
 

 

Elucidation of the interactions between the transcription factor E2A 

and the transcriptional co-activator CBP/p300 

 

 

 

by 

 

Alyssa Cristina Kirlin 

 

 

 

 

A thesis submitted to the Graduate Program in Biochemistry 

In conformity with the requirements for 

the degree of Master of Science 

 

 

 

 

Queen’s University 

Kingston, Ontario, Canada 

(August, 2013) 

 

Copyright ©Alyssa Cristina Kirlin, 2013 



 

ii 

 

Abstract 

 E2A is a transcription factor that plays a particularly critical role in 

lymphopoiesis. The chromosomal translocation 1;19, disrupts the E2A gene and results in 

the expression of the fusion oncoprotein E2A-PBX1, which is implicated in acute 

lymphoblastic leukemia. Both E2A and E2A-PBX1 contain two activation domains, AD1 

and AD2, which comprise conserved ΦxxΦΦ motifs where Φ denotes a hydrophobic 

amino acid. These domains function to recruit transcriptional co-activators and 

repressors, including the histone acetyl transferase CREB binding protein (CBP) and its 

paralog p300. The PCET motif within E2A AD1 interacts with the KIX domain of 

CBP/p300, the disruption of which abrogates the transcriptional activation by E2A and 

the transformative properties of E2A-PBX1. The generation of a peptide-based inhibitor 

targeting the PCET:KIX interaction would serve useful in further assessing the role of 

E2A and E2A-PBX1 in lymphopoiesis and leukemogenesis. An interaction between E2A 

AD2 and the KIX domain has also been recently identified, and the TAZ domains of 

CBP/p300 have been shown to interact with several transcription factors that contain 

ΦxxΦΦ motifs. Thus the design of an inhibitor of the E2A:CBP/p300 interaction requires 

the full complement of interactions between E2A and the various domains of CBP/p300 

to be elucidated. Here, we have used nuclear magnetic resonance (NMR) spectroscopy to 

determine that AD2 interacts with KIX at the same site as PCET, which indicates that the 

E2A:KIX interaction can be disrupted by targeting a single binding site. Using an 

iterative synthetic peptide microarray approach, a peptide with the sequence 

DKELQDLLDFSLQY was derived from PCET to interact with KIX with higher affinity 

than the wild type sequence. This peptide now serves as a lead molecule for further 
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development as an inhibitor of the E2A:CBP/p300 interaction. Fluorescence anisotropy, 

peptide microarray technology, and isothermal titration calorimetry were employed to 

characterize interactions between both TAZ domains of CBP/p300 and the PCET motif 

and AD2 of E2A. Alanine substitution of residues within PCET demonstrated that the 

ΦxxΦΦ motif is a key mediator of these interactions, analogous to the PCET:KIX 

interaction. These findings now inform future work to establish possible physiological 

roles for the E2A:TAZ1 and E2A:TAZ2 interactions. 
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Chapter 1 

Introduction 

1.1 B-lymphopoiesis 

 B-cells, T-cells, and natural killer cells all originate from hematopoietic stem cells, which 

differentiate through increasingly committed progenitors to become mature cells. This process is 

called lymphopoiesis, a tightly controlled process that involves two key mechanisms: 

specification, which is the expression of lineage-specific genes, and commitment, which is the 

loss of the potential to develop into alternative cell types1. A large network of transcription 

factors regulates this process, with many of them functioning in a cross-regulatory manner to 

form positive and negative feedback loops that drive differentiation1; 2. Extrinsic signaling 

molecules also regulate lymphopoiesis. In early B-cell development, progression from common 

lymphoid progenitors (CLP) to pre-B cells relies on interleukin 7 (IL-7), which signals through its 

receptor (IL-7R) to activate various signaling pathways, such as the JAK/STAT pathway, the 

MAP kinases, and PI3K-Akt signaling (Figure 1.1A)3. 

 The hallmark of B-cells is the production of immunoglobulins (Ig), which play a major 

role in the immune response by recognizing a diverse array of foreign pathogens. In addition to 

being secreted, Igs are also located on the surface of B-cells, such as the B-cell receptor (BCR). 

