentrations.    

 

Figure 2.43: Concentration dependence of Myc353-437 behavior.  (A) As unlabeled Myc353-437 is titrated against 

constant 20 nM Alexa488-Myc353-437 constructs quenching is relieved.  (B) As unlabeled Myc353-437 is titrated against 

constant 20 nM Alexa594-Myc353-437 constructs quenching is relieved. (C) Comparison of titrations where the total 

concentration of Myc is held constant at 250 nM while the percentage of labeled protein is fluctuated and titrations 

where the total concentration of Myc changes with the percentage of labeled protein.  Error bars are not visible for 

the constant total Myc titration because they are contained completely within the marker.  (C) Change in diffusion 

time of labeled Myc353-437 as unlabeled Myc353-437 is titrated in.  Sizes given on the plot represent the smallest radius 

measured and the largest.  All samples were in 1xPBS pH 7.4 with 1 mM DTT and 1 mM EDTA.  Error bars 

represent the standard deviation of an average of 5 titrations. 

 

To confirm that the initial quenching was not self-quenching of two Alexa dyes in 

proximity, the fraction labeled of the protein was varied at constant overall Myc353-437 

concentration (250 nM; Figure 2.43 C; c.f. 2.5.11 page 201). There was no relief upon 

decreasing the fraction labeled at 250 nM total Myc353-437, confirming that the quenching is 

intramolecular while the quenching relief is intermolecular.  The concentration dependence of 

the quenching relief supports the conclusion that the quenching relief occurs as a function of a 

conformation change in Myc353-437, most likely as a function of protein self-association.  It seems 

reasonable that in order for Myc353-437 to undergo self-association, it would need to adopt a 

different conformation(s).  Shortly, the interaction of Myc353-437 with MaxP21, Myc’s obligate 
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partner, will be probed using this quenching phenomenon and the data from that will support that 

the change in quenching is likely associated with a conformation change in Myc353-437.   

Knowing that this concentration-dependent relief occurs with Myc353-437 but not with Myc365-379 

suggests that while the apparent self-association of Myc can affect the quenching residues in 

Myc365-379, that sequence is not sufficient on its own to drive self-association.    

 

 

Figure 2.44: As the concentration of unlabeled Myc353-437 increases the diffusion time of A488-N-Term also 

increases.  Samples were measured by FCS in 1xPBS, 1 mM DTT, and 1 mM EDTA at pH 7.4.   

 

An apparent increase in the size of the A488-N-Term observed by FCS occurs 

concomitantly with recovery of fluorescence (Figure 2.43).  The diffusion time of A488-N-Term 

is plotted as a function of increasing unlabeled Myc353-437 concentration and the hydrodynamic 

radius and standard deviation from the measurements at the ends of the titration are given. While 
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it is not accurate to extrapolate size directly from this information as the quenching potentially 

interferes with FCS measurements, it is possible that this change in apparent diffusion could be 

from the concentration-dependent formation of a Myc oligomer.  At 25 µM the apparent size of 

Myc353-437 is 2.9 ± 0.02 nm as measured by FCS.  Values for apparent Myc353-437 monomers 

versus dimers are given in Table 2.5.   

Table 2.5:  Predicted sizes of the protein Myc353-437 if it were to form a monomer versus a dimer.  The first 

seven states are computed from the equtions developed by Uversky and the final state is computed from the 

relationship defined by Forman-Kay and Marsh.
6, 232

   

State (Uversky) Monomer (nm)  Dimer (nm)  
Native 1.7 2.2 

MG 1.9 2.5 

PMG 2.3 3.0 

UU 2.8 4.0 

UGD 2.9 4.2 

IDC 2.7 3.8 

IDPMG 2.4 3.2 

State (Marsh)   

Compact IDP 2.3 3.5 

   

 

 

The values in Table 2.5 were compared to the measured values of 1.8 ± 0.53 nm at the 

low concentration end and 2.9 ± 0.02 nm at the high concentration end of the FCS titration of 

A488-Myc353-437 in Figure 2.44.  As mentioned previously, the value for the Myc size at the low 

end of the titration is suspect due to the impact of the quenching on correlation values.  At the 

high end of the titration, however, the values may be trustworthy because half of the 

fluorescence of Alexa488 has been recovered.  In that case, the size of Myc353-437 at these 

concentrations would be consistent with a PMG dimer.  Recall that a PMG is a protein with some 

transient secondary structure and mostly random coil propensity. Deconvolution of the CD data 

described earlier for concentrations of 50 µM Myc353-437, which is above the concentrations 
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measured here, predicted that Myc did have reduced random coil and some amount of secondary 

structure present in the form of α-helices and type I β-turns.  Furthermore, the secondary 

structure propensity observed by CD also changed with concentration.  It seems possible that the 

concentration-dependent change in the Alexa488 quenching upon conjugation to Myc and the 

change in secondary structure observed by CD are related and are both a function of self-

association of Myc353-437.   
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2.3.7  Revisiting the Myc-Max interaction in the context of Myc self-association 

An interesting question in this discussion is how the observed self-association of Myc353-

437 impacts interaction with Myc’s obligate heterodimerization partner Max. To address this 

question, first the binding between Myc353-437 and MaxP21 was characterized to confirm that 

similar values were observed as reported in the literature.  To begin, isothermal titration 

calorimetry (ITC) studies were conducted (Figure 2.45; c.f. 2.5.14 page 202).  Samples of 

Myc353-437 at 30 µM in 1xPBS at pH 7.4 were titrated into 3 µM MaxP21 in 1xPBS at pH 7.4.     

From these data, I was able to determine a Kd of 34.4 ± 8.3 nM for the Myc-Max interaction with 

a predicted stoichiometry of 1:1, a ∆S value of -90.06 ± 6.2 J/mol K, ∆H value of -69.7 ± 1.5 

kJ/mol and a ∆G value of -42.02 kJ/mol.  These thermodynamic values were comparable to the 

work of Banerjee and colleagues.  In their work, Banerjee and colleagues used the constructs 

Max22-113 and Myc347-439 and obtained the following values: Kd=167 ± 0.03 nM, ∆S=-98.6 ± 17.4 

J/mol K, ∆H=-66.8 ± 1.1 kJ/mol, ∆G = -37.9 kJ/mol.
217

  Their work was performed under 

conditions of 20 mM HEPES-KOH, 50 mM KCl, 0.5 mM MgCl2 and 1 mM DTT at pH 7.6. 
217

  

It should be noted that the titration of 30 µM Myc353-437 into 1xPBS by ITC did not produce a 

detectable enthalpic change, which suggests that either the Myc353-437 self-association is 

entropically driven or the dissociation event is slow enough that the enthalpic change upon 

dilution cannot be detected.  The fact that the ITC data is comparable to the literature suggests 

that handling of Myc-Max here is consistent with use by other researchers.  The data from the 

ITC experiments was not sufficient to address the question of Myc self-association’s impact on 

Myc-Max dimerization.  While the ITC data was comparable to the literature, it could not 

account for the nuances associated with the self-association of Myc353-437.  Given that the self-
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association of Myc353-437 described here has not been acknowledged and therefore distinguished 

from Myc-Max behavior in the literature, agreement with literature data relating to the Myc-Max 

association serves as a metric that our system is behaving under literature expectations.  This 

suggests that the work of other researchers may also be impacted unknowingly by Myc self-

association.     

 

Figure 2.45: ITC studies of the interaction between Myc353-437 and MaxP21.  (A) Representative sensogram of 

the titration of Myc353-437 into MaxP21 overlaid with controls of Myc353-437 into PBS and PBS into MaxP21. (B) 

Average of 3 independent titrations of 30µM Myc353-437 into 3µM MaxP21 in PBS pH 7.4 at 25°C. 

  

 Having confirmed that the interaction between Myc353-437 and MaxP21 behaved as 

described in the literature for the constructs and conditions used in this work, the next step was to 

determine how the quenching of A488-N-Term changed in the presence of MaxP21.  First, 

MaxP21 was titrated against a constant concentration of A488-N-Term.  Since the quenching of 

A488-N-Term changes with increasing unlabeled Myc353-437 concentration holding Myc constant 

and titrating Max provides a means of tracking the Myc-Max interaction that isolated MaxP21’s 

contribution from changes A488-N-Term’s quenching. 



159 

 

 

 

Figure 2.46: MaxP21 relieves the quenching of A488-N-Term. (A) Titration of MaxP21 against constant 20 nM 

A488-N-Term. (B) Normalized fluorescence spectra at several different MaxP21 concentrations during the course of 

the titration.  All samples were in 1xPBS, 1 mM DTT, and 1 mM EDTA at pH 7.4.  Error bars represent the standard 

deviation of 5 independent trials. 

 

In Figure 2.46 A, the quenching of constant 20 nM A488-N-Term was monitored with 

increasing concentrations of MaxP21 (c.f. 2.5.11 page 201).  As the concentration of MaxP21 

increased, the fluorescence intensity of A488-N-Term increased, as seen in Figure 2.46 B. This 

suggested that the interaction with Max was capable of relieving the conditions that led to 

quenching of conjugated Alexa488.  Taking into account the concentration-dependent relief of 

the Alexa488 quenching with increasing unlabeled Myc353-437 concentration and the relief of 

quenching that occurs in the presence of MaxP21 at concentrations where the proteins are known 

to interact, it seems possible that the quenching relief was a function of a conformational change.  

In the case of the interaction between Myc353-437 and MaxP21 this would be the formation of an 

α-helical heterodimer as described in the literature.
181

  However, the established affinity for Myc-
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Max is in the low nanomolar range, which would mean that all of the Myc is involved in Myc-

Max heterodimer by 1.25 µM in Figure 2.46 B.  The changes in Alexa488 quenching that occur 

above that concentration are not easily explained by the formation of the documented Myc-Max 

dimer and therefore additional information was needed to understand what was occurring 

between Myc and Max.  FCS measurements of A488-N-Term in the presence of excess MaxP21 

were also collected Figure 2.47.  These data showed that at 1 µM excess MaxP21, the observed 

size of A488-N-Term was already 5.71 nm, which is significantly larger than Myc alone and 

potentially consistent with the formation of a Myc-Max heterodimer.  At 10 µM excess 

MaxP21with 20 nM A488-N-Term there was evidence of aggregates present, averaging an Rh of 

30 nm.   As with aggregated samples of Myc353-437 described earlier in this section, the samples 

of excess MaxP21 with A488-N-Term did not display observable signs of protein precipitation 

upon initial inspection or after 10 minutes of centrifugation at 13000 rpm in a benchtop 

centrifuge.   These data suggest that perhaps MaxP21 is capable of incorporating Myc353-437 into 

a phase separation.   



161 

 

 

 

Figure 2.47: FCS of A488-N-Term with excess MaxP21.  (A) FCS correlation of 20 nM A488-N-Term with 1 µM 

MaxP21 in 1xPBS, 1 mM DTT and 1 mM EDTA at pH 7.4.  Data represent the average of 2 minutes of data 

collection on one sample.  (B) FCS correlation of 20 nM A488-N-Term with 10 µM MaxP21 in 1xPBS, 1 mM DTT 

and 1 mM EDTA at pH 7.4.  Due to the presence of aggregates in the sample which led to pronounced fluctuations 

in the correlation curves, some of the individual collections are shown to provide information on the distribution of 

species in the sample. 

 

Next, the interaction of Myc353-437 with MaxP21 at equimolar concentration was probed 

using the Alexa488 quenching as a reporter.  To do so, Myc and Max were titrated at equimolar 

concentrations (1:1) in the presence of constant A488-N-Term (20 nM; c.f. 2.5.11 page 201). 

Initial measurements showed that the addition of MaxP21 at a 1:1 ratio with unlabeled Myc353-437 

to 20 nM A488-N-Term resulted in concentration-dependent quenching relief, and that the relief 

occurred to a greater extent than the addition of unlabeled Myc353-437 alone and to a greater extent 

than when MaxP21 was in excess over A488-N-Term (Figure 2.48 A). 
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Figure 2.48: Characterizing the Myc-MaxP21 interaction using the quenching of Alexa488 as a handle. (A) 

Fluorescence spectra of 20 nM A488-N-Term in the presence Myc353-437 and MaxP21 at equal concentrations.  (B) 

Titration of the changing fluorescence intensity as a function of percent quenched for the titration of Myc353-437 and 

MaxP21 at equal concentrations.  The curve was fit to a 1:1 binding model and the derived Kd with error and R
2
 are 

given in the inset table.  Error bars represent the standard deviation of three independent trials. (C) Comparison of 

correlation curves for Myc353-437 at 1:1 with MaxP21 at two different concentrations.  The inset table provides the 

measured diffusion time and the calculated hydrodynamic radius.  All samples were in 1xPBS, 1 mM DTT and 1 

mM EDTA at pH 7.4. 

 

 Titration of Myc353-437 with MaxP21 fit well to a 1:1 binding model with a Kd of 2.1 ± 

0.26 µM (Figure 2.48 B).  This Kd was 45x weaker than the Kd observed by ITC and reported in 

the literature.
217, 250

  Furthermore, FCS studies of 1:1 Myc-Max samples at 1 µM and 10 µM 

suggested that there was an increase in the hydrodynamic radius in this concentration range, 

which is well above the literature reported Kd and the Kd determined earlier by ITC (34.4 ± 8.3 

nM, Figure 2.48 C).  Using the quenching of Alexa488 as a handle for tracking the interaction 

between Myc353-437 and MaxP21 seemed to be reporting on something other than the 

heterodimers affinity.  Initially, I considered the possibility that the conjugation of Alexa488 to 

Myc353-437 might interfere with Myc-Max dimerization.  It seemed reasonable that a large 

hydrophobic molecule tethered to Myc353-437 might interfere with contacts normally made 

between Myc353-437 and MaxP21.  In these experiments, however, A488-N-Term was used and 
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during association of Myc and Max the basic region (which is located at the N-terminus) remains 

disordered.  Given this information, it seemed unlikely then that the tag would be interfering 

with the affinity of the Myc-Max dimer.  Another possibility is that the interaction between Myc 

and Max is more complex than originally thought and that the basic region is involved in further 

association beyond the heterodimer.  In 2003, Nair and Burley solved the crystal structure of the 

Myc-Max heterodimer.
181

  Although the literature often presents the Myc-Max heterodimer 

interacting with DNA as a single heterodimer, in the work of Nair and Burley they describe 

contacts between two independent Myc-Max heterodimers interacting with separate DNA 

strands (Figure 2.49).  In the tetramer, there are cross heterodimer contacts between Lys77 on 

Max and Glu432 on Myc; Glu425 on Myc and Lys77/His81 on Max; and between Myc residue 

Glu417 on one dimer and Myc Arg424/Arg421 on the other dimer.  This observation of a higher 

order Myc-Max interaction in the crystal structure could be related to the behavior reported on 

by the Alexa488 quenching.  As the study of IDPs continues and we become aware of new 

findings in the field, it is important that we consider how those findings might apply to both new 

IDP systems and those systems that have already been considered to be understood and well 

defined.  
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Figure 2.49: The Myc-Max heterotetramer characterized by Nair and Burley.  The PDB ID is 1NKP.  Max is 

shown in red and Myc in blue.  Graphic generated using UCSF Chimera.
9
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2.4  Conclusions 

The focus of this chapter was to experimentally describe and characterize the behavior of 

the bHLHZip domain of c-Myc under conditions used in inhibitor studies.  To summarize, first it 

was shown that Myc353-437 exhibited changes in its behavior as assessed by CD, DLS, tyrosine 

fluorescence, and absorbance that were dependent on the buffer conditions and pH.  The changes 

in behavior experienced by Myc353-437 were a function of the pH and buffer conditions and not 

the effect of sonication, which was commonly used to facilitate disaggregation of added 

inhibitors.  Sonication of Myc353-437 in 1xPBS at pH 6.6 and 7.4 appears to speed the effects 

observed at these pH values.  There are broad changes in the CD spectrum of Myc353-437 and 

those changes could be interpreted by CD deconvolution as being an increase in the apparent 

amount of α-helical structural propensity and a decrease in the random coil nature and type I 

β-turn propensity with increasing pH (Table 2.2, page 81).  As the pH increased, there was an 

increase in the scattering intensity of the samples as observed by DLS.  This correlated with the 

appearance of particles with a radius of ~80 nm and the loss of larger aggregates that were 

present in small numbers (Figure 2.19, page 99).  The change in secondary structure propensity 

observed at pH 7.4 in 1xPBS for Myc353-437 was concentration dependent as assessed by changes 

in the CD spectrum (Figure 2.21, page 107).  At 10 µM, the CD spectrum of Myc353-437 in 1xPBS 

at pH 7.4 was similar to that of 50 µM Myc in 1xPBS at pH 3.4.  As the concentration of Myc353-

437 in 1xPBS at pH 7.4 was increased, there was attenuation of the CD spectrum at ~205 nm 

while the intensity at 222 nm remained constant.  This may have been the result of aggregation 

with Myc’s self-association presenting as a change in secondary structure propensity with 

concentration.  Regardless, at lower concentrations Myc353-437 at pH 7.4 in 1xPBS is similar in 
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secondary structure propensity and behavior to Myc353-437 at pH 3.4 in 1xPBS.  The 

concentration dependence suggests that the change observed by CD is related to the aggregation 

phenomenon and that presumably monomeric Myc353-437 does not adopt a radically different 

secondary structure propensity at pH 7.4 versus pH 3.4 in 1xPBS.  A caveat here is that it may 

not be possible to detect changes such as increased propensity for extended random coil versus a 

more collapsed random coil structure by CD alone.    

To further explore the aggregation behavior, samples of 50 µM Myc353-437 at varying 

buffer conditions were subjected to thermal denaturation. These CD melts showed that the 

samples could be divided into two categories.  In one category were the samples of 50 µM 

Myc353-437 in PBS at pH 3.5, in water at pH 7.5, and in 1xPhosphate at pH 7.0 (Figure 2.30, page 

121).  These samples experienced a broad transition over the course of the melt and fit well to a 

model for the unfolding of a monomeric protein with TM values of 29.1 ± 0.7°C, 23.3 ± 0.5°C, 

and 25.4 ± 0.6°C, respectively.  Of these samples, only the sample in 1xPhosphate at pH 7.0 

demonstrated irreversibility upon cooling.  The other category contained the samples of 50 µM 

Myc353-437 in 1xPBS at pH 6.6, in 1xPBS at pH 7.4, and in 1xSalt at pH 7.0 (Figure 2.30, page 

121).  These did not fit well to the unfolding of a monomeric protein model, displaying high 

error in the fit or in the case of 1xPBS pH 7.4 failure to converge on a solution during fitting.  Of 

these samples only the temperature induced changes in the sample of Myc in 1xPBS at pH 6.6 

were completely reversible upon cooling.  

The initial data comprised of CD measurements, DLS, tyrosine fluorescence, and 

absorbance demonstrated that the aggregation propensity of Myc353-437 was dependent upon the 

protein’s environment.  This is not surprising as it is well known that native proteins can be 
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denatured by changes in pH or salt concentration and IDPs can shift in size and conformational 

propensity when their conditions change.  Changes in the secondary structure propensity of 

Myc353-437 under different conditions correlated with the presence of ~80 nm aggregates.  These 

aggregates were prominent when Myc353-437 was at 50 µM in 1xPBS at pH 7.4, less pronounced 

at pH 6.6, and absent at pH 3.5.  Correlating this information with the CD data, the CD profile of 

aggregated Myc353-437 is one with nearly equal minima at 208 nm and 222 nm.  Comparing the 

CD data from the melts of Myc353-437 to the Myc353-437 sample in 1xPBS at pH 7.4 that is known 

to contain aggregates allows for interpretation of the melt data in the context of aggregation 

propensity.  In Figure 2.50, the spectra of 50 µM Myc353-437 in 1xSalt pH 7.0, in 1xPBS at pH 

7.2, and in 1xPBS pH 7.4 after two hours of sonication are nearly identical.  The fact that the 

1xSalt pH 7.0 spectrum overlays identically with the 1xPBS pH 7.4 spectrum (a sample that 

contains aggregates) suggests that the presence of 137 mM NaCl and 2.7 mM KCl at pH 7.4 is 

enough to drive aggregation of Myc353-437.  Myc353-437 has a net charge of +8 at pH 7.0 (see 

Figure 2.20, page 105).  The addition of 1xSalt leads to ionic strength sufficient to screen the net 

charge and interfere with the normal electrostatic repulsion of the sequence.  This is why 50 µM 

Myc353-437 at pH 7.5 in water without buffer or salt does not exhibit the same aggregation 

behavior as 50 µM Myc353-437 in 1xPBS or 1xSalt.  Ultimately, the CD and DLS data show that 

Myc353-437 undergoes an aggregation phenomenon (possibly liquid-liquid phase separation) with 

sufficient ionic strength (~140 mM salt) and near physiological pH.  While it is not possible to 

distinguish from the current data, the aggregation phenomenon could be the result of screened 

charges permitting an electrostatic interaction between Myc353-437 molecules, it could be the 
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result of screened charges permitting the interaction of hydrophobic patches between Myc353-437 

molecules, or it could be some combination of the two. 

 

Figure 2.50: Overlay of Myc353-437 CD spectra from various studies.  All spectra were measured at 25°C and at a 

concentration of 50 µM Myc353-437.  The 1xSalt sample contains 137 mM NaCl and 2.7 mM KCl. The 1xPhos 

sample contains 4.3 mM dibasic sodium phosphate and 1.4 mM monobasic potassium phosphate.  All pH values 

were experimentally verified using a pH meter. 

 

Earlier in the chapter, the work of Steven McKnight and colleagues describing the 

behavior of phase-separated species was described.
79

  In that work, phase-separated hnRNPA2 

adopted a cross-β structure in hydrogels, liquid-like droplets, and nuclei.  It is important to note 

that species undergoing phase separation are sensitive to their environment and can be right on 

the edge of precipitation.  For example, Mittag and colleagues showed that phase separation of 

hnRNPA1 sped the formation of amyloid fibrils.
83

   Samples of Myc353-437 in 1xPBS at pH 7.4 
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that display the CD characteristics in Figure 2.50 and that scatter by DLS do not show signs of 

obvious precipitation upon centrifugation.  These samples contain the reported ~80 nm radius 

aggregates.  If these samples are allowed to sit for ~3 hours the protein begins to precipitate.  

This distinction suggests that initially, Myc353-437 under these conditions could be phase 

separating into liquid-like droplets.  The FUS protein has recently been shown to phase separate 

and then aggregate into less soluble fibers.
85

  Further evidence of Myc353-437 phase separation 

comes from qualitative observations made during concentration of the protein using Amicon 

ultrafiltration units.  These devices use centrifugal force to dialyze samples against a cellulose 

membrane of known permeability, their purpose being to increase the concentration of desired 

analyte while also permitting dialysis.  When Myc353-437 at acidic pH in water is subjected to 

ultrafiltration and concentrated in excess of 500 µM, the protein forms a gel.  In this state, the 

protein solution does not flow easily and has a rubber like consistency.   Similar results have 

been obtained by Lisette Fred and Veselin Dobrev by concentrating samples of Myc353-437 at 

acidic pH in water under vacuum (unpublished data).  If evaporation of the solvent is halted 

before all of the water is removed from the sample but while the protein is at a high 

concentration, a gel with similar properties to those just described forms.  Further evidence for 

the phase separation of Myc353-437 comes from microscopy experiments that are ongoing within 

the Metallo laboratory.   

An important question in relation to my work is how a phase-separated sample or a 

sample on path to phase separation scatters when characterized by DLS.  Investigation of the 

literature led to studies involving β-lactoglobulin and κ-carrageenan, biopolymers that are 

extensively used in the food industry.  The globular protein β-lactoglobulin is found in milk from 
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a variety of species and κ-carrageenan is an anionic polysaccharide isolated from algae and used 

as a thickener.
251

 In their 2014 paper, Benyahia and colleagues characterized solutions of β-

lactoglobulin and κ-carrageenan in the presence of calcium chloride in order to explain their 

calcium sensitivity.
252

  They found that when solutions of β-lactoglobulin and κ-carrageenan 

contained at least1.5 calcium ions per protein, the solutions formed microgels with an Rh > 100 

nm as measured by DLS.  In 2015, Schmitt and colleagues characterized the coacervation of 

lactoferrin and  β-lactoglobulin.
253

  Coacervation is electrostatically driven phase separation 

caused by complexation between oppositely charged species.  In the study by Schmitt, they were 

searching for the species that preceded coacervation, which they identified as a complex between 

one lactoferrin and two β-lactoglobulin dimers.  Their DLS data focuses on identifying this 

species, and so the data they present in the paper is from submicron filtered samples, but they 

reference in the text that samples undergoing coacervation scattered with relative radii of 100-

200 nm.  DLS of Myc353-437 shows the formation of ~80 nm particles, which are of a size that 

could be indicative of phase separation when compared to the sizes observed for the coacervation 

behavior of β-lactoglobulin and κ-carrageenan.      

Of particular interest was an article by Kiick and colleagues, in which they described 

temperature dependent phase separation for a hydrophilic resilin-like polypeptide (RLP).
254

 

RLPs are of particular interest in the field of biopolymers because of the elastic like properties.  

In their study, they used a combination of DLS and absorbance to characterize the formation of 

phase-separated material.  Their absorbance measurements monitored the intensity at 350 nm as 

an indicator of turbidity.  The RLP polypeptide used in their study was 23 kDa and rich in 

glycine, arginine, proline and lysine.  The secondary structure they observed by CD was random 
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coil at room temperature and as the temperature increased they observed a small shift in the 

minimum at 195 nm towards longer wavelengths and an increase in the MRE at 222 nm (Figure 

2.51).  The change in CD was most pronounced at temperatures above 65°C in PBS.  In their 

DLS data, they observed that the particle size increased sharply (from ~8 nm to ~100 nm) at 

65°C in PBS as well.  This transition occurred at 40°C in water alone and increasing salt 

concentrations moved the transition in particle size to higher temperatures.  In water alone, their 

phase-separated RLP had an Rh of ~60-80 nm.  When the ionic strength of the solution was 

increased, not only did the transition temperature of phase separation increase, but also they 

observed the particles grow over a short temperature range to greater than micron size. 

 

Figure 2.51: CD spectra of an RLP upon heating and subsequent phase separation.  Figure reproduced with 

permission from the supplemental material of Kiick and colleagues.
254
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The work of Kiick and colleagues emphasizes the sensitivity of phase-separated species 

to their environment.
254

  It also indicates that it should be possible to observe reasonable CD 

intensity from ~80 nm phase-separated particles.  Overall, the studies mentioned here provide a 

framework for assessing the phase separation behavior of Myc353-437 using DLS.  The changes in 

protein size observed by DLS in the work of Kiick and colleagues as well as the work of Schmitt 

and colleagues is consistent with the sizes observed for Myc353-437.  Furthermore, Kiick and 

colleagues observed an increase in the apparent amount of β-sheet secondary structure propensity 

upon phase separation of their RLP polypeptide as evidenced by the CD in Figure 2.51.  This 

secondary structure propensity change is similar in characteristic to those changes observed for 

Myc353-437 in Figure 2.21, among other instances in this chapter, where the appearance of ~80 nm 

aggregates also occurs.  Taken together, these data suggest that the change in CD seen by Kiick 

and that observed for Myc353-437 may both report on phase separation phenomena.  The CD and 

DLS data provide some support for the idea that Myc353-437 at physiologically relevant pH and 

salt concentrations could undergo phase separation.   

I assert that my data describes several distinct Myc oligomerization phenomena (Figure 

2.52).  The easiest to identify, though not the easiest to characterize quantitatively, is non-

specific aggregation, which in the Myc system can be evidenced by the loss of protein signal by 

CD, the observation of large particles by DLS, and by qualitative observations of protein 

precipitation seen by myself and other members of our group.  Non-specific protein aggregation 

is not an uncommon occurrence and the fact that Myc undergoes this process is not a surprise.   
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Figure 2.52: Model of Myc353-437 self-association.  Starting from an ensemble of monomeric conformations, 

Myc353-437 can transition to different self-associated states.  It can form non-specific aggregates on path to 

precipitation, it can form a dynamic fuzzy complex on path to phase separation, or it can associate specifically to 

form a folded bHLHZip dimer akin to the one formed with Max.  Structure graphics were generated using UCSF 

Chimera.
9
  Myc353-437 conformers were generated using flexible meccano.  The folded Myc bHLHZip homodimer is 

represented by the Max homodimer crystal structure as there is no such structure available for Myc (PDB 1R05).  

 

The second oligomerization phenomenon is the formation of a traditional, folded (or 

partially folded) bHLHZip homodimer (Figure 2.52) and is possibly the species observed by 

C.V. Dang and others in the late 1980s and early 1990s.
175, 177, 186, 189

  In my work, the only 

evidence for this is the apparent α-helical nature of Myc353-437 and the concentration-dependent 

change in Myc353-437 secondary structure propensity observed by circular dichroism.  These data 

do not support the formation of a Myc353-437 folded bHLHZip homodimer and are more likely the 
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result of aggregation or phase separation. It is worth noting that Myc353-437 does not have to form 

a full bHLHZip dimer, it could form a HLH or a Zip dimer, but again my data do not support this 

conclusion. 

 An interesting finding in my work was that Alexa488 and Alexa594 were quenched upon 

conjugation to Myc353-437 (Figure 2.35, page 130).  This quenching occurred in a position 

independent manner, meaning that although the dye was attached independently to the N-

terminus, C-terminus, and position 390 in the loop region of the protein, equivalent quenching 

still occurred at each position (Figure 2.33, page 126). The quenching of Alexa488 and Alexa594 

upon conjugation to Myc353-437 was extreme (> 95%).  It was found using a cleavage strategy and 

following up by labeling a synthetic peptide that the residues responsible for quenching 

Alexa488 could be localized to Myc365-379 (Figure 2.38, page 141).  This suggested that the three 

labeled positions (N-terminus, loop, and C-terminus) were contacting the same quencher and that 

the protein was sampling predominantly compact states in its monomeric form.  An article by 

Watt Webb and colleagues showed that high concentrations of the free amino acids histidine, 

methionine, tyrosine and tryptophan were capable of quenching Alexa488.
240

  None of these 

residues are present in the Myc365-379 sequence, however, and therefore other candidate amino 

acids were considered.  Among these were the phenylalanines at positions 374 and 375 and the 

lysine at position 372.  By labeling and then testing the alanine mutant Myc365-379 peptides 

FF374/375AA, F374A, and F375A  it was determined that the phenylalanines were involved in 

the quenching of conjugated Alexa488 but were not the sole source of the quenching.  

Acetylation of lysine 372 in both WT Myc365-379 and FF374/375AA Myc365-379 confirmed its 

involvement in the quenching, but the modification of the phenylalanines at positions 374 and 
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375 and the lysine at position 372 simultaneously led to only ~25% recovery of the Alexa488 

fluorescence.  This suggested that there must be other residues involved in the quenching and 

additional work is needed to determine which other residues may be involved.  

 The extreme quenching of conjugated Alexa488 by Myc353-437 provided an unexpected 

opportunity to observe a concentration-dependent phenomenon of the protein.  At the 

concentrations the initial measurements were conducted at (20 nM A488Myc353-437) the 

quenching of conjugated Alexa488 was extreme.  If unlabeled Myc353-437 was introduced the 

quenching was relieved in a concentration-dependent manner, with greater relief being seen for 

higher total Myc353-437 concentrations (Figure 2.43, page 153).  This suggested that Myc353-437 

was undergoing self-association.  In literature from the early 1990s there was discussion of c-

Myc self-association,
175

 but it was eventually concluded that the function of c-Myc required the 

protein’s obligate partner Max.
146, 176-177

  This early work indicated that c-Myc self-association 

only occurred at concentrations greater than 20 µM.
177

  In my work, the self-association of Myc 

which is reported on by relief of Alexa488 quenching begins to occur in the low nanomolar 

concentration range.  This suggests that c-Myc self-association occurs at lower concentrations 

than previously reported in the literature and suggests that perhaps the phenomenon could be 

significant.  It should be noted that 
1
H NMR observations of Myc353-437 indicate that at 

concentrations where the protein is self-associated based on Alexa488 quenching data the protein 

maintains random coil ‘structure’ (Veselin Dobrev, unpublished data).   This suggests that the 

protein is dynamic even when it is undergoing self-association. 

In recent literature, the concept of a fuzzy complex has emerged.  This is an IDP related 

phenomenon that describes a specific binding interaction between partner proteins in which the 



176 

 

 

proteins remain unstructured and dynamic.
55-56, 255

  As expected, this behavior can be difficult to 

characterize because there is no apparent change in structure.  There is evidence in my work for 

the formation of a fuzzy Myc353-437 complex (Figure 2.52).  At concentrations below 10 µM 

Myc353-437 undergoes self-association that can be tracked by relief of the quenching of a 

conjugated Alexa dye.  This quenching relief is also observed when Myc and Max dimerize; 

suggesting that when Alexa dye quenching relief occurs for Myc353-437 alone it does so through a 

change in conformation.  Changes in the applicable concentration region are difficult if not 

impossible to observe by other techniques.  For example, there is no change in the secondary 

structure propensity of Myc353-437 observable by CD at concentrations between 1-10 µM.  

Furthermore, 
1
H NMR of Myc353-437 at 10 µM, 25 µM, and higher concentrations show no 

apparent difference in chemical shifts and the shifts observed are consistent with random coil 

‘structure’ (Veselin Dobrev, unpublished work).  The changes that are observed by 
1
H NMR 

(line broadening, etc.) occur under conditions where there is evidence via other techniques that 

Myc353-437 undergoes precipitation and aggregation. 

A key question that has been brought up in the literature is the energetics of a ‘disordered 

dimer’.
256

  Specifically, why would a disordered complex with transient interactions stop at the 

formation of a dimer?  As the field of IDPs continues to grow and our understanding of these 

types of proteins evolves, the relevance of phase separation in vivo has become of increasing 

interest.  It seems feasible that the transient interactions observed here could be the prelude to 

phase separation of the protein.  The Metallo laboratory is endeavoring to observe directly 

evolution of Myc phase separation.  It stands to reason that in order for a protein to undergo 

phase separation it must have some propensity for self-association, such that it would want to 



177 

 

 

form a dense self-solvating phase.  In the Myc353-437 system, it seems likely that the formation of 

the fuzzy complex at low nanomolar concentrations is a prelude to the phase separation 

phenomenon.  As the concentration increases, the interactions responsible for fuzzy association 

become more likely to form until they cross a threshold and Myc353-437 forms a separate protein 

phase. 

An important question relating to self-association and phase separation of Myc353-437 is 

the role of this behavior in vivo.  While my work does not address the in vivo behavior of 

Myc353-437, some speculation is in order.  It is known that the cellular concentration of c-Myc is 

tightly controlled due to its regulatory role in the cell cycle.  As discussed in Chapter 1, 

deregulation of c-Myc is a hallmark of various cancers because it can lead to uncontrolled cell 

growth.
155

  Although the total cellular concentration of the protein is low, thinking of c-Myc’s 

behavior and trying to compare it directly to a solution of 30 nM c-Myc in vitro is not a 

reasonable comparison.  The cellular environment is complex and viscous containing numerous 

proteins, ions and pH gradients.  It is likely that while the total concentration of c-Myc in the cell 

may be low, the local concentration of the protein in areas where it is needed may be high 

enough to experience the phenomena described here.  Phase separation of other systems in vivo 

seems to act as a means to form pockets of necessary components in their needed locations, as 

per the discussion of the nucleolus, stress granules, and other membrane-less organelles in 

Chapter 1 of this dissertation.  Perhaps the formation of dense c-Myc phases facilitates 

interaction with Max near DNA, such that the Myc-Max heterodimer can form and interact with 

DNA to regulate transcription.   In the introduction of this chapter the work of Weintraub and 

colleagues was described in which they determined that bacterially synthesized c-Myc interacts 
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with the DNA consensus sequence CACGTG (the E-box).  While they did not quantify the 

affinity of c-Myc for the E-box or specify if c-Myc was interacting with the E-box as a 

monomer, dimer or higher order species, their work does suggest that c-Myc alone can interact 

with the E-box.  Perhaps this interaction exists not to perpetuate Myc alone transcription but 

rather as a means to facilitate the interaction between the Myc-Max dimer and the E-box. Indeed, 

the work of Kohler and colleagues showed that the interaction between the Max-Max dimer and 

E-box DNA occurs through a monomer pathway, where disordered Max first interacts with DNA 

and then dimerizes with another Max while on the strand.
257

 They postulated that this preference 

for the monomer pathway occurs because it improves response times to cellular stimuli.   

Another interesting point is that the aforementioned Alexa488 quenching assay suggests 

an additional layer of complexity for the dimerization of Myc-Max.  Specifically, while the 

values obtained for the Myc-Max Kd by ITC agree with the literature the association between 

Myc and Max observed via the Alexa488 quenching assay does not conform to the traditional 

Myc-Max heterodimer model.  A possible explanation for this is that the behavior reported on by 

the Alexa488 quenching is not the formation of the Myc-Max heterodimer as it has been 

previously characterized in the literature.  The Myc-Max titration reported here using Alexa488 

quenching as a handle employed the A488-N-Term construct.  Given that the basic regions of 

Myc and Max which are located at the N-terminus remain disordered upon interaction (so that 

they can interact with the E-box) it is possible that the change observed in this work is reporting 

on a different behavior.   

Returning to the origins of my work with Myc353-437, the self-association of Myc353-437 has 

clear implications for the search for and design of c-Myc targeted inhibitors of the Myc-Max 
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interaction.  As alluded to in the introduction, Myc353-437 self-association adds an additional level 

of complexity to determining the affinity of inhibitors for the protein.  The self-association also 

raises the question of whether the behavior of those inhibitors that have been identified is a 

function of Myc-Max disruption or an interference with the Myc-Myc self- association.  If the 

disruption of Myc-Myc self-association were the therapeutic behavior that would suggest that the 

Myc-Myc interaction plays a role in cellular regulation.  This seems unlikely due to the 

therapeutic action of the dominant negative Omomyc.
152

  As described in Chapter 1, Omomyc is 

a homolog of c-Myc which can heterodimerize with c-Myc via the bHLHZip domain forming a 

stronger interaction that that of Myc-Max.  Omomyc has been effective in a mouse model at 

reducing cancerous tumors.  

Here, I have shown that Myc undergoes multiple forms of self-association (Figure 2.52).  

This work is novel in that it suggests that Myc can form a fuzzy complex independent of Max.  

The in vivo significance of Myc’s fuzzy complex requires further study to determine the extent 

of its physiological relevance.    

  



180 

 

 

2.5  Methods 

2.5.1  Instrumentation and data processing 

For ease of discussion, the instrumentation used in this work will be given in this section. 

Unless otherwise noted, the instruments and conditions described here were used throughout the 

work. 

2.5.1.1  ESI-MS 

ESI-MS measurements were conducted on a Varian 500-MS ion trap mass spectrometer 

in positive ion mode with an RF loading of 180%, a capillary voltage of 150 V, and a needle 

voltage of 5000 V.  Protein samples were injected at concentrations of 500 nM - 1µM in 50% 

water/acetonitrile with 0.2% formic acid.  Data were processed using the MS Data Review 

package in Varian Workstation.  Expected masses for unlabeled proteins were determined using 

the ExPASy compute pI/MW tool (http://web.expasy.org/compute_pi/).  Other masses and 

expected m/z values were computed in Microsoft Excel.   

2.5.1.2  Fluorescence 

Fluorescence data were collected on either a Photon Technology International 

QuantaMaster fluorometer (New Jersey) or a Horiba FluoroMax 4 steady state 

spectrofluorometer.  For measurements in both instruments, a small volume (45 µL), 3 mm path 

length quartz cuvette was used.  Data was collected at 1 nm resolution.  Traces were corrected 

for fluctuations in the lamp voltage (excitation correction or XCorr).  Exported data was 

manually background corrected using the appropriate traces (buffer in some cases, in other cases 

this was unlabeled protein) and processed using Microsoft Excel. 
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2.5.1.3  Circular dichroism 

All circular dichroism measurements were collected using a small volume (200 µL), 0.1 

cm path length quartz cuvette on a Jasco-J720 spectro-polorimeter.  Scans were collected using a 

bandwidth of 10 nm, a response time of 0.5 seconds, and a scan speed of 100 nm/min.  Data 

were exported from the Jasco32 software in an ASCII format and processed in Microsoft Excel.  

All spectra were independently background corrected using samples that contained the CD 

inactive components of the mixture.  MRE values were calculated using Equation 2.16. 

 I�Y = ��"> (2.16) 

The background corrected ellipticity in mdeg (θ) was divided by the number of residues in the 

protein (n), the concentration of the protein (c) in molar, and the path length of the cuvette (l) in 

millimeters.    

2.5.1.4  Dynamic light scattering 

Dynamic light scattering measurements were collected on a homebuilt instrument in the 

laboratory of Edward Van Keuren (Department of Physics, Georgetown University).  Samples 

were measured in small volume (~100 µL), disposable Eppendorf brand UVettes.  Scattered light 

was measured at 90° to the incident beam (10 mW tunable HeNe laser from Research 

ElectroOptics) through a narrow bandpass filter and into a single-mode optical fiber.  The 

photons were counted by a high-sensitivity avalanche photodiode (AQR-13 SPCM, EG&G) and 

those values were then analyzed by an ALV-5000 correlator card (ALV GmbH, Germany).   
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The components used to prepare DLS samples (buffer, protein stocks in water) were 

filtered through a 0.2 µm filter immediately prior to preparation of the sample.  Samples were 

not filtered after preparation because the species of interest were aggregates.  Correlation data for 

each sample was collected for at least 30 seconds to as long as five minutes. The longer durations 

were needed for samples with low scattering intensity and poor correlation. Data were processed 

using the algorithms built in to the ALV-5000 correlator software package.   

2.5.1.5  Fluorescence correlation spectroscopy 

Fluorescence correlation spectroscopy measurements were collected on a homebuilt 

instrument in the laboratory of Edward Van Keuren (Department of Physics, Georgetown 

University).  For FCS measurements the source was an argon ion laser (Spectra Physics 

BeamLok) tuned to the 488 nm laser line.  Prior to collecting data, the laser was allowed to warm 

up for at least 30 minutes.  The laser beam was spatially filtered through a 30 µm pinhole, 

focused to an intermediate focus, and then reflected by a dichroic mirror through a water 

immersion objective (Olympus UPlan APO, 60X 1.20W) into the sample.    The epifluorescence 

was passed back through the dichroic mirror and focused through a 10 µm pinhole that was 

confocal with the spot inside the sample. The light that passed through the pinhole was focused 

onto the surface of the high-sensitivity avalanche photodiode (AQR-13 SPCM, EG&G).  The 

autocorrelator was an ALV-5000 correlator card (ALV GmbH, Germany).   

Samples were placed in a homebuilt sample container for measure.  The container 

consisting of the cap of a PCR tube (which was disposable and replaced for each sample; volume 

of ~50 µL) held by a piece of delrin.  The holder framed the PCR tube cap such that a glass 

coverslip could adhere to the delrin through surface tension.  A drop of water was placed on the 
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glass cover slip and the water immersion objective was adjusted to manually focus the laser point 

in the sample and maximize the observed output signal.  The laser source was set to 35 mW, and 

independently measured ~5 µW at the objective after passing through the optics of the system.  

The laser spot size was determined each time the instrument was used by measuring a sample of 

10 nM Alexa488 and calculating the spot diameter using the literature value for Alexa488 

diffusion and Equation 2.7.
208, 233

 Data were processed using the software PyCorrFit and fitting 

to the software’s model for two dimensional diffusion of a single species accounting for the 

triplet effect.
212

   

2.5.1.6  Isothermal titration calorimetry 

Isothermal titration calorimetry experiments were conducted using a TA Instruments 

NanoITC Isothermal Titration Calorimeter and subsequent data was analyzed using the TA 

Instruments NanoAnalyze software.  Specifics of the Myc-Max ITC titration are provided in section 

2.5.14  

2.5.1.7  UV-Vis 

Absorbance measurements were conducted using an Agilent 8453 UV-visible 

spectroscopy system.  A small volume (110 µL) 1 cm path length quartz cuvette was used for all 

measurements. 
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2.5.2  Mutagenesis 

Constructs of Myc353-437 with N-terminal and C-terminal cysteine mutations were 

generated by the Spring 2015 Chemistry 408 class (under the guidance of Lisette Fred) starting 

from the gene for Myc353-437.   The Myc353-437 gene contained coding sequences for an N-terminal 

hexahistidine tag and a tobacco etch virus (TEV) cut site and was in the pET 23d(+) vector 

(Figure 2.53).   

 

Figure 2.53: Protein and DNA sequence of Myc353-437.   Highlighted in red is the hexahistidine tag used for 

purification and highlighted in blue is the TEV cut site.  A double stop codon was necessary at the end of the 

sequence because read through products were observed when only one stop was present. 

 

The parent DNA was digested using the restriction enzymes NcoI and BamHI.  Digestion 

reactions were run on a 1% agarose gel, visualized using ethidium bromide, and the insert 

fragment excised from the gel.  The DNA insert was purified from the agarose matrix using the 

Purelink Gel Extraction Kit (Invitrogen), following the manufacture’s protocol.   Polymerase 

chain reaction (PCR) samples containing the isolated DNA insert, appropriate primers, dNTPs, 

NEB’s Phusion high-fidelity DNA polymerase, and the prescribed buffer for the Phusion 

polymerase were prepared and subjected to thermocycling.  The amplified products were ligated 
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back into the pET 23d(+) vector using NEB’s Quick T4 DNA Ligase and the ligation products 

were transformed into E. coli XL-1 cells.  A single XL-1 colony for each mutation was over 

grown in LB media (5 g yeast extract, 10 g tryptone, 10 g sodium chloride per liter) and the 

plasmid DNA isolated following the manufacturer’s protocol for the QIAprep Spin Miniprep Kit 

from Qiagen.  The isolated DNA was sequenced by Genewiz (New Jersey) and the presence of 

the desired mutation was confirmed using these results. 

Site directed mutagenesis was used to generate the A390C construct of Myc353-437.  

Starting with the sequence of Myc353-437 containing an N-terminal hexahistidine tag and a TEV 

cut site in a pET 23d(+) vector, primers were generated for the desired mutation.  Following the 

manufacture’s protocol, the A390C mutation was introduced using Quiagen’s Quik Change 

Lightening Mutagenesis Kit.  As with the N-terminal and C-terminal cysteine mutants, the 

sequence of the A390C mutant was also confirmed following sequencing by Genewiz (New 

Jersey). 
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2.5.3  Preparation of Myc365-379 peptides 

Myc365-379 peptides were purchased from Genscript (New Jersey) as the N-terminally 

acetylated and C-terminally amidated crude products.  The peptides were purified by reverse 

phase HPLC on an acetonitrile-water gradient using a Grace Vydac C-18 column 

(CAT#218TP510, 5 µm particle size, 250 x 10 mm).  Peptides containing cysteine were treated 

with 10 mM DTT for a minimum of 1 hour in order to reduce disulfide bonds prior to HPLC 

purification.  Concentrations of purified peptides were determined by bicinchoninic acid assay 

(BCA) following an established protocol and using a 14 residue peptide containing a single 

tyrosine as a standard.
258

  Following concentration determination, peptides were aliquoted, 

lyophilized, and stored at -20°C.  Prior to use, lyophilized stocks were resuspended in sterile 

water.       
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2.5.4  Expression and purification of Myc353-437 constructs 

Myc353-437 containing an N-terminal hexahistidine tag and TEV cut site was expressed in 

BL21(DE3) pLysS E. coil cells using an established plasmid (pET 23d(+) vector) in auto-

inducing media.
259

  Starter cultures in 5 mL of LB media were grown from a single colony for 6 

hours at 37°C prior to inoculating 1.5 L cultures of ZYP-5052 auto-inducing media in 4 L 

Fernbach flasks.  ZYP-5052 auto-inducing media contains 1 % w/v N-Z amine, 0.5 % w/v yeast 

extract, 25 mM Na2HPO4, 25 mM KH2PO4, 50 mM NH4Cl, 5 mM Na2SO4, 2 mM MgSO4, 0.5 % 

v/v glycerol, 0.05 % w/v glucose, 0.2 % w/v lactose and 0.2 x trace metals mix.  These cultures 

were grown with shaking at 250 rpm for 18 hours at 37°C.  Cells were harvested via 

centrifugation at 8000 g and 4°C, and the pellet was resuspended in 10 mL of lysis buffer (8 M 

urea, 100 mM Tris-HCl, 10 mM sodium phosphate, pH 8.0) per liter of culture.  Suspensions 

were sonicated (5 x 30 second bursts with 1 minute of rest in between) on ice using a horn 

sonicator equipped with a microtip to lyse cells and the resulting lysate was pelleted at 22000 g 

and 4°C.  The pellet was discarded and the supernatant applied to a column containing Ni-NTA 

resin (GoldBio; 1 mL slurry per 10 mL lysate) equilibrated with lysis buffer.    The column was 

washed with 10 mL of additional lysis buffer following loading of the supernatant and then it 

was washed with a minimum of 30 mL of wash buffer (8 M urea, 100 mM Tris-HCl, 10 mM 

sodium phosphate, pH 6.3).  The target protein was eluted with elution buffer (8 M urea, 100 

mM Tris-HCl, 10 mM sodium phosphate, pH 4.0).  Samples from each step of the purification 

were analyzed by SDS-PAGE on a 14% polyacrylamide bis-tris gel (Figure 2.54). 
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Figure 2.54: SDS-PAGE analysis of WT Myc353-437 purification following expression in auto-inducing media.  
Lane 5 contains Bio-Rad low range MW marker.  Lane 1 contains the lysate and Lane 3 the flow through upon 

loading. Lane 2 and 4 are unloaded.  Lane 6 is the combined column washes.  Lanes 7-13 are elutions.  Due to the 

high concentration of protein loaded, there is leak through of the Myc band into lanes 2, 4, and 5.   

 

 Following initial purification, elutions of more than 90% purity as assessed by SDS-

PAGE were combined and exchanged into sterile water using ultra-filtration (3000 MWCO; 

Amicon Ultra-15 Centrifugal Filter units from EMD Millipore), with care being taken not to 

exceed concentrations of 500 µM.  The protein concentration was assessed by UV-Vis using the 

OD280nm and an extinction coefficient of 2980 M
-1

 cm
-1

.  The protein was diluted to a 

concentration of 50 µM following exchange, and pH 6.0 MES buffer was introduced to a 

concentration of 50 mM, DTT to a concentration of 1 mM, and EDTA to a concentration of 1 

mM.  The pH was manually adjusted to 6.0.  Using this procedure significantly reduced protein 

losses due to precipitation when compared to directly exchanging the protein into pH 6.0, 50 mM 

MES buffer.  TEV protease was introduced at a ratio of 1mL of 1 OD280nm TEV per 10 mg of 

target protein.    If precipitation was observed after introduction of TEV (typically due to 
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elevation of the pH) the pH was manually adjusted back to 6.0.  Cleavage reactions were allowed 

to proceed for approximately 24 hours at room temperature and cleavage progress was 

determined by SDS-PAGE.  Typically 75% cleavage or more was observed as assessed by SDS-

PAGE. 

TEV used for cleavage was expressed in-house as the S219V mutant.  Expression of TEV 

was conducted under similar conditions to Myc353-437, with the primary difference being that the 

purification was performed under native conditions using an imidazole gradient. Lysis buffer 

contained 1 M Tris-base and 1M KCl at pH 8.0, wash buffer contained 50 mM sodium 

phosphate, 300 mM NaCl, and 20 mM imidazole at pH 8.0, and elution buffer contained 50 mM 

sodium phosphate, 300 mM NaCl, and 250 mM imidazole at pH 8.0.  Also, lysozyme was added 

to a final concentration of 1 mg/mL to the harvested TEV cells in lysis buffer (prior to lysis with 

the horn sonicator) and incubated on ice for at least 20 minutes.  Use of lysozyme was omitted 

during the Myc353-437 purification because they are similar in molecular mass and difficult to 

distinguish by SDS-PAGE.   Purified TEV was stored at -80°C in 50 mM sodium phosphate, 300 

mM NaCl, and 250 mM imidazole at pH 8.0 prior to use. 

Cleavage reactions were exchanged back into lysis buffer after 24 hours using ultra-

filtration (3000 MWCO; Amicon Ultra-15 Centrifugal Filter units from EMD Millipore) and 

concentrated to ~500 µM.  This step removes the majority of the cleaved hexahistidine tag from 

the sample.  A second round of purification using Ni-NTA resin was conducted.  The purified, 

cleaved protein elutes during loading while residual cleaved hexahistidine tag, uncleaved protein, 

and TEV protease are retained on the Ni-NTA.  If enough uncleaved protein remains, it can be 

eluted and recycled back through the cleavage process just described.  This purification is also 
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verified by SDS-PAGE (Figure 2.55).  The cleaved protein is exchanged back into sterile water 

and concentrated by ultra-filtration (3000 MWCO; Amicon Ultra-15 Centrifugal Filter units 

from EMD Millipore) prior to final purification by reverse phase HPLC.  At this step there is no 

hard limit on the concentration of the protein, though it was typically not concentrated to more 

than 1 mM.  HPLC is conducted using an acetonitrile-water gradient on a Grace Vydac C-18 

column (CAT#218TP510, 5 µm particle size, 250 x 10 mm).  During the final purification of 

cysteine containing constructs, 10 mM DTT was added to reduce disulfide bonds after 

concentrating the protein but prior to HPLC purification.  Treatment with DTT proceeded for a 

minimum of 1 hour prior to HPLC injection.  HPLC elutions were pooled, the final concentration 

determined by OD280nm (ε = 1490 M
-1

cm
-1

 for cleaved Myc353-437).  Protein was aliquoted, 

lyophilized, and stored at -20°C.  Protein purity was verified by HPLC reinjection and protein 

integrity and identity verified by ESI-MS (Figure 2.56, Figure 2.57).  Typical yields were 5 mg 

(450 nmol) of protein per liter of starting culture.   
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Figure 2.55: SDS-PAGE analysis of WT Myc353-437 following cleavage of the hexahistidine tag by TEV 

protease.  Lane 1 contains Bio-Rad low range MW marker.  Lanes 2-5 are from purification of a Myc-cysteine 

construct and are not applicable here.  Lane 6 has some bleed threw from other lanes, but is otherwise unloaded.  

Lanes 7-10 contain uncleaved Myc353-437, cleavage reaction prior to purification, flow through from cleavage 

reaction purification, and elution from cleavage reaction purification, respectively.     

 

 

 

 

 
Figure 2.56: HPLC reinjection of purified Myc353-437.   HPLC was conducted on an acetonitrile/water gradient 

with UV-Vis detection at 215 nm.  Buffers were spiked with 0.01% trifluoroacetic acid. 
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Figure 2.57: ESI-MS of WT Myc353-437. 
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2.5.5  Expression and purification of MaxP21 

MaxP21 was expressed with an N-terminal hexahistidine tag and TEV cut site 

(pETTOPO151; sequence provided in Figure 2.58) following a nearly identical procedure to that 

used for Myc353-437.  The only major difference was the use of E. coli BL21(DE3)* cells instead 

of BL21(DE3) pLysS.  An SDS-PAGE gel (14% polyacrylamide bis-tris) of a typical MaxP21 

purification is given in Figure 2.59  and an HPLC chromatogram showing reinjection of the 

protein after purification is provided in Figure 2.60.  

 

Figure 2.58: Protein and DNA sequence of MaxP21. The hexahistidine tag is shown in red, the TEV cut site in 

blue, and residue from cloning from the pETTOPO151 system shown in green.  
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Figure 2.59: SDS PAGE gel of MaxP21 purification.  
 

 

 

 

 
Figure 2.60: HPLC reinjection of purified MaxP21.  HPLC was conducted on an acetonitrile/water gradient with 

UV-Vis detection at 215 nm.  Buffers were spiked with 0.01% trifluoroacetic acid. 
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2.5.6  Bioconjugation 

 The reactive C5 maleimide forms of Alexa Fluor 488 and Alexa Fluor 594 (Molecular 

Probes) were purchased from ThermoFischer.  Immediately prior to use, Alexa Fluor 488 and 

Alexa Fluor 594 were resuspended in dry DMSO to a concentration of 13.3 mM and previously 

lyophilized cysteine containing protein constructs were resuspended in sterile water.  

Bioconjugation reactions were conducted in 1xPBS at pH 7.4.  For labeling reactions of Myc353-

437 constructs, the total protein concentration in the reaction was kept below 10 µM to prevent 

aggregation and precipitation of the protein and reactive dye was added to 5 fold molar excess.  

Reactions were allowed to proceed for a minimum of one hour. Then, reactions were exchanged 

into 0.1% TFA in HPLC grade water and concurrently concentrated using a 3000 MWCO 

Amicon ultrafiltration unit.  This removed unreacted dye and transferred the protein into 

favorable conditions for HPLC purification using a water/acetonitrile gradient.    Labeling 

reactions of Cys-Myc365-379 constructs were conducted with only 1.2 fold molar excess dye.  

These constructs were quite reactive and therefore high molar excess of dye was not needed.  

Reactions containing the Cys-Myc365-379 peptides were not exchanged prior to HPLC 

purification. 

 Following HPLC purification, the concentration of labeled protein or peptide was 

determined using a BCA assay.  The concentration of fluorophore present was determined using 

the extinction coefficient for Alexa Fluor 488 (ε = 72000 M
-1

cm
-1

) or Alexa Fluor 594 (ε = 

96000 M
-1

cm
-1

) at the appropriate wavelength.  The percent labeling was quantitative for peptide 

constructs and was approximately 75% for Myc353-437 constructs. Percent labeling was 
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determined by taking the quotient of fluorophore concentration over protein concentration.  

Labeling was confirmed using ESI-MS (Figure 2.34, Figure 2.62, Figure 2.63, and Figure 2.64). 

 

Figure 2.61: HPLC of Alexa488 and A488-N-Term. The chromatogram of Alexa488 (red) shows one peak for 

unreacted dye and one peak for hydrolyzed dye.  HPLC was conducted on an acetonitrile/water gradient with UV-

Vis detection at 215 nm.  Buffers were spiked with 0.01% trifluoroacetic acid.    
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Figure 2.62: ESI-MS of F374A Cys-Myc365-379 after labeling with Alexa488. 

 

 
Figure 2.63: ESI-MS of F375A Cys-Myc365-379 after labeling with Alexa488. 
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Figure 2.64: ESI-MS of F374-375A Cys-Myc365-379 after labeling with Alexa488. 

2.5.7  Sonication studies 

Samples of 50 µM Myc353-437 in water at pH 3.4, 1xPBS at pH 3.4, 1xPBS at pH 6.6 and 

1xPBS at pH 7.2 were prepared by diluting from a stock of 200 µM Myc353-437 in water into 

either water or an appropriate amount of water and 10xPBS.  The pH of each sample was 

experimentally verified using an appropriately calibrated pH probe.  For the 50 µM Myc353-437 

1xPBS pH 7.2 sample the pH was adjusted up using 1 M NaOH and for the 50 µM Myc353-437 

1xPBS pH 3.4 the pH was adjusted down using 1M HCl.    Following preparation, an aliquot was 

taken from each sample to act as the time zero point.  The samples were placed in a buoyant, 

foam epitube holder and sonicated in 30 minute segments in a Branson Model 1510 bath 

sonicator, with an aliquot removed after each 30 minutes through a total of 120 minutes 

sonication time (4 aliquots).  The temperature of the sonicator bath was monitored manually and 

kept between 22°C and 35°C by changing the water.  The positions of samples in the sonicator 

bath was randomized after each sampling (by rotating the sample holder), to reduce the 
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possibility that position in the sonicator bath played a role in the sample’s behavior.  Once an 

aliquot was removed, it was immediately studied by CD, fluorescence, DLS and UV-Vis.     

The data shown for the sonication studies in this chapter was from a single measured 

sample under each set of conditions but is representative of at least three other samples prepared 

and measured independently for each technique.  These data sets were selected to represent the 

bulk of the Myc353-437 behavior data because of their continuity and the ability to directly 

correlate the observations/measurements made for each technique. 

2.5.8  Myc353-437 concentration based titration 

Independently prepared samples of 50 µM, 40 µM, 25 µM, and 10 µM Myc353-437 in 

1xPBS were prepared starting from a stock of 200 µM Myc353-437 in water.  The pH of each 

sample (except for the 10 µM sample which was already at the correct value) was manually 

adjusted to up to 7.4 with 1 M NaOH.  These samples were sonicated for one hour in a Branson 

Model 1510 bath sonicator with the temperature controlled to stay between 22°C and 35°C.  

Following sonication, the samples were measured by CD.  The spectra in Figure 2.21 (page 107) 

are representative of 3 independent trials. 
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2.5.9  Thermal denaturation studies (melts) 

Samples of 50 µM Myc353-437 under the conditions described in Section 2.3.3.4  were 

prepared starting from a stock of 200 µM Myc353-437 in water.  For each sample, the pH was 

manually adjusted as needed using either 1 M NaOH or 1 M HCl and experimentally verified 

using a pH probe.  Prior to monitoring by CD, the samples were equilibrated by sonicating for an 

hour in a Branson Model 1510 bath sonicator with the temperature controlled to stay between 

22°C and 35°C.  Once the samples had been sonicated, they were transferred to a 1 mm quartz 

cuvette and layered with mineral oil to prevent evaporation during the study.  Full scans (198 nm 

- 300 nm) were collected in 10°C increments between the temperatures of 10°C and 80°C.  

Spectra were also collected at 4°C, 25°C and 37°C.  In addition, the signal was monitored 

continuously at 222 nm in 0.5°C increments for the full range from 4°C to 80°C.  After reaching 

80°C, the temperature was returned to 4°C (25°C in the case of 50 µM Myc353-437 in 1xPBS at 

pH 3.4) and a full spectrum from 198 nm - 300 nm was collected to assess reversibility.  Data 

were fit using the following equations from Greenfield described in Section 2.3.3.4  using 

version 13 of SigmaPlot.
230

 Data was transferred from SigmaPlot to KelidaGraph for plotting.      

2.5.10  DLS survey of 50 µM Myc353-437 varying buffer and pH 

Samples of 50 µM Myc353-437 were prepared starting from a stock of 200 µM Myc353-437 

in water.  Each sample contained 5.7 mM of the desired buffer (phosphate, MOPSO, or bis-tris) 

and 1xSalt (137 mM NaCl, 2.4 mM KCl).  The pH of each sample was manually adjusted using 

1 M NaOH or 1 M HCl and verified using a pH probe.  Samples were sonicated for one hour in a 
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Branson Model 1510 bath sonicator with the temperature controlled to stay between 22°C and 

35°C.  Following sonication samples were assayed by DLS.    

2.5.11  Quenching and FCS studies with Alexa488 and Alexa594 Myc353-437 conjugates 

Samples used for the Alexa488 and Alexa594 quenching assays described in this chapter 

contained 1xPBS at pH 7.4, 1 mM DTT, and 1 mM EDTA.  The concentration of labeled 

Myc353-437 was 20 nM for quenching assays and 10 nM for FCS studies and the labeled construct 

stocks were 2.5 µM in water.  For samples containing both labeled and unlabeled Myc353-437 

(Figure 2.42, Figure 2.43), the unlabeled Myc353-437 was added from a stock of 200 µM Myc353-

437 in water.  It was observed that immediately following dilution of labeled Myc353-437 

constructs, the fluorescence intensity was comparable to unquenched, free Alexa488, but within 

an hour dropped to the quenched levels described in this chapter.  The kinetics of this 

phenomenon were variable and difficult to characterize.  To account for this behavior, all 

samples were sonicated for one hour in a Branson Model 1510 bath sonicator with the 

temperature controlled between 22°C and 35°C prior to measure.  All measurements for 

quenching studies and FCS were replicated a minimum of 5 times.  Full spectra are 

representative of their respective data sets and reported error bars represent the standard 

deviation.  

2.5.12  Formic acid cleavage of Alexa488 Myc353-437 conjugates 

Samples of Alexa488 labeled Myc353-437 constructs, WT Myc353-437, and Alexa488 dye 

were prepared at 1 µM concentration in the presence and absence of 2% formic acid in capped 
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Posi-click epitubes (Denville Scientific).  Samples were heated for 6 hours at 98°C in a water 

bath and then incubated for 30 minutes at room temperature.  Prior to measure, the labeled 

constructs and Alexa488 dye were diluted to either 20 nM (for steady-state fluorescence) or 10 

nM (for FCS) in 1xPBS pH 7.4, 1 mM DTT, 1 mM EDTA.  The pH was independently verified 

using an appropriately calibrated pH probe and adjusted as needed with 1 M NaOH.    

2.5.13  Quenching studies of Alexa488 Cys-Myc365-379 (WT and mutants) 

Samples of Alexa488 labeled Myc365-379 (both WT and mutants) were prepared in 1xPBS 

pH 7.4, 1 mM DTT, and 1 mM EDTA.  As with the samples of Myc353-437, Myc365-379 samples 

were sonicated for one hour in a Branson Model 1510 bath sonicator with the temperature 

controlled to stay between 22°C and 35°C.  All Measurements were conducted at 25°C.  

Measurements are representative of at least 5 independent trials.  Error bars represent the 

standard deviation of the 5 trials. 

2.5.14  ITC titration of Myc353-437 with MaxP21 

Isothermal titration calorimetry was conducted by injecting 2.5 µL aliquots of 30 µM 

Myc353-437 in 1xPBS at pH 7.4 into 3 µM MaxP21 in 1xPBS at pH 7.4.  The baseline temperature 

for the ITC measurements was 25°C and stirring was set to 250 rpm.  The titration was 

performed in triplicate, and the averaged data was fit to the independent model built into the TA 

Instruments NanoAnalyze software.     
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Chapter 3  Intrinsically disordered regions can discriminate between enantiomers 

3.1  Introduction 

As reviewed in Chapter 1, intrinsically disordered regions (IDRs) are prevalent in disease 

states and understanding how to target this underutilized pool of protein drug targets could 

provide a means for treating many ailments.
91, 106, 260

  Although some advancement has been 

made in the direction of rational targeting of IDRs, there is still much work left to be done in 

order to fully characterize the interactions between IDRs and small-molecule drugs.     

The c-Myc (Myc) oncoprotein is a promising test case for the binding of small molecules 

to IDRs.  Small-molecule binding sites have been identified in the Myc bHLHZip, allowing for 

studies addressing the question of protein context and permitting the use of shortened peptide 

fragments with improved solubility (Figure 1.19).
131-132

  The Myc-Max system is a challenging 

type of protein-protein interaction to target, where both partners are fully disordered as 

monomers and the contacts between the proteins are extensive upon interaction.
86

  An important 

question in targeting IDRs is how a small molecule can disrupt PPIs between fully disordered 

partners when a large region of the protein is involved in the coupled folding and binding 

process. 

   Yin and colleagues discovered seven novel, Myc-Max specific inhibitors in 2003.
168

    

This chapter characterizes the interaction between Myc and the chiral inhibitor 10074-A4 which 

was identified in the work by Yin and colleagues.  Of the Myc-Max inhibitors discovered by Yin 

and colleagues, only 10074-G5 and 10058-F4 have been further investigated using structure 

activity relationships (SAR) and pharmacological studies.
133, 136, 138, 168, 170-172, 174, 261-263

  The goals 

in studying 10074-A4 were to determine if IDRs could discriminate between the enantiomers of 
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an inhibitor and to develop a SAR between 10074-A4 and Myc.  By determining if Myc could 

sense the difference between small-molecule enantiomers, it could be determined if IDR small-

molecule interactions can have a similar level of specificity as their structured counterparts. 

While this work was being conducted, Toretsky and colleagues identified the chiral small 

molecule YK-4-279 as an inhibitor of the interaction between the oncogenic fusion protein 

EWS-FLI1 and RNA helicase A (RHA).
264

  They found that YK-4-279 binds enantiospecifically 

to the predominantly disordered EWS-FLI1 fusion protein, though they have not yet identified a 

specific binding site.  Their work with YK-4-279 has shown promise for treating Ewing Sarcoma 

(an aggressive cancer that causes tumors in bone and soft tissue and typically presents in children 

and young adults) in a mouse model.
265-266
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Figure 3.1: Data from the original study characterizing the interaction between 10074-A4 and Myc353-437.  (A) 

CD spectra of Myc370-409 with (closed circles) and without (open circles) racemic 10074-A4.  (B) Titration of the 

ICD band produced by the interaction between Myc370-409 and racemic 10074-A4.  (C)  CD spectra showing the 

disruption of the Myc-Max heterodimer by 10074-A4.  Open circles represent the sum of the individual protein 

spectra, closed triangles the Myc-Max heterodimer, and closed circles the addition of 10074-A4 to the Myc-Max 

heterodimer.  (D) Titration of the MRE at 222 nm upon addition of increasing amounts of racemic 10074-A4 to the 

Myc-Max heterodimer, showing the loss of helical character as the protein dimer is disrupted by inhibitor.  Figure 

adapted with permission from Hammoudeh et al.
132

 

  

In the original work done in the Metallo laboratory, the interaction between racemic 

10074-A4 and Myc353-437 was characterized.
132

  Using a series of truncations and mutations, it 

was possible to isolate the region of binding to Myc370-409.  Circular dichroism (CD) studies 

between Myc370-409 and racemic 10074-A4 produced a spectrum with peaks that could not be 
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attributed to the protein, but rather corresponded to wavelengths where the compound absorbed 

(Figure 3.1 A and B).  This phenomenon, called induced circular dichroism (ICD), has been used 

previously in the literature to describe other protein-ligand interactions.
267-268

  For example, upon 

interacting with bovine serum albumin (BSA), CD peaks for achiral Congo Red are 

observable.
267

 The dye Congo Red is used extensively to study amyloid-like fibril aggregates and 

is also known to be a ligand for bovine serum albumin (BSA).  In solutions of Congo Red and 

BSA, the CD of the protein is unaffected but at long wavelengths which correspond to the 

absorbance of Congo Red, peaks become observable.  Examples of other compounds that show 

ICD activity with BSA include warfarin, phenylbutazone and dansylglycine.
267

  Of greater 

chemical significance to this work are the interactions of norharman and carprofen with human 

serum albumin (HSA).
269-270

  These compounds are structurally similar to 10074-A4 in that they 

have carbazole or carbazole-like functionalities and each has been shown in the literature to 

experience ICD in the presence of HSA. Norharman is achiral while carprofen is chiral.   