Igs comprise two identical Ig heavy (IgH) and light (IgL) chain pairs, which allow for ligand 

recognition. The substantial diversity in ligand binding sites is generated through the non-

homologous recombination of a comparatively small number of gene segments found at the IgH 

and IgL loci, allowing for a large number of possible combinations4. These gene segments encode 
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Figure 1.1. The role of E2A during B-cell development. 
A) Hematopoietic stem cells (HSC) differentiate through a number of precursors to become 
common lymphoid progenitors (CLP) that are committed to the lymphocytic lineages. In response 
to IL-7 and other factors, CLPs transition to proB cells, at which point the IgH gene 
rearrangement occurs. This results in the surface expression of the preBCR, consisting of two 
heavy chains and the two surrogate light chains. During the preB stage, the IgL gene rearranges, 
ultimately leading to the expression of the mature BCR comprised of two heavy and two light 
chains. E2A plays a role throughout the entire process, but is most important for the proB to preB 
transition. B) Disruption in E2A function results in impaired B cell development, which can lead 
to the accumulation of progenitor cells with a block in differentiation. 
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the ligand recognition region of the Ig chains, and are categorized as “variable” (V), “diversity” 

(D) and “joining” (J), with V, D and J segments existing at the IgH locus, and only V and J 

segments present at the IgL loci4. Both genes also contain a constant region, responsible for 

encoding the body of the Ig molecule. 

 Once committed to the B-cell lineage, the development into a mature B-cell proceeds in a 

series of progenitor stages, defined by the recombination status of the Ig genes, which occur in a 

sequential manner. The proB stage is defined by the rearrangement of the heavy chain. The D-J 

rearrangement occurs first, followed by the V-DJ rearrangement. The heavy chain is then 

expressed on the cell surface as a complex with the two surrogate light chains known as the 

preBCR3. This transitions the cell to the preB stage. At this point, the light chain rearrangement 

occurs, leading to the expression of the mature BCR (Figure 1.1A)3. The key mediators of the 

recombination process are two enzymes known as recombination activating gene (RAG) 1 and 

RAG2, whose expression are turned on as a result of B-cell commitment5. Once rearrangement is 

complete, the immature B cell undergoes selection against self-recognition, and if necessary, 

receptor editing en route to becoming a mature B-cell6. 

 

1.2  E2A is an important transcription factor in B-lymphopoiesis 

 One of the important transcription factors in lymphopoiesis is E2A. While it is present in 

a variety of tissue types, and functions in a number of roles throughout the entire process of B-

lymphopoiesis, E2A is particularly essential for the commitment and development of B-

lymphocytes. Homozygous E2A null mice (E2A-/-) fail to produce mature B-cells, despite all 

other hematopoietic lineages being intact7. This block in differentiation occurs early in 

lymphopoiesis, prior to the D-J rearrangement of the immunoglobulin heavy chain locus7; 8, 
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indicating that E2A function is critical at the early Pro-B stage of B-cell differentiation (Figure 

1.1B)9. 

 The level of E2A expression also appears to be important. Mice embryos that are 

heterozygous for E2A (E2A+/-) develop approximately half of the mature B cells as their wild 

type counterparts7, and demonstrate delayed progression through the stages of B-lymphocyte 

differentiation while retaining the capacity for proliferation10. These findings suggest that E2A 

functions in lymphopoiesis in a dose-dependent manner to both drive differentiation and suppress 

proliferation. The anti-proliferative activity of E2A is underscored by the observed propensity for 

hematopoietic malignancies in E2A null mice11; 12. This combined anti-proliferative and pro-

differentiation activity is consistent with the mutually exclusive nature of the two processes. 

 

1.2.1 E2A activates other B-cell specific genes 

 E2A expression occurs downstream of the IL7-induced JAK-STAT pathway via signal 

transducer and activator of transcription 5 (STAT5)3. The role of E2A in driving differentiation 

involves inducing expression of a variety of other B-cell specific transcription factors. Chief 

among these are early B cell factor 1 (EBF1), forkhead box O1 (FOXO1), and paired box 5 

(Pax5)13; 14; 15. EBF1, FOXO1 and Pax5, along with E2A, cooperate to induce expression of a 

variety of other B-cell specific genes and to re-model chromatin to create the appropriate 

environment for B-lymphocyte development2; 3. B-lineage commitment is also aided by the E2A-

driven suppression of genes involved in the development of other hematopoietic lineages, such as 

the erythroid gene GATA-1, the T-cell specific gene TCF-1, and the myeloid gene G-CSFR16, 

giving E2A a crucial role in early B-lymphopoiesis. E2A is also involved in the rearrangement of 
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the Ig loci, up-regulating RAG1 and RAG2. E2A does this by binding to an enhancer element 

proximal to the two RAG genes known as Erag17, as well as to an E2A binding site in the RAG1 

promoter18. The importance of E2A in this process is highlighted by the lack of RAG transcripts 

in E2A-/- mice, explaining the lack of recombination associated with this genotype8. 

 

1.3 The structure and function of the E2A proteins 

 The E2A proteins are members of the class I “E protein” family of basic helix-loop-helix 

(bHLH) transcription factors that also includes the proteins HEB and E2-2. As dimers, these 

proteins are capable of recognizing E-box sites found in enhancer and promoter regions 

throughout the genome19. There are two proteins encoded by the E2A gene, E12 and E47. These 

arise from differential splicing of the mRNA transcript at the exon responsible for the DNA 

binding region20, resulting in E12 and E47 demonstrating varying affinities for E-box sites21. 