The ICD produced by the interaction of racemic 10074-A4 and Myc370-409 was titratable 

and using this technique a Kd of 21 ± 2 µM for the interaction between Myc370-409 and racemic 

10074-A4 was previously determined.
132

  The procedure used to observe the induction of circular 

dichroism by 10074-A4 and its derivatives will be referred to as ‘the ICD assay’ throughout this 

work.   In addition to showing the formation of ICD upon interaction between Myc370-409 and 

racemic 10074-A4, Hammoudeh and colleagues also showed that racemic 10074-A4 was able to 

disrupt the helical heterodimer formed between Myc353-437 and MaxP21 (Figure 3.1 C and D).   

 Since 2009 when Hammoudeh and colleagues described the enantiospecific interaction 

between 10074-A4 and Myc only two studies of 10074-A4 have emerged in the literature, both 
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from the same group of researchers.  The first was wholly computational and proposed a model 

where the interaction between small molecules and IDRs was governed by multiple interactions 

between different protein ensemble members.
137

  The study worked from NMR data of the 

racemic 10074-A4 interaction with Myc370-409 published in 2009.
132

  The computationally 

determined thermodynamic values from their molecular dynamics trajectories indicated that the 

affinity between S-10074-A4 and Myc370-409 would be 41 times stronger than that of R-10074-A4 

and Myc370-409.  This extent of difference has been seen for inhibitors targeting a structured 

protein (for example, the Nutlins and MDM2 discussed in chapter 1) but there is no experimental 

basis for this strong of an enantiospecific affinity differential for chiral small-molecules with 

IDRs.   

 In their more recent study, Yu and colleagues built upon their original work and 

developed a method for virtual screening of Myc ensemble members to find 10074-A4 analogs 

that might disrupt the Myc-Max interaction.
119

  This study was a combination of computational 

and experimental work, with biophysical measurements consisting of the ICD assay originally 

used to characterize the interaction with 10074-A4 and SPR measurements that look for 

disruption of the Myc-Max-DNA interaction.
173

  After an initial virtual screen of the SPECS 

library and an in house DCSD library, they identified 273 compounds that were of interest.  

Information regarding the size of these libraries was not provided in the article.
119

  Seven of the 

273 identified compounds bound Myc370-409 in vitro via SPR and an ICD assay.
119

  Four of these 

compounds were also able to disrupt Myc dependent cellular proliferation using the MTT assay, 

a colorimetric assay that evaluates cell metabolic activity and determines the number of viable 

cells remaining.  Ultimately, they concluded that using in silico screening of binding pockets 
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identified from an IDP’s ensemble could be a viable method for determining potential binders.  

The dissociation constants obtained in this study varied drastically on a compound per compound 

basis between the SPR measurements and the ICD assay, suggesting that these pieces of data 

should be viewed critically.  For example, their data indicated a Kd of 128 ± 46 µM of 10074-A4 

for Myc using the ICD assay while the SPR data indicated a Kd of 36.3 ± 9.0 µM.  Perhaps the 

most dramatic difference was for their novel inhibitor PKUMDL-YC-1101, which had a Kd of 

94 ± 21 µM for Myc using the ICD assay while the SPR data indicated a Kd of 0.28 ± 0.14 µM.  

Several studies now have suggested that targeting members of the protein ensemble could result 

in drug leads.
117, 271

 

In the course of studying the interaction described in this chapter, we learned of the Myc 

self-association described in Chapter 2.  Much of the work here was performed without 

knowledge of Myc’s self-association; however the majority of the binding studies with 10074-

A4 and its derivatives were performed using the peptide Myc372-389 which does not self-associate. 

The studies involving Myc353-437 binding to 10074-A4 were performed using surface plasmon 

resonance (SPR) with Myc immobilized on the chip surface.  When the Myc was immobilized on 

the chip surface for SPR, it was done at concentrations below those where self-association 

occurs.  Presumably, when the protein is tethered to the chip surface it is evenly distributed and 

also ‘dilute’. Therefore, it is very unlikely these studies suffered interference from Myc self-

association and thus they accurately reflect the interaction between monomeric Myc and 10074-

A4.   

 This chapter describes the synthesis of the individual 10074-A4 enantiomers and the 

characterization of the interaction between 10074-A4 and Myc372-389 by CD and SPR studies.  It 
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also discusses the beginnings of a SAR between 10074-A4 and Myc372-389, the unexpected origin 

of the ICD, and the identification of an additional binding site for 10074-A4 in Myc353-437. 
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3.2  Results and discussion 

3.2.1  Synthesis of 10074-A4 

To address the question of how IDRs recognize chiral small molecules and if IDRs can 

discriminate between enantiomers, both racemic and enantiomerically pure 10074-A4 was 

synthesized (Figure 3.2).  Previously experiments with 10074-A4 had been conducted with 

racemic 10074-A4 purchased from ChemBridge Corporation.  The reaction scheme begins with 

carbazole which was chlorinated with sulfuryl chloride following a modified procedure from 

Shang and colleagues where the reaction time was increased to 18 hours and the crude product 

was recrystallized multiple times from hexanes.
272

  To ensure appropriate linker orientation, 

prevent racemization, and facilitate selective reactivity, epibromohydrin was selected to link 3,6-

dichlorocarbazole to 2,4-thiazolidinedione (TZD).  As an alternative to epibromohydrin, which 

was only available as the racemate, enantiopure epichlorohydrin was commercially available for 

use in synthesis of the pure enantiomers.  To make intermediate 2, epibromohydrin was allowed 

to react with 3,6-dichlorocarbazole in a nucleophilic substitution reaction following a procedure 

from MacMillan et al.
273

  When epichlorohydrin was used, it was necessary to modify the 

procedure by adding potassium iodide to improve reactivity via an in situ Finkelstein reaction.  

To prepare 10074-A4, 2 was allowed to react with TZD in a nucleophilic substitution reaction.  

A similar synthetic approach was later used to make derivatives of 10074-A4.  Additional 

information about synthetic procedures can be found in section 0on page 276. 
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Figure 3.2: Synthesis of 10074-A4.  (A) Chlorination of carbazole using sulfuryl chloride in dichloromethane to 

produce 3,6-dichlorocarbazole, 1.  (B) Epibromohydrin (for racemic compounds) or epichlorohydrin (for 

enantiopure compounds) was allowed to react with 1 using KOH in DMSO.  Potassium iodide was added to 

reactions with epichlorohydrin to produce an in situ Finkelstein reaction and improve reactivity.  (C) Nucleophilic 

substitution of 2 by TZD using triethylamine in refluxing acetonitrile to produce the parent compound, 3, 10074-A4. 

Here the synthesis of R-10074-A4 is shown, but the reactivity and behavior of the racemic mixture and S enantiomer 

was similar. 
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3.2.2  Racemic 10074-A4 interacts with Myc372-389 

 In the original studies characterizing the 10074-A4 Myc interaction, Myc370-409 was 

identified as containing the 10074-A4 binding site and in that work NMR studies of the 

interaction between 10074-A4 and Myc370-409 indicated the specific involvement of residues 375-

385 (Figure 1.19).
132

  Using the shortened peptide, Myc372-389, the localization of binding to these 

residues was confirmed here using the ICD assay (Figure 3.3; c.f. 3.4.4 page 293 and 3.4.6 page 

296).  As expected, a racemic solution of 10074-A4 produced no CD signature as it is an equal 

mixture of both enantiomers.  When Myc372-389 is present with racemic 10074-A4, a CD 

signature is observed that cannot be attributed to the CD spectrum of the peptide.  The most 

logical explanation is that the compound-peptide interaction is enantiospecific, resulting in a CD 

signal that could originate from a free enantiomer, a bound enantiomer, or the sum of these 

spectra.  In the original work, the ICD was identified as a peak at 240 nm.  Here, additional 

spectral features from the ICD in the presence of racemic 10074-A4 were observed.  Comparison 

of the absorbance spectra of racemic 10074-A4, 3,6-dichlorocarbazole, and TZD indicate  these 

features arise from the 3,6-dichlorocarbazole moiety.  In Figure 3.3 B, the absorbance spectra of 

racemic 10074-A4 and 3,6-dichlorocarbazole are nearly identical with features at wavelengths 

greater than 250 nm while the spectrum of TZD only has peaks below 250 nm (c.f. 3.4.5.4 page 

296).     



213 

 

 

 

Figure 3.3: Racemic 10074-A4 interacts enantiospecifically with Myc372-389. (A) CD spectra of racemic 10074-

A4 with and without Myc372-389 in 1xPBS pH 7.4 with 5% methanol.  The concentration of peptide is 12.5 µM and 

the concentration of racemic 10074-A4 is 25 µM. (B) Absorbance spectra of 10 µM racemic 10074-A4, TZD, and 

3,6-dichlorocarbazole in ethanol.   

 

 Attempts to reproduce the original 10074-A4 data were fraught with difficulties.  In the 

original work, concentrations of compound up to 200 µM were tested.  Mimicking the original 

conditions, precipitation of the compound was observed at concentrations in excess of 25 µM in 

both the presence and absence of peptide. Furthermore, at compound stock concentrations of 

greater than 1 mM (the minimum concentration needed to prepare samples of 50 µM compound 

with a final concentration of 5% ethanol), the compound was not soluble in ethanol unless stocks 

were sonicated and heated extensively prior to use.  Solubilizing the compound in ethanol with 

heat and sonication and using the conditions reported in the paper, titrations of the ICD peak at 

240 nm in the presence of Myc372-389 were difficult to replicate and lacked reproducibility, the 

most common issue being attenuated or absent ICD at concentrations where it was expected.  In 

these instances, the peptide spectrum was unaffected, suggesting that the problems were 
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compound related.  To address these concerns, initially the compound delivery solvent was 

switched from ethanol to methanol.  The solubility of the compound in methanol was greater, 

allowing for preparation of compound stocks up to 2 mM concentration without the need for 

heating for sonication.  Solubility was assessed by checking for visible precipitate after 

centrifugation at 13000 rpm for 10 minutes in a benchtop centrifuge.  Even with this change, the 

titrations of the ICD were inconsistent.      

To further improve compound solubility and measurement reproducibility, the compound 

delivery solvent was switched from methanol to DMSO.  Although this prevented observation of 

the peptide region of CD spectra due to DMSO’s strong absorbance below 235 nm, it improved 

compound stock solubility to > 100 mM in pure DMSO, and to ~50 µM in water with a final 

concentration of 5% DMSO.  Titrations of the ICD at 240 nm using these modified conditions 

were fit to a 1:1 binding model even though the titration was conducted at 2:1 racemic compound 

to Myc372-389 (c.f. 3.4.6 page 296).  The logic here was that in order for ICD to occur, there must 

be a difference in affinity between the two enantiomers and fitting to a 1:1 binding model was 

more accurate because there is only one binding site for 10074-A4.  When fit to a 1:1 binding 

model the titration in Figure 3.4 B indicated that the Kd of racemic 10074-A4 for Myc372-389 (1.1 

± 3.2 µM) was stronger than previously reported for Myc370-409 (21 ± 2 µM).  The error in this 

new Kd value is high, likely because the low concentration end of the titration is not well 

defined.  Titration below 1 µM was constrained by low signal-to-noise. In the fit to a 1:1 binding 

model, the low end is predicted as approximately -5500 deg cm
2 

dmol
-1

 for the MRE at 240 nm 

of free peptide.  By comparison to the free peptide spectrum in Figure 3.3 A, this value is too 

negative and should be closer to 0.  If the data in Figure 3.4 B are fit such that the low 
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concentration end of the titration is constrained to be zero while the other variables are allowed 

to float, the Kd drops to 0.371 ± 0.111 µM and the R
2
 is still 0.93.  In both fits, the MRE for the 

fully bound complex fits to the same value of approximately -17500 deg cm
2
 dmol

-1
. 

  

 

Figure 3.4: Initial titration of the 10074-A4 ICD in the presence of Myc372-389. (A) Comparison of the ICD 

observed for 2:1 racemic 10074-A4:Myc32-389 when 10074-A4 is delivered from either methanol (MeOH) or DMSO. 

(B) Titration of 2:1 racemic 10074-A4:Myc372-389 in 1xPBS pH 7.4 5% DMSO by CD following the ICD peak at 240 

nm (Kd = 1.10 ± 3.21 µM; R
2
=0.93).  Error bars represent standard deviation of three trials.  All measurements were 

conducted at 25°C.      

 

It should be noted that the CD spectra in this chapter are in units of mean residue 

ellipticity (MRE).  Although the ICD arises from spectral features of the compound and the unit 

MRE is typically used to normalize spectra of proteins for number of amino acids, concentration 

and path length, this unit is maintained throughout for ease of comparison to previous data and 

for comparison to spectra with and without Myc.  In the work of Hammoudeh and colleagues, 

the maximal ICD value reported has an MRE of approximately -7000 deg cm
2 

dmol
-1

 at 240 
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nm.
132

  Compensating for differences in peptide length because the construct used by 

Hammoudeh and colleagues was Myc370-409, this is equivalent to an approximate value of -15000 

deg cm
2 

dmol
-1  

using equivalent conditions in the system reported here (binding to Myc372-389; 

10074-A4 delivered from methanol).   

3.2.3  The origin of the ICD 

 A fundamental question in studying the interaction between racemic 10074-A4 and 

Myc372-389 is the origin of the ICD.  The initial data supported an enantiospecific interaction, but 

the ICD could arise from the unbound enantiomer, the complex, or some combination of the two.  

In Figure 3.5, the two extremes for the origin of the ICD are shown, where either the small 

molecule:protein complex is CD active or the unbound enantiomer is active.  In this model, when 

racemic 10074-A4 is present with Myc353-437 in a 1:1:1 ratio of protein:R-10074-A4:S-10074-A4, 

only one enantiomer is capable of interacting with the protein.  This assumes that the Kd values 

of R-10074-A4 and S-10074-A4 are different enough that the higher affinity enantiomer prevents 

substantial interaction by the lower affinity enantiomer.  In panel A, the interacting enantiomer is 

presented as being CD silent while the unbound enantiomer is CD active.  In panel B, the 

opposite is shown, with the free enantiomer being CD silent and the complex between small 

molecule and protein being CD active.  If one of the extreme cases of the ICD origin were 

occurring, then it should be possible to compare the CD signatures of the free enantiomers to the 

CD of racemic 10074-A4 interacting with the binding site Myc372-389 and determine which is CD 

active.  Implicit in this analysis is the assumption that the CD signature of the free enantiomers 

has different spectral characteristics than that of the bound enantiomers.  
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Figure 3.5 (previous page): Cartoons illustrating the possible origins of the circular dichroism signal.  One 

representative conformation of the Myc353-437 ensemble is shown in blue with the residues 372-389 colored red. (A) 

Representation of 1:1:1 ratio of Myc353-437:R-10074-A4:S-10074-A4, which is what would be present when there is 

2:1 racemic 10074-A4:Myc353-437.  As the species interact, one compound is excluded from binding.  In this 

illustration, the complex is CD silent, while the free molecule is CD active.  (B) Same as in A, but the free molecule 

is CD silent while the complex is CD active.  Graphics were generated using UCSF Chimera.
9
      

 

To help answer this question, the individual enantiomers of 10074-A4 were synthesized 

and characterized by CD (Figure 3.6 A; methods c.f. 0page 276 and 3.4.6  page 296).  The CD 

spectra of the enantiomers were equal and opposite, as expected and contained spectral features 

at wavelengths consistent with the compound absorbance spectrum.  Thus, it was demonstrated 

that the stereocenter present in the carbon linker is capable of inducing a CD signal from the 

attached carbazole moiety.  Comparison to the spectrum of 2:1 racemic 10074-A4 in the 

presence of Myc372-389 showed that the CD signature observed in the presence of Myc peptide 

was consistent with the S enantiomer (Figure 3.6 B).  When analyzing the 2:1 racemic 10074-

A4:Myc372-389 data, the amount of apparent compound visible is equivalent to half the total 

compound in the mixture whereas in the free compound spectrum, all of the total compound is 

visible and the concentration used for generating the units of MRE involve that total 

concentration. For comparison therefore, the 2:1 racemic 10074-A4:Myc372-389 spectrum is scaled 

in Figure 3.6 B to account for the difference in apparent compound concentration.    The data in 

Figure 3.6 B suggest that the mode of interaction between 10074-A4 and Myc372-389 is consistent 

with the extreme case for ICD occurrence shown in Figure 3.5 A, where the unbound enantiomer 

is CD-active while the complex between the bound enantiomer and Myc372-389 is CD-inactive.   

Given that the spectrum observed for the interaction between Myc372-389 and racemic 10074-A4 

overlays with the spectrum of S-10074-A4, from the model it follows that S-10074-A4 is free in 



219 

 

 

solution and CD active while the R-10074-A4 is interacting with Myc372-389 and the complex is 

CD inactive.  These data support the conclusion that the R enantiomer interacts with Myc372-389 

while the S enantiomer is either inactive or has a significantly weaker affinity.   

 

 

Figure 3.6: The interaction between racemic 10074-A4 and Myc372-389 has a CD spectrum that closely matches 

S-10074-A4. (A) CD spectra of 25 µM 10074-A4 enantiomers alone in 1xPBS pH 7.4 5% methanol.  (B) 

Comparison of 25 µM S-10074-A4 to 25 µM racemic 10074-A4 in the presence of 12.5 µM Myc372-389. The 

spectrum of racemic 10074-A4 with Myc372-389 has been doubled to account for the difference in enantiomer 

concentration when compared to the free enantiomer (12.5 µM relative S-10074-A4 in racemic versus 25 µM S-

10074-A4 in pure enantiomer sample).  All measurements were conducted at 25°C and are representative of at least 

5 independent trials. 

 

Next, the interaction of the individual 10074-A4 enantiomers with Myc372-389 was probed 

(methods c.f. 3.4.6 page 296).  If the interpretation of the racemic compound data is correct, then 

the CD spectrum of S-10074-A4 should remain unchanged in the presence of Myc372-389 while 

the CD signal of R-10074-A4 should be significantly reduced or completely absent.  However, 

the CD spectra of both enantiomers were dramatically altered in the presence of Myc372-389 

(Figure 3.7 A).  Although the spectral features were still at the wavelengths expected based on 
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the absorbance spectrum of the compound, the features were of lower intensity than the free 

enantiomers and the predominant peak at 240 nm was significantly reduced or entirely absent.  

The spectra were also not completely equal and opposite, suggesting different binding modes for 

the two diastereomeric compound:peptide complexes.  To better understand this result, spectra of 

racemic 10074-A4 and Myc372-389 at 1:1 were collected (Figure 3.7 B).  Note that in the 

measurements of racemic 10074-A4 with Myc372-389 at 2:1 racemate:peptide there is competition 

for the binding site whereas at 1:1 racemate:peptide both enantiomers can bind and therefore we 

would observe the sum of the CD signature of both bound complexes. In Figure 3.7 B, the blue 

trace represents the 1:1 interaction between racemic 10074-A4 and Myc372-389.  This spectrum 

differs significantly from the spectrum of 2:1 racemate:Myc372-389 in Figure 3.7 A.  To determine 

if the blue trace in Figure 3.7 B could represent an instance where both enantiomers were 

interacting with Myc372-389, the sum of the spectrum for R-10074-A4 interacting  with Myc372-389 

(purple trace) and S-10074-A4 interacting with Myc372-389 (red trace) was computed and plotted 

(gold trace).  The spectrum of 1:1 racemic 10074-A4:Myc372-389 (blue trace) and the computed 

sum of the 1:1 interactions between the individual enantiomers and Myc372-389 were nearly 

identical, with the only difference being the relatively steep, negative peak at 240 nm in the 1:1 

racemic 10074-A4:Myc372-389 versus a flattening in the sum of the individual enantiomers with 

Myc372-389.  The overall agreement of the individual and summed spectra suggested that the 1:1 

racemate:peptide spectrum did indeed represent both enantiomers interacting with Myc372-389.   
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Figure 3.7: The circular dichroism spectra of 10074-A4 enantiomers changes dramatically in the presence of 

Myc372-389.  (A) Comparison of the interaction between 10074-A4 enantiomers and Myc372-389.  Samples at 1:1 are 25 

µM of each component.  Samples at 2:1 are 25 µM compound and 12.5 µM peptide.  (B) Comparison of the 

interaction between 10074-A4 enantiomers and Myc372-389 at 1:1 to racemic 10074-A4 with Myc372-389 at 1:1.  All 

measurements were conducted at 25°C and are representative of at least 5 independent trials. 

 

The spectra in Figure 3.6 and Figure 3.7 were collected with identical concentrations of 

compound (25 µM).  As already described, the interaction between Myc372-389 and racemic 

10074-A4 at 2:1 was consistent with exclusion of one enantiomer (S) from binding while the 

interaction between Myc372-389 and racemic 10074-A4 at 1:1 suggested that both enantiomers 

could interact when there was no competition for the binding site.   Given that these 

measurements were conducted at equivalent compound concentrations, it did not follow that both 

enantiomers could bind completely at 25 µM but one could be completely excluded from binding 

in the 2:1 interaction with racemic 10074-A4.  Consider the following argument.  In Figure 3.4 

B, the Kd for the interaction between racemic 10074-A4 and Myc372-389 at 2:1 was 1.1 ± 3.2 µM.  

This affinity was predicated on the assumption that only one enantiomer bound during the course 
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of the titration and the other was excluded.  The data in Figure 3.6 B showed that the interaction 

observed for 2:1 racemic 10074-A4:Myc372-389 at 25 µM compound presented with a spectrum 

consistent with the S enantiomer being free in solution.  From this spectrum, it is inferred that the 

R enantiomer is in complex with Myc372-389 while the S enantiomer is excluded.  It follows, then, 

that the affinity of the R enantiomer for Myc372-389 would be the value observed during the 

titration in Figure 3.4 B, 1.1 ± 3.2 µM.  If, at 25 µM 2:1 the S enantiomer is completely excluded 

from binding then the affinity of the S enantiomer must be at least ten times worse than that of 

the R enantiomer (~11 µM).  If the S enantiomer has such a ten-fold weaker affinity compared to 

the R enantiomer, then the spectrum of 1:1 racemic 10074-A4:Myc372-389 should represent near 

complete binding by the R enantiomer and only partially bound S enantiomer.  Therefore, the 

spectra in Figure 3.7 B should represent completely bound R-10074-A4 (purple trace), partially 

bound S-10074-A4 (red trace), and then the combination of those states when the enantiomers 

are not competing for the binding site (blue trace).  When the red and purple traces are summed, 

they produce the gold trace which would be the expected CD spectrum if both enantiomers were 

completely bound at 1:1 racemic 10074-A4:Myc372-389 (the blue trace).   At 25 µM 1:1 S-10074-

A4: Myc372-389 the compound is only partially bound and therefore the sum of the purple and blue 

traces (represented by the gold trace) does not completely overlap the blue trace because at 1:1 

racemic:Myc372-389  there is enough excess Myc372-389 to drive the S-10074-A4 to a completely 

bound state.  Therefore there is not a dip in the gold trade at ~240 nm like there is in the blue 

trace because the S-10074-A4 is not completely bound at 1:1 S-10074-A4: Myc372-389 (red trace).  

The data in Figure 3.7 suggest that S-10074-A4 has an affinity greater than 25 µM, though not 

drastically so, and that R-10074-A4 is completely bound at 25 µM. 
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Figure 3.8: Titrations of (A) R-10074-A4 and (B) S-10074-A4 at 1:1 with Myc372-389.  Titrations were 

conducted in 1xPBS pH 7.4 with 5% DMSO at 25°C.  Spectra are representative of one of three trials. 

 

In an attempt to probe the affinity of the individual enantiomers, 1:1 titrations of each 

enantiomer with Myc372-389 were conducted (Figure 3.8; methods c.f. 3.4.6 page 296).  For both 

enantiomers, the CD signal did not titrate within the detection limit of the instrument (down to 

1.56 µM), which supported the conclusion that 10074-A4 bound with significantly stronger 

affinity than previously reported, but that the interaction could not be characterized by CD using 

a direct 1:1 titration.  This did not, however, follow with the logic that the R enantiomer could 

completely displace the S enantiomer during 2:1 binding studies and that the S enantiomer did 

not seem to be completely bound in Figure 3.7.     
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Figure 3.9: The CD signature of 10074-A4 evolves over time.  (A) Time dependent changes in CD spectrum of 

25 µM racemic 10074-A4 with 12.5 µM Myc372-389 . (B) Time dependent changes in the CD spectrum of 25 µM of 

each 10074-A4 enantiomer.  Samples are in 1xPBS at pH 7.4 with 5% DMSO and data were collected at a constant 

temperature of 25°C.  In both data sets, time zero represents approximately 20 seconds from the time the compound 

was added, as this was the lag time for transferring the sample into the cuvette and starting the measurement. Data 

are representative of three independent trials.  

 

As an additional way to probe the interaction between Myc372-389 and 10074-A4, kinetic 

measurements of 10074-A4 in the presence of Myc372-389 were pursued (methods c.f. 3.4.6 page 

296).  In Figure 3.9 A, the time dependent change in CD signal at 240 nm was measured after 

addition of 25 µM racemic 10074-A4 to 12.5 µM Myc372-389.  It should be noted that time zero in 

for both panels in Figure 3.9 is approximately 15 seconds after mixing, which is the time 

necessary to transfer the sample into the cuvette and start the measurement. Interestingly, there 

was a lag time prior to the appearance of the ICD band at 240 nm.  During control studies, it was 

found that the pure enantiomers of 10074-A4 exhibited time dependent change in their CD 

spectra in the absence of peptide (Figure 3.9 B).  In both cases the signal eventually plateaued at 

a stable value, indicating that the system had reached equilibrium.  The time dependent change in 
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the CD signal at 240 nm for the free enantiomers did not exhibit a lag time while the racemic 

10074-A4 in the presence of Myc372-389 did.  The observation that 10074-A4 alone had a time-

dependent change in its CD signal was unexpected, and suggested that the compound alone was 

undergoing an event upon addition to water that could influence kinetic studies and possibly 

binding.  One plausible explanation was that the compound was undergoing a change in 

aggregation state when diluted into water.  It could be that the compound was disaggregating 

when added to water, leading to CD, or it could be that the compound was aggregating upon 

addition to water, leading to CD.  If 10074-A4 was aggregating in water and the aggregate was 

the species responsible for the ICD signal, then that would affect the interpretation of earlier 

studies. In order to determine which of these events was occurring, the concentration dependence 

of the CD of the individual enantiomers was probed. If the induction of circular dichroism over 

time for 10074-A4 was aggregation-related, then it should exhibit a concentration dependence.  

If the ICD was related to the formation of aggregates, then the ICD should be more pronounced 

at increasing concentrations.  If the ICD was related to disaggregation in water, than the converse 

would be true, with the ICD being more pronounced at lower concentrations. 
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Figure 3.10: Concentration-dependent behavior of 10074-A4 in water.  Concentration dependence of S-10074-

A4’s CD (A) and fluorescence (B) in 1xPBS pH 7.4 5% DMSO.  In the fluorescence spectra, the peaks at 368 nm 

and 379 nm are broadened because the spectrum was collected with wide excitation and emission slits. Samples 

were excited at 300 nm. Data were collected at 25°C and are representative of three independent trials.  

 

In Figure 3.10 A, CD spectra of S-10074-A4 at various concentrations are shown 

(methods c.f. 3.4.6 page 296).  At concentrations of 9 and 10 µM, the CD signature is identical in 

appearance to that observed previously for S-10074-A4 at 25 µM and for the CD signature of 2:1 

racemic 10074-A4 with Myc372-389.  At 8 µM, however, there is a dramatic reduction in the CD 

signature and at 7 µM the CD signal is completely gone.  Such a sharp, concentration-dependent 

change in the CD of the compound is indicative of the formation of superstructure, such as what 

is observed for the formation of micelles.  In this case, the superstructure displays chiral 

properties.  This could be a function of chirality of the discreet 10074-A4 unit or it could be from 

the overall chirality of the superstructure.  The current data do not delineate between the two 

scenarios. 
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At this point, it is useful to clarify some terminology that will be used in the remainder of 

the chapter.  In the literature, the term aggregate is broadly used to describe associations between 

species ranging from the association of two molecules to form a dimer to the formation of multi-

micron particles encompassing hundreds of participants.  In this work, the terms aggregate and 

assembly will be used to describe two different species.  Here, an aggregate represents the non-

specific association of multiple molecules into a superstructure that does not have a repeating 

structure.  An assembly describes the specific association of multiple molecules into a 

superstructure with an organized, presumably repeating subunit.   

The work published by Hammoudeh and colleagues in 2009 stated that 10074-A4 was 

non-fluorescent.
132

  During the course of studying 10074-A4, it was discovered that the 

compound did indeed have strong fluorescent properties.  This is not surprising, given that 

carbazole moieties are typically highly fluorescent.
274

  In Figure 3.10 B, the fluorescence spectra 

change with concentration in a similar manner to that seen with the CD spectra (methods c.f. 

3.4.7 page 297).  There is a peak shift to red wavelengths and an apparent increase in intensity as 

the concentration decreases below 8 µM.  The fluorescence spectra for 9 and 10 µM have poor 

spectral resolution of their two peaks at 368 and 378 nm due to the experimental conditions used 

for these data sets, specifically the slit widths were wide (6 nm vs 3 nm for sharper spectra) 

(Figure 3.10).  Better resolution for these peaks can be seen in Figure 3.13 B, which will be 

discussed shortly.    The fluorescence spectra for 9 and 10 µM also show indications of Rayleigh 

scattering at the short wavelengths, suggesting that there may be scattering species in the 

solution.  Together, the concentration dependence of the CD and fluorescence spectra support the 

conclusion that starting at 8 µM, 10074-A4 forms a chiral assembly with a characteristic CD 
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spectrum and altered fluorescence properties.  The critical assembly concentration, or CAC, of 

10074-A4 is approximately 8 µM. 

 

Figure 3.11: DLS data of S-10074A4 at various concentrations.  (A) Correlation curves of S-10074A4 in 1xPBS 

5% DMSO pH 7.4.  (B) Unweighted radius data from the only usable correlation curve in A.  Data are representative 

of three independent trials. 

 

The fluorescence spectra of the chiral, (hypothesized to be assembled) 10074-A4 

exhibited increased Rayleigh scattering at short wavelengths, prompting investigation of the 

chiral assembly using dynamic light scattering (DLS).  Samples of 10074-A4 below the CAC of 

8 µM did not scatter or produce intensities that resulted in auto-correlation (Figure 3.11 A; 

methods c.f. 3.4.5.3 page 295).  In Figure 3.11 A, 25 µM 10074-A4, which is above the CAC, 

shows well-defined correlation.  The unweighted hydrodynamic radius profile for this sample is 

given in Figure 3.11 B. At 25 µM, S-10074-A4 has a narrow distribution of particles with an 

average hydrodynamic radius of 569 nm.   
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Figure 3.12: DLS of the enantiomers of 10074-A4 in the presence of Myc372-389 and Myc353-437.  (A) The 

correlations curves for DLS of the enantiomers of 10074-A4 in the presence of Myc372-389 and Myc353-437 measured in 

1xPBS pH 7.4 5% DMSO at 25 µM.  (B) Particle size distributions from the correlation curves in A.  Spectra and 

distributions are representative of three independent trials. 

 

Having characterized the behavior of the compound alone by DLS, the behavior of the 

compound in the presence of Myc372-389 and also in the presence of Myc353-437 was assessed 

(methods c.f. 3.4.5.3 page 295).  DLS measurements of 25 µM Myc372-389 alone showed no 

evidence of scattering under the conditions used for binding experiments (Figure 3.12).  There 

was also no observable scattering or correlation from samples of 25 µM Myc372-389 with 25 µM 

of either enantiomer of 10074-A4.  From the DLS data of Myc372-389 in the presence and absence 

of compound, it was concluded that the chiral assembly seen for compound alone and expected 

at this concentration of 10074-A4 did not form in the presence of Myc372-389.  This suggested that 

the presence of Myc372-389 either prevented or reversed assembly of 10074-A4 although the data 

are not sufficient to determine which occurred.  Therefore, the CD observed in Figure 3.7 was 

not from a chiral assembly but rather from the complex formed between Myc372-389 and the 
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enantiomer of interest.  This suggested that the interaction of Myc372-389 with 10074-A4 was 

sufficient to prevent self-association of 10074-A4 and that measurements of 10074-A4 with 

Myc372-389 accurately reflect the dispersed state of the compound-peptide complex.  Furthermore, 

this explains why the CD of the 10074-A4 enantiomers with Myc372-389 differs from the CD of 

the pure enantiomers.    

The DLS data for Myc353-437 in the presence and absence of 10074-A4 was not as simple 

to interpret.  In samples of Myc353-437 and 10074-A4, species with an average hydrodynamic 

radius of 89.6 nm were observed.  For Myc353-437 alone there was a species with an average 

hydrodynamic radius of 39.6 nm present.  It was the recognition of these species in samples of 

Myc353-437 without 10074-A4 present that prompted the start of the work described in Chapter 2.  

That Myc353-437 did scatter suggested the formation of aggregate species for the protein alone.  

The species identified in the presence of 10074-A4 were larger, however, suggesting that the 

nature of the Myc353-437 aggregates was affected by the presence of 10074-A4.  There was no 

evidence of species the size of the chiral assembly, which suggests that the 10074-A4 might not 

be assembling in the same manner or that the compound may not be assembling at all but rather 

might be incorporated into the Myc353-437 aggregate.  Further experiments are necessary to fully 

characterize the influence of 10074-A4 on Myc353-437 self-association.     

With data suggesting that 10074-A4 forms chiral assemblies, a model for 10074-A4’s 

behavior upon dilution from organic solvent (DMSO) into water was developed (Figure 3.13).  