DNA binding and dimerization arises from the bHLH domain, which is located towards the C-

terminus of the protein. E2A also contains two activation domains, known as AD1 and AD2. 

AD1 is located at the N-terminus, while AD2 is more centrally located22 (Figure 1.2A). E2A 

proteins recognize the E-box consensus sequence CANNTG (where N is any nucleotide), with 

each subunit of the dimer binding to one half of the E box (Figure 1.2B)23. 

 

1.3.1 Dimerization partners of E2A 

 The E2A proteins are capable of both homo- and heterodimerization. A large number of 

protein combinations are possible, as the E2A proteins can heterodimerize with a variety of other 

proteins, including the other E protein family members HEB and E2-2, and with members of the  
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Figure 1.2. Structural schematics of E2A and E2A-PBX1. 

A) The domain architecture of E2A, PBX1 and the E2A-PBX1 fusion protein. AD1 and AD2 of 
E2A are shown in blue and the bHLH domain in red. All other regions derived from E2A are 
coloured yellow. The HD of PBX1 is green, and other regions derived from PBX1 are light 
purple. Residue 483 of E2A and 88 of PBX1 represent the point of fusion of E2A-PBX1. B) A 
model of an E2A dimer bound to an E box site upstream of a target gene. Colouring is the same 
as in Figure 1.2A. C) Sequence alignment of the ΦxxΦΦ motifs found in AD1 (“PCET”) and 
AD2 of the three E protein family members, E2A, HEB and E2-2. Each residue is coloured based 
on physicochemical properties: hydrophobic residues are yellow, acidic residues are red, basic 
residues in blue, and glycine and polar, non-charged residues are in white.  
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Class II and Class V families of HLH proteins19; 24. Formation of particular E2A dimers with 

Class I or Class II HLH proteins varies and is tissue-specific. For example, E47 and E2-2 are the 

predominant proteins functioning in B lymphocytes, while E47 and HEB function in T cells25. 

Members of the Class V family, known as the Id proteins, are present in a variety of cell types, 

and function as negative regulators of E2A function by disrupting their ability to bind to DNA26. 

 

1.3.2 The role of the E2A activation domains AD1 and AD2 

 AD1 and AD2 are highly conserved among the members of the E protein family25 (Figure 

1.2C) and have been shown to be essential for transcriptional activation by E2A27. These domains 

function to recruit co-activator complexes25, including histone acetyltransferases such as the yeast 

SAGA complex28, the GCN5 subunit of the human STAGA complex29, and CREB binding 

protein (CBP) and p30030; 31; 32. AD1 is also a target for repressors, including Eight-Twenty-One 

(ETO), which binds to the same region of AD1 as the histone acetyltransferases and thus blocks 

their association33. This region, termed the “p300/CBP and ETO target in E proteins” or PCET 

motif, comprises residues 10-26 of AD1 in E2A and includes two overlapping recognition sites33. 

Residues 16-20 comprise a ΦxxΦΦ motif, where Φ denotes a hydrophobic amino acid and x is 

any amino acid, and an “LDFS” motif is formed by residues 20-2328,34. The “LDFS” motif is 

responsible for SAGA recruitment28, while the ΦxxΦΦ motif is a sequence common to many 

transcription factors apart from E2A that are capable of interacting with CBP/p30034. AD2 

contains two ΦxxΦΦ motifs, suggesting that it may also play a role in co-activator recruitment.  

 Depending on cell type, AD1 and AD2 can function in either independent or redundant 

roles. AD1 functions ubiquitously, while AD2 has been shown to be preferentially active in 

pancreatic beta cells27. Furthermore, AD1 demonstrates an ability to suppress macrophage 
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development that AD2 does not display35. However, in lymphocytes, AD1 and AD2 function 

redundantly, as both can activate transcription35.  These observations suggest the relative 

importance of AD1 and AD2 is context dependent and can vary depending on the system being 

studied. 

 

1.4 E2A is associated with acute lymphoblastic leukemia 

 Apart from its role in lymphopoiesis, E2A is also involved in acute lymphoblastic 

leukemia (ALL). ALL is the most common pediatric cancer, characterized by the excessive 

proliferation of lymphocytes. Not surprisingly given its role in B-lymphopoiesis, disruption of 

E2A function is associated with lymphocytic malignancies, particularly in cases of ALL in which 

the malignancy arises in B-cell progenitors (pre-B ALL). Non-random chromosomal 

translocations, a phenomenon that is a hallmark of ALL, are a common means of disrupting the 

function of a protein or gene. Amongst pediatric ALL patients, at least three chromosomal 

rearrangements are known to involve the E2A gene located on chromosome 19: t(1;19)(q23;p13), 

which results in the E2A-PBX1 fusion gene36; t(17;19)(q22;p13), causing the fusion E2A-HLF37; 

and a rearrangement within chromosome 19 involving q13 and p13 that leads to E2A-FB1 

fusions38. Of note is the E2A-PBX1 fusion, which occurs in about 5% of pediatric pre-B ALL 

cases, making it the most common non-random translocation involving E2A39. The end result of 

this fusion is the expression of the corresponding chimeric protein E2A-PBX136. 

 

1.4.1 E2A-PBX1 structure 

 The E2A-PBX1 fusion protein itself is expressed under the control of the E2A promoter, 

and comprises the first 483 residues of E2A and residues 88-347 of PBX1 (Figure 1.2A)36. PBX1 
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(pre-B-cell leukemia homeobox 1) is also a transcription factor, functioning as a cofactor for 

various HOX proteins, where they bind to DNA as dimers40; 41. This association is aided by the 

HOX cooperativity motif (HCM) found C-terminal to DNA-binding homeodomain of PBX142. 

These homeodomains are conserved throughout the HOX family of proteins, which play 

important roles in morphogenesis during embryonic development43. Depending on its 

dimerization partner, PBX1 has the potential to bind to a variety of DNA sequences44, giving it a 

wide variety of potential target genes. With respect to the hematopoietic system, PBX1 plays a 

role in fetal progenitor cells, by promoting the maintenance and proliferation of progenitor cell 

populations45, suggesting a pro-growth role for PBX1. Since the fusion protein contains residues 

1-483 of E2A, it contains both AD1 and AD2, but lacks the bHLH DNA-binding domain, which 

is replaced by the homeobox-containing region of PBX146.  

 

1.4.2 Mechanisms of E2A-PBX1 oncogenesis 

 The oncogenic nature of E2A-PBX1 has been demonstrated in a variety of systems, 

indicating that it is a causative factor of ALL. Most strikingly, mice that are transplanted with 

E2A-PBX1-transfected bone marrow subsequently develop acute myeloid leukemia (AML)47. 

E2A-PBX1 was also shown to be capable of transforming mice fibroblasts, conferring 

tumorigenic properties to the cells and immortalizing hematopoietic progenitor cells and 

increasing their colony forming potential32; 48. These studies are clear indicators that E2A-PBX1 

acts as an oncoprotein. The exact mechanism of its oncogenicity, however, has not been fully 

ascertained, due to varying levels of support for various modes of action for E2A-PBX1. 

 The most obvious explanation for oncogenicity of E2A-PBX1 is the aberrant expression 

of genes as a result of the misdirection of the activation domains of E2A (AD1 and AD2) to 
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PBX1 promoter binding sites. It has been found that PBX1 cannot activate transcription on its 

own accord, however fusion with E2A leads to transcriptional activation of genes driven by 

PBX1 binding sites49; 50; 51. Two proteins, EB-1 and WNT-16, have been proposed to be up-

regulated by E2A-PBX1, supporting this mechanism52; 53. E2A-PBX1 has also been found to 

heterodimerize with HOX family proteins, which is consistent with the normal means of PBX1-

driven gene expression54; 55. However, support for this mechanism is detracted by studies that 

examined that necessity of the PBX1 portion of the oncoprotein. Interestingly, the DNA-binding 

homeodomain was found to be dispensable for transformation by E2A-PBX156, although the 

HCM region was found to be essential42, suggesting that E2A-PBX1 may not need to directly 

bind to DNA to induce leukemogenesis. E2A-PBX1 may also contribute to the misregulation of 

E2A target genes. The translocation disrupts one of the E2A alleles, inducing heterozygosity. As 

outlined in Section 1.2, wild-type E2A functions in a dose-dependent manner, with heterozygotes 

retaining proliferative capacity, which may contribute to E2A-PBX1 oncogenicity7; 10.  

 In contrast to the PBX1-derived regions, the activation domains of E2A have been found 

to be crucial for the oncogenicity of the fusion protein. Replacement of PBX1 with other DNA-

binding domains capable of dimerization, such as GAL4 and GCN4, or inducible dimerization 

domains like FKBP lead to growth deregulation in fibroblasts, so long as AD1 of E2A is 

present57. Furthermore, fusion of E2A 1-483 to other members of the PBX family, such as PBX2 

and PBX3, conferred transformative properties56, and deletion of regions corresponding to AD1 

and AD2 have been shown to decrease focus formation in fibroblasts57 and to disrupt 

transactivation in multiple cell types56. More targeted manipulation of AD1 has highlighted the 

importance of the PCET motif. Some of the oncogenic and transactivation properties of E2A-