The model entails several points.  First, upon delivery into water from DMSO (where the 

compound is dispersed as determined by DLS of DMSO stocks, discussed later), 10074-A4 is 

initially aggregated.  This aggregated species presents with high scatter intensity by DLS which 
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correlates to multi-micron size particles, no CD signal, and fluorescence with a lambda max of 

400 nm (Figure 3.13).  Sonication of samples containing aggregated 10074-A4 disperses the 

compound. If the concentration is greater than 8 µM, then the compound spontaneously 

assembles into a chiral, CD active species with a particle size of Rh= ~600 nm.  The fluorescence 

spectrum of this species shows evidence of Rayleigh scattering at the short wavelengths, and 

distinct vibrionic coupling leading to peaks at 368 nm and 378 nm as well as a residual peak at 

400 nm.  The presence of vibrionic coupling in the fluorescence spectrum supports the 

conclusion that 10074-A4 is forming an ordered assembly.
241

  If the compound is at a 

concentration less than 8 µM, then the compound remains dispersed in its monomeric state 

following sonication as evidenced by DLS, fluorescence and CD data seen in Figure 3.10 and 

Figure 3.11.  If Myc372-389 is present and of equal or greater concentration to the compound, 

interaction between Myc372-389 and 10074-A4 prevents the compound from forming a chiral 

assembly even at concentrations greater than 8 µM (Figure 3.12 A).  In this instance, there is a 

binding event between Myc372-389 and 10074-A4.  These scenarios reflect the behavior of 10074-

A4 with Myc372-389.  How the compound behaves in the presence of Myc353-437 is not as clear due 

to contributions from Myc353-437’s self-association.  At a minimum, the data support the 

conclusion that the presence of 10074-A4 in samples with Myc353-437 results in the formation of 

superstructure that does not reflect the behavior of either species independently.  Whether the 

superstructure is a result of Myc-driven assembly, 10074-A4 driven assembly, or some melding 

of the two is not known nor is it possible to determine from the current data.  
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Figure 3.13: Assembly of 10074-A4 in water. CD (A) and fluorescence (B) spectra of the different forms of S-

10074-A4 in 1xPBS pH 7.4 5% DMSO. (C) Flow chart explaining the path that 10074-A4 takes upon delivery into 

water in the presence and absence of Myc372-389.  The behavior of samples containing Myc353-437 and 10074-A4 is not 

described by this model because the current data are not sufficient to determine its accuracy for the Myc353-437 and 

10074-A4 system. 

 

Having constructed a plausible model for the characteristics of 10074-A4 upon dilution 

from DMSO into water, the model could be used to analyze and to understand some of the 

behaviors observed earlier in this work and in the work done by previous laboratory members.  

First, the observation that 10074-A4 undergoes an apparent transition from aggregate to 
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monomer to chiral assembly after delivery into water and subsequent sonication provides an 

explanation for why early titrations were difficult to reproduce.  The ICD assay with racemic 

10074-A4 was predicated upon the observation of CD which originates from a chiral assembly.  

The formation of the chiral assembly only occurs if the compound is dispersed in solution at 

concentrations above 8 µM.  Aggregates of 10074-A4 are not CD active.  Therefore, during early 

studies it is likely that the irreproducibility and high error of the ICD assay originated from 

inefficient dispersal of 10074-A4 from the aggregated state.  Furthermore, because the earlier 

assays were conducted with racemic 10074-A4, this would explain why there was no CD 

signature for the free compound during those studies.  Both the R and the S enantiomers have 

similar propensity to form chiral assemblies and therefore they would be present in equal 

amounts in the racemic mixture, cancel one another out and appear CD inactive.  Earlier, it was 

suspected that the R enantiomer binds with better affinity than the S enantiomer because when 

racemic 10074-A4 is in the presence of Myc372-389 in a 2:1 ratio, the CD signature retained the 

appearance of S-10074-A4 (Figure 3.6).  This remains likely, but the interpretation of that data 

needs to be adapted.  For instance, because 10074-A4 forms an assembly it is possible that the 

difference in the affinities of the two enantiomers for Myc372-389 is not as drastic as presumed 

earlier.  The reversibility of the assembly has not been established, and so it is possible that the 

assembled state of 10074-A4 is a kinetic trap.  Therefore, even if R-10074-A4 and S-10074-A4 

have only marginally different affinities it could be possible to exclude S-10074-A4 partially 

from binding when the racemic compound is at 2:1 with Myc372-389 leading to a difference in the 

kinetics of assembly and the appearance of a strong enantiomeric preference.    
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A literature search revealed that assembly has been observed and characterized in other 

carbazole-containing compounds.  Carbazole has been used as a framework for the creation of 

aggregation induced enhanced emission systems (AIEE), a phenomenon that is uncommon and 

of great value in the developing field of organic electronics.
275-278

 Of particular interest was the 

compound 1-cyano-trans-1,2-bis(4-carbazolyl)phenylethylene (CN-CPE) which undergoes 

aggregation in mixtures of water and acetone, resulting in  micron sized crystals.
279

  Dilute CN-

CPE solutions fluoresce weakly but the compound undergoes AIEE at concentrations above 

10 µM.   In this case, the aggregation-induced fluorescence changes were attributed to the 

absence of strong cofacial π-π alignment and the quenching that accompanies the alignment.  

The crystal structure of CN-CPE shows that while the carbazole moieties are planar within the 

same molecule, there is a twist in the backbone of the molecule which prevents intramolecular π-

π stacking of the carbazole moieties and it is the intramolecular π-π stacking interaction that 

normally quenches the fluorescence of chromophores in the solid state (Figure 3.14).  They 

attributed the AIEE observed to the absence of an intramolecular π-π stacking interaction. The 

hydrogen bonding between the cyano group and the hydrogen at position 8 of the carbazole 

stabilizes the backbone twist and this hydrogen bonding was shown in their crystal structure to 

prevent intramolecular alignment of the carbazole moieties. 
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Figure 3.14: Depiction of the hydrogen bonds that hold together the super structure of 1-cyano-trans-1,2-

bis(4-carbazolyl)phenylethylene (CN-CPE).  Image generated using Chimera from the crystal structure of 

Upamali et al.
9, 279

 

  

In 10074-A4, it is possible that hydrogen bonding occurs between the hydroxyl in the 

carbon linker and the hydrogen at position 8 of the carbazole leading to the formation of the 

chiral assembly reported here.  Although 10074-A4’s low solubility in water restricted the ability 

to probe compound behavior by NMR in water, it was possible to observe NOEs between 

position protons 1 and 8 of the carbazole with protons on the TZD moiety when the compound 

was in methanol or DMSO (Figure 3.15 A and B).  In these solvents, the compound is weakly 

CD active in the region of the spectrum corresponding to the absorbance of the carbazole moiety 

and the fluorescence spectrum displays fine structural characteristics similar to those attributed to 
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the chiral assembly in water (Figure 3.15 C and D).  DLS measurements of 10074-A4 in 

methanol and DMSO do not indicate scattering intensity above the background.  

 
Figure 3.15: Behavior of 10074-A4 in DMSO and methanol.  (A) NOESY spectrum of 2 mM R-10074-A4 in 

methanol, with black arrow emphasizing the location of the NOESY cross peak.  (B) Structure of 10074-A4 with the 

hydrogens that correspond to the NOESY cross peak highlighted in red.  The proton highlighted in red on the 

carbazole is position 1 and its mirror on the opposite side of the ring is position 8. (C) Fluorescence spectra of 20 

µM 10074-A4 in DMSO or methanol. (D) CD spectra of R-10074-A4 in DMSO or methanol.  MRE units are scaled 

to a peptide of 18 amino acids, for comparison to other data.   NOESY data represent a single trial while the 

fluorescence and CD data are representative of 3 independent measurements. 

 

Learning that 10074-A4 could assemble at concentrations greater than 8 µM in water 

prompted a search for alternate techniques to study the binding interaction.  Although the 
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presence of ICD supported enantiospecific interaction between Myc372-389 and 10074-A4, the 

nature of 10074-A4’s chiral assembly process prevented determination of a robust Kd using the 

ICD as a reporter.  Attempts to determine the affinity using the altered CD in the presence of 

Myc372-389 were hampered by the detection limit of available instrumentation.  Therefore, SPR 

was employed to study the interaction between 10074-A4 and Myc. 

 

3.2.4  SPR studies of Myc353-437 with the enantiomers of 10074-A4  

 Fluidic-based SPR relies on a change in the refractive index at a surface as a reporter for 

interactions.
280

  One component (the ligand) is immobilized on the surface of a sensor chip (via 

either a covalent attachment or a strong, specific interaction) and then solutions containing 

analyte are flowed over the chip surface.  When analyte interacts with ligand, it changes the 

refractive index near the surface of the chip, leading to an SPR response.
280

  The SPR response is 

monitored throughout the assay, so a baseline of the response when buffer is flowing over the 

surface is established.  The rate of change in response following injection of analyte can be used 

to determine the kinetics of association between analyte and ligand, assuming that they are slow 

enough, otherwise mass transport to the surface will dominate.  Following the start of injection 

(during which kinetics can be determined), enough time must be given to allow the analyte-

ligand interaction to reach equilibrium.  The interaction has reached equilibrium when the SPR 

response no longer changes over a reasonable length of time (10-15 seconds minimum).  Once 

this occurs, the injection of sample over the chip is stopped and buffer is allowed to flow over 

the surface again.  The rate of change in response when the switch from buffer to analyte 

solution occurs can be used to determine the kinetics of dissociation of the analyte-ligand 
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complex.  Note that if the flow rate is too slow, then rebinding of the ligand to the analyte can 

occur via mass action at the chip’s surface.  Therefore, it is necessary to determine the optimal 

flow rate for each experimental system.     

The chips used in these SPR studies were commercially prepared and comprised of glass 

slides coated in a thin gold film upon which a carboxy-dextran matrix (200 nm thickness) was 

layered.  Initially attempts were made to immobilize Myc372-389 to a carboxy-dextran matrix 

using amide coupling and taking advantage of the primary amine of the lysine at the C-terminus 

of the peptide. Note that the N-terminus of Myc372-389 is acetylated, allowing for selective 

coupling to the lysine.  In order to immobilize a species to the surface efficiently, not only do 

appropriately reactive groups need to be present, but there also needs to be an attraction between 

the species of interest and the surface so that the species of interest will concentrate at the surface 

and the reaction can take place.  Both Myc372-389 and the carboxy-dextran surface have an overall 

negative charge at the pH (between 6-8) needed for competitive reaction of the lysine against the 

innate hydrolysis of the activated NHS-ester on the carboxy-dextran matrix. The electrostatic 

repulsion between the surface and the peptide prevented concentration of the peptide near the 

chip surface and hindered the ability to immobilize Myc372-389 because of competing hydrolysis 

of the NHS-ester activated carboxy-dextran.  Therefore, it was not possible to immobilize 

Myc372-389. 

When immobilization of Myc372-389 was unsuccessful, Myc353-437, which has a higher 

isoelectric point, was immobilized instead.  When Myc353-437 is expressed, it has a hexahistidine 

tag at the N-terminus which facilitates purification using immobilized metal affinity 

chromatography (IMAC).  Histidine interacts with nickel nitrilotriacetic acid (Ni-NTA) and a 
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hexahistidine tag has micromolar affinity for Ni-NTA.
281

  For most assays the hexahistidine tag 

is removed in order to prevent interference and unwanted interactions.  In this case, the 

hexahistidine tag was not removed and the specific, strong interaction between hexahistidine and 

Ni-NTA was used to immobilize Myc353-437 to the surface of a Ni-NTA coated chip (NiHC chip 

from XanTec Bioanalytics GmbH, NIHC 200m; methods c.f. 3.4.8 page 297).  According to the 

information included with the NiHC chip, the affinity for hexahistidine tags with this matrix is 

nanomolar due to multivalent interactions between the analyte and chip surface although they do 

not go into more specific detail. A benefit of using the interaction between Ni-NTA and the 

hexahistidine tag for immobilization was the pH dependence of the interaction between histidine 

and Ni-NTA.  Acidic solutions could be flowed over the chip to remove Myc353-437 in the event 

of irreversible compound binding.  
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Figure 3.16: Example of immobilization of Myc353-437 to a NiHC chip.  Indicated with arrows are points where the 

injection of analyte (in this case the protein to be loaded) was changed between buffer and Myc353-437.. 

 

In Figure 3.16, the immobilization of Myc353-437 to a NiHC chip is shown.  An important 

consideration for immobilization using a reversible interaction is leeching of ligand from the 

chip surface during flow.  To check for this, the chip was loaded as seen in Figure 3.16 and then 

buffer was allowed to flow at a high rate (200 µL/min) for five hours (Figure 3.17).  There was 

protein loss within the first hour, which is typical after loading as ligand that has been attracted 

to the chip surface but not bound dissociates.  In Figure 3.17 B, the last 1000 seconds (~16 min) 
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of buffer flow are shown.  The traces were fit to the equation of a line.  The slope of the line 

represents the loss of immobilized protein as a function of time, which for channel 3 was 0.102 

RU/sec and for channel 4 was 0.087 RU/sec.  This rate of change was within reason for the 

instrumentation.   

  

 

Figure 3.17: Characterization of hexa-his-Myc353-437 dissociation from NiCH chip surface. (A) Full time course 

of the immobilization of hexa-his-Myc353-437 to a NiCH chip and subsequent tracking of protein loss over the course 

of 5 hours.  (B) Zoom of the last 1000 seconds of buffer flow.  Traces were fit to a linear model to determine the rate 

of response loss over time.  The slope of the line represents the response loss per second.  

   

It is important to note that the system used for SPR studies was a BiOptix 404pi.  This 

instrument utilizes a four channel system where analyte can be injected in a path over a reference 

channel (channels 1 and 2) prior to flowing over the channel where the species under study has 

been conjugated (channels 3 and 4).  During immobilization, solutions containing protein were 

injected over the analyte channels only.  Having reference channels in line with the analyte 

channels permitted accurate referencing during studies.  In addition to correcting for background 
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using the reference channels, corrections were also made for any differences in DMSO between 

the running buffer and the injected sample.  The refractive index change caused by a small 

mismatch in DMSO between the running buffer and the sample buffer can cause interference 

with the measurement by inflating response values during injection.  To correct for this 

interference, a control titration of running buffer containing varying amounts of DMSO was 

conducted with each SPR titration.   The software used to analyze the SPR data (Scrubber2, by 

BioLogic Software) has a built in feature for correcting for the impact of DMSO mismatch on 

SPR measurements using the values from the control titration. 

  

 

Figure 3.18: Full traces of the SPR analysis of R (A) and S (B) 10074-A4 binding to Myc353-437.  Data were 

collected in 1xPBS at pH 7.4 with 5% DMSO, 0.005% w/v P20, and 0.1 mM EDTA.  Sensograms are representative 

of four trials independent trials. 

 

Taking advantage of immobilization through the hexahistidine tag, it was possible to 

probe the binding of 10074-A4 to Myc353-437.  The SPR sensograms shown in Figure 3.18 
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represent increasing concentrations of 10074-A4 enantiomers flowed over immobilized 

Myc353-437 (methods c.f. 3.4.8 page 297).  As expected, the response increases with increasing 

10074-A4 concentration, indicating greater interaction with the Myc353-437 at higher 

concentrations.  Both the association and dissociation of the compound are too fast to determine 

the kinetics of the interaction.  To determine the affinity of an interaction using SPR, the 

response once an interaction has reached equilibrium is plotted as a function of concentration.  

Equilibrium during the injection phase is represented by plateauing of the SPR response and in 

the case of the titrations with 10074-A4 was taken as the average signal during the last 15 

seconds of the injection.  Equation 3.1 is the relationship used to fit the equilibrium response for 

the SPR curves.
282

   

 �$Z = �[\][+]7^ + [+] (3.1) 

 

In Equation 3.1, Rmax is the maximum response achievable for the analyte when flowed over the 

immobilized ligand, Req is the equilibrium SPR response and [A] represents the concentration of 

analyte.  The value of Rmax is determined by the fit, but an approximate value can be determined 

using the relationship in Equation 3.2.
282

 

 �[\] = �_*`\a)#_*`\a)Ib\a\_c?$Ib_*`\a)  (3.2) 

 

In Equation 3.2, Rligand represents the response of the loaded ligand on the surface, Vligand 

represents the number of interactions expected between the ligand and the analyte.  MWanalyte  

and MWligand represent the molecular masses of the analyte and ligand, respectively.  Figure 3.19 
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shows the SPR equilibrium analysis for the average of three trials with each 10074-A4 

enantiomer.  The expected Rmax value for 10074-A4 in these titrations is 580 RU.  Note that the 

equation for determining Rmax does not take into account the possibility of interference due to 

inaccessible binding sites, protein degradation after immobilization and other confounding 

factors.   It is expected that the calculated Rmax value represents an upper limit and it is typical to 

see at most ¼ of this value.
282

  

 

 

Figure 3.19: Equilibrium SPR analysis traces of the interaction between 10074-A4 enantiomers and Myc353-

437.  Data were collected in 1xPBS at pH 7.4 with 5% DMSO, 0.005% w/v P20, and 0.1 mM EDTA.  Error bars 

represent the standard deviation of four independent trials. 

   

Returning to the data in Figure 3.19, the equilibrium analysis revealed that the affinities 

for R-10074-A4 and S-10074-A4 were similar (Kd = 1.9 ± 0.2 µM for R and 2.6 ± 0.5 µM for S).  

Based on the behavior of the racemic compound with the peptide Myc372-389 (Figure 3.3), it was 

expected that the R enantiomer would bind with greater affinity.  Such a small difference in 
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affinity measured by SPR suggested that there may be additional factors that contribute to the 

binding of 10074-A4 to Myc353-437 (the full bHLHZip domain) that cannot be accounted for in 

the Myc372-389 peptide.  Furthermore, the affinities determined here do not align with earlier CD 

data for the titration of the individual enantiomers with Myc372-389 (Figure 3.8).  In Figure 3.8, the 

CD signature of the Myc372-389 interaction with R-10074-A4 and S-10074-A4 does not change 

with concentration down to the detection limit of the instrument, which was 1.56 µM.  

Furthermore, the data provided in Figure 3.10 suggest that the CD observed at these 

concentrations for either enantiomer of 10074-A4 in the presence of Myc372-389 must arise from 

the interaction between peptide and compound because the assembly of 10074-A4 does not form 

at these concentrations. This would suggest that the affinity of Myc372-389 for R-10074-A4 and S-

10074-A4 is well below this value whereas the affinity of Myc353-437 for the 10074-A4 

enantiomers is in this concentration range.     It is possible that the interaction of 10074-A4 with 

Myc372-389 has a stronger affinity than the interaction of 10074-A4 with Myc353-437 due to 

interference from intramolecular long range contacts within the protein but absent in the peptide.  

In Chapter 2, it was discussed that at micromolar to nanomolar concentrations Myc353-437 showed 

evidence of sampling a collapsed monomeric state and that state involved intramolecular 

interactions with residues 365-379, which overlaps the 10074-A4 binding peptide residues 372-

389.  If that is the case, then in Myc353-437 there may be competing interactions with other regions 

of the protein that are not present in Myc372-389.   This competition could lead to Myc372-389 

having a stronger affinity for 10074-A4 than Myc353-437.  In the broader context, the affinity of 

10074-A4 for Myc353-437 is relevant as it is the closest approximation to what could occur in vivo 

for this class of Myc-Max inhibitors.      
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3.2.5  Structure activity relationship between Myc353-437 and 10074-A4 

 One of the goals in studying the interaction between Myc353-437 and 10074-A4 was to 

characterize the protein-small-molecule interaction and to exploit that information in order to aid 

in the process of drug discovery for Myc-Max inhibitors.  Once a preliminary understanding of 

the interaction between Myc353-437 and 10074-A4 was established, the next step was to determine 

how changing the structure of the small molecule perturbed the interaction with the protein - the 

process of developing a structure activity relationship (SAR).  The development of a targeted 

SAR for 10074-A4 would lead to greater understanding of the functionalities necessary for the 

binding interaction between 10074-A4 and Myc.   Knowledge of which functionalities are 

critical to binding would facilitate the ability to implement modifications that could be used to 

improve compound solubility and pharmacology so that inhibitors of this class could be used in 

mouse studies and beyond.  In this work, only the beginnings of a SAR were developed. 

To develop the SAR between Myc and 10074-A4 a two-step approach was taken.  The 

first was the use of the ICD assay in the presence of Myc372-389 as an initial screen for 

enantiospecific binding (methods c.f. 3.4.6 page 296).  During these assays, the racemic form of 

the compound of interest was combined at a 2:1 ratio with Myc372-389, sonicated, and then the CD 

was measured.  If CD peaks were present that corresponded to absorbance from the compound, 

then the compound was considered for additional study and for synthesis of the individual 

enantiomers.   Following a positive result from the ICD assay, compounds were screened using 

SPR against immobilized Myc353-437 to determine an affinity (methods c.f. 3.4.8 page 297).  At 

the time that much of these data were collected, I had only just discovered that 10074-A4 was 

capable of forming a chiral assembly in water. Other compounds within the set studied here 
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displayed similar assembly behavior.  Care was taken during the SPR studies to keep the 

compound concentrations low (≤ 10 µM) but the CAC of these compound was not independently 

assessed. 
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Figure 3.20: Compounds purchased from ChemBridge for SAR of 10074-A4 and Myc372-389.  Numbers are the 

identifiers from the ChemBridge database for the compound.  Yellow starts indicate compounds that showed 

evidence of interaction with Myc372-389. 
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Initially a set of nine analogs purchased from ChemBridge was screened (Figure 3.20).  

These compounds were selected because of their similarity to 10074-A4, with a focus on keeping 

the stereocenter undisturbed while modifying other pieces of the molecule.  The carbazole 

moiety was modified in some cases, but only with regards to the functionalization at positions 3 

and 6, while the TZD moiety was changed more dramatically to determine the tolerance of 

changes at that position. The purchased compounds were only available as racemic mixtures.  

The ICD assay identified three compounds from this set that showed enantiomeric preference for 

Myc372-390, 2149, 1705, and 3382 (Figure 3.21).    When these compounds were in the presence 

of Myc372-390, there was induction of circular dichroism.  This assay was conducted early in the 

study of 10074-A4, and as such the switch from ethanol or methanol to DMSO as the solvent for 

compound stocks had not yet been uniformly done.  The stock solvent was methanol for the 

compound 2149 and DMSO for the compounds 1705 and 3382.  The induction of CD from 1705 

and 2149 was easily observed as these compounds had reasonable solubility in water after 

dilution from organic solvent.  The compound 3382 was more hydrophobic and as such was 

more difficult to solubilize.  The weak CD observed for this compound is likely a result of 

extensive compound aggregation.  Before drawing conclusions based on the results of the ICD 

assay of the ChemBridge analogs, an important caveat needs to be noted.  The appearance of 

ICD here does suggest an enantiospecific interaction between peptide and compound.  The 

absence of ICD, however, does not necessarily mean that there is not binding.  The ICD assay is 

predicated on the formation of a chiral aggregate or the preferential formation of a CD active 

complex with one enantiomer and the peptide.  It is possible that the peptide could interact with a 

compound in a non-enantiospecific fashion or that an interaction could occur that is CD silent.       
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Figure 3.21: CD spectra of the positive hits from the ICD assay against ChemBridge derivatives.  Samples 

were measured at 25°C in 1xPBS at pH 7.4  with 5% ethanol at a ratio of 2:1 compound to Myc372-390.   The 

compounds 1705 and 3382 were measured in 5% DMSO instead of 5% ethanol. Poor solubility could explain why 

3382 is only weakly CD active in this assay. 

 

Keeping that caveat in mind, some initial conclusions can be drawn from this assay. First, 

because 1705 tested positive, it suggests that the TZD moiety was not essential and could be 

swapped for a sulfonamide group. These features have three hydrogen bond acceptors, and this 

may be an important feature in the interaction between Myc372-389 and 10074-A4 like compounds.  

The interaction between Myc372-389 and the compound 2149 suggests that the functionalization at 

the 3 and 6 positions on the carbazole can vary, as the only difference between 2149 and 10074-

A4 is the substitution of bromine for chlorine at positions 3 and 6.  It is interesting that the 

compound 2149 is active in the ICD assay while the compound 6924 is not, as the only 

difference between 6924 and 10074-A4 is the absence of functionalization on the carbazole at 

positions 3 and 6.  That the 3,6-dibromocarbazole is tolerated but the unfunctionalized carbazole 
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is not suggests that bulky groups on the carbazole may be needed for binding.  It is also possible 

that bulky groups on carbazole play a role in the enantiospecificity of the binding and that 6924 

binds, just not enantiospecifically.  Additional measurements would be needed to determine this.     

The activity of 3382, perhaps weak, suggests that functionalization of the TZD end of the 

molecule may be viable.  This could be used to introduce functionalities that improve the 

solubility of the compound, such as a sulfonic acid.  
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Figure 3.22: Derivatives synthesized for the preliminary SAR between Myc372-389 and 10074-A4.  Compounds 

denoted with yellow stars showed evidence of binding through either the ICD assay or the SPR assay.  Compounds 

KG-3 and KG-5 were not tested because they lacked sufficient purity. 
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Following the initial screen of the purchased derivatives from ChemBridge, a series of 

derivatives was synthesized to allow for a more targeted probe of the SAR between 10074-A4 

and Myc372-389 (Figure 3.22).  Synthetic details are provided in the methods section 0page 276. 

The molecules KG-8 through KG-13 feature a substitution of an indole moiety for the carbazole 

moiety.  At the time they were made, the rationale was that the indole moiety would be more 

fluorescent than the carbazole moiety, providing an opportunity to study the interaction with 

Myc372-389 or Myc353-437 using fluorescence polarization.  Another reason was that the 

tryptophan-like moiety would afford greater solubility than carbazole, which would facilitate 

higher concentration samples and easier sample preparation.  Unfortunately, the substitution of 

indole for carbazole was not tolerated and none of the indole derivatives demonstrated activity 

by ICD assay (Figure 3.23). 
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Figure 3.23: Screening of indole derivatives by ICD assay.  Samples contained 25 µM of the specified derivative 

and 12.5 µM of Myc372-390 in 1xPBS 5% methanol at pH 7.4.  Measurements were conducted at 25°C and CD 

spectra are representative of three independent trials. 

 

Of the remaining derivatives, KG-1, KG-2, KG-6, and KG-7 showed indications of 

binding through either the ICD assay, SPR analysis, or both (Figure 3.24 and Figure 3.25).  The 

derivatives KG-3 and KG-5 were not isolated with sufficient purity to test.   From this set, only 

the individual enantiomers of KG-1 and KG-2 were synthesized and characterized.  In Figure 

3.24, the SPR equilibrium analysis data for the derivatives with a positive ICD assay result are 

shown.  The data for KG-1 in Figure 3.24 A is fit to Equation 3.1 with a fixed Rmax value of 220 

RU.  Fixing the Rmax was necessary because the SPR titration failed to reach equilibrium 

saturation within the viable concentration range.  During the SPR studies, the compound 
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concentrations were kept at or below 10 µM to minimize interference from potential compound 

assembly.  Because KG-1 did not achieve binding saturation at the upper concentrations, it was 

not possible to fit the data without assigning a specific Rmax value to the upper end of the 

titration.  The value used, 220 RU, was determined by comparison to the behavior of 10074-A4 

during its SPR titration.  First, the ratio of the MW between KG-1 and 10074-A4 was 

determined. Taking the upper end for the 10074-A4 titration and accounting for the molecular 

mass difference between KG-1 and 10074-A4, equation 3.2 was used to estimate a viable upper 

end for saturation in the KG-1 titration. The enantiomers of KG-1 have differing affinities.  

These affinities are ten-fold worse than those of the 10074-A4 enantiomers.  Interestingly, the R 

enantiomer is still the stronger binder.  In Figure 3.24 B, the equilibrium analysis for racemic 

KG-6 and racemic KG-7 is shown.  These data also did not reach saturation and even with a 

fixed Rmax value established using similar criteria to the process with KG-1 they were difficult to 

fit.  The SPR data indicate some interaction of KG-6 and KG-7 with Myc353-437 but that 

interaction is clearly weaker than KG-1 or 10074-A4.  Also shown in Figure 3.24 B are control 

titrations with the compounds 6856 and 6924 from the ChemBridge analog set.  The control 

titrations did not show a significant change in response with concentration and were included to 

demonstrate that the response seen for the other compounds was not a function of inefficient 

DMSO mismatch correction, a universal response to carbazole containing compounds, or another 

confounding factor. 
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Figure 3.24: SPR equilibrium analysis for derivatives of 10074-A4.  (A) Analysis of the individual enantiomers 

of KG-1.  Data were fit with Equation 3.1 using a fixed Rmax value of 220.  (B) Analysis of the racemic derivatives 

KG-6 and KG-7.  Also shown are controls with the ChemBridge compounds 6856 and 6924.  All data were 

collected in 1xPBS pH 7.4 with 5% DMSO, 0.005% w/v P20, and 0.1 mM EDTA.  Measurements were conducted 

at 25°C.  Error bars represent the average of five (A) or three (B) independent trials. 

 

ICD studies with the compound KG-2 are shown in Figure 3.25. Both the racemic form 

of the compound and the individual enantiomers were tested against Myc372-389. It should be 

noted that KG-2 did not display significantly better solubility than 10074-A4.  Stocks of KG-2 

were sparingly soluble in DMSO, such that it was difficult to obtain the stock concentration used 

here.     In Figure 3.25 A, the CD spectra of R and S KG-2 in the presence and absence of 

Myc372-389 are shown.  As anticipated, the free enantiomers have equal and opposite CD spectra.  

In the presence of Myc372-389, the enantiomers’ CD spectra also seem to be equal and opposite 

though they are dramatically reduced in intensity and have markedly different shape. The sum of 

the R-KG-2+Myc372-389 and S-KG-2+Myc372-389 spectra shown in Figure 3.25 B, however, 

indicates that there are some differences in the shape of the spectra.  The sum of the R-KG-
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2+Myc372-389 and S-KG-2+Myc372-389 spectra does not correspond to either the 2:1 racemic:KG-2 

or the 1:1 racemic:KG-2 spectrum.  This differs from the measurements with 10074-A4 where 

the spectra of the sum of the enantiomers in the prsence of Myc372-389 was consistent with the 

racemic in the presence of Myc372-389 at a 1:1 ratio (Figure 3.7).  One possible explanation for the 

difference in the CD spectra for racemic KG-2:Myc372-389 at 1:1 versus the sum of the individual 

enantiomer spectra with Myc372-389 is a mis-match in concentration.  The concentration of the 

enantiomers was not individually confirmed by absorbance following the measurment. Another 

possibility is that there is a cooperative binding event that leads to a difference in the CD 

signature when both R and S KG-2 are present in solution with Myc372-389 resulting in a 

difference in the CD signature for the individual enantiomers from that of the racemic mixture. 

Another possibility is that there is a difference in the affinities of the KG-2 enantiomers for 

Myc372-389 such that one enantiomer is not completely bound and when the sum is taken of the 

bound enantiomers the difference reflects this incomplete binding. 
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Figure 3.25: CD studies of 10074-A4 derivative KG-2. (A) CD of the individual enantiomers of KG-2 in the 

presence and absence of Myc372-389.  (B) CD of racemic KG-2 in a 2:1 and 1:1 ratio with Myc372-389.  Also shown is 

the sum of the spectra for R-KG-2+Myc372-389 and S-KG-2+Myc372-389.  All samples were in 1xPBS at pH 7.4 with 

5% DMSO. 

 

From the results of both the SPR and the ICD assay, it was determined that substitution at 

the 3 and 6 position of the carbazole is necessary.  The SPR of the compound 6924, which lacks 

substitution on the carbazole moiety, showed no evidence of interaction with Myc353-437, which is 

consistent with the ICD assay where no interaction was shown between 6924 and Myc372-390.  

Therefore, this supports the conclusion that substitution at the 3 and 6 positions of the carbazole 

are needed for interaction with Myc.  In Figure 3.24 B, there is evidence of an interaction 

between Myc353-437 and racemic KG-6.  These data supported the earlier observation that the 

replacement of the TZD moiety with a sulfonamide maintains an interaction.  It is difficult to 

determine actual affinities for most of the derivatives due to the concentration constraints 

imposed by possible self-assembly.  Overall, the SPR data suggest that the derivatives where a 
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sulfonamide is substituted for the TZD do not have as strong of an affinity as 10074-A4 for 

Myc353-437.  This can be surmised based on the fact that none of these derivatives reach binding 

saturation during the titratable concentration range, while 10074-A4 does.  Therefore, while a 

sulfonamide may be a better functionality for derivatization purposes (easier to functionalize and 

find variations) and for solubility reasons, the loss in affinity would need to be recovered by 

other modifications.   

As noted at the start of this section, the SAR data is preliminary and more work is needed 

to confirm these findings and develop a stronger model.  One way to improve the viability of 

performing a SAR between 10074-A4 and Myc would be to first identify what features of 

10074-A4 and its derivatives provoke self-association.  By delving deeper into the self-

association behavior, it might be possible to design compounds that do not have this draw back 

and then functionalize from there to improve the affinity of the interaction with Myc.     

3.2.6  Additional 10074-A4 binding site on Myc353-437 

 The SPR screen of 10074-A4 binding to Myc353-437 revealed nearly equivalent affinities 

for the R and S enantiomers (Figure 3.19) while the ICD assay between Myc372-389 and racemic 

10074-A4 showed an enantiomeric preference for the R enantiomer (Figure 3.3).  While the 

binary results of the ICD assay with 2:1 racemic 10074-A4:Myc372-389 could be explained by the 

assembly of the compound, it seemed unlikely that the affinities for the two enantiomers could 

be so close and produce such an effect.   

During the testing of 10074-A4 one concern was that the presentation of ICD might not 

be specific to the Myc372-389 binding site peptide.  After learning that the initial titrations suffered 
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from difficulties relating to compound solubility and dispersal, other peptides were screened 

against 10074-A4 as controls for binding site specificity.  Those additional studies showed that 

the region of Myc involved in binding to the inhibitor 10058-F4, Myc400-412, also displayed 

enantiospecific interaction with 10074-A4 but with an opposite enantiomeric preference (Figure 

3.26 A).  In Figure 3.26 B, the CD spectra for racemic 10074-A4 at a 2:1 ratio with Myc372-389 

and Myc400-412 are shown (methods c.f. 3.4.6 page 296).  The spectrum for the sample containing 

Myc400-412 and racemic 10074-A4 was the mirror image of the spectrum of racemic 10074-A4 

with Myc372-389.  From this information, it was hypothesized that the peptide Myc400-412 interacts 

with the S enantiomer of 10074-A4, permitting assembly of the R enantiomer. It was noted that 

the amplitude of the CD peaks in the spectrum with Myc400-412 was not equivalent to the 2:1 

racemic 10074-A4 with Myc372-389, and so additional characterization of the individual 10074-A4 

enantiomers with Myc400-412 was conducted.  It should be noted that the MRE values for the CD 

spectra in Figure 3.26 were calculated using a peptide of 18 residues in length irrespective of 

whether Myc372-389 or Myc400-412 was used.  While this would not be correct for viewing spectra 

of the peptides alone, it has been established that the CD spectral features are predominantly 

from the compound at the observed wavelengths and in order for accurate comparison across 

plots the conversion to MRE needs to be consistent.  Characterization of the interaction of 

Myc400-412 with the individual enantiomers of 10074-A4 by CD indicated that the binding 

interaction led to apparent enhancement of the free enantiomers’ CD signature.  As seen in 

Figure 3.26 C, the CD of the individual enantiomers of 10074-A4 with Myc400-412 maintain the 

same shape as observed for the chiral, assembled species but the amplitude is greater than the 

enantiomers alone (Figure 3.7, page 221).  Taking the sum of the interactions between R-10074-
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A4 and S-10074-A4 with Myc400-412 produces a spectrum that is nearly equivalent to the 

spectrum of 1:1 Racemic 10074-A4:Myc400-412. The apparent enhancement of the CD signature 

of the individual enantiomers in the presence of Myc400-412 suggests two possibilities.  One is that 

the compound conformation upon binding to Myc400-412  mimics the orientation of the compound 

upon assembly. The other is that the Myc400-412 catalyzes the chiral assembly of 10074-A4 

leading to an increase in the relative concentration of the chiral assembly in solution.  The best 

way to distinguish between these two modes would be to perform DLS studies.  The key result 

here is that the binding sites Myc372-389 and Myc400-412 have opposite enantiomeric preferences, 

suggesting that IDRs are capable of sensing both the functionalities and specific three-

dimensional geometry of opposite enantiomers with high sensitivity despite their flexible nature 

and lack of fixed structure.      
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Figure 3.26: Enantiospecific interaction between 10074-A4 and Myc400-412. (A) Binding sites of 10074-A4 and 

10058-F4 on Myc353-437.  Peptides used to study the interaction between 10074-A4 and these two binding sites are 

represented by the faded cylinders and the binding sites themselves are represented by the dark cylinders. (B) CD 

spectra of 25 µM racemic 10074-A4 alone, in the presence of 12.5 µM  Myc372-389 or in the presence of 12.5 µM 

Myc400-412.  (C) CD spectra of 25 µM 1:1 racemic 10074-A4 with Myc400-412, R-10074-A4 with Myc400-412 and S-

10074-A4 with Myc400-412.  Also shown is the sum of the spectra of the 1:1 interaction between Myc400-412 and the 

individual enantiomers of 10074-A4.  All samples were measured at 25°C in 1xPBS pH 7.4 5% DMSO.  It is 

essential to note that the MRE values calculated here were done assuming a peptide length of 18 residues for both 

Myc400-412 and Myc372-389.  While this does not accurately reflect the size of Myc400-412, it allows for accurate 

comparison between already presented spectra obtained for 10074-A4’s interaction with Myc372-389. 