PBX1 rely on the LDFS motif found in the PCET motif58. Substitutions of various residues in 
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either the ΦxxΦΦ motif or the LDFS motif have also been shown to impair immortalization of 

hematopoietic progenitor cells59; 60. Most striking is the role of Leu20, which marks the overlap of 

the two motifs in PCET of E2A. An alanine substitution at this position is sufficient to impair the 

ability of E2A-PBX1 to induce hematopoietic malignancies in mice, leading to prolonged 

survival59. Together, these studies highlight the absolute importance of both activation domains of 

E2A, but particularly AD1, to the oncogenicity of E2A-PBX1. As discussed in Section 1.3.2, 

these activation domains play an important role in co-activator recruitment, which suggests that 

the oncogenic mechanism of E2A-PBX1 may involve the sequestration or disruption of important 

transcriptional co-factors, if not the direct recruitment of these co-factors to target genes22, which 

prompts further investigation of the interactions between these co-factors and E2A. 

 

1.5 CBP and p300 

 The best-studied co-factors that are recruited by E2A are the histone acetyltransferase 

paralogs CBP and p300 (referred to as CBP/p300 hereafter), which display 60% sequence identity 

particularly within regions of defined function. They are multi-modular and are proposed to adopt 

a “beads on a string” structure of folded domains joined by intrinsically disordered regions 

(Figure 1.3)61. The primary activity of CBP/p300 is lysine acetylation, conferred from a centrally 

located histone acetyltransferase (HAT) domain that is capable of acetylating all four of the core 

histones as well as other DNA-associated proteins like transcription factors31; 62; 63; 64. This activity 

is enhanced by autoacetylation of an activation loop within the HAT domain65; 66; 67. Among the 

other domains of CBP/p300 is a bromodomain, capable of recognizing acetylated lysine motifs 

found in histones and other proteins68. Many of the other domains, including the CREB binding 
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Figure 1.3. Schematic of CBP/p300 domains. 
CBP/p300 is highly multi-modular and consists of a central histone acetyl transferase domain 
(HAT) and a variety of accessory domains that aid in the formation of protein complexes. These 
domains include two transcriptional activator zinc finger domains (TAZ1 and TAZ2), the CREB 
binding domain (KIX), a bromodomain (Bromo), a plant homeodomain (PHD), a zinc binding 
domain (ZZ) and the SRC1 interacting domain (IBiD). KIX and the two TAZ domains play 
important roles in CBP/p300 recruitment by various transcription factors, some of which are 
listed. 
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domain (KIX), and the two transcriptional-adaptor zinc-finger domains (TAZ1 and TAZ2), 

function as scaffolds, making CBP/p300 a major hub for protein-protein interactions, with over 

300 documented binding partners, including many transcription factors (Figure 1.3)69; 70. These 

domains give CBP/p300 the role of a “molecular integrator” that can respond to the wide range of 

transcription factor complexes that regulate gene expression under a variety of conditions and cell 

types71. 

 

1.5.1 Transcriptional activation by CBP/p300 

 CBP/p300 utilizes numerous mechanisms to carry out its role as a transcriptional co-

activator. Several transcription factors are capable of recruiting CBP/p300 to enhancer and 

promoter regions throughout the genome, where it can then function in different capacities. Most 

obvious is its histone acetyltransferase activity, which allows for chromatin remodeling and the 

creation of an open, transcriptionally active state at target genes. This activity is enhanced 

through the ability of p300/CBP to form acetyltransferase complexes with other proteins having 

histone acetyltransferase activity such as GCN5 and p300/CBP-associated factor (PCAF)72; 73. 

CBP/p300 can also modulate transcription factor activity by direct acetylation, including both 

activation and inhibition, depending on the transcription factor of interest74. CBP/p300 is also 

responsible for the recruitment of the basal transcription machinery to a gene of interest. It forms 

a direct interaction to transcription factor II B (TFIIB) through its C-terminal region75, and is 

involved in contacts to TATA-binding protein (TBP)76; 77 and RNA polymerase II78. The 

importance of CBP/p300 is also emphasized by a number of oncogenic viral proteins that target 

it. E1A from adenovirus79, E7 from human papillomavirus80, and the human T-cell leukemia virus 
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type 1 (HTLV-1) proteins Tax81 and basic leucine zipper factor (HBZ)82, among others, have all 

been shown to interact with CBP/p300 leading to transcriptional repression and malignancy. 

 

1.5.2 CBP/p300 and hematopoiesis 

 Given that CBP/p300 participates in such a wide network of protein interactions, it is not 

surprising that it plays a role in hematopoiesis. Haploinsufficiency of CBP/p300 results in a 

propensity for neurological and hematologic malignancies in both humans83 and mice84.  Various 

lineage-specific transcription factors have been shown to interact with CBP/p300 in order to 

activate transcription, demonstrating its role as an integrator of specific signaling to the basal 

transcription machinery71; 74. Indeed, this ability to interact with transcription factors appears to be 

necessary for CBP/p300 function in hematopoiesis. The KIX and TAZ1 domains, key for 

mediating protein:protein interactions, have been shown to be critical for the development of the 

hematopoietic system, as widespread defects are observed when they are deleted85, whereas the 

histone acetyltransferase activity has not, suggesting that the non-enzymatic functions of 

CBP/p300 are more important in this context85. 

 

1.6 The E2A:CBP/p300 interaction 

 As described in Section 1.3.2, E2A is known to interact with CBP/p300. Through a series 

of truncations and deletions within E2A, a region comprising residues 16-23 of E2A was shown 

to play the largest role in mediating the interaction with CBP/p30032. This region is located within 

the PCET motif of AD1 and contains both the ΦxxΦΦ motif and the LDFS motif in their entirety. 

Interestingly, over-exposure of the corresponding Western blot revealed that a small amount of 

CBP is still pulled down by E2A in the absence of these motifs, which suggests that other regions 
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of E2A also contribute to the interaction32. Binding is only completely abolished upon the 

subsequent deletion of residues 397-405, which includes the first ΦxxΦΦ motif in AD232, 

supporting the theory that AD2 is also involved in co-activator recruitment. The interaction has 

also been examined from the perspective of CBP. Pull down assays that tested the ability of 

various regions of CBP to interact with E2A and E2A-PBX1 highlighted the importance of CBP 

residues 461-915, a region that includes the KIX domain32. The in vitro affinity of the interaction 

between KIX and the E2A PCET motif was determined to be 12 µM60, and could be modulated 

by post-translational modifications. CBP/p300 itself acetylates E2A at Lys34, a residue that 

flanks the PCET motif, leading to an approximate 2-fold increase in affinity between E2A PCET 

motif and the KIX domain, and enhanced transactivation of reporter genes by E2A86.  

 The HEB PCET:KIX complex structure was recently determined (Figure 1.4A)60. The 

PCET motif adopts a helical structure and contacts KIX between helix 2 and helix 3, making 

contacts to the interface between helices 1 and 3. Consistent with previous pull down studies31, 

the residues that compose the ΦxxΦΦ motif and the LDFS motif (HEB residues 17-24, 

corresponding to E2A 16-23) interact extensively with the KIX domain. Mutations made within 

the PCET motif have a direct effect on this interaction, including decreased affinities of PCET-

derived peptides for the KIX domain, decreases in the ability of E2A 1-483 to pull down CBP-

derived constructs, and decreases in reporter gene activation in mammalian two-hybrid assays59; 

60. In the context of E2A-PBX1, the residues that disrupt binding to CBP/p300 are the same 

residues that impair the oncogenicity of the fusion protein59; 60, highlighting the crucial role of the 

E2A:CBP/p300 interaction in E2A-PBX1-induced leukemogenesis. The interaction between E2A 

and CBP/p300 is also important for CBP/p300 HAT activity, which shows increased activity in a 

KIX-independent manner in the presence of E2A87. 
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Figure 1.4. The KIX domain has two binding sites. 
In both panels, KIX is shown in grey as a transparent surface over a cartoon representation, with 
the three helices labeled H1 to H3. A) The PCET:KIX complex structure. PCET is shown as a 
blue cartoon. (PDB: 2KWF) B) The ternary complex of c-Myb:KIX:MLL. MLL is depicted as a 
purple cartoon, and c-Myb as a green cartoon. (PDB: 2AGH) 
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 In addition to E2A, the KIX domain is capable of interacting with a number of other 

proteins including the phosphorylated kinase inducible domain (pKID) of the c-AMP response 

element binding protein (CREB)88, c-Myb89, the mixed lineage leukemia protein (MLL)90, c-

Jun91, p5392; 93, FOXO3a94; 95, and the viral proteins Tax81 and HBZ82, among others. Structural 

studies have revealed that the KIX domain has two distinct binding surfaces, and is capable of 

accommodating peptides derived from these transcription factors simultaneously at both sites in a 

cooperative manner (Figure 1.4B)90; 96; 97. The PCET-binding site on the KIX domain is also 

capable of interacting with MLL96, c-Jun98, Tax99 and HBZ100. Conversely, pKID and c-Myb bind 

to the opposite face of the KIX domain referred to as the CREB site101; 102. In contrast to these 

KIX-interacting proteins, which bind a specific surface, the two activation domains of p53 and 

the CR2C and CR3 regions of FOXO3a are capable of binding both sites on the KIX domain34; 94; 

95. A sequence alignment of these KIX-interacting regions is presented in Figure 1.5. Notable and 

somewhat unexpected, the ΦxxΦΦ motif is present in all of these proteins regardless of their 

respective interaction site on the KIX domain. This sequence conservation makes it difficult to 

accurately predict the binding site of a given protein, and suggests that the ΦxxΦΦ motif is a 

major determinant for KIX binding. Of particular interest to this thesis is the observation that 

AD2 of E2A contains two of these motifs (Figure 1.5). 