 

There are structural similarities between 10058-F4 and 10074-A4, and in derivatization 

of 10058-F4 it was found that the rhodanine moiety could be swapped for TZD.
133

   Furthermore, 
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it was also found that substitution at the imide nitrogen in derivatives of 10058-F4 enhanced 

their affinity for Myc353-437.  Several studies point to the rhodanine moiety as a pan-assay 

interference compound (PAIN) due to its promiscuity among kinase inhibitors.
283-284

  To check 

for specificity of the 10074-A4 interaction with Myc400-412, the ChemBridge derivative 1705 was 

screened against this site (Figure 3.27).  The structure of 1705, which was earlier shown to 

interact with Myc372-390, contains a sulfonamide in place of the TZD moiety.  If 1705 interacts 

with Myc400-412, it would suggest that the Myc400-412 binding site is not just promiscuous with 

rhodanine and TZD moieties.  Using the ICD assay, it was found that racemic 1705 exhibited 

enantiomeric preference for Myc400-412.    These results support the conclusion that the interaction 

between Myc400-412 and 10074-A4 is not just due to the promiscuity of rhodanine-like moieties. 

 

Figure 3.27: Enantiospecific interaction between Myc400-412 and the ChemBridge derivative 1705. Shown are 

CD spectra of 25 µM 1705 with 12.5 µM of either Myc372-390 or Myc400-412 in 1xPBS 5% organic solvent.  These data 

represent a single, preliminary trial.  The MRE of both spectra are calculated using a peptide length of 18 residues 

for ease of comparison to earlier data.  
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 Additional work is needed to confirm these findings and further define the impact of dual 

binding of 10074-A4 and its derivatives on Myc353-437.  Further information about the dual 

binding sites could be gleaned by probing the interaction of inhibitors such as KG-1 with both 

the Myc binding site peptides and with the full bHLHZip. 

3.3  Conclusions 

 In this chapter, it was confirmed that the small-molecule 10074-A4 interacts with Myc 

enantiospecifically but with several unexpected characteristics.  The enantiomers of 10074-A4 

interact enantiospecifically with two different peptides from the Myc bHLHZip, residues 372-

389 which contains the originally identified 10074-A4 binding site and residues 400-412 which 

contains the binding site for the inhibitor 10058-F4 (Figure 3.26).  The specific affinities for 

these two sites were difficult to characterize, as the compound undergoes an assembly 

phenomenon which complicates quantitative measurements by CD and fluorescence.  

Recognition of this assembly behavior prompted the use of SPR to determine the affinities of the 

individual 10074-A4 enantiomers and subsequently synthesized derivatives.  Unfortunately 

efforts to immobilize the binding site peptide Myc372-389 for study by SPR were unsuccessful.  

Instead, the affinities of the 10074-A4 enantiomers were determined for Myc353-437 (Kd = 1.9 ± 

0.21 µM for R and 1.5 ± 0.26 µM for S) which was able to be immobilized.  These values 

differed from the previously reported affinity for racemic 10074-A4 (21 ± 2 µM).
132

   

In the study of 10074-A4 by Hammoudeh and colleagues, the Kd of racemic 10074-A4 

for Myc was determined using CD methods.
132

  Knowing now that the CD observed at 

concentrations equivalent to those used for the high end of those titrations is attributed to chiral 
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assembly, it is unlikely that the affinities determined using the ICD assay in their work were 

accurate.  Although evidence from DLS studies here suggest that the behavior of 10074-A4’s 

assembly is affected by the presence of Myc353-437, the studies from 2009 were conducted with 

2:1 racemic 10074-A4:Myc370-409 and therefore the apparent differences in the ICD were likely a 

result of changes in the CD of the assembly with increasing concentration. 

In addition to the ICD assay, they also used a Myc-Max dimer disruption assay to 

determine affinity.  In the CD based Myc-Max disruption assay, the CD signal at 222 nm was 

monitored at constant Myc-Max concentration but increasing 10074-A4 concentration to 

determine the extent to which the α-helical heterodimer was disrupted.  Examining the CD 

profiles from the individual enantiomers in Figure 3.6, there are contributions from the 

compound’s CD in the region monitored for Myc-Max dimerization. While there are not 

apparent 10074-A4 CD peaks in full spectra of the Myc-Max dimerization disruption CD seen in 

Figure 3.1 C, it is likely there was interference from compound aggregation.  Based on the 

published conditions, which included the use of ethanol as a delivery solvent, it is likely that 

10074-A4 was not dispersed during the Myc-Max heterodimer titrations which could explain 

why there was a difference in the affinity determined by Hammoudeh and colleagues (21 µM) 

and what was measured here (1.5 µM).
132

  At 1:1 it is possible for both Myc353-437 and Myc372-389 

to alter or prevent assembly of the compound as observed by DLS, but in instances where the 

compound is in excess of the Myc protein there may be interference from compound assembly in 

measurements. Overall, it would be wise to avoid use of 10074-A4 and its derivatives in assays 

that call for concentrations above the CAC. Furthermore the self-association properties of 10074-
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A4 and its derivatives should be assessed before definitive conclusions about affinities for Myc 

are made.   

The work in this dissertation has implications for the recent study done by Yu and 

colleagues.
119

  To summarize, in their work they used a virtual screening strategy coupled with 

follow on in vitro assays to identify seven novel Myc-Max inhibitors based on the 10074-A4 

chemotype.  Of those seven inhibitors identified, they found that four were able to inhibit the 

growth of cells overexpressing c-Myc.  The ICD assay was used to initially identify their seven 

novel inhibitors from a pool of 273 compounds (Figure 3.28).  Looking at the compound 

structures it is possible that some of the ICD spectra observed were from legitimate interactions 

between compound and the peptide Myc370-409.  However, the apparent Kd values differ so 

dramatically from those obtained by their follow on SPR work that it seems possible that the ICD 

could be from aggregation of the compound.  This is especially true given the concentration 

ranges they screened.  It should be noted that with the exception of PKUMDL-YC-1205 none of 

the inhibitors they identified contained carbazole moieties.  Therefore if the ICD observed was 

from aggregation of the compound under study, it is unlikely that that aggregation occurs 

through a similar mechanism as that proposed here for 10074-A4.  Their cell-based data provides 

evidence that these identified inhibitors show promise and specificity, but the affinities 

determined using SPR and the ICD assay may be questionable based on the information reported 

in this dissertation.  Hopefully, their in vitro assays can be refined in order to better verify the 

efficacy of the identified inhibitors as the virtual screening techniques utilized have the potential 

to improve drug discovery for IDP targets. 
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Figure 3.28: Novel c-Myc-Max inhibitors identified by Yu and colleagues.
119

 

   

An important issue in the development of inhibitors is specificity.  Returning to the dual 

binding sites on Myc353-437 for 10074-A4, this behavior raises a question about the specificity of 

the interaction between Myc353-437 and 10074-A4. One interpretation of this behavior could be 

that the dual binding sites indicate promiscuity of 10074-A4.  If there are two sites within just the 

region Myc353-437 then probabilistically there would be others on different proteins.  To begin 

addressing this question, we need to return to the original study by Yin and colleagues in 2003, 

where 10074-A4 was first identified.
168

  A major piece of their work was determining that the 

Myc-Max specific inhibitors identified did not interfere with 32 other HLH, HLH-Zip, or Zip 
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protein pairs.  While 10074-A4 did show mild activity for the Mad1-Max, Mxi1-Max, and 

Mad3-Max interactions and strong activity for the Id2-E2-2 interaction, it did not interfere with 

the other protein pairs tested.  Compared to other inhibitors checked for promiscuity with the 

same assay, 10074-A4 displayed reasonable specificity.   

Another interpretation of the dual binding sites on 10074-A4 is that they suggest high 

inhibitor specificity.  The two binding sites displayed opposite enantiomeric preferences for R 

and S 10074-A4.  Therefore, one could conclude that the binding sites on Myc are capable of 

detecting both the specific functionalities of 10074-A4 and their respective three-dimensional 

orientations.  The argument can also be made that the features that drive binding to Myc372-389 are 

not the same as those that drive binding to Myc400-412.  Additional work would be needed in the 

form of a SAR study for both sites to provide the framework for answering that question.  The 

beginnings of the SAR for the Myc372-389 binding site presented in this chapter provide a starting 

point for these studies.  

The self-association into a chiral assembly observed for 10074-A4 is not unheard of in 

the literature.  The study by Upamali and colleagues discussed earlier described the AIEE of a 

carbazole derivative that self-assembled into micron size crystals.
279

  The fluorescence emission 

of 10074-A4 upon assembly was roughly equivalent in intensity to the observed monomer 

(Figure 3.10, Figure 3.13).  How this compares to other species that have AIEE properties is 

uncertain, as fluorescence intensity is an arbitrary measurement and the lifetime and quantum 

yield of 10074-A4 have not been characterized.     It may, however, be worth pursuing as the 

aggregated species maintains fluorescence. 
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Overall, the stories of the self-association of 10074-A4 and Myc353-437 should serve as a 

cautionary tale for those pursuing the development of small-molecule inhibitors of not just IDPs 

but also structured proteins.  In drug discovery the focus is often on observing change when 

protein and inhibitor are together and sometimes the questionable behavior of those species on 

their own is missed.
285

  Sometimes, it is difficult for the researcher to identify such behaviors, as 

was the case with the original work of 10074-A4 performed by Hammoudeh and colleagues.
132

  

They only had racemic 10074-A4 and therefore would not have been able to characterize the 

assembly behavior of the compound as the discovery of the assembly behavior hinged heavily on 

having access to enantiopure 10074-A4.  Ultimately, greater care needs to be taken when 

performing follow on studies in the development of potential drug leads in order to reduce the 

likely hood of misidentifying interactions and over or underestimating affinities.  Schoichet and 

colleagues recently showed that it is possible for certain drugs to form colloidal aggregates that 

can sequester, and subsequently release, some enzymes.
286

  Their work indicates that it may be 

possible for aggregation prone inhibitors to exhibit activity because their actual mechanism of 

action is a function of their aggregation propensity.    In the case of 10074-A4, one of the reasons 

that the inhibitor was not pursued with the same fervor as 10074-G5 and 10058-F4 was because 

the initial affinity measurements suggested it did not bind well.  The data in this chapter, 

however, show that 10074-A4 binds at least as well as 10074-G5 and 10058-F4 and that it would 

have made a reasonable initial hit.   

The story of 10074-A4 is one of struggling against aggregation prone, inhibitor induced 

adversity.  Although 10074-A4 is prone to aggregation and self-assembly, with careful 

experimentation a reliable affinity for the interaction between 10074-A4 and Myc353-437 was 
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determined.  Furthermore, it was shown that the binding sites Myc372-389 and Myc400-412 show 

opposite enantiomeric preference for 10074-A4, reinforcing the idea that IDRs can be targeted 

specifically.  Overall, this work shows that it is possible to specifically target IDRs with small 

molecules, so long as care is taken to avoid the same pitfalls that plague drug discovery for 

structured proteins.      

3.4  Methods 

3.4.1  Preparation of Myc372-389 and Myc400-412 

Myc372-389 and Myc400-412 were purchased from GenScript (New Jersey) as the N-

terminally acetylated and C-terminally amidated crude products.  Lyophilized peptides were 

dissolved in 0.1% TFA in HPLC grade water and then purified by reverse phase HPLC on an 

acetonitrile-water gradient using a Grace Vydac reverse phase C-18 column (CAT#218TP510, 5 

µm particle size, 250 x 10 mm).  Purified peptide was aliquoted following purification, 

lyophilized, and stored at -20°C.  Prior to use, lyophilized stocks were resuspended in sterile 

water. Concentrations of Myc400-412 were determined using OD280nm (ε = 1490 M
-1

cm
-1

). 

Concentrations of Myc372-389 were determined using bicinchoninic acid assay (BCA) following 

an established protocol and using a 14 residue peptide containing a single tyrosine as a 

standard.
258

  Peptide purity was verified by HPLC reinjection.  
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3.4.2 Expression and purification of Myc353-437 

Myc353-437 containing an N-terminal hexahistidine tag and TEV cut site was expressed in 

BL21(DE3) pLysS E. coil cells using an established plasmid (pET 23d(+) vector) in auto-

inducing media.
259

  Starter cultures in 5 mL of LB media were grown from a single colony for 6 

hours at 37°C prior to inoculating 1.5 L cultures of ZYP-5052 auto-inducing media in 4 L 

Fernbach flasks.  ZYP-5052 auto-inducing media contains 1 % w/v N-Z amine, 0.5 % w/v yeast 

extract, 25 mM Na2HPO4, 25 mM KH2PO4, 50 mM NH4Cl, 5 mM Na2SO4, 2 mM MgSO4, 0.5 % 

v/v glycerol, 0.05 % w/v glucose, 0.2 % w/v lactose and 0.2 x trace metals mix.  These cultures 

were grown with shaking at 250 rpm for 18 hours at 37°C.  Cells were harvested via 

centrifugation at 8000 g and 4°C, and the pellet was resuspended in 10 mL of lysis buffer (8 M 

urea, 100 mM Tris-HCl, 10 mM sodium phosphate, pH 8.0) per liter of culture.  Suspensions 

were sonicated (5 x 30 second bursts with 1 minute of rest in between) on ice using a horn 

sonicator equipped with a microtip to lyse cells and the resulting lysate was pelleted at 22000 g 

and 4°C.  The pellet was discarded and the supernatant applied to a column containing Ni-NTA 

resin (GoldBio; 1 mL slurry per 10 mL lysate) equilibrated with lysis buffer.    The column was 

washed with 10 mL of additional lysis buffer following loading of the supernatant and then it 

was washed with a minimum of 30 mL of wash buffer (8 M urea, 100 mM Tris-HCl, 10 mM 

sodium phosphate, pH 6.3).  The target protein was eluted with elution buffer (8 M urea, 100 

mM Tris-HCl, 10 mM sodium phosphate, pH 4.0).  Samples from each step of the purification 

were analyzed by SDS-PAGE on a 14% polyacrylamide bis-tris gel (Figure 3.29). 
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Figure 3.29: SDS-PAGE analysis of WT Myc353-437 purification following expression in auto-inducing media.  
Lane 5 contains Bio-Rad low range MW marker.  Lane 1 contains the lysate and Lane 3 the flow through upon 

loading. Lane 2 and 4 are unloaded.  Lane 6 is the combined column washes.  Lanes 7-13 are elutions.  Due to the 

high concentration of protein loaded, there is leak through of the Myc band into lanes 2, 4, and 5.   

 

 Following initial purification, elutions of more than 90% purity as assessed by SDS-

PAGE were combined and exchanged into sterile water using ultra-filtration (3000 MWCO; 

Amicon Ultra-15 Centrifugal Filter units from EMD Millipore), with care being taken not to 

exceed concentrations of 500 µM.  The protein concentration was assessed by UV-Vis using the 

OD280nm and an extinction coefficient of 2980 M
-1

 cm
-1

.  The protein was diluted to a 

concentration of 50 µM following exchange, and pH 6.0 MES buffer was introduced to a 

concentration of 50 mM, DTT to a concentration of 1 mM, and EDTA to a concentration of 1 

mM.  The pH was manually adjusted to 6.0.  Using this procedure significantly reduced protein 

losses due to precipitation when compared to directly exchanging the protein into pH 6.0, 50 mM 

MES buffer.  TEV protease was introduced at a ratio of 1mL of 1 OD280nm TEV per 10 mg of 

target protein.    If precipitation was observed after introduction of TEV (typically due to 
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elevation of the pH) the pH was manually adjusted back to 6.0.  Cleavage reactions were allowed 

to proceed for approximately 24 hours at room temperature and cleavage progress was 

determined by SDS-PAGE.  Typically 75% cleavage or more was observed as assessed by SDS-

PAGE. 

TEV used for cleavage was expressed in-house as the S219V mutant.  Expression of TEV 

was conducted under similar conditions to Myc353-437, with the primary difference being that the 

purification was performed under native conditions using an imidazole gradient. Lysis buffer 

contained 1 M Tris-base and 1M KCl at pH 8.0, wash buffer contained 50 mM sodium 

phosphate, 300 mM NaCl, and 20 mM imidazole at pH 8.0, and elution buffer contained 50 mM 

sodium phosphate, 300 mM NaCl, and 250 mM imidazole at pH 8.0.  Also, lysozyme was added 

to a final concentration of 1 mg/mL to the harvested TEV cells in lysis buffer (prior to lysis with 

the horn sonicator) and incubated on ice for at least 20 minutes.  Use of lysozyme was omitted 

during the Myc353-437 purification because they are similar in molecular mass and difficult to 

distinguish by SDS-PAGE.   Purified TEV was stored at -80°C in 50 mM sodium phosphate, 300 

mM NaCl, and 250 mM imidazole at pH 8.0 prior to use. 

Cleavage reactions were exchanged back into lysis buffer after 24 hours using ultra-

filtration (3000 MWCO; Amicon Ultra-15 Centrifugal Filter units from EMD Millipore) and 

concentrated to ~500 µM.  This step removes the majority of the cleaved hexahistidine tag from 

the sample.  A second round of purification using Ni-NTA resin was conducted.  The purified, 

cleaved protein elutes during loading while residual cleaved hexahistidine tag, uncleaved protein, 

and TEV protease are retained on the Ni-NTA.  If enough uncleaved protein remains, it can be 

eluted and recycled back through the cleavage process just described.  This purification is also 
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verified by SDS-PAGE (Figure 3.30).  The cleaved protein is exchanged back into sterile water 

and concentrated by ultra-filtration (3000 MWCO; Amicon Ultra-15 Centrifugal Filter units 

from EMD Millipore) prior to final purification by reverse phase HPLC.  At this step there is no 

hard limit on the concentration of the protein, though it was typically not concentrated to more 

than 1 mM.  HPLC is conducted using an acetonitrile-water gradient on a Grace Vydac C-18 

column (CAT#218TP510, 5 µm particle size, 250 x 10 mm).  During the final purification of 

cysteine containing constructs, 10 mM DTT was added to reduce disulfide bonds after 

concentrating the protein but prior to HPLC purification.  Treatment with DTT proceeded for a 

minimum of 1 hour prior to HPLC injection.  HPLC elutions were pooled, the final concentration 

determined by OD280nm (ε = 1490 M
-1

cm
-1

 for cleaved Myc353-437).  Protein was aliquoted, 

lyophilized, and stored at -20°C.  Protein purity was verified by HPLC reinjection and protein 

integrity and identity verified by ESI-MS (Figure 3.31 and Figure 3.32).  Typical yields were 5 

mg (450 nmol) of protein per liter of starting culture.   
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Figure 3.30: SDS-PAGE analysis of WT Myc353-437 following cleavage of the hexahistidine tag by TEV 

protease.  Lane 1 contains Bio-Rad low range MW marker.  Lanes 2-5 are from purification of a Myc-cysteine 

construct and are not applicable here.  Lane 6 has some bleed threw from other lanes, but is otherwise unloaded.  

Lanes 7-10 contain uncleaved Myc353-437, cleavage reaction prior to purification, flow through from cleavage 

reaction purification, and elution from cleavage reaction purification, respectively.     

 

 

 

 

 
Figure 3.31: HPLC reinjection of purified Myc353-437.   HPLC was conducted on an acetonitrile/water gradient 

with UV-Vis detection at 215 nm.  Buffers were spiked with 0.01% trifluoroacetic acid. 



276 

 

 

 

 

 

Figure 3.32: ESI-MS of WT Myc353-437. 

 

3.4.3 Synthesis of 10074-A4 and derivatives 

3.4.3.1  Synthesis of 3,6-dichlorocarbazole (1) 

Following a modified procedure from Xu and colleagues, 4.95 mL sulfuryl chloride (8.27 

g, 0.06 mol) was added dropwise over the course of half an hour to a chilled suspension of 5 g 

carbazole (0.03 mol) in 50 mL dichloromethane.
272

  The temperature was maintained at or below 

4°C during the addition and the solution was stirred vigorously.  Following the addition, the 

reaction was allowed to warm to room temperature and stirring was continued for 18 hours.  The 

salmon colored precipitate was isolated and recrystallized a minimum of two times from hexanes 

(49 % yield, 95 % purity by 
1
H NMR). 
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1
H NMR (400 MHz, DMSO-d6) δ 11.57 (s, 1H), 8.29 (d, J = 2.1 Hz, 2H), 7.52 (d, J = 8.6 Hz, 

2H), 7.42 (dd, J = 8.6, 2.1 Hz, 2H). 

13
C NMR (100 MHz, DMSO-d6) δ 139.13, 126.55, 123.63, 123.28, 120.74, 113.18. 

 

3.4.3.2  Synthesis of Racemic 3,6-dichloro-9-(oxiran-2-ylmethyl)carbazole (2)   

Following a modified procedure from MacMillan and coworkers, a concentrated solution 

of 2 g 3,6-dichlorocarbazole (8.5 mmol) with 1 g powdered potassium hydroxide (18 mmol) in 

DMSO (10 mL) was prepared and allowed to stir for half an hour.
273

  Once the solution was clear 

and yellow, 1 mL racemic epibromohydrin (1.6 g, 11.7 mmol) was added.  The solution was 

covered and stirred for 18 hours.  The cloudy, white suspension was further precipitated in 100 

mL of water.  In some instances, this precipitate could be isolated by vacuum filtration, but in 

others it was too fine so the water was extracted with 3 x 15 mL of ethyl acetate.  The combined 

organics were washed with water then brine and then dried over magnesium sulfate.  Following 

removal of the solvent in vacuo, the crude product was recrystallized from ~15% ethyl 

acetate/hexanes.  (45 % yield, 93 % purity by 
1
H NMR) 

 

1
H NMR (400 MHz, DMSO-d6) δ 8.34 (dd, J = 2.1, 0.5 Hz, 2H), 7.72 (dd, J = 8.8, 0.5 Hz, 2H), 

7.50 (dd, J = 8.7, 2.1 Hz, 2H), 4.85 (dd, J = 15.8, 3.0 Hz, 1H), 4.43 (dd, J = 15.8, 5.8 Hz, 1H), 

3.31 (s, 2H), 2.76 (dd, J = 5.0, 4.0 Hz, 1H), 2.54 (dd, J = 5.0, 2.6 Hz, 1H). 
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3.4.3.3  Synthesis of R or S 3,6-dichloro-9-(oxiran-2-ylmethyl)carbazole (2)   

R or S 2 was prepared following the procedure for the racemic compound with the 

substitution of enantiopure epichlorohydrin (1.08 g, 0.92 mL, 11.7 mmol) for epibromohydrin 

and the addition of potassium iodide (1.94 g, 11.7 mmol) to the reaction.  All other steps were 

identical.  (45 % yield, 93 % purity by 
1
H NMR). 

3.4.3.4  Synthesis of 3-[3-(3,6-dichlorocarbazol-9-yl)-2-hydroxy-propyl]thiazolidine-2,4-dione 

(3, 10074-A4)  

To a solution of 1 g of 2 (3.4 mmol) in 25 mL acetonitrile was added 1 g 2,4-

thiazolidinedione (8.5 mmol) and 50 µL trimethylamine (0.036 g, 0.36 mmol).  The reaction was 

refluxed overnight (minimum 8 hours) and followed by TLC on silica gel in 60% ethyl 

acetate/hexanes until complete conversion of 2 was observed.  The reaction was precipitated in 

to 100 mL of water.  Typically, the particle size was so fine that filtration was ineffective for 

isolating the product.  As such, the suspension was extracted with 3 x 15 mL of ethyl acetate.  

The combined organics were washed with 1 M HCl, 1 M NaOH, water, then brine and dried over 

magnesium sulfate.  The solvent was removed in vacuo to produce 10074-A4 (99 % yield, 98 % 

purity by HPLC). 

 

1
H NMR (400 MHz, DMSO-d6) δ 8.25 (d, J = 2.1 Hz, 2H), 7.62 (d, J = 8.8 Hz, 2H), 7.45 (dd, J 

= 8.8, 2.2 Hz, 2H), 5.27 (d, J = 5.5 Hz, 1H), 4.42 (dd, J = 14.9, 4.1 Hz, 1H), 4.31 (dd, J = 14.9, 

7.8 Hz, 1H), 4.18 (dq, J = 9.1, 4.6 Hz, 1H), 3.72 (dd, J = 13.5, 8.7 Hz, 1H), 3.52 (dd, J = 13.5, 

3.9 Hz, 1H), 3.36 (s, 2H). 
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13
C NMR (100 MHz, DMSO-d6) δ 174.27, 173.52, 139.90, 126.51, 124.04, 122.91, 120.68, 

120.62, 112.11, 66.52, 47.43, 36.24, 34.25. 

 

 
Figure 3.33: HPLC of 10074-A4 to confirm purity.  HPLC was conducted on an acetonitrile/water gradient with 

UV-Vis detection at 215 nm.  Buffers were spiked with 0.01% trifluoroacetic acid. 

 

3.4.3.5 Synthesis of 4-amino-N-[3-(3,6-dichlorocarbazol-9-yl)-2-methyl-propyl] 

benzenesulfonamide (KG-1) 

To a solution of 1 g of 2 (3.4 mmol) in 25 mL acetonitrile was added 1.17 g of 

sulfanilamide (6.8 mmol) and 50 µL trimethylamine (0.036 g, 0.36 mmol).  The reaction was 

refluxed until TLC on silica (60% ethyl acetate/hexanes) showed complete conversion of 2 (~72 

hours).  The reaction was precipitated in to 100 mL of water and the solution was extracted with 

3 x 15 mL of ethyl acetate.  The combined organics were washed with 1 M HCl, 1 M NaOH, 

water, then brine and dried over magnesium sulfate.  The solvent was removed in vacuo to 

produce KG-1 (99 % yield, 98 % purity by 
1
H NMR). 
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1
H NMR (400 MHz, DMSO-d6) δ 8.30 (d, J = 2.1 Hz, 2H), 7.57 (d, J = 8.7 Hz, 2H), 7.53 – 7.38 

(m, 4H), 7.29 (t, J = 6.2 Hz, 1H), 6.70 – 6.56 (m, 2H), 5.95 (s, 2H), 5.09 (d, J = 5.4 Hz, 1H), 4.40 

(dd, J = 15.0, 3.2 Hz, 2H), 4.20 (dd, J = 15.0, 8.8 Hz, 2H), 3.88 (td, J = 6.2, 5.7, 2.9 Hz, 1H). 

13
C NMR (100 MHz, DMSO-d6) δ 206.34, 152.46, 139.41, 128.39, 125.87, 125.11, 123.33, 

122.29, 120.05, 112.58, 111.59, 68.23, 46.98, 46.77, 30.58. 

 

3.4.3.6  Synthesis of 3,6-dinitrocarbazole (4) 

Following a procedure from Chen and colleagues, a solution of 25 mL acetic acid and 50 

mL acetic anhydride was prepared.
287

  Copper (II) nitrate dihydrate (5 g, 26.6 mmol) was added 

and the mixture was stirred for 10 minutes at room temperature.  Carbazole (3.7g, 22.2 mmol) 

was added in portions, taking care to prevent bumping of the reaction mixture as the reaction is 

exothermic.  Following addition of carbazole, the reaction solvent was replenished with an 

additional 25 mL of acetic acid.  After stirring for 15 minutes the reaction mixture was poured 

into 100 mL of DI water and the resultant precipitate was collected by vacuum filtration. The 

crude product was washed with water and then dissolved in a solution of alcoholic potassium 

hydroxide (20 g KOH, 200 mL water, 200 mL ethanol).  The resultant red solution was stirred 

for half an hour and then filtered.  The precipitate was discarded and the mother liquor was 

acidified with concentrated HCl to produce a yellow precipitate.  The yellow precipitate was 

isolated by filtration and then recrystallized from DMF.  The product was washed with ethanol 

following recrystallization and allowed to dry, yielding 4.  (50 % yield, 90 % purity by 
1
H 

NMR). 
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1
H NMR (400 MHz, DMSO-d6) δ 12.95 (s, 1H), 9.83 – 9.70 (d, 2H), 8.72 – 8.56 (dd, 2H), 8.12 – 

7.93 (d, 1H). 

 

3.4.3.7  Synthesis of 3,6-dinitro-9-(oxiran-2-ylmethyl)carbazole (5) 

To prepare 5, 1 g of 4 (3.9 mmol)  was dissolved in 10 mL DMF over 1 g potassium 

carbonate (7.2 mmol) at 110°C with stirring to make a dark red solution.  Racemic 

epibromohydrin (1.36 g, 0.855 mL, 10 mmol) or R/S epichlorohydrin (0.925 g, 0.782 mL, 10 

mmol) was added as applicable.  The reaction was stirred for 1 hour or until the reaction had lost 

all red hue and a brownish precipitate had formed.  The reaction was poured into 100 mL DI 

water to precipitate the product and the resultant suspension was filtered to isolate the 

precipitate, rinsing well with water followed by ethanol  (99 % yield, 93 % purity by 
1
H NMR).  

Note that this product had poor solubility in DMSO, water, and chloroform.  Obtaining 
1
H NMR 

data required presaturation of the solvent peak and it was not possible to obtain 
13

C NMR.   

 

1
H NMR (400 MHz, DMSO-d6) δ 9.50 (d, J = 2.3 Hz, 2H), 8.43 (dd, J = 9.1, 2.3 Hz, 2H), 7.96 

(d, J = 9.2 Hz, 2H), 5.06 (dd, J = 15.7, 2.7 Hz, 1H), 4.60 (dd, J = 15.9, 6.0 Hz, 1H), 3.40 (m, 

1H), 2.78 (t, J = 4.5 Hz, 1H), 2.56 (dd, J = 5.0, 2.6 Hz, 1H). 

3.4.3.8  Synthesis of 3-[3-(3,6-dinitrocarbazol-9-yl)-2-hydroxy-propyl]thiazolidine-2,4-dione (6, 

KG-2) 

A slurry of 0.5 g 5 (1.6 mmol) in 10 mL acetonitrile was brought to reflux while stirring.  

To the refluxing reaction 0.4 g TZD (3.4 mmol) and a catalytic amount of TEA was added.  The 

reaction was refluxed overnight.  The product, KG-2, had even worse solubility in acetonitrile 
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than 5.  The product was isolated by filtration after confirming complete conversion by TLC on 

silica gel in 40% ethyl acetate/hexanes.  The isolated precipitate was rinsed well with 

acetonitrile.  If an unacceptable amount of residual TZD is detected by NMR, the produced can 

be recrystallized from acetonitrile (95% yield, 93 % purity by 
1
H NMR). 

 

1
H NMR (400 MHz, DMSO-d6) δ 9.46 (d, J = 2.4 Hz, 2H), 8.42 (dd, J = 9.1, 2.3 Hz, 2H), 7.93 

(dd, J = 17.0, 9.2 Hz, 2H), 5.37 (d, J = 5.5 Hz, 1H), 4.66 (dd, J = 15.0, 3.4 Hz, 1H), 4.52 (dd, J = 

15.0, 8.7 Hz, 1H), 4.28 – 4.19 (m, 1H), 4.17 (d, J = 2.7 Hz, 2H), 3.79 (dd, J = 13.5, 8.4 Hz, 1H), 

3.68 (dd, J = 13.5, 4.2 Hz, 1H). 

13
C NMR (100 MHz, DMSO-d6) δ 172.92, 172.59, 145.62, 141.67, 122.82, 122.47, 118.85, 

111.86, 66.44, 47.91, 45.61, 34.28. 

3.4.3.9 Synthesis of 3-[3-(3,6-diaminocarbazol-9-yl)-2-hydroxy-propyl]thiazolidine-2,4-dione 

(KG-3) 

Following a modified procedure from Chen and colleagues,
287

 500 mg of KG-2 (1.1 

mmol) and 1.89 g of SnCl2 (10 mmol) were suspended in a mixture of 25 mL of glacial acetic 

acid and 4.2 mL of concentrated hydrochloric acid.  The reaction was refluxed with stirring 

under nitrogen for 24 hours.  Following reflux, the reaction mixture was extracted with 3 x 15 

mL of ethyl acetate.  The combined organics were dried over magnesium sulfate, filtered, and 

then the solvent was removed in vacuo.  The crude product was subjected to reverse phase HPLC 

purification using an acetonitrile/water gradient.  This purification resulted in a mixture of KG-3 

and presumably Sn(OH)Cl.  The identity of the contaminating material was not confirmed, 
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though the contaminant did not contribute peaks to the 
1
H or 

13
C NMR spectrum, suggesting it 

was inorganic in nature. 

 

1
H NMR (400 MHz, DMSO-d6) δ 8.51 (d, J = 2.2 Hz, 1H), 8.20 (d, J = 2.1 Hz, 1H), 7.79 (dd, J = 

8.7, 5.0 Hz, 2H), 7.64 (d, J = 8.7 Hz, 1H), 7.51 (dt, J = 8.4, 1.9 Hz, 2H), 7.43 (d, J = 8.8 Hz, 1H), 

4.46 (dtd, J = 43.7, 14.5, 5.8 Hz, 2H), 4.24 – 4.16 (m, 2H), 4.17 – 4.12 (m, 3H), 3.74 (ddd, J = 

13.0, 8.7, 3.9 Hz, 1H), 3.54 (ddd, J = 13.5, 7.1, 3.9 Hz, 1H), 3.44 (q, J = 7.0 Hz, 1H). 