 

1.6.1 Targeting the KIX domain for inhibition 

 The KIX domain has been the subject of recent studies looking to identify small 

molecules capable of inhibiting its interaction with various transcription factors. Some of the 

identified molecules, such as 2-naphthol-AS-E-phosphate, are capable of disrupting the 

pKID:KIX interaction by binding to KIX at a distal site103. Other molecules, like those of the  
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Figure 1.5. The ΦxxΦΦ motif is conserved in many KIX-interacting regions of various 
transcription factors. 
The KIX-interacting sequences of a variety of proteins are aligned, grouped based on site of 
interaction. A ΦxxΦΦ motif is present in each, regardless of which binding site on the KIX 
domain is targeted. Each residue is coloured based on physicochemical properties: non-polar 
residues are yellow, anionic residues are red, cationic residues are blue and polar, non-charged 
residues and glycine residues are white. The two ΦxxΦΦ motifs of E2A AD2 are also aligned for 
reference. 
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isoxazolidine family, inhibit transcription factor binding through a competitive mechanism by 

interacting with the abovementioned binding sites on the KIX domain104; 105. The isoxazolidine 

molecules are particularly interesting in that they are amphipathic and thus mimic the activation 

domains that normally interact with the KIX domain, so it is no surprise that their binding to KIX 

is localized to the PCET site104. Recently, two natural products, sekikaic acid and lobaric acid, 

were demonstrated to interact with the KIX domain at a site that overlapped the PCET-binding 

site, but also caused allosteric changes to the KIX domain that simultaneously inhibited binding 

at the CREB site106. Taken together, these findings indicate the strong potential for the 

PCET:KIX interaction to be disrupted by designed inhibitors. 

 A novel method of rationally designing an inhibitor for the PCET:KIX interaction is the 

use of peptides and peptidomimetics. Given the large number of interactors at the PCET site on 

the KIX domain, an initial inhibitory peptide could be designed by modifying the sequence of an 

existing KIX-binding protein in order to enhance the binding affinity. Towards this goal, an 

approach involving the following four steps could be pursued: 1) Analysis of KIX domain 

binding to known interactors under identical experimental conditions in order to identify the 

highest affinity KIX interacting peptide; 2) Serial truncations of the candidate peptide to 

determine the minimal sequence that maintains the high affinity; 3) Mutation of each residue in 

this sequence to all other of the standard 20 amino acids to identify possible changes that increase 

binding affinity; and 4) Testing all possible combination of these activating mutants in order to 

establish a lead peptide for further testing. While the idea of testing such a large number of 

synthetic or recombinant peptides is daunting, it becomes feasible through the use of robotically 

synthesized SPOT peptide microarrays, which allow for hundreds of peptide sequences to be 

tested in a single experiment107. 
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1.7 Interactions between the TAZ domains of CBP/p300 and various transcription 

factors 

 In addition to the KIX domain, CBP/p300 contains two TAZ domains, TAZ1 and TAZ2 

that are capable of protein:protein interactions. Both domains comprise four helix bundles that 

coordinate zinc atoms in the interconnecting loop regions (Figure 1.6A & B)108; 109. Despite high 

sequence similarity between the two domains their overall folds are quite different, particularly 

the orientations of helix 4 in each of the two domains (Figure 1.6C). These structural differences 

are reflected in the diversity of proteins that have been found to interact with each domain. 

 TAZ1 plays a role in the hypoxic response and mediates an interaction between 

CBP/p300 and hypoxia induced factor 1α (HIF-1α)110. It is also targeted by CITED2 (CBP/p300 

interacting transactivator with an ED rich tail), which functions as a negative regulator in 

response to HIF-1α activity111. Structural analysis of these complexes revealed that HIF-1α and 

CITED2 bind to TAZ1 at distinct but overlapping sites along a groove that wraps around the 

domain112; 113. The only other three-dimensional structure of TAZ1 in complex with a ligand is 

that with STAT2114. STAT2 wraps almost completely around the TAZ1 domain in the groove 

similar to HIF-1α and CITED2, but not exactly conforming to either of their binding sites (Figure 

1.6D). STAT2 also differs from HIF-1α and CITED2 in that it binds to the TAZ1 domain in the 

opposite direction. Overall, TAZ1 is a sharp contrast to the KIX domain, lacking conserved 

binding sites and utilizing varying modes of ligand recognition. The groove extending across the 