 

13
C NMR (100 MHz, DMSO-d6) δ 172.35, 172.02, 140.15, 139.87, 123.25, 122.82, 121.40, 

121.36, 121.07, 120.42, 118.58, 116.31, 114.87, 111.30, 111.07, 109.85, 65.90, 55.90, 46.88, 

45.30. 

 

3.4.3.10 Synthesis of 4-amino-N-[3-(3,6-dinitrocarbazol-9-yl)-2-hydroxy-

propyl]benzenesulfonamide (KG-5) 

To a round bottom flask containing a suspension of 500 mg of 5 (1.6 mmol) in 10 mL 

DMSO was added  516 mg of sulfanilamide (3.0 mmol) and 830 mg of potassium carbonate (6.0 

mmol).  The mixture was heated to 110°C and stirred for 5 hours, at which point a color change 

from deep red to brown was observed.  The reaction mixture was poured into water and stirred to 

dissolve the residual potassium carbonate.  The remaining precipitate was dissolved in 15 mL of 

ethyl acetate and washed with 1 M HCl, 1 M NaOH, water, then brine and dried over magnesium 

sulfate.  The solvent was removed in vacuo to produce KG-5.  (85% yield, 90% purity by 

1
HNMR, dominant contaminant was 5).   
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1
H NMR (400 MHz, DMSO-d6) δ 8.61 (t, J = 3.3 Hz, 2H), 7.70 – 7.48 (m, 2H), 6.97 (d, J = 9.2 

Hz, 2H), 6.61 (d, J = 8.6 Hz, 2H), 6.50 (t, J = 6.1 Hz, 1H), 5.83 – 5.63 (m, 2H), 5.12 (s, 2H), 4.35 

(s, 1H), 3.73 (dd, J = 14.9, 3.0 Hz, 1H), 3.55 (dd, J = 14.9, 9.1 Hz, 1H), 3.07 (d, J = 8.0 Hz, 1H), 

2.06 (ddt, J = 24.3, 12.4, 6.1 Hz, 2H). 

 

3.4.3.11 Synthesis of N-[3-(3,6-dichlorocarbazol-9-yl)-2-hydroxy-propyl]methanesulfonamide 

(KG-6) 

To a solution of 1 g of 2 (3.4 mmol) in 25 mL acetonitrile was added 0.650 g of 

methanesulfonamide (6.8 mmol) and 50 µL trimethylamine (0.036 g, 0.36 mmol).  The reaction 

was refluxed until TLC on silica (60% ethyl acetate/hexanes) showed complete conversion of 2 

(~72 hours).  The reaction was precipitated in to 100 mL of water and the solution was extracted 

with 3 x 15 mL of ethyl acetate.  The combined organics were washed with 1 M HCl, 1 M 

NaOH, water, then brine and dried over magnesium sulfate.  The solvent was removed in vacuo 

to produce KG-6 (99 % yield, 95 % purity by 
1
H NMR). 

 

1
H NMR (400 MHz, DMSO-d6) δ 8.32 (d, J = 2.2 Hz, 1H), 7.67 (d, J = 8.8 Hz, 1H), 7.49 (dd, J = 

8.8, 2.1 Hz, 1H), 7.17 (s, 1H), 5.24 (d, J = 5.5 Hz, 1H), 4.45 (dd, J = 14.9, 3.4 Hz, 1H), 4.30 (dd, 

J = 14.9, 8.5 Hz, 1H), 3.97 (s, 0H), 3.13 (t, J = 5.5 Hz, 1H), 2.95 (s, 1H). 

 

13
C NMR (100 MHz, DMSO-d6) δ 218.55, 139.45, 125.92, 123.36, 122.33, 120.10, 111.63, 

68.67, 46.93, 46.58. 
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3.4.3.12 Synthesis of 4-[[3-(3,6-dichlorocarbazol-9-yl)-2-hydroxy-propyl]sulfamoyl]benzoic acid 

(KG-7) 

To a solution of 1 g of 2 (3.4 mmol) in 25 mL acetonitrile was added 1.36 g of 4-

sulfamoylbenzoic acid (6.8 mmol) and 50 µL trimethylamine (0.036 g, 0.36 mmol).  The reaction 

was refluxed until TLC on silica (60% ethyl acetate/hexanes) showed complete conversion of 2 

(~72 hours).  The reaction was precipitated in to 100 mL of water and the solution was extracted 

with 3 x 15 mL of ethyl acetate.  The combined organics were washed with 1 M HCl, 1 M 

NaOH, water, then brine and dried over magnesium sulfate.  The solvent was removed in vacuo 

to produce KG-7 (95 % yield, 92 % purity by 
1
H NMR). 

 

1
H NMR (400 MHz, DMSO-d6) δ 8.29 (d, J = 2.1 Hz, 2H), 8.04 – 7.90 (m, 2H), 7.79 (d, J = 7.8 

Hz, 2H), 7.67 (d, J = 8.8 Hz, 2H), 7.44 (dd, J = 8.7, 2.2 Hz, 2H), 5.40 (s, 1H), 4.60 – 4.38 (m, 

2H), 4.27 (dt, J = 16.1, 7.1 Hz, 3H), 3.99 (q, J = 7.2 Hz, 1H). 

 

3.4.3.13 Synthesis of indole derivatives (KG-8 – KG-13) 

Indole derivatives were prepared starting with a similar procedure to the preparation of 2.  

To prepare the epoxides, 2 mmol of the indole of interest was dissolved in 10 mL of DMF with 1 

g of powdered potassium hydroxide.  The mixture was stirred until dissolution occurred and then 

4 mmol of epibromohydrin was added.  The reaction was allowed to proceed overnight.  Crude 

products were precipitated into 100 mL of DI water and then extracted with 3 x 15 mL of ethyl 

acetate.  The combined organics were washed with 1 M NaOH, 1 M HCl, and then brine and 

then dried over magnesium sulfate.  The solvent was removed in vacuo and the crude product 
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was recrystallized from ethyl acetate and hexanes.  Yields were ~45 % and purities varied from 

80 - 85%.  The major contaminant in each case was the starting indole.   

 

Figure 3.34: Synthetic scheme for preparation of 10074-A4 indole derivatives KG-8 – KG-13.  
 

To prepare the products KG-8 through KG-13, 1 mmol of the indole epoxide intermediate 

was dissolved in refluxing acetonitrile with 3 mmol TZD and 50 µL of DIEA.  The reaction was 

refluxed overnight, a minimum of 12 hours.  Following reflux, the crude product was 

precipitated into 100 mL of DI water, then extracted with 3 x 15 mL of ethyl acetate.  The 

combined organics were washed with 1 M NaOH, 1 M HCl, and then brine and then dried over 

magnesium sulfate.  The solvent was removed in vacuo and then the crude product was 

chromatographed on silica gel using a gradient of ethyl acetate and hexanes.  Yields were ~75 % 

and the purity was ~98 % for each derivative following chromatography.  Purity was determined 

by HPLC. 
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KG-8 

1
H NMR (400 MHz, DMSO-d6) δ 7.50 (dd, J = 25.6, 8.0 Hz, 2H), 7.36 (d, J = 3.3 Hz, 1H), 7.12 

(t, J = 7.8 Hz, 1H), 7.00 (t, J = 7.3 Hz, 1H), 6.41 (d, J = 3.1 Hz, 1H), 5.29 (d, J = 5.2 Hz, 1H), 

4.25 (t, J = 8.5 Hz, 1H), 4.17 – 4.00 (m, 4H), 3.61 (dd, J = 13.5, 7.6 Hz, 1H), 3.45 (dd, J = 13.4, 

3.7 Hz, 1H), 3.32 (s, 1H). 

 

13
C NMR (100 MHz, DMSO-d6) δ 172.32, 172.00, 142.90, 135.93, 129.36, 129.20, 129.00, 

127.95, 120.76, 120.16, 118.75, 109.87, 100.33, 66.18, 49.48, 45.29. 

 

Figure 3.35: HPLC of KG-8 to confirm purity.  HPLC was conducted on an acetonitrile/water gradient with UV-

Vis detection at 215 nm.  Buffers were spiked with 0.01% trifluoroacetic acid. 
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KG-9 

1H NMR (400 MHz, DMSO-d6) δ 7.53 (d, J = 7.8 Hz, 1H), 7.46 (d, J = 8.3 Hz, 1H), 7.35 (d, J = 

3.1 Hz, 1H), 7.12 (ddd, J = 8.1, 7.0, 1.2 Hz, 1H), 7.00 (ddd, J = 7.8, 7.0, 0.9 Hz, 1H), 6.41 (d, J = 

3.1 Hz, 1H), 5.29 (d, J = 5.1 Hz, 1H), 4.36 – 4.21 (m, 1H), 4.14 (s, 2H), 4.12 – 4.00 (m, 2H), 

3.61 (dd, J = 13.5, 7.9 Hz, 1H), 3.45 (dd, J = 13.5, 3.7 Hz, 1H). 

 

13
C NMR (100 MHz, DMSO-d6) δ 172.32, 172.00, 135.94, 129.35, 127.96, 120.76, 120.17, 

118.76, 109.87, 100.35, 66.19, 49.50, 45.30, 33.70. 

 

Figure 3.36: HPLC of KG-9 to confirm purity.  HPLC was conducted on an acetonitrile/water gradient with UV-

Vis detection at 215 nm.  Buffers were spiked with 0.01% trifluoroacetic acid. 
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KG-10 

1
H NMR (400 MHz, DMSO-d6) δ 7.70 – 7.51 (m, 2H), 7.44 (dd, J = 3.2, 2.0 Hz, 1H), 7.14 (dt, J 

= 8.8, 2.1 Hz, 1H), 6.46 (ddd, J = 3.1, 2.1, 0.9 Hz, 1H), 5.34 (d, J = 4.4 Hz, 1H), 4.55 (ddd, J = 

15.2, 3.3, 1.9 Hz, 1H), 4.21 (ddd, J = 15.2, 6.0, 1.9 Hz, 1H), 3.32 (s, 2H), 3.28 (d, J = 4.1 Hz, 

1H), 2.89 (d, J = 1.9 Hz, 1H), 2.77 (ddd, J = 5.0, 4.0, 2.0 Hz, 1H), 2.73 (d, J = 1.9 Hz, 1H). 

 

 

Figure 3.37: HPLC of KG-10 to confirm purity.  HPLC was conducted on an acetonitrile/water gradient with UV-

Vis detection at 215 nm.  Buffers were spiked with 0.01% trifluoroacetic acid. 
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KG-11 

1
H NMR (400 MHz, DMSO-d6) δ 7.55 (ddd, J = 9.1, 4.5, 1.7 Hz, 1H), 7.43 (dd, J = 3.1, 1.8 Hz, 

1H), 7.31 (dt, J = 9.9, 2.3 Hz, 1H), 6.99 (tt, J = 9.3, 2.3 Hz, 1H), 6.45 (tt, J = 2.0, 0.9 Hz, 1H), 

6.42 (d, J = 2.0 Hz, 1H), 5.34 (d, J = 4.6 Hz, 1H), 4.54 (ddd, J = 15.1, 3.3, 1.8 Hz, 1H), 4.20 

(ddd, J = 15.1, 6.0, 1.8 Hz, 1H), 3.32 (d, J = 1.8 Hz, 1H), 3.27 (qd, J = 3.7, 1.6 Hz, 1H), 2.89 (d, J 

= 1.8 Hz, 1H), 2.73 (d, J = 1.8 Hz, 1H). 

 

 

Figure 3.38: HPLC of KG-11 to confirm purity.  HPLC was conducted on an acetonitrile/water gradient with UV-

Vis detection at 215 nm.  Buffers were spiked with 0.01% trifluoroacetic acid. 
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KG-12 

1
H NMR (400 MHz, DMSO-d6) δ 7.40 (dd, J = 8.5, 1.8 Hz, 1H), 7.35 – 7.24 (m, 2H), 6.95 (dt, J 

= 8.4, 1.8 Hz, 1H), 6.41 – 6.32 (m, 1H), 5.31 (dd, J = 5.6, 1.8 Hz, 1H), 4.47 (ddd, J = 15.1, 3.4, 

1.9 Hz, 1H), 4.16 (ddd, J = 15.1, 5.9, 1.9 Hz, 1H), 3.24 (dq, J = 6.3, 2.4, 2.0 Hz, 1H), 2.88 (d, J = 

1.9 Hz, 1H), 2.74 (ddt, J = 8.9, 4.1, 1.8 Hz, 1H), 2.36 (d, J = 1.8 Hz, 3H). 

 

 

Figure 3.39: HPLC of KG-12 to confirm purity.  HPLC was conducted on an acetonitrile/water gradient with UV-

Vis detection at 215 nm.  Buffers were spiked with 0.01% trifluoroacetic acid. 
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KG-13 

1
H NMR (400 MHz, DMSO-d6) δ 8.18 – 8.04 (m, 1H), 7.75 (dt, J = 8.7, 1.2 Hz, 1H), 7.62 – 7.57 

(m, 1H), 7.55 – 7.46 (m, 1H), 7.42 (dt, J = 8.4, 1.8 Hz, 1H), 6.65 – 6.61 (m, 1H), 6.58 (s, 1H), 

4.64 (ddd, J = 15.2, 3.3, 1.9 Hz, 1H), 4.29 (ddd, J = 15.1, 6.0, 1.8 Hz, 1H), 3.37 – 3.26 (m, 1H), 

2.89 (d, J = 1.8 Hz, 1H), 2.78 (dq, J = 4.8, 1.9 Hz, 1H), 2.73 (d, J = 1.8 Hz, 1H), 2.55 – 2.52 (m, 

1H). 

 

 

Figure 3.40: HPLC of KG-13 to confirm purity.  HPLC was conducted on an acetonitrile/water gradient with UV-

Vis detection at 215 nm.  Buffers were spiked with 0.01% trifluoroacetic acid. 
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3.4.4  Preparation of samples containing 10074-A4 or derivatives 

 Due to the aggregation prone behavior of 10074-A4, a careful and specific method was 

developed for preparation of compound containing samples.  To start, a stock of 10074-A4 in the 

appropriate organic solvent was prepared.   The concentration of this stock was 20 x what was 

desired in the final sample so that upon dilution the final concentration of organic solvent would 

be 5%.  All buffer components and water were added at the appropriate proportions to a 1.5 mL 

Eppendorf tube.  If protein or peptide was to be added, it was also done at this point.  Compound 

in organic solvent was added slowly in aliquots of 1/10 the final volume needed to reach the 

appropriate concentration.  For example, if a 200 µL sample were being prepared, then the 

compound would be added in ten 1 µL aliquots. After the addition of each aliquot the sample 

was sonicated for 15 seconds in a water bath using a horn sonicator equipped with microtip 

directed at the Eppendorf tube.  This method was adopted after it was determined that sonication 

in a Brandon Model 1510 water bath sonicator was one of the confounding factors in sample to 

sample irreproducibility.   By using this direct sonication method with a horn sonicator it was 

possible to focus the energy from sonication into the region of best effect.  Although there were 

still occasions where this method failed, it greatly increased reproducibility.   
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3.4.5  Instrumentation 

For ease of discussion, a description the instrumentation used in this work will be given 

in this section. Unless otherwise noted, the instruments and conditions described here were used 

throughout the work. 

3.4.5.1  Fluorescence 

Fluorescence data were collected on either a Photon Technology International 

QuantaMaster fluorometer (New Jersey) or a Horiba FluoroMax 4 steady state 

spectrofluorometer.  For measurements in both instruments, a small volume (45 µL), 3 mm path 

length quartz cuvette was used.  Data was collected at 1 nm resolution.  Traces were corrected 

for fluctuations in the lamp voltage (excitation correction or XCorr).  Exported data was 

manually background corrected using the appropriate traces (buffer in some cases, in other cases 

this was unlabeled protein) and processed using Microsoft Excel. 

 

3.4.5.2  Circular dichroism 

All circular dichroism measurements were collected using a small volume (200 µL), 0.1 

cm path length quartz cuvette on a Jasco-J720 spectro-polorimeter.  Scans were collected using a 

bandwidth of 10 nm, a response time of 0.5 seconds, and a scan speed of 100 nm/min.  Data 

were exported from the Jasco32 software in an ASCII format and processed in Microsoft Excel.  

All spectra were independently background corrected using samples that contained the CD 

inactive components of the mixture.  MRE values were calculated using Equation 3.3. 

 I�Y = ��"> (3.3) 
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The background corrected ellipticity in mdeg (θ) was divided by the number of residues in the 

protein (n), the concentration of the protein (c) in molar, and the path length of the cuvette (l) in 

millimeters.  For CD spectra of samples containing 10074-A4 or derivatives, the value for n was 

18.  This was value was used even in instances where there was no peptide present or a peptide 

of a different length because the dominant spectral bands were from 10074-A4 or its derivatives 

and because it permits easy comparison across the CD spectra collected in this chapter.     

3.4.5.3 Dynamic light scattering 

Dynamic light scattering measurements were collected on a homebuilt instrument in the 

laboratory of Edward Van Keuren (Department of Physics, Georgetown University).  Samples 

were measured in small volume (~100 µL), disposable Eppendorf brand UVettes.  Scattered light 

was measured at 90° to the incident beam (10 mW tunable HeNe laser from Research 

ElectroOptics) through a narrow bandpass filter and into a single-mode optical fiber.  The 

photons were counted by a high-sensitivity avalanche photodiode (AQR-13 SPCM, EG&G) and 

those values were then analyzed by an ALV-5000 correlator card (ALV GmbH, Germany).   

The components used to prepare DLS samples (buffer, protein stocks in water) were 

filtered through a 0.2 µm filter immediately prior to preparation of the sample.  Samples were 

not filtered after preparation because the species of interest were aggregates.  Correlation data for 

each sample was collected for at least 30 seconds to as long as five minutes. The longer durations 

were needed for samples with low scattering intensity and poor correlation. Data were processed 

using the algorithms built in to the ALV-5000 correlator software package.   
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3.4.5.4 UV-Vis 

Absorbance measurements were conducted using an Agilent 8453 UV-visible 

spectroscopy system.  A small volume (110 µL) 1 cm path length quartz cuvette was used for all 

measurements. 

3.4.5.5  Surface plasmon resonance 

SPR measurements were conducted on a BiOptix 404 Pi microfluidic system (Boulder, 

Colorado).  NiHC200M chips were manufactured by XanTec Bioanalytics GmbH, Germany. 

Data from these measurements were analyzed using the Scrubber 2 software from BioLogic. 

3.4.6  CD measurements of 10074-A4 alone and with Myc372-389 

Samples of Myc372-389 and 10074-A4 (racemic or enantiopure) were prepared in 1xPBS, 

pH 7.4 and 5% organic solvent.  Addition of the compound was conducted as described in 

section 3.4.4  and measurements were conducted on instrumentation described in section 3.4.5.2 

.  For the binding titration described in Figure 3.4 (page 215), the data were fit to a 1:1 binding 

model as described by Equation 3.4. 

 ["def>/g][D]' = 2 + 7)[D]' − h,−2 − 7)[D]'-� − 4
2  

(3.4) 

 

Where [C]0 represents the initial concentration of inhibitor and Myc in the sample and Kd 

represents the dissociation constant. The fraction of complex was fitted to the endpoints of the 

CD titration using Version 4.5 of KelidaGraph.  The input format for KelidaGraph was: 

y=m2+(m1-m2)*(((2+m3/m0)-sqrt((2+m3/m0)*(2+m3/m0)-4))/2) 
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Where m2 represents the upper concentration end of the titration, m1 the lower concentration 

end of the titration, m3 the Kd, and m0 is x. 

3.4.7  Fluorescence measurements of 10074-A4     

Samples of 10074-A4 (racemic or enantiopure) were prepared in 1xPBS, pH 7.4 and 5% 

organic solvent.  Addition of the compound was conducted as described in section 3.4.4  and 

measurements were conducted on instrumentation described in section 3.4.5.1 . 

3.4.8  Surface plasmon resonance measurements using immobilized Myc353-437 

Surface plasmon resonance measurements were conducted using the instrumentation 

described in section 3.4.5.5 .  Immobilization of Myc353-437 with attached hexahistidine tag was 

conducted following the manufactures protocol included with the NiHC200M chip.  Myc353-437 

was loaded at a concentration of 500 nM in 50 mM MES buffer pH 6.3.  Measurements were 

conducted using a running buffer containing 1xPBS pH 7.4, 0.005% w/v P20, 5% DMSO, and 

0.1 M EDTA.  The addition of Polysorbate 20 (Polyoxyethylenesorbitan monolaurate; Fisher 

Scientific was necessary to prevent sticking of buffering components and compounds to the 

fluidics.  Attempts to perform measurements in the absence of P20 were prone to greater 

background noise.  Samples of 10074-A4 and its derivatives were prepared as described in 

section 3.4.4  and then loaded into 96 well plates.  Samples were injected for a 60 seconds at an 

optimized flow rate of 150 µL/min.  Buffer samples were collected in between each sample 

measurement in order to reduce the possibility of carryover from one injection of compound to 

the next.  Buffer blanks used for background correction were taken from throughout the titration.  
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A control titration of DMSO consisting of 3%, 3.5%, 4%, 4.5%, 5%, 5.5%, 6% and 6.5% DMSO 

in running buffer was collected for each titration and used to correct for DMSO mismatch 

between running buffer and samples using the protocols contained in the Scrubber 2 software.       

  



299 

 

 

References 

 

1.  Wolynes, P. G., Evolution, energy landscapes and the paradoxes of protein folding. Biochimie 

2015, 119, 218-230. 

 

2.  Nelson, D. L.; Lehninger, A. L.; Cox, M. M., Lehninger Principles of Biochemistry. W. H. 

Freeman: 2008. 

 

3.  Maity, A.; Majumdar, S.; Priya, P.; De, P.; Saha, S.; Dastidar, S. G., Adaptability in protein 

structures: structural dynamics and implications in ligand design. Journal of Biomolecular 

Structure & Dynamics 2015, 33 (2), 298-321. 

 

4.  Voet, D.; Voet, J. G.; Pratt, C. W., Fundamentals of Biochemistry: Life at the Molecular 

Level, 4th Edition: Life at the Molecular Level. Wiley: 2011. 

 

5.  Uversky, V. N., What does it mean to be natively unfolded? European Journal of 

Biochemistry 2002, 269 (1), 2-12. 

 

6.  Uversky, V. N., Natively unfolded proteins: A point where biology waits for physics. Protein 

Science 2002, 11 (4), 739-756. 

 

7.  McNaught, A. D.; Wilkinson, A., IUPAC. Compendium of Chemical Terminology. 2 ed.; 

blackwell Scientific Publications: Oxford, 1997. 

 

8.  Ozenne, V.; Bauer, F.; Salmon, L.; Huang, J. R.; Jensen, M. R.; Segard, S.; Bernado, P.; 

Charavay, C.; Blackledge, M., Flexible-meccano: a tool for the generation of explicit ensemble 

descriptions of intrinsically disordered proteins and their associated experimental observables. 

Bioinformatics 2012, 28 (11), 1463-1470. 

 

9.  Pettersen, E. F.; Goddard, T. D.; Huang, C. C.; Couch, G. S.; Greenblatt, D. M.; Meng, E. C.; 

Ferrin, T. E., UCSF chimera - A visualization system for exploratory research and analysis. 

Journal of Computational Chemistry 2004, 25 (13), 1605-1612. 

 

10.  Uversky, V. N.; Dunker, A. K., Understanding protein non-folding. Biochimica et 

Biophysica Acta (BBA) - Proteins and Proteomics 2010, 1804 (6), 1231-1264. 

 

11.  Kyte, J.; Doolittle, R. F., A Simple Method for Displaying the Hydropathic Character of a 

Protein. Journal of Molecular Biology 1982, 157 (1), 105-132. 

 

12.  Dunker, A. K.; Lawson, J. D.; Brown, C. J.; Williams, R. M.; Romero, P.; Oh, J. S.; 

Oldfield, C. J.; Campen, A. M.; Ratliff, C. R.; Hipps, K. W.; Ausio, J.; Nissen, M. S.; Reeves, 

R.; Kang, C. H.; Kissinger, C. R.; Bailey, R. W.; Griswold, M. D.; Chiu, M.; Garner, E. C.; 



300 

 

 

Obradovic, Z., Intrinsically disordered protein. Journal of Molecular Graphics & Modelling 

2001, 19 (1), 26-59. 

 

13.  Williams, R. M.; Obradovi, Z.; Mathura, V.; Braun, W.; Garner, E. C.; Young, J.; 

Takayama, S.; Brown, C. J.; Dunker, A. K., The protein non-folding problem: amino acid 

determinants of intrinsic order and disorder. Pacific Symposium on Biocomputing. Pacific 

Symposium on Biocomputing 2001, 89-100. 

 

14.  Romero, P.; Obradovic, Z.; Li, X. H.; Garner, E. C.; Brown, C. J.; Dunker, A. K., Sequence 

complexity of disordered protein. Proteins-Structure Function and Genetics 2001, 42 (1), 38-48. 

 

15.  Xue, B.; Dunbrack, R. L.; Williams, R. W.; Dunker, A. K.; Uversky, V. N., PONDR-FIT: A 

meta-predictor of intrinsically disordered amino acids. Biochimica Et Biophysica Acta-Proteins 

and Proteomics 2010, 1804 (4), 996-1010. 

 

16.  Cheng, J. L.; Sweredoski, M. J.; Baldi, P., Accurate prediction of protein disordered regions 

by mining protein structure data. Data Mining and Knowledge Discovery 2005, 11 (3), 213-222. 

 

17.  Linding, R.; Jensen, L. J.; Diella, F.; Bork, P.; Gibson, T. J.; Russell, R. B., Protein disorder 

prediction: Implications for structural proteomics. Structure 2003, 11 (11), 1453-1459. 

 

18.  Peng, K.; Vucetic, S.; Radivojac, P.; Brown, C. J.; Dunker, A. K.; Obradovic, Z., Optimizing 

long intrinsic disorder predictors with protein evolutionary information. Journal of 

Bioinformatics and Computational Biology 2005, 3 (1), 35-60. 

 

19.  Tang, X.; Orlicky, S.; Mittag, T.; Csizmok, V.; Pawson, T.; Forman-Kay, J. D.; Sicheri, F.; 

Tyers, M., Composite low affinity interactions dictate recognition of the cyclin-dependent kinase 

inhibitor Sic1 by the SCFCdc4 ubiquitin ligase. Proceedings of the National Academy of 

Sciences of the United States of America 2012, 109 (9), 3287-3292. 

 

20.  Liu, B.; Chia, D.; Csizmok, V.; Farber, P.; Forman-Kay, J. D.; Gradinaru, C. C., The effect 

of intrachain electrostatic repulsion on conformational disorder and dynamics of the Sic1 protein. 

Journal of Physical Chemistry B 2014, 118 (15), 4088-4097. 

 

21.  Fu, B.; Vendruscolo, M., Structure and Dynamics of Intrinsically Disordered Proteins. In 

Intrinsically Disordered Proteins Studied by Nmr Spectroscopy, Felli, I. C.; Pierattelli, R., Eds. 

2015; Vol. 870, pp 35-48. 

 

22.  Kragelj, J.; Blackledge, M.; Jensen, M. R., Ensemble Calculation for Intrinsically 

Disordered Proteins Using NMR Parameters. In Intrinsically Disordered Proteins Studied by 

Nmr Spectroscopy, Felli, I. C.; Pierattelli, R., Eds. 2015; Vol. 870, pp 123-147. 

 



301 

 

 

23.  Mittag, T.; Marsh, J.; Grishaev, A.; Orlicky, S.; Lin, H.; Sicheri, F.; Tyers, M.; Forman-Kay, 

J. D., Structure/function implications in a dynamic complex of the intrinsically disordered Sic1 

with the Cdc4 subunit of an SCF ubiquitin ligase. Structure 2010, 18 (4), 494-506. 

 

24.  Marsh, J. A.; Forman-Kay, J. D., Ensemble modeling of protein disordered states: 

experimental restraint contributions and validation. Proteins-Structure Function and 

Bioinformatics 2012, 80 (2), 556-572. 

 

25.  Marsh, J. A.; Teichmann, S. A.; Forman-Kay, J. D., Probing the diverse landscape of protein 

flexibility and binding. Current Opinion in Structural Biology 2012, 22 (5), 643-650. 

 

26.  Varadi, M.; Kosol, S.; Lebrun, P.; Valentini, E.; Blackledge, M.; Dunker, A. K.; Felli, I. C.; 

Forman-Kay, J. D.; Kriwacki, R. W.; Pierattelli, R.; Sussman, J.; Svergun, D. I.; Uversky, V. N.; 

Vendruscolo, M.; Wishart, D.; Wright, P. E.; Tompa, P., pE-DB: a database of structural 

ensembles of intrinsically disordered and of unfolded proteins. Nucleic Acids Research 2014, 42 

(Database issue), D326-35. 

 

27.  Wells, M.; Tidow, H.; Rutherford, T. J.; Markwick, P.; Jensen, M. R.; Mylonas, E.; Svergun, 

D. I.; Blackledge, M.; Fersht, A. R., Structure of tumor suppressor p53 and its intrinsically 

disordered N-terminal transactivation domain. Proceedings of the National Academy of Sciences 

of the United States of America 2008, 105 (15), 5762-5767. 

 

28.  Tompa, P.; Varadi, M., Predicting the Predictive Power of IDP Ensembles. Structure 2014, 

22 (2), 177-178. 

 

29.  Mittag, T.; Forman-Kay, J. D., Atomic-level characterization of disordered protein 

ensembles. Current Opinion in Structural Biology 2007, 17 (1), 3-14. 

 

30.  Bernado, P.; Blanchard, L.; Timmins, P.; Marion, D.; Ruigrok, R. W.; Blackledge, M., A 

structural model for unfolded proteins from residual dipolar couplings and small-angle x-ray 

scattering. Proceedings of the National Academy of Sciences of the United States of America 

2005, 102 (47), 17002-17007. 

 

31.  Bernado, P.; Mylonas, E.; Petoukhov, M. V.; Blackledge, M.; Svergun, D. I., Structural 

characterization of flexible proteins using small-angle X-ray scattering. Journal of the American 

Chemical Society 2007, 129 (17), 5656-64. 

 

32.  Sibille, N.; Bernado, P., Structural characterization of intrinsically disordered proteins by the 

combined use of NMR and SAXS. Biochemical Society Transactions 2012, 40, 955-962. 

 

33.  Bernado, P.; Svergun, D. I., Analysis of intrinsically disordered proteins by small-angle X-

ray scattering. Methods in molecular biology (Clifton, N.J.) 2012, 896, 107-122. 

 



302 

 

 

34.  Mittag, T.; Orlicky, S.; Choy, W. Y.; Tang, X.; Lin, H.; Sicheri, F.; Kay, L. E.; Tyers, M.; 

Forman-Kay, J. D., Dynamic equilibrium engagement of a polyvalent ligand with a single-site 

receptor. Proceedings of the National Academy of Sciences of the United States of America 2008, 

105 (46), 17772-17777. 

 

35.  Tompa, P., Intrinsically unstructured proteins. Trends in Biochemical Sciences 2002, 27 

(10), 527-533. 

 

36.  Cuevas-Velazquez, C. L.; Saab-Rincon, G.; Reyes, J. L.; Covarrubias, A. A., The 

Unstructured N-terminal Region of Arabidopsis Group 4 Late Embryogenesis Abundant (LEA) 

Proteins Is Required for Folding and for Chaperone-like Activity under Water Deficit. Journal of 

Biological Chemistry 2016, 291 (20), 10893-10903. 

 

37.  Peng, Z.; Xue, B.; Kurgan, L.; Uversky, V. N., Resilience of death: intrinsic disorder in 

proteins involved in the programmed cell death. Cell Death and Differentiation 2013, 20 (9), 

1257-1267. 

 

38.  Banerjee, A.; Roychoudhury, A., Group II late embryogenesis abundant (LEA) proteins: 

structural and functional aspects in plant abiotic stress. Plant Growth Regulation 2016, 79 (1), 1-

17. 

 

39.  Csizmok, V.; Follis, A. V.; Kriwacki, R. W.; Forman-Kay, J. D., Dynamic Protein 

Interaction Networks and New Structural Paradigms in Signaling. Chemical Reviews 2016, 116 

(11), 6424-6462. 

 

40.  Joerger, A. C.; Fersht, A. R., The Tumor Suppressor p53: From Structures to Drug 

Discovery. Cold Spring Harbor Perspectives in Biology 2010, 2 (6). 

 

41.  Joerger, A. C.; Fersht, A. R., The p53 Pathway: Origins, Inactivation in Cancer, and 

Emerging Therapeutic Approaches. In Annual Review of Biochemistry, Vol 85, Kornberg, R. D., 

Ed. 2016; Vol. 85, pp 375-404. 

 

42.  Mujtaba, S.; He, Y.; Zeng, L.; Yan, S.; Plotnikova, O.; Sachchidanand; Sanchez, R.; 

Zeleznik-Le, N. J.; Ronai, Z.; Zhou, M. M., Structural mechanism of the bromodomain of the 

coactivator CBP in p53 transcriptional activation. Molecular Cell 2004, 13 (2), 251-263. 

 

43.  Rust, R. R.; Baldisseri, D. M.; Weber, D. J., Structure of the negative regulatory domain of 

p53 bound to S100B([beta][beta]). Nature Structural & Molecular Biology 2000, 7 (7), 570-574. 

 

44.  Avalos, J. L.; Celic, I.; Muhammad, S.; Cosgrove, M. S.; Boeke, J. D.; Wolberger, C., 

Structure of a Sir2 enzyme bound to an acetylated p53 peptide. Molecular Cell 2002, 10 (3), 

523-535. 

 



303 

 

 

45.  Lowe, E. D.; Tews, I.; Cheng, K. Y.; Brown, N. R.; Gul, S.; Noble, M. E. M.; Gamblin, S. 

J.; Johnson, L. N., Specificity determinants of recruitment peptides bound to phospho-

CDK2/cyclin A. Biochemistry 2002, 41 (52), 15625-15634. 

 

46.  Luciani, M. G.; Hutchins, J. R. A.; Zheleva, D.; Hupp, T. R., The C-terminal regulatory 

domain of p53 contains a functional docking site for cyclin A. Journal of Molecular Biology 

2000, 300 (3), 503-518. 

 

47.  Sugase, K.; Dyson, H. J.; Wright, P. E., Mechanism of coupled folding and binding of an 

intrinsically disordered protein. Nature 2007, 447 (7147), 1021-1025. 

 

48.  Shammas, S. L.; Crabtree, M. D.; Dahal, L.; Wicky, B. I. M.; Clarke, J., Insights into 

Coupled Folding and Binding Mechanisms from Kinetic Studies. Journal of Biological 

Chemistry 2016, 291 (13), 6689-6695. 

 

49.  Rogers, J. M.; Oleinikovas, V.; Shammas, S. L.; Wong, C. T.; De Sancho, D.; Baker, C. M.; 

Clarke, J., Interplay between partner and ligand facilitates the folding and binding of an 

intrinsically disordered protein. Proceedings of the National Academy of Sciences of the United 

States of America 2014, 111 (43), 15420-15425. 

 

50.  Rogers, J. M.; Wong, C. T.; Clarke, J., Coupled Folding and Binding of the Disordered 

Protein PUMA Does Not Require Particular Residual Structure. Journal of the American 

Chemical Society 2014, 136 (14), 5197-5200. 

 

51.  Dyson, H. J.; Wright, P. E., Intrinsically unstructured proteins and their functions. Nature 

Reviews Molecular Cell Biology 2005, 6 (3), 197-208. 

 

52.  Papoian, G. A., Proteins with weakly funneled energy landscapes challenge the classical 

structure-function paradigm. Proceedings of the National Academy of Sciences of the United 

States of America 2008, 105 (38), 14237-14238. 

 

53.  Redfern, O. C.; Dessailly, B.; Orengo, C. A., Exploring the structure and function paradigm. 

Current Opinion in Structural Biology 2008, 18 (3), 394-402. 

 

54.  Brocca, S.; Samalikova, M.; Uversky, V. N.; Lotti, M.; Vanoni, M.; Alberghina, L.; 

Grandori, R., Order propensity of an intrinsically disordered protein, the cyclin-dependent-kinase 

inhibitor Sic1. Proteins-Structure Function and Bioinformatics 2009, 76 (3), 731-746. 

 

55.  Sharma, R.; Raduly, Z.; Miskei, M.; Fuxreiter, M., Fuzzy complexes: Specific binding 

without complete folding. FEBS Letters 2015, 589 (19), 2533-2542. 

 

56.  Uversky, V. N., Intrinsically Disordered Proteins: A Focused Look at Fuzzy Subjects. 

Current Protein & Peptide Science 2012, 13 (1), 2-5. 



304 

 

 

 

57.  Uversky, V. N., Dancing Protein Clouds: The Strange Biology and Chaotic Physics of 

Intrinsically Disordered Proteins. Journal of Biological Chemistry 2016, 291 (13), 6681-6688. 

 

58.  Wu, H.; Fuxreiter, M., The Structure and Dynamics of Higher-Order Assemblies: Amyloids, 

Signalosomes, and Granules. Cell 2016, 165 (5), 1055-1066. 

 

59.  Forsova, O. S.; Zakharov, V. V., High-order oligomers of intrinsically disordered brain 

proteins BASP1 and GAP-43 preserve the structural disorder. FEBS Journal 2016, 283 (8), 

1550-1569. 

 

60.  Theillet, F.-X.; Binolfi, A.; Bekei, B.; Martorana, A.; Rose, H. M.; Stuiver, M.; Verzini, S.; 

Lorenz, D.; van Rossum, M.; Goldfarb, D.; Selenko, P., Structural disorder of monomeric alpha-

synuclein persists in mammalian cells. Nature 2016, 530 (7588), 45-50. 

 

61.  Theillet, F. X.; Binolfi, A.; Frembgen-Kesner, T.; Hingorani, K.; Sarkar, M.; Kyne, C.; Li, 

C. G.; Crowley, P. B.; Gierasch, L.; Pielak, G. J.; Elcock, A. H.; Gershenson, A.; Selenko, P., 

Physicochemical Properties of Cells and Their Effects on Intrinsically Disordered Proteins 

(IDPs). Chemical Reviews 2014, 114 (13), 6661-6714. 

 

62.  Binolfi, A.; Theillet, F. X.; Selenko, P., Bacterial in-cell NMR of human alpha-synuclein: a 

disordered monomer by nature? Biochemical Society Transactions 2012, 40, 950-954. 

 

63.  Moore, D. J.; West, A. B.; Dawson, V. L.; Dawson, T. M., Molecular pathophysiology of 

Parkinson's disease. In Annual Review of Neuroscience, 2005; Vol. 28, pp 57-87. 

 

64.  Lorenzen, N.; Nielsen, S. B.; Buell, A. K.; Kaspersen, J. D.; Arosio, P.; Vad, B. S.; 

Paslawski, W.; Christiansen, G.; Valnickova-Hansen, Z.; Andreasen, M.; Enghild, J. J.; 

Pedersen, J. S.; Dobson, C. M.; Knowles, T. P.; Otzen, D. E., The role of stable alpha-synuclein 

oligomers in the molecular events underlying amyloid formation. Journal of the American 

Chemical Society 2014, 136 (10), 3859-3868. 

 

65.  Uversky, V. N., Under-folded proteins: Conformational ensembles and their roles in protein 

folding, function, and pathogenesis. Biopolymers 2013, 99 (11), 870-887. 

 

66.  Silva, B. A.; Breydo, L.; Uversky, V. N., Targeting the Chameleon: a Focused Look at 

alpha-Synuclein and Its Roles in Neurodegeneration. Molecular Neurobiology 2013, 47 (2), 446-

459. 

 

67.  Lees, A. J.; Hardy, J.; Revesz, T., Parkinson's disease. Lancet 2009, 373 (9680), 2055-2066. 

 

68.  Pederson, T., The nucleolus. Cold Spring Harbor Perspectives in Biology 2011, 3 (3). 

 



305 

 

 

69.  Uversky, V. N.; Kuznetsova, I. M.; Turoverov, K. K.; Zaslavsky, B., Intrinsically disordered 

proteins as crucial constituents of cellular aqueous two phase systems and coacervates. FEBS 

Letters 2015, 589 (1), 15-22. 

 

70.  Brangwynne, C. P.; Tompa, P.; Pappu, R. V., Polymer physics of intracellular phase 

transitions. Nature Physics 2015, 11 (11), 899-904. 

 

71.  Mitrea, D. M.; Kriwacki, R. W., Phase separation in biology; functional organization of a 

higher order. Cell Communication and Signaling 2016, 14. 

 

72.  Hyman, A. A.; Weber, C. A.; Juelicher, F., Liquid-Liquid Phase Separation in Biology. In 

Annual Review of Cell and Developmental Biology, Vol 30, Schekman, R.; Lehmann, R., Eds. 

2014; Vol. 30, pp 39-58. 

 

73.  Bergeron-Sandoval, L. P.; Safaee, N.; Michnick, S. W., Mechanisms and Consequences of 

Macromolecular Phase Separation. Cell 2016, 165 (5), 1067-1079. 

 

74.  Lemke, E. A., The Multiple Faces of Disordered Nucleoporins. Journal of Molecular 

Biology 2016, 428 (10), 2011-2024. 

 

75.  Feric, M.; Vaidya, N.; Harmon, T. S.; Mitrea, D. M.; Zhu, L.; Richardson, T. M.; Kriwacki, 

R. W.; Pappu, R. V.; Brangwynne, C. P., Coexisting Liquid Phases Underlie Nucleolar 

Subcompartments. Cell 2016, 165 (7), 1686-1697. 

 

76.  Kwon, I.; Kato, M.; Xiang, S. H.; Wu, L.; Theodoropoulos, P.; Mirzaei, H.; Han, T.; Xie, S. 

H.; Corden, J. L.; McKnight, S. L., Phosphorylation-Regulated Binding of RNA Polymerase II to 

Fibrous Polymers of Low-Complexity Domains. Cell 2013, 155 (5), 1049-1060. 

 

77.  Kato, M.; Han, T. N. W.; Xie, S. H.; Shi, K.; Du, X. L.; Wu, L. C.; Mirzaei, H.; Goldsmith, 

E. J.; Longgood, J.; Pei, J. M.; Grishin, N. V.; Frantz, D. E.; Schneider, J. W.; Chen, S.; Li, L.; 

Sawaya, M. R.; Eisenberg, D.; Tycko, R.; McKnight, S. L., Cell-free Formation of RNA 

Granules: Low Complexity Sequence Domains Form Dynamic Fibers within Hydrogels. Cell 

2012, 149 (4), 753-767. 

 

78.  Han, T. N. W.; Kato, M.; Xie, S. H.; Wu, L. C.; Mirzaei, H.; Pei, J. M.; Chen, M.; Xie, Y.; 

Allen, J.; Xiao, G. H.; McKnight, S. L., Cell-free Formation of RNA Granules: Bound RNAs 

Identify Features and Components of Cellular Assemblies. Cell 2012, 149 (4), 768-779. 

 

79.  Xiang, S.; Kato, M.; Wu, L. C.; Lin, Y.; Ding, M.; Zhang, Y.; Yu, Y.; McKnight, S. L., The 

LC Domain of hnRNPA2 Adopts Similar Conformations in Hydrogel Polymers, Liquid-like 

Droplets, and Nuclei. Cell 2015, 163 (4), 829-839. 

 



306 

 

 

80.  Altmeyer, M.; Neelsen, K. J.; Teloni, F.; Pozdnyakova, I.; Pellegrino, S.; Grofte, M.; Rask, 

M. B. D.; Streicher, W.; Jungmichel, S.; Nielsen, M. L.; Lukas, J., Liquid demixing of 

intrinsically disordered proteins is seeded by poly(ADP-ribose). Nature Communications 2015, 

6. 

 

81.  Elbaum-Garfinkle, S.; Kim, Y.; Szczepaniak, K.; Chen, C. C. H.; Eckmann, C. R.; Myong, 

S.; Brangwynne, C. P., The disordered P granule protein LAF-1 drives phase separation into 

droplets with tunable viscosity and dynamics. Proceedings of the National Academy of Sciences 

of the United States of America 2015, 112 (23), 7189-7194. 

 

82.  Lin, Y.; Protter, D. S. W.; Rosen, M. K.; Parker, R., Formation and Maturation of Phase-

Separated Liquid Droplets by RNA-Binding Proteins. Molecular Cell 2015, 60 (2), 208-219. 

 

83.  Molliex, A.; Temirov, J.; Lee, J.; Coughlin, M.; Kanagaraj, A. P.; Kim, H. J.; Mittag, T.; 

Taylor, J. P., Phase Separation by Low Complexity Domains Promotes Stress Granule Assembly 

and Drives Pathological Fibrillization. Cell 2015, 163 (1), 123-133. 

 

84.  Nott, T. J.; Petsalaki, E.; Farber, P.; Jervis, D.; Fussner, E.; Plochowietz, A.; Craggs, T. D.; 

Bazett-Jones, D. P.; Pawson, T.; Forman-Kay, J. D.; Baldwin, A. J., Phase transition of a 

disordered nuage protein generates environmentally responsive membraneless organelles. 

Molecular Cell 2015, 57 (5), 936-947. 

 

85.  Patel, A.; Lee, H. O.; Jawerth, L.; Maharana, S.; Jahnel, M.; Hein, M. Y.; Stoynov, S.; 

Mahamid, J.; Saha, S.; Franzmann, T. M.; Pozniakovski, A.; Poser, I.; Maghelli, N.; Royer, L. 

A.; Weigert, M.; Myers, E. W.; Grill, S.; Drechsel, D.; Hyman, A. A.; Alberti, S., A Liquid-to-

Solid Phase Transition of the ALS Protein FUS Accelerated by Disease Mutation. Cell 2015, 162 

(5), 1066-1077. 

 

86.  Sammak, S.; Zinzalla, G., Targeting protein-protein interactions (PPIs) of transcription 

factors: Challenges of intrinsically disordered proteins (IDPs) and regions (IDRs). Progress in 

Biophysics & Molecular Biology 2015, 119 (1), 41-46. 

 

87.  Scott, D. E.; Bayly, A. R.; Abell, C.; Skidmore, J., Small molecules, big targets: drug 

discovery faces the protein-protein interaction challenge. Nature reviews. Drug discovery 2016, 

15 (8), 533-550. 

 

88.  Clackson, T.; Wells, J. A., A hot spot of binding energy in a hormone-receptor interface. 

Science 1995, 267 (5196), 383-386. 

 

89.  Uversky, V. N.; Oldfield, C. J.; Dunker, A. K., Intrinsically disordered proteins in human 

diseases: introducing the D2 concept. Annual Review of Biophysics 2008, 37, 215-246. 

 



307 

 

 

90.  Iakoucheva, L. M.; Brown, C. J.; Lawson, J. D.; Obradovic, Z.; Dunker, A. K., Intrinsic 

disorder in cell-signaling and cancer-associated proteins. Journal of Molecular Biology 2002, 

323 (3), 573-584. 

 

91.  Uversky, V. N.; Dave, V.; Iakoucheva, L. M.; Malaney, P.; Metallo, S. J.; Pathak, R. R.; 

Joerger, A. C., Pathological Unfoldomics of Uncontrolled Chaos: Intrinsically Disordered 

Proteins and Human Diseases. Chemical Reviews 2014, 114 (13), 6844-6879. 

 

92.  Vacic, V.; Markwick, P. R. L.; Oldfield, C. J.; Zhao, X. Y.; Haynes, C.; Uversky, V. N.; 

Iakoucheva, L. M., Disease-Associated Mutations Disrupt Functionally Important Regions of 

Intrinsic Protein Disorder. PLoS Computational Biology 2012, 8 (10). 

 

93.  Tantos, A.; Kalmar, L.; Tompa, P., The role of structural disorder in cell cycle regulation, 

related clinical proteomics, disease development and drug targeting. Expert Review of 

Proteomics 2015, 12 (3), 221-233. 

 

94.  Venkitaraman, A. R., Cancer susceptibility and the functions of BRCA1 and BRCA2. Cell 

2002, 108 (2), 171-182. 

 

95.  Ciriello, G.; Miller, M. L.; Aksoy, B. A.; Senbabaoglu, Y.; Schultz, N.; Sander, C., 

Emerging landscape of oncogenic signatures across human cancers. Nature Genetics 2013, 45 

(10), 1127-1133. 

 

96.  Luna, E.; Luk, K. C., Bent out of shape: alpha-Synuclein misfolding and the convergence of 

pathogenic pathways in Parkinson's disease. FEBS Letters 2015, 589 (24), 3749-3759. 

 

97.  Simon-Sanchez, J.; Schulte, C.; Bras, J. M.; Sharma, M.; Gibbs, J. R.; Berg, D.; Paisan-Ruiz, 

C.; Lichtner, P.; Scholz, S. W.; Hernandez, D. G.; Kruger, R.; Federoff, M.; Klein, C.; Goate, A.; 

Perlmutter, J.; Bonin, M.; Nalls, M. A.; Illig, T.; Gieger, C.; Houlden, H.; Steffens, M.; Okun, M. 

S.; Racette, B. A.; Cookson, M. R.; Foote, K. D.; Fernandez, H. H.; Traynor, B. J.; Schreiber, S.; 

Arepalli, S.; Zonozi, R.; Gwinn, K.; van der Brug, M.; Lopez, G.; Chanock, S. J.; Schatzkin, A.; 

Park, Y.; Hollenbeck, A.; Gao, J. J.; Huang, X. M.; Wood, N. W.; Lorenz, D.; Deuschl, G.; 

Chen, H. L.; Riess, O.; Hardy, J. A.; Singleton, A. B.; Gasser, T., Genome-wide association 

study reveals genetic risk underlying Parkinson's disease. Nature Genetics 2009, 41 (12), 1308-

1312. 

 

98.  Nath, S.; Meuvis, J.; Hendrix, J.; Carl, S. A.; Engelborghs, Y., Early aggregation steps in 

alpha-synuclein as measured by FCS and FRET: evidence for a contagious conformational 

change. Biophysical Journal 2010, 98 (7), 1302-1311. 

 

99.  Fink, A. L., The aggregation and fibrillation of alpha-synuclein. Accounts of Chemical 

Research 2006, 39 (9), 628-634. 

 



308 

 

 

100.  Awasthi, M.; Singh, S.; Pandey, V. P.; Dwivedi, U. N., Alzheimer's disease: An overview 

of amyloid beta dependent pathogenesis and its therapeutic implications along with in silico 

approaches emphasizing the role of natural products. Journal of the Neurological Sciences 2016, 

361, 256-271. 

 

101.  Haass, C.; Selkoe, D. J., Cellular processing of beta-amyloid precursor protein and the 

genesis of amyloid beta-peptide. Cell 1993, 75 (6), 1039-1042. 

 

102.  Lue, L. F.; Kuo, Y. M.; Roher, A. E.; Brachova, L.; Shen, Y.; Sue, L.; Beach, T.; Kurth, J. 

H.; Rydel, R. E.; Rogers, J., Soluble amyloid beta peptide concentration as a predictor of 

synaptic change in Alzheimer's disease. American Journal of Pathology 1999, 155 (3), 853-862. 

 

103.  Haass, C.; Selkoe, D. J., Soluble protein oligomers in neurodegeneration: lessons from the 

Alzheimer's amyloid beta-peptide. Nature Reviews Molecular Cell Biology 2007, 8 (2), 101-112. 

 

104.  Stroud, J. C.; Liu, C.; Teng, P. K.; Eisenberg, D., Toxic fibrillar oligomers of amyloid-beta 

have cross-beta structure. Proceedings of the National Academy of Sciences of the United States 

of America 2012, 109 (20), 7717-7722. 

 

105.  Fitzpatrick, A. W. P.; Debelouchina, G. T.; Bayro, M. J.; Clare, D. K.; Caporini, M. A.; 

Bajaj, V. S.; Jaroniec, C. P.; Wang, L.; Ladizhansky, V.; Mueller, S. A.; MacPhee, C. E.; 

Waudby, C. A.; Mott, H. R.; De Simone, A.; Knowles, T. P. J.; Saibil, H. R.; Vendruscolo, M.; 

Orlova, E. V.; Griffin, R. G.; Dobson, C. M., Atomic structure and hierarchical assembly of a 

cross-beta amyloid fibril. Proceedings of the National Academy of Sciences of the United States 

of America 2013, 110 (14), 5468-5473. 

 

106.  Heller, G. T.; Sormanni, P.; Vendruscolo, M., Targeting disordered proteins with small 

molecules using entropy. Trends in Biochemical Sciences 2015, 40 (9), 491-496. 

 

107.  Metallo, S. J., Intrinsically disordered proteins are potential drug targets. Current Opinion 

in Chemical Biology 2010, 14 (4), 481-488. 

 

108.  Uversky, V. N., Targeting intrinsically disordered proteins in neurodegenerative and 

protein dysfunction diseases: another illustration of the D(2) concept. Expert Review of 

Proteomics 2010, 7 (4), 543-564. 

 

109.  Uversky, V. N., Intrinsically disordered proteins and novel strategies for drug discovery. 

Expert Opinion on Drug Discovery 2012, 7 (6), 475-488. 

 

110.  Macalino, S. J. Y.; Gosu, V.; Hong, S.; Choi, S., Role of computer-aided drug design in 

modern drug discovery. Archives of Pharmacal Research 2015, 38 (9), 1686-1701. 

 



309 

 

 

111.  Kuenemann, M. A.; Sperandio, O.; Labbe, C. M.; Lagorce, D.; Miteva, M. A.; Villoutreix, 

B. O., In silico design of low molecular weight protein-protein interaction inhibitors: Overall 

concept and recent advances. Progress in Biophysics & Molecular Biology 2015, 119 (1), 20-32. 

 

112.  Hajduk, P. J.; Greer, J., A decade of fragment-based drug design: strategic advances and 

lessons learned. Nature Reviews Drug Discovery 2007, 6 (3), 211-219. 

 

113.  Kitchen, D. B.; Decornez, H.; Furr, J. R.; Bajorath, J., Docking and scoring in virtual 

screening for drug discovery: Methods and applications. Nature Reviews Drug Discovery 2004, 3 

(11), 935-949. 

 

114.  Joshi, P.; Chia, S.; Habchi, J.; Knowles, T. P. J.; Dobson, C. M.; Vendruscolo, M., A 

Fragment-Based Method of Creating Small-Molecule Libraries to Target the Aggregation of 

Intrinsically Disordered Proteins. ACS Combinatorial Science 2016, 18 (3), 144-153. 

 

115.  Vassilev, L. T.; Vu, B. T.; Graves, B.; Carvajal, D.; Podlaski, F.; Filipovic, Z.; Kong, N.; 

Kammlott, U.; Lukacs, C.; Klein, C.; Fotouhi, N.; Liu, E. A., In vivo activation of the p53 

pathway by small-molecule antagonists of MDM2. Science 2004, 303 (5659), 844-848. 

 

116.  Andreeff, M.; Kelly, K. R.; Yee, K.; Assouline, S.; Strair, R.; Popplewell, L.; Bowen, D.; 

Martinelli, G.; Drummond, M. W.; Vyas, P.; Kirschbaum, M.; Iyer, S. P.; Ruvolo, V.; Gonzalez, 

G. M. N.; Huang, X.; Chen, G.; Graves, B.; Blotner, S.; Bridge, P.; Jukofsky, L.; Middleton, S.; 

Reckner, M.; Rueger, R.; Zhi, J.; Nichols, G.; Kojima, K., Results of the Phase I Trial of 

RG7112, a Small-Molecule MDM2 Antagonist in Leukemia. Clinical Cancer Research 2016, 22 

(4), 868-876. 

 

117.  Toth, G.; Gardai, S. J.; Zago, W.; Bertoncini, C. W.; Cremades, N.; Roy, S. L.; Tambe, M. 

A.; Rochet, J. C.; Galvagnion, C.; Skibinski, G.; Finkbeiner, S.; Bova, M.; Regnstrom, K.; 

Chiou, S. S.; Johnston, J.; Callaway, K.; Anderson, J. P.; Jobling, M. F.; Buell, A. K.; Yednock, 

T. A.; Knowles, T. P.; Vendruscolo, M.; Christodoulou, J.; Dobson, C. M.; Schenk, D.; 

McConlogue, L., Targeting the intrinsically disordered structural ensemble of alpha-synuclein by 

small molecules as a potential therapeutic strategy for Parkinson's disease. Plos One 2014, 9 (2), 

e87133. 

 

118.  Dedmon, M. M.; Lindorff-Larsen, K.; Christodoulou, J.; Vendruscolo, M.; Dobson, C. M., 

Mapping long-range interactions in alpha-synuclein using spin-label NMR and ensemble 

molecular dynamics simulations. Journal of the American Chemical Society 2005, 127 (2), 476-

477. 

 

119.  Yu, C.; Niu, X.; Jin, F.; Liu, Z.; Jin, C.; Lai, L., Structure-based Inhibitor Design for the 

Intrinsically Disordered Protein c-Myc. Scientific Reports 2016, 6, 22298. 

 



310 

 

 

120.  Klaman, L. D.; Boss, O.; Peroni, O. D.; Kim, J. K.; Martino, J. L.; Zabolotny, J. M.; 

Moghal, N.; Lubkin, M.; Kim, Y. B.; Sharpe, A. H.; Stricker-Krongrad, A.; Shulman, G. I.; Neel, 

B. G.; Kahn, B. B., Increased energy expenditure, decreased adiposity, and tissue-specific insulin 

sensitivity in protein-tyrosine phosphatase 1B-deficient mice. Molecular and Cellular Biology 

2000, 20 (15), 5479-5489. 

 

121.  Elchebly, M.; Payette, P.; Michaliszyn, E.; Cromlish, W.; Collins, S.; Loy, A. L.; 

Normandin, D.; Cheng, A.; Himms-Hagen, J.; Chan, C. C.; Ramachandran, C.; Gresser, M. J.; 

Tremblay, M. L.; Kennedy, B. P., Increased insulin sensitivity and obesity resistance in mice 

lacking the protein tyrosine phosphatase-1B gene. Science 1999, 283 (5407), 1544-1548. 

 

122.  Julien, S. G.; Dube, N.; Read, M.; Penney, J.; Paquet, M.; Han, Y. X.; Kennedy, B. P.; 

Muller, W. J.; Tremblay, M. L., Protein tyrosine phosphatase 1B deficiency or inhibition delays 

ErbB2-induced mammary tumorigenesis and protects from lung metastasis. Nature Genetics 

2007, 39 (3), 338-346. 

 

123.  Bentires-Alj, M.; Neel, B. G., Protein-tyrosine phosphatase 1B is required for HER2/Neu-

induced breast cancer. Cancer Research 2007, 67 (6), 2420-2424. 

 

124.  Krishnan, N.; Koveal, D.; Miller, D. H.; Xue, B.; Akshinthala, S. D.; Kragelj, J.; Jensen, M. 

R.; Gauss, C. M.; Page, R.; Blackledge, M.; Muthuswamy, S. K.; Peti, W.; Tonks, N. K., 

Targeting the disordered C terminus of PTP1B with an allosteric inhibitor. Nature Chemical 

Biology 2014, 10 (7), 558-566. 

 

125.  Andersen, R. J.; Mawji, N. R.; Wang, J.; Wang, G.; Haile, S.; Myung, J. K.; Watt, K.; Tam, 

T.; Yang, Y. C.; Banuelos, C. A.; Williams, D. E.; McEwan, I. J.; Wang, Y. Z.; Sadar, M. D., 

Regression of Castrate-Recurrent Prostate Cancer by a Small-Molecule Inhibitor of the Amino-

Terminus Domain of the Androgen Receptor. Cancer Cell 2010, 17 (6), 535-546. 

 

126.  Iconaru, L. I.; Ban, D.; Bharatham, K.; Ramanathan, A.; Zhang, W. X.; Shelat, A. A.; Zuo, 

J.; Kriwacki, R. W., Discovery of Small Molecules that Inhibit the Disordered Protein, 

p27(Kip1). Scientific Reports 2015, 5. 

 

127.  Myung, J. K.; Banuelos, C. A.; Fernandez, J. G.; Mawji, N. R.; Wang, J.; Tien, A. H.; 

Yang, Y. C.; Tavakoli, I.; Haile, S.; Watt, K.; McEwan, I. J.; Plymate, S.; Andersen, R. J.; Sadar, 

M. D., An androgen receptor N-terminal domain antagonist for treating prostate cancer. Journal 

of Clinical Investigation 2013, 123 (7), 2948-2960. 

 

128.  Biron, E.; Bedard, F., Recent progress in the development of protein-protein interaction 

inhibitors targeting androgen receptor-coactivator binding in prostate cancer. Journal of Steroid 

Biochemistry and Molecular Biology 2016, 161, 36-44. 

 



311 

 

 

129.  Pelekanou, V.; Castanas, E., Androgen Control in Prostate Cancer. Journal of Cellular 

Biochemistry 2016, 117 (10), 2224-2234. 

 

130.  Montgomery, R. B.; Antonarakis, E. S.; Hussain, M.; Fizazi, K.; Joshua, A. M.; Attard, G.; 

Sadar, M.; Perabo, F.; Chi, K. N., A phase 1/2 open-label study of safety and antitumor activity 

of EPI-506, a novel AR N-terminal domain inhibitor, in men with metastatic castration-resistant 

prostate cancer (mCRPC) with progression after enzalutamide or abiraterone. Journal of Clinical 

Oncology 2015, 33 (15). 

 

131.  Follis, A. V.; Hammoudeh, D. I.; Wang, H.; Prochownik, E. V.; Metallo, S. J., Structural 

rationale for the coupled binding and unfolding of the c-Myc oncoprotein by small molecules. 

Chemistry & Biology 2008, 15 (11), 1149-1155. 

 

132.  Hammoudeh, D. I.; Follis, A. V.; Prochownik, E. V.; Metallo, S. J., Multiple independent 

binding sites for small-molecule inhibitors on the oncoprotein c-Myc. Journal of the American 

Chemical Society 2009, 131 (21), 7390-7401. 

 

133.  Mustata, G.; Follis, A. V.; Hammoudeh, D. I.; Metallo, S. J.; Wang, H.; Prochownik, E. V.; 

Lazo, J. S.; Bahar, I., Discovery of novel Myc-Max heterodimer disruptors with a three-

dimensional pharmacophore model. Journal of Medicinal Chemistry 2009, 52 (5), 1247-1250. 

 

134.  Follis, A. V.; Hammoudeh, D. I.; Daab, A. T.; Metallo, S. J., Small-molecule perturbation 

of competing interactions between c-Myc and Max. Bioorganic & Medicinal Chemistry Letters 

2009, 19 (3), 807-810. 

 

135.  Fred, L. M.; Gerhart, K. P.; Zablotsky, B. L.; Barnett, S. A.; Metallo, S. J., Hydrophobic 

and Hydrophilic Residues are Important for Small Molecule Binding to the Intrinsically 

Disordered Protein c-Myc. Biophysical Journal 2013, 104 (2), 52A-53A. 

 

136.  Harvey, S. R.; Porrini, M.; Stachl, C.; MacMillan, D.; Zinzalla, G.; Barran, P. E., Small-

molecule inhibition of c-MYC:MAX leucine zipper formation is revealed by ion mobility mass 

spectrometry. Journal of the American Chemical Society 2012, 134 (47), 19384-19392. 

 

137.  Jin, F.; Yu, C.; Lai, L.; Liu, Z., Ligand clouds around protein clouds: a scenario of ligand 

binding with intrinsically disordered proteins. PLoS Computational Biology 2013, 9 (10), 

e1003249. 

 

138.  Michel, J.; Cuchillo, R., The impact of small molecule binding on the energy landscape of 

the intrinsically disordered protein C-myc. Plos One 2012, 7 (7), e41070. 

 

139.  Eilers, M.; Eisenman, R. N., Myc's broad reach. Genes & Development 2008, 22 (20), 

2755-2766. 

 



312 

 

 

140.  Patel, J. H.; Loboda, A. P.; Showe, M. K.; Showe, L. C.; McMahon, S. B., Opinion - 

Analysis of genomic targets reveals complex functions of MYC. Nature Reviews Cancer 2004, 4 

(7), 562-568. 

 

141.  Tu, W. B.; Helander, S.; Pilstal, R.; Hickman, K. A.; Lourenco, C.; Jurisica, I.; Raught, B.; 

Wallner, B.; Sunnerhagen, M.; Penn, L. Z., Myc and its interactors take shape. Biochimica et 

Biophysica Acta (BBA) - Gene Regulatory Mechanisms 2015, 1849 (5), 469-483. 

 

142.  Helander, S.; Montecchio, M.; Pilstal, R.; Su, Y.; Kuruvilla, J.; Elven, M.; Ziauddin, J. M. 

E.; Anandapadamanaban, M.; Cristobal, S.; Lundstrom, P.; Sears, R. C.; Wallner, B.; 

Sunnerhagen, M., Pre-Anchoring of Pin1 to Unphosphorylated c-Myc in a Fuzzy Complex 

Regulates c-Myc Activity. Structure 2015, 23 (12), 2267-2279. 

 

143.  Szklarczyk, D.; Franceschini, A.; Wyder, S.; Forslund, K.; Heller, D.; Huerta-Cepas, J.; 

Simonovic, M.; Roth, A.; Santos, A.; Tsafou, K. P.; Kuhn, M.; Bork, P.; Jensen, L. J.; 

von Mering, C., STRING v10: protein–protein interaction networks, integrated over the tree of 

life. Nucleic Acids Research 2015, 43 (Database issue), D447-D452. 

 

144.  von Mering, C.; Huynen, M.; Jaeggi, D.; Schmidt, S.; Bork, P.; Snel, B., STRING: a 

database of predicted functional associations between proteins. Nucleic Acids Research 2003, 31 

(1), 258-261. 

 

145.  von Mering, C.; Jensen, L. J.; Snel, B.; Hooper, S. D.; Krupp, M.; Foglierini, M.; Jouffre, 

N.; Huynen, M. A.; Bork, P., STRING: known and predicted protein–protein associations, 

integrated and transferred across organisms. Nucleic Acids Research 2005, 33 (Database Issue), 

D433-D437. 

 

146.  Blackwood, E. M.; Eisenman, R. N., Max: a helix-loop-helix zipper protein that forms a 

sequence-specific DNA-binding complex with Myc. Science 1991, 251 (4998), 1211-1217. 

 

147.  Conacci-Sorrell, M.; McFerrin, L.; Eisenman, R. N., An Overview of MYC and Its 

Interactome. Cold Spring Harbor Perspectives in Medicine 2014, 4 (1). 

 

148.  Tansey, W. P., Mammalian MYC Proteins and Cancer. New Journal of Science 2014, 

2014, 27. 

 

149.  Sheiness, D.; Fanshier, L.; Bishop, J. M., Identification of nucleotide sequences which may 

encode the oncogenic capacity of avian retrovirus MC29. Journal of Virology 1978, 28 (2), 600-

610. 

 

150.  Mellon, P.; Pawson, A.; Bister, K.; Martin, G. S.; Duesberg, P. H., Specific RNA 

sequences and gene products of MC29 avian acute leukemia virus. Proceedings of the National 

Academy of Sciences 1978, 75 (12), 5874-5878. 



313 

 

 

 

151.  Vennstrom, B.; Sheiness, D.; Zabielski, J.; Bishop, J. M., Isolation and characterization of 

c-Myc, a cellular homolog of the oncogene (v-Myc) of Avian Myelocytomatosis Virus Strain-29. 

Journal of Virology 1982, 42 (3), 773-779. 

 

152.  Soucek, L.; Whitfield, J.; Martins, C. P.; Finch, A. J.; Murphy, D. J.; Sodir, N. M.; 

Karnezis, A. N.; Swigart, L. B.; Nasi, S.; Evan, G. I., Modelling Myc inhibition as a cancer 

therapy. Nature 2008, 455 (7213), 679-683. 

 

153.  Vervoorts, J.; Luscher-Firzlaff, J.; Luscher, B., The ins and outs of MYC regulation by 

posttranslational mechanisms. Journal of Biological Chemistry 2006, 281 (46), 34725-9. 

 

154.  Watson, J., Oxidants, antioxidants and the current incurability of metastatic cancers. Open 

Biology 2013, 3 (1), 120144. 

 

155.  Dang, C. V., MYC on the path to cancer. Cell 2012, 149 (1), 22-35. 

 

156.  Wahlstrom, T.; Henriksson, M. A., Impact of MYC in regulation of tumor cell metabolism. 

Biochimica Et Biophysica Acta-Gene Regulatory Mechanisms 2015, 1849 (5), 563-569. 

 

157.  Soucek, L.; Helmer-Citterich, M.; Sacco, A.; Jucker, R.; Cesareni, G.; Nasi, S., Design and 

properties of a myc derivative that efficiently homodimerizes. Oncogene 1998, 17 (19), 2463-

2472. 

 

158.  Soucek, L.; Sacco, A.; Citterich, M. H.; Nasi, S., Omomyc: Functional modification of a 

genetic switch regulating cell cycle progression. European Journal of Cell Biology 1997, 72, 97-

97. 

 

159.  Jiang, H.; Bower, K. E.; Beuscher, A. E. t.; Zhou, B.; Bobkov, A. A.; Olson, A. J.; Vogt, P. 

K., Stabilizers of the Max homodimer identified in virtual ligand screening inhibit Myc function. 

Molecular Pharmacology 2009, 76 (3), 491-502. 

 

160.  Berg, T.; Cohen, S. B.; Desharnais, J.; Sonderegger, C.; Maslyar, D. J.; Goldberg, J.; 

Boger, D. L.; Vogt, P. K., Small-molecule antagonists of Myc/Max dimerization inhibit Myc-

induced transformation of chicken embryo fibroblasts. Proceedings of the National Academy of 

Sciences of the United States of America 2002, 99 (6), 3830-5. 

 

161.  Shi, J.; Stover, J. S.; Whitby, L. R.; Vogt, P. K.; Boger, D. L., Small molecule inhibitors of 

Myc/Max dimerization and Myc-induced cell transformation. Bioorganic & Medicinal 

Chemistry Letters 2009, 19 (21), 6038-41. 

 

162.  Kiessling, A.; Sperl, B.; Hollis, A.; Eick, D.; Berg, T., Selective inhibition of c-Myc/Max 

dimerization and DNA binding by small molecules. Chemistry & Biology 2006, 13 (7), 745-51. 



314 

 

 

 

163.  Kiessling, A.; Wiesinger, R.; Sperl, B.; Berg, T., Selective inhibition of c-Myc/Max 

dimerization by a pyrazolo[1,5-a]pyrimidine. ChemMedChem 2007, 2 (5), 627-30. 

 

164.  Xu, Y.; Shi, J.; Yamamoto, N.; Moss, J. A.; Vogt, P. K.; Janda, K. D., A credit-card library 

approach for disrupting protein-protein interactions. Bioorganic & Medicinal Chemistry 2006, 14 

(8), 2660-73. 

 

165.  Hart, J. R.; Garner, A. L.; Yu, J.; Ito, Y.; Sun, M.; Ueno, L.; Rhee, J.-K.; Baksh, M. M.; 

Stefan, E.; Hartl, M.; Bister, K.; Vogt, P. K.; Janda, K. D., Inhibitor of MYC identified in a 

Krohnke pyridine library. Proceedings of the National Academy of Sciences of the United States 

of America 2014, 111 (34), 12556-12561. 

 

166.  Fujimori, T.; Wirsching, P.; Janda, K. D., Preparation of a Krohnke pyridine combinatorial 

library suitable for solution-phase biological screening. Journal of Combinatorial Chemistry 

2003, 5 (5), 625-631. 

 

167.  Wang, H. B.; Teriete, P.; Hu, A.; Raveendra-Panickar, D.; Pendelton, K.; Lazo, J. S.; 

Eiseman, J.; Holien, T.; Misund, K.; Oliynyk, G.; Arsenian-Henriksson, M.; Cosford, N. D. P.; 

Sundan, A.; Prochownik, E. V., Direct inhibition of c-Myc-Max heterodimers by celastrol and 

celastrol-inspired triterpenoids. Oncotarget 2015, 6 (32), 32380-32395. 

 

168.  Yin, X.; Giap, C.; Lazo, J. S.; Prochownik, E. V., Low molecular weight inhibitors of Myc-

Max interaction and function. Oncogene 2003, 22 (40), 6151-6159. 

 

169.  Wang, H.; Hammoudeh, D. I.; Follis, A. V.; Reese, B. E.; Lazo, J. S.; Metallo, S. J.; 

Prochownik, E. V., Improved low molecular weight Myc-Max inhibitors. Molecular Cancer 

Therapeutics 2007, 6 (9), 2399-2408. 

 

170.  Clausen, D. M.; Guo, J.; Parise, R. A.; Beumer, J. H.; Egorin, M. J.; Lazo, J. S.; 

Prochownik, E. V.; Eiseman, J. L., In vitro cytotoxicity and in vivo efficacy, pharmacokinetics, 

and metabolism of 10074-G5, a novel small-molecule inhibitor of c-Myc/Max dimerization. The 

Journal of Pharmacology and Experimental Therapeutics 2010, 335 (3), 715-727. 

 

171.  Wang, H.; Chauhan, J.; Hu, A.; Pendleton, K.; Yap, J. L.; Sabato, P. E.; Jones, J. W.; Perri, 

M.; Yu, J.; Cione, E.; Kane, M. A.; Fletcher, S.; Prochownik, E. V., Disruption of Myc-Max 

heterodimerization with improved cell-penetrating analogs of the small molecule 10074-G5. 

Oncotarget 2013, 4 (6), 936-947. 

 

172.  Yap, J. L.; Wang, H.; Hu, A.; Chauhan, J.; Jung, K.-Y.; Gharavi, R. B.; Prochownik, E. V.; 

Fletcher, S., Pharmacophore identification of c-Myc inhibitor 10074-G5. Bioorganic & 

Medicinal Chemistry Letters 2013, 23 (1), 370-374. 

 



315 

 

 

173.  Wang, H.; Ramakrishnan, A.; Fletcher, S.; Prochownik, E. V., A quantitative, surface 

plasmon resonance-based approach to evaluating DNA binding by the c-Myc oncoprotein and its 

disruption by small molecule inhibitors. Journal of Biological Methods 2015, 2 (2). 

 

174.  Chauhan, J.; Wang, H.; Yap, J. L.; Sabato, P. E.; Hu, A.; Prochownik, E. V.; Fletcher, S., 

Discovery of Methyl 4 '-Methyl-5-(7-nitrobenzo c 1,2,5 -oxadiazol-4-yl)- 1,1 '-biphenyl -3-

carboxylate, an Improved Small-Molecule Inhibitor of c-Myc-Max Dimerization. 

ChemMedChem 2014, 9 (10), 2274-2285. 

 

175.  Dang, C. V.; McGuire, M.; Buckmire, M.; Lee, W. M. F., Involvement of the leucine 

zipper region in the oligomerization and transforming activity of human c-Myc protein. Nature 

1989, 337 (6208), 664-666. 

 

176.  Amati, B.; Dalton, S.; Brooks, M. W.; Littlewood, T. D.; Evan, G. I.; Land, H., 

Transcriptional activation by the human c-Myc oncoprotein in yeast requires interaction with 

Max. Nature 1992, 359 (6394), 423-426. 

 

177.  Littlewood, T. D.; Amati, B.; Land, H.; Evan, G. I., Max and c-Myc Max DNA-binding 

activities in cell-extracts. Oncogene 1992, 7 (9), 1783-1792. 

 

178.  Prochownik, E. V.; Vanantwerp, M. E., Differential patterns of DNA-binding by Myc and 

Max proteins. Proceedings of the National Academy of Sciences of the United States of America 

1993, 90 (3), 960-964. 

 

179.  Smith, M. J.; Charronprochownik, D. C.; Prochownik, E. V., The leucine zipper of c-Myc 

is required for full inhibition of erythroleukemia differentiation. Molecular and Cellular Biology 

1990, 10 (10), 5333-5339. 

 

180.  Li, Z. R.; Van Calcar, S.; Qu, C. X.; Cavenee, W. K.; Zhang, M. Q.; Ren, B., A global 

transcriptional regulatory role for c-Myc in Burkitt's lymphoma cells. Proceedings of the 

National Academy of Sciences of the United States of America 2003, 100 (14), 8164-8169. 

 

181.  Nair, S. K.; Burley, S. K., X-ray structures of Myc-Max and Mad-Max recognizing DNA. 

Molecular bases of regulation by proto-oncogenic transcription factors. Cell 2003, 112 (2), 193-

205. 

 

182.  Rottmann, S.; Luscher, B., The Mad side of the Max network: Antagonizing the function of 

Myc and more. Myc/Max/Mad Transcription Factor Network 2006, 302, 63-122. 

 

183.  Grandori, C.; Cowley, S. M.; James, L. P.; Eisenman, R. N., The Myc/Max/Mad network 

and the transcriptional control of cell behavior. Annual Review of Cell and Developmental 

Biology 2000, 16, 653-699. 

 



316 

 

 

184.  Bretones, G.; Delgado, M. D.; Leon, J., Myc and cell cycle control. Biochimica et 

Biophysica Acta (BBA) - Gene Regulatory Mechanisms 2015, 1849 (5), 506-516. 

 

185.  Savino, M.; Annibali, D.; Carucci, N.; Favuzzi, E.; Cole, M. D.; Evan, G. I.; Soucek, L.; 

Nasi, S., The Action Mechanism of the Myc Inhibitor Termed Omomyc May Give Clues on 

How to Target Myc for Cancer Therapy. Plos One 2011, 6 (7). 

 

186.  Bader, J. P.; Ray, D. A., MC29 virus-coded protein occurs as monomers and dimers in 

transformed-cells. Journal of Virology 1985, 53 (2), 509-514. 

 

187.  Blackwell, T. K.; Kretzner, L.; Blackwood, E. M.; Eisenman, R. N.; Weintraub, H., 

Sequence-specific DNA-binding by the c-Myc protein. Science 1990, 250 (4984), 1149-1151. 

 

188.  Kerkhoff, E.; Bister, K.; Klempnauer, K. H., Sequence-specific DNA-binding by Myc 

proteins. Proceedings of the National Academy of Sciences of the United States of America 1991, 

88 (10), 4323-4327. 

 

189.  Dang, C. V.; Barrett, J.; Villagarcia, M.; Resar, L. M. S.; Kato, G. J.; Fearon, E. R., 

Intracellular leucine zipper interactions suggest c-Myc hetero-oligomerization. Molecular and 

Cellular Biology 1991, 11 (2), 954-962. 

 

190.  Hess, J.; Angel, P.; Schorpp-Kistner, M., AP-1 subunits: quarrel and harmony among 

siblings. Journal of Cell Science 2004, 117 (25), 5965-5973. 

 

191.  Eferl, R.; Wagner, E. F., AP-1: A double-edged sword in tumorigenesis. Nature Reviews 

Cancer 2003, 3 (11), 859-868. 

 

192.  Hann, S. R.; Abrams, H. D.; Rohrschneider, L. R.; Eisenman, R. N., Proteins encoded by v-

Myc-otogenes and c-Myc oncogenes - Identification and localization in acute-leukemia virus 

transformants and bursal lymphoma cell-lines. Cell 1983, 34 (3), 789-798. 

 

193.  Huang, X. Q.; Miller, W., A time-efficient, linear-space local similarity algorithm. 

Advances in Applied Mathematics 1991, 12 (3), 337-357. 

 

194.  Nakabeppu, Y.; Ryder, K.; Nathans, D., DNA-Binding activities of 3 murine Jun proteins - 

stimulation by Fos. Cell 1988, 55 (5), 907-915. 

 

195.  Kretzner, L.; Blackwood, E. M.; Eisenman, R. N., Myc and Max proteins possess distinct 

transcriptional activities. Nature 1992, 359 (6394), 426-429. 

 

196.  Kato, G. J.; Lee, W. M. F.; Chen, L. L.; Dang, C. V., Max - Functional domains and 

interaction with c-Myc. Genes & Development 1992, 6 (1), 81-92. 

 



317 

 

 

197.  Soucek, L.; Nasi, S.; Evan, G. I., Omomyc expression in skin prevents Myc-induced 

papillomatosis. Cell Death and Differentiation 2004, 11 (9), 1038-1045. 

 

198.  Soucek, L.; Jucker, R.; Panacchia, L.; Ricordy, R.; Tato, F.; Nasi, S., Omomyc, a potential 

Myc dominant negative, enhances Myc-induced apoptosis. Cancer Research 2002, 62 (12), 

3507-3510. 

 

199.  Beaulieu, M.-E.; McDuff, F.-O.; Frappier, V.; Montagne, M.; Naud, J.-F.; Lavigne, P., 

New structural determinants for c-Myc specific heterodimerization with Max and development 

of a novel homodimeric c-Myc b-HLH-LZ. Journal of Molecular Recognition 2012, 25 (7), 414-

426. 

 

200.  Schmitz, K. S., An Introduction to Dynamic Light Scattering by Macromolecules. 

Academic Press: 1990. 

 

201.  Gast, K.; Fiedler, C., Dynamic and static light scattering of intrinsically disordered 

proteins. Methods in molecular biology (Clifton, N.J.) 2012, 896, 137-161. 

 

202.  Goldburg, W. I., Dynamic light scattering. American Journal of Physics 1999, 67 (12), 

1152-1160. 

 

203.  Alexander, M.; Dalgleish, D. G., Dynamic light scattering techniques and their applications 

in food science. Food Biophysics 2006, 1 (1), 2-13. 

 

204.  Hassan, P. A.; Rana, S.; Verma, G., Making Sense of Brownian Motion: Colloid 

Characterization by Dynamic Light Scattering. Langmuir 2015, 31 (1), 3-12. 

 

205.  Provencher, S. W., CONTIN - A General-purpose constrained regularization program for 

intervting noisy linear algebraic and integral-equations. Computer Physics Communications 

1982, 27 (3), 229-242. 

 

206.  Bacia, K.; Haustein, E.; Schwille, P., Fluorescence correlation spectroscopy: principles and 

applications. Cold Spring Harbor protocols 2014, 2014 (7), 709-25. 

 

207.  Elson, E. L., Brief Introduction to Fluorescence Correlation Spectroscopy. In Fluorescence 

Fluctuation Spectroscopy, Tetin, S. Y., Ed. 2013; Vol. 518, pp 11-41. 

 

208.  Langowski, J., Protein-protein interactions determined by fluorescence correlation 

spectroscopy. In Fluorescent Proteins, Second Edition, Sullivan, K. F., Ed. 2008; Vol. 85, pp 

471-484. 

 



318 

 

 

209.  Boukari, H.; Sackett, D. L., Fluorescence correlation Spectroscopy and its application to 

the characterization of molecular properties and interactions. In Biophysical Tools for Biologists: 

Vol 1 in Vitro Techniques, Correia, J. J.; Detrich, H. W., Eds. 2008; Vol. 84, pp 659-678. 

 

210.  Haustein, E.; Schwille, P., Fluorescence correlation spectroscopy: Novel variations of an 

established technique. In Annual Review of Biophysics and Biomolecular Structure, 2007; Vol. 

36, pp 151-169. 

 

211.  Rigler, R.; Mets, U.; Widengren, J.; Kask, P., Fluorescence correlation spectroscopy with 

high count rate and low-background - analysis of translational diffusion. European Biophysics 

Journal with Biophysics Letters 1993, 22 (3), 169-175. 

 

212.  Mueller, P.; Schwille, P.; Weidemann, T., PyCorrFit-generic data evaluation for 

fluorescence correlation spectroscopy. Bioinformatics 2014, 30 (17), 2532-2533. 

 

213.  Kelly, S. M.; Jess, T. J.; Price, N. C., How to study proteins by circular dichroism. 

Biochimica Et Biophysica Acta-Proteins and Proteomics 2005, 1751 (2), 119-139. 

 

214.  Chemes, L. B.; Alonso, L. G.; Noval, M. G.; de Prat-Gay, G., Circular dichroism 

techniques for the analysis of intrinsically disordered proteins and domains. Methods in 

molecular biology (Clifton, N.J.) 2012, 895, 387-404. 

 

215.  Fred, L. M. Molecular recognition encoded within the primary sequence of disordered 

proteins. Georgetown University, Washington, DC, 2016. 

 

216.  Jakli, I.; Perczel, A., The inherent flexibility of peptides and protein fragments quantitized 

by CD in conjunction with CCA. Journal of Peptide Science 2009, 15 (11), 738-752. 

 

217.  Banerjee, A.; Hu, J.; Goss, D. J., Thermodynamics of Protein–Protein Interactions of cMyc, 

Max, and Mad: Effect of Polyions on Protein Dimerization†. Biochemistry 2006, 45 (7), 2333-

2338. 

 

218.  McDuff, F.-O.; Naud, J.-F.; Montagne, M.; Sauve, S.; Lavigne, P., The Max homodimeric 

b-HLH-LZ significantly interferes with the specific heterodimerization between the c-Myc and 

Max b-HLH-LZ in absence of DNA: a quantitative analysis. Journal of Molecular Recognition 

2009, 22 (4), 261-269. 

 

219.  Fieber, W.; Schneider, M. L.; Matt, T.; Krautler, B.; Konrat, R.; Bister, K., Structure, 

function, and dynamics of the dimerization and DNA-binding domain of oncogenic transcription 

factor v-Myc. Journal of Molecular Biology 2001, 307 (5), 1395-1410. 

 

220.  Bohm, G.; Muhr, R.; Jaenicke, R., Quantitative-analysis of protein far UV circular-

dichroism spectra by neural networks. Protein Engineering 1992, 5 (3), 191-195. 



319 

 

 

 

221.  Urry, D. W.; Gowda, D. C.; Peng, S. Q.; Parker, T. M.; Jing, N. J.; Harris, R. D., 

Nanometric design of extraordinary hydrophobic-induced pKa shifts for aspartic acid - relevance 

to protein mechanisms. Biopolymers 1994, 34 (7), 889-896. 

 

222.  Urry, D. W.; Peng, S.; Parker, T., Delineation of electrostatic-induced and hyrophoric-

induced pKa shifts in polypentapeptides - the glutamic acid residue. Journal of the American 

Chemical Society 1993, 115 (16), 7509-7510. 

 

223.  Uversky, V. N., The triple power of D-3: Protein intrinsic disorder in degenerative 

diseases. Frontiers in Bioscience-Landmark 2014, 19, 181-258. 

 

224.  Buell, A. K.; Dobson, C. M.; Knowles, T. P., The physical chemistry of the amyloid 

phenomenon: thermodynamics and kinetics of filamentous protein aggregation. Essays in 

Biochemistry 2014, 56, 11-39. 

 

225.  Knowles, T. P.; Vendruscolo, M.; Dobson, C. M., The amyloid state and its association 

with protein misfolding diseases. Nature Reviews Molecular Cell Biology 2014, 15 (6), 384-96. 

 

226.  Blair, L. J.; Nordhues, B. A.; Hil, S. E.; Scaglione, M.; O'Leary, J. C.; Fontaine, S. N.; 

Breydo, L.; Zhang, B.; Li, P. F.; Wang, L.; Cotman, C.; Paulson, H. L.; Muscho, M.; Uversky, 

V. N.; Klengel, T.; Binder, E. B.; Kayed, R.; Golde, T. E.; Berchtold, N.; Dickey, C. A., 

Accelerated neurodegeneration through chaperone-mediated oligomerization of tau. Journal of 

Clinical Investigation 2013, 123 (10), 4158-4169. 

 

227.  Kuznetsova, I. M.; Sulatskaya, A. I.; Uversky, V. N.; Turoverov, K. K., Analyzing 

Thioflavin T Binding to Amyloid Fibrils by an Equilibrium Microdialysis-Based Technique. 

Plos One 2012, 7 (2). 

 

228.  Breydo, L.; Wu, J. W.; Uversky, V. N., alpha-Synuclein misfolding and Parkinson's 

disease. Biochimica Et Biophysica Acta-Molecular Basis of Disease 2012, 1822 (2), 261-285. 

 

229.  Yu, H.; Han, W.; Ma, W.; Schulten, K., Transient beta-hairpin formation in alpha-

synuclein monomer revealed by coarse-grained molecular dynamics simulation. Journal of 

Chemical Physics 2015, 143 (24). 

 

230.  Greenfield, N. J., Using circular dichroism collected as a function of temperature to 

determine the thermodynamics of protein unfolding and binding interactions. Nature Protocols 

2006, 1 (6), 2527-2535. 

 

231.  Uversky, V. N., Size-exclusion chromatography in structural analysis of intrinsically 

disordered proteins. In Intrinsically disordered protein analysis, Uversky, V. N.; Dunker, A. K., 

Eds. Springer: New York, 2012; Vol. 2, pp 179-194. 



320 

 

 

 

232.  Marsh, J. A.; Forman-Kay, J. D., Sequence determinants of compaction in intrinsically 

disordered proteins. Biophysical Journal 2010, 98 (10), 2383-2390. 

 

233.  Crick, S. L.; Jayaraman, M.; Frieden, C.; Wetzel, R.; Pappu, R. V., Fluorescence 

correlation spectroscopy shows that monomeric polyglutamine molecules form collapsed 

structures in aqueous solutions. Proceedings of the National Academy of Sciences of the United 

States of America 2006, 103 (45), 16764-16769. 

 

234.  Mazouchi, A.; Bahram, A.; Gradinaru, C. C., Sub-Diffusion Decays in Fluorescence 

Correlation Spectroscopy: Dye Photophysics or Protein Dynamics? Journal of Physical 

Chemistry B 2013, 117 (38), 11100-11111. 

 

235.  Goldberg, J. M.; Batjargal, S.; Chen, B. S.; Petersson, E. J., Thioamide Quenching of 

Fluorescent Probes through Photoinduced Electron Transfer: Mechanistic Studies and 

Applications. Journal of the American Chemical Society 2013, 135 (49), 18651-18658. 

 

236.  Lindhoud, S.; Westphal, A. H.; Visser, A. J.; Borst, J. W.; van Mierlo, C. P., Fluorescence 

of Alexa fluor dye tracks protein folding. Plos One 2012, 7 (10), e46838. 

 

237.  Liao-Chan, S.; Daine-Matsuoka, B.; Heald, N.; Wong, T.; Lin, T.; Cai, A. G.; Lai, M.; 

D'Alessio, J. A.; Theunissen, J.-W., Quantitative Assessment of Antibody Internalization with 

Novel Monoclonal Antibodies against Alexa Fluorophores. Plos One 2015, 10 (4). 

 

238.  Chattoraj, S.; Mandal, A. K.; Bhattacharyya, K., Effect of ethanol-water mixture on the 

structure and dynamics of lysozyme: A fluorescence correlation spectroscopy study. Journal of 

Chemical Physics 2014, 140 (11). 

 

239.  Melo, A. M.; Ricardo, J. C.; Fedorov, A.; Prieto, M.; Coutinho, A., Fluorescence Detection 

of Lipid-Induced Oligomeric Intermediates Involved in Lysozyme "Amyloid-Like" Fiber 

Formation Driven by Anionic Membranes. Journal of Physical Chemistry B 2013, 117 (10), 

2906-2917. 

 

240.  Chen, H.; Ahsan, S. S.; Santiago-Berrios, M. B.; Abruna, H. D.; Webb, W. W., 

Mechanisms of quenching of Alexa fluorophores by natural amino acids. Journal of the 

American Chemical Society 2010, 132 (21), 7244-7245. 

 

241.  Lakowicz, J. R., Principles of Fluorescence Spectroscopy. Springer US: 2007. 

 

242.  Sumner, J. P.; Kopelman, R., Alexa Fluor 488 as an iron sensing molecule and its 

application in PEBBLE nanosensors. Analyst 2005, 130 (4), 528-533. 

 



321 

 

 

243.  Sumner, J. P.; Westerberg, N. M.; Stoddard, A. K.; Fierke, C. A.; Kopelman, R., Cu+- and 

Cu2+-sensitive PEBBLE fluorescent nanosensors using DsRed as the recognition element. 

Sensors and Actuators B-Chemical 2006, 113 (2), 760-767. 

 

244.  Alam, A.; Mataj, A.; Yang, Y.; Boysen, R. I.; Bowden, D. K.; Hearn, M. T. W., Rapid 

Microwave-Assisted Chemical Cleavage - Mass Spectrometric Method for the Identification of 

Hemoglobin Variants in Blood. Analytical Chemistry 2010, 82 (21), 8922-8930. 

 

245.  Hua, L.; Low, T. Y.; Sze, S. K., Microwave-assisted specific chemical digestion for rapid 

protein identification. Proteomics 2006, 6 (2), 586-591. 

 

246.  Best, Robert B.; Hofmann, H.; Nettels, D.; Schuler, B., Quantitative Interpretation of FRET 

Experiments via Molecular Simulation: Force Field and Validation. Biophysical Journal 108 

(11), 2721-2731. 

 

247.  Van Gilst, M.; Tang, C.; Roth, A.; Hudson, B., Quenching interactions and nonexponential 

decay: tryptophan 138 of bacteriophage T4 lysozyme. Journal of fluorescence 1994, 4 (3), 203-

207. 

 

248.  Steiner, R. F.; Kirby, E. P., The interaction of the ground and excited states of indole 

derivatives with electron scavengers. The Journal of physical chemistry 1969, 73 (12), 4130-

4135. 

 

249.  Braams, R., Rate constants of hydrated electron reactions with amino acids. Radiation 

Research 1966, 27 (3), 319-329. 

 

250.  Ecevit, O.; Khan, M. A.; Goss, D. J., Kinetic analysis of B/HLH/Z transcription factors 

Myc, Max, and Mad interaction with cognate DNA†. Biochemistry 2010, 49 (12), 2627-2635. 

 

251.  Kontopidis, G.; Holt, C.; Sawyer, L., Invited Review: beta-lactoglobulin: Binding 

properties, structure, and function. Journal of Dairy Science 2004, 87 (4), 785-796. 

 

252.  Nguyen, B. T.; Nicolai, T.; Chassenieux, C.; Benyahia, L., The effect of protein aggregate 

morphology on phase separation in mixtures with polysaccharides. Journal of Physics-

Condensed Matter 2014, 26 (46). 

 

253.  Flanagan, S. E.; Malanowski, A. J.; Kizilay, E.; Seeman, D.; Dubin, P. L.; Donato-Capel, 

L.; Bovetto, L.; Schmitt, C., Complex Equilibria, Speciation, and Heteroprotein Coacervation of 

Lactoferrin and beta-Lactoglobulin. Langmuir 2015, 31 (5), 1776-1783. 

 

254.  Li, L.; Luo, T.; Kiick, K. L., Temperature-Triggered Phase Separation of a Hydrophilic 

Resilin-Like Polypeptide. Macromolecular Rapid Communications 2015, 36 (1), 90-95. 

 



322 

 

 

255.  Gruet, A.; Dosnon, M.; Blocquel, D.; Brunel, J.; Gerlier, D.; Das, R. K.; Bonetti, D.; 

Gianni, S.; Fuxreiter, M.; Longhi, S.; Bignon, C., Fuzzy regions in an intrinsically disordered 

protein impair protein-protein interactions. FEBS Journal 2016, 283 (4), 576-594. 

 

256.  Nourse, A.; Mittag, T., The Cytoplasmic Domain of the T-Cell Receptor zeta Subunit Does 

Not Form Disordered Dimers. Journal of Molecular Biology 2014, 426 (1), 62-70. 

 

257.  Kohler, J. J.; Metallo, S. J.; Schneider, T. L.; Schepartz, A., DNA specificity enhanced by 

sequential binding of protein monomers. Proceedings of the National Academy of Sciences of the 

United States of America 1999, 96 (21), 11735-11739. 

 

258.  Olson, B. J. S. C.; Markwell, J., Assays for Determination of Protein Concentration. In 

Current Protocols in Protein Science, John Wiley & Sons, Inc.: 2001. 

 

259.  Studier, F. W., Protein production by auto-induction in high-density shaking cultures. 

Protein Expression and Purification 2005, 41 (1), 207-234. 

 

260.  Uversky, V. N.; Cheng, Y. G.; Oldfield, C. J.; Dunker, A. K., D-2: Intrinsically disorderd 

proteins and human disease. Biophysical Journal 2007, 395a-395a. 

 

261.  Muller, I.; Larsson, K.; Frenzel, A.; Oliynyk, G.; Zirath, H.; Prochownik, E. V.; Westwood, 

N. J.; Henriksson, M. A., Targeting of the MYCN Protein with Small Molecule c-MYC 

Inhibitors. Plos One 2014, 9 (5). 

 

262.  Guo, J.; Parise, R. A.; Joseph, E.; Egorin, M. J.; Lazo, J. S.; Prochownik, E. V.; Eiseman, J. 

L., Efficacy, pharmacokinetics, tisssue distribution, and metabolism of the Myc-Max disruptor, 

10058-F4 [Z,E]-5-[4-ethylbenzylidine]-2-thioxothiazolidin-4-one, in mice. Cancer 

Chemotherapy and Pharmacology 2009, 63 (4), 615-625. 

 

263.  Wang, H.; Sharma, L.; Lu, J.; Finch, P.; Fletcher, S.; Prochownik, E. V., Structurally 

diverse c-Myc inhibitors share a common mechanism of action involving ATP depletion. 

Oncotarget 2015, 6 (18), 15857-15870. 

 

264.  Barber-Rotenberg, J. S.; Selvanathan, S. P.; Kong, Y.; Erkizan, H. V.; Snyder, T. M.; 

Hong, S. P.; Kobs, C. L.; South, N. L.; Summer, S.; Monroe, P. J.; Chruszcz, M.; Dobrev, V.; 

Tosso, P. N.; Scher, L. J.; Minor, W.; Brown, M. L.; Metallo, S. J.; Uren, A.; Toretsky, J. A., 

Single enantiomer of YK-4-279 demonstrates specificity in targeting the oncogene EWS-FLI1. 

Oncotarget 2012, 3 (2), 172-182. 

 

265.  Minas, T. Z.; Han, J.; Javaheri, T.; Hong, S.-H.; Schlederer, M.; Saygideger-Kont, Y.; 

Celik, H.; Mueller, K. M.; Temel, I.; Oezdemirli, M.; Kovar, H.; Erkizan, H. V.; Toretsky, J.; 

Kenner, L.; Moriggl, R.; Ueren, A., YK-4-279 effectively antagonizes EWS-FLI1 induced 

leukemia in a transgenic mouse model. Oncotarget 2015, 6 (35), 37678-37694. 



323 

 

 

 

266.  Tosso, P. N.; Kong, Y.; Scher, L.; Cummins, R.; Schneider, J.; Rahim, S.; Holman, K. T.; 

Toretsky, J.; Wang, K.; Ueren, A.; Brown, M. L., Synthesis and Structure Activity Relationship 

Studies of Small Molecule Disruptors of EWS-FLI1 Interactions in Ewing's Sarcoma. Journal of 

Medicinal Chemistry 2014, 57 (24), 10290-10303. 

 

267.  de Vasconcelos, D. N.; Ximenes, V. F., Albumin-induced circular dichroism in Congo red: 

Applications for studies of amyloid-like fibril aggregates and binding sites. Spectrochimica Acta 

Part a-Molecular and Biomolecular Spectroscopy 2015, 150, 321-330. 

 

268.  Tedesco, D.; Bertucci, C., Induced circular dichroism as a tool to investigate the binding of 

drugs to carrier proteins: Classic approaches and new trends. Journal of Pharmaceutical and 

Biomedical Analysis 2015, 113, 34-42. 

 

269.  Domonkos, C.; Fitos, I.; Visy, J.; Zsila, F., Fatty Acid Modulated Human Serum Albumin 

Binding of the beta-Carboline Alkaloids Norharmane and Harmane. Molecular Pharmaceutics 

2013, 10 (12), 4706-4716. 

 

270.  Rahman, M. H.; Maruyama, T.; Okada, T.; Yamasaki, K.; Otagiri, M., Study of interaction 

of carprofen and its enantiomers with human serum-albumin .1. Mechanism of binding studied 

by dialysis and spectroscopic methods. Biochemical Pharmacology 1993, 46 (10), 1721-1731. 

 

271.  Zhu, M.; De Simone, A.; Schenk, D.; Toth, G.; Dobson, C. M.; Vendruscolo, M., 

Identification of small-molecule binding pockets in the soluble monomeric form of the A beta 42 

peptide. Journal of Chemical Physics 2013, 139 (3). 

 

272.  Shang, X. F.; Li, X. J.; Han, J.; Jia, S. Y.; Zhang, J. L.; Xu, X. F., Colorimetric and 

fluorescence turn-on sensor for biologically important anions based on carbazole derivative. 

Inorganic Chemistry Communications 2012, 16, 37-42. 

 

273.  MacMillan, K. S.; Naidoo, J.; Liang, J.; Melito, L.; Williams, N. S.; Morlock, L.; 

Huntington, P. J.; Estill, S. J.; Longgood, J.; Becker, G. L.; McKnight, S. L.; Pieper, A. A.; De 

Brabander, J. K.; Ready, J. M., Development of Proneurogenic, Neuroprotective Small 

Molecules. Journal of the American Chemical Society 2011, 133 (5), 1428-1437. 

 

274.  Yi, J. T.; Alvarez-Valtierra, L.; Pratt, D. W., Rotationally resolved S-1 <- S-0 electronic 

spectra of fluorene, carbazole, and dibenzofuran: Evidence for Herzberg-Teller coupling with the 

S-2 state. Journal of Chemical Physics 2006, 124 (24). 

 

275.  Lee, S.-H.; Koo, M.-J.; Jazbinsek, M.; Kwon, O. P., Origin of Solubility Behavior of Polar 

pi-Conjugated Crystals in Mixed Solvent Systems. Crystal Growth & Design 2014, 14 (11), 

6024-6032. 

 



324 

 

 

276.  Lifshits, L. M.; Nollb, B. C.; Klosterman, J. K., A supramolecular approach for designing 

emissive solid-state carbazole arrays. Chemical Communications 2015, 51 (58), 11603-11606. 

 

277.  Shi, H.; Gong, Z.; Xin, D.; Roose, J.; Peng, H.; Chen, S.; Lam, J. W. Y.; Tang, B. Z., 

Synthesis, aggregation-induced emission and electroluminescence properties of a novel 

compound containing tetraphenylethene, carbazole and dimesitylboron moieties. Journal of 

Materials Chemistry C 2015, 3 (35), 9095-9102. 

 

278.  Mei, J.; Leung, N. L. C.; Kwok, R. T. K.; Lam, J. W. Y.; Tang, B. Z., Aggregation-Induced 

Emission: Together We Shine, United We Soar! Chemical Reviews 2015, 115 (21), 11718-

11940. 

 

279.  Upamali, K. A. N.; Estrada, L. A.; De, P. K.; Cai, X.; Krause, J. A.; Neekers, D. C., 

Carbazole-Based Cyano-Stilbene Highly Fluorescent Microcrystals. Langmuir 2011, 27 (5), 

1573-1580. 

 

280.  Schuck, P., Use of surface plasmon resonance to probe the equilibrium and dynamic 

aspects of interactions between biological macromolecules. Annual Review of Biophysics and 

Biomolecular Structure 1997, 26, 541-566. 

 

281.  Nieba, L.; NiebaAxmann, S. E.; Persson, A.; Hamalainen, M.; Edebratt, F.; Hansson, A.; 

Lidholm, J.; Magnusson, K.; Karlsson, A. F.; Pluckthun, A., BIACORE analysis of histidine-

tagged proteins using a chelating NTA sensor chip. Analytical Biochemistry 1997, 252 (2), 217-

228. 

 

282.  Marquart, J. A., Surface Plasmon Resonance and Biomolecular Interaction Analysis 

Theory and Practice. Nederland, 2008. 

 

283.  Tomasic, T.; Peterlin Masic, L., Rhodanine as a scaffold in drug discovery: a critical 

review of its biological activities and mechanisms of target modulation. Expert Opinion on Drug 

Discovery 2012, 7 (7), 549-560. 

 

284.  Baell, J. B.; Holloway, G. A., New Substructure Filters for Removal of Pan Assay 

Interference Compounds (PAINS) from Screening Libraries and for Their Exclusion in 

Bioassays. Journal of Medicinal Chemistry 2010, 53 (7), 2719-2740. 

 

285.  Shoichet, B. K., Screening in a spirit haunted world. Drug Discovery Today 2006, 11 (13-

14), 607-615. 

 

286.  McLaughlin, C. K.; Duan, D.; Ganesh, A. N.; Torosyan, H.; Shoichet, B. K.; Shoichet, M. 

S., Stable Colloidal Drug Aggregates Catch and Release Active Enzymes. Acs Chemical Biology 

2016, 11 (4), 992-1000. 

 



325 

 

 

287.  Chen, J. P.; Natansohn, A., Synthesis and characterization of novel carbazole-containing 

soluble polyimides. Macromolecules 1999, 32 (10), 3171-3177. 

 

 

 