TAZ1 domain also provides the potential to accommodate longer protein regions and more 

extensive contacts to its ligands than is possible with a smaller surface. While no structural  
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Figure 1.6. The structure of the TAZ domains. 
The apo structures of A) TAZ1 (blue cartoon) and B) TAZ2 (green cartoon), with the coordinated 
zinc atoms in purple and helices labeled. The two structures are aligned in C) to demonstrate the 
variant positioning of helix 4 between the two domains. (PDB: 1U2N and 1F81, respectively). D) 
Front and back view of TAZ1 (blue surface) is shown in complex with STAT2 (yellow), HIF-1α 
(magenta) and CITED2 (orange). The three ligands have overlapping binding sites that combine 
to wrap completely around the TAZ1 molecule. (PDB: 2KA4, 1L8C and 1R8U). E) Front and 
back view of TAZ2 (green surface) in complex with STAT1 (purple) and p53 AD1 (red). Neither 
ligand makes any contacts to the backside of TAZ2. (PDB: 2KA6 and 2K8F) 
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information exists, TAZ1 is also known to interact with E7 from HPV, E1A from adenovirus80, 

the p65 subunit of NF-κB115, among others116. 

 TAZ2 has a number of identified binding partners, including the transcription factors 

GATA-1, E2F and MyoD, and the viral protein E1A116. Like TAZ1, TAZ2 is also involved in the 

JAK/STAT pathway, serving as the site of interaction with CBP/p300 for STAT1107,117. 

Examination of the STAT1:TAZ2 complex structure indicates STAT1 binds to a groove formed 

by helices 1, 2 and 4 on one face of the TAZ2 domain , which in contrast to TAZ1 is not 

particularly extensive (Figure 1.6E). The structure of TAZ2 in complex with AD1 of the tumor 

suppressor p53 has also been determined118. The helical portion of p53 interacts with helices 2, 3 

and 4 of TAZ2 (Figure 1.6E). This interaction more closely resembles those involving the KIX 

domain in that the ligand contacts a surface and does not wrap around the domain. Like TAZ1, 

TAZ2 can accommodate ligands oriented in either direction with respect to their N and C termini, 

as STAT1 and p53 are oriented on the TAZ2 domain in opposite directions despite their partially 

overlapping binding sites, which demonstrates that TAZ2 also has diverse modes of ligand 

recognition. 

 While many of the binding partners of the TAZ domains are selective for one of the 

domains, a handful of proteins have been demonstrated to interact with both. Of particular interest 

are the two activation domains of p53 and the CR2C and CR3 regions from FOXO3a, as they also 

have been shown to interact with the KIX domain93; 95. As described in Section 1.7, all four of 

these regions contain a conserved ΦxxΦΦ motif. Their capability of interacting with both TAZ 

domains suggests the potential that the TAZ domains will have other ΦxxΦΦ motif containing 

ligands.  
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1.8 Summary 

 The PCET motif found in E2A plays a vital role in the function of both wild-type E2A 

and in the oncogenic fusion protein E2A-PBX1 through the recruitment of CBP/p300 via the KIX 

domain. Mutation of key residues in this motif has been shown to have an effect on E2A-driven 

transcriptional activation as well as on E2A-PBX1’s transformative properties59; 60. These 

observations suggest that the PCET:KIX interface represents a potential candidate for the 

development of inhibitors to disrupt E2A and E2A-PBX1 function. Such a goal is complicated, 

however, by the possibility of other interactions between the activation domains of E2A and 

CBP/p300. By virtue of ΦxxΦΦ motifs in both AD1 and AD2 of E2A, it may be able to interact 

at multiple sites on the KIX domain, as well as with the TAZ1 and TAZ2 domains of CBP/p300. 

Thus, it is important to fully elucidate the interactions between these two proteins in order to 

understand which binding interfaces potential inhibitors must target. 

 

1.9 Hypothesis 

(1) The KIX domain contains two binding sites capable of interacting with the ΦxxΦΦ motif-

containing protein ligands. Since the PCET motif binds at one of these sites, we 

hypothesized that AD2 binds at the other site (CREB site), allowing for a synergistic 

interaction. 

(2) Residues flanking the ΦxxΦΦ motif are also important for the PCET:KIX interaction. 

Substitution of some of these residues will result in a tighter interaction between the KIX 

domain and the PCET motif. 
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(3) The TAZ domains of CBP/p300 are both capable of interacting with AD1 and AD2 of E2A 

by virtue of their conserved ΦxxΦΦ motifs.  

 

1.10 Experimental objectives 

(1) Determine the binding site of E2A AD2 on the KIX domain using nuclear magnetic 

resonance (NMR) spectroscopy; 

(2) Identify substitutions within the PCET motif that increase the affinity of the peptide for the 

KIX domain; 

(3) Establish if AD1 and AD2 of E2A interact with the TAZ1 and TAZ2 domains of 

CBP/p300, and if so, determine the molecular determinants that mediate these interactions. 
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Chapter 2 

Materials and Methods 

2.1 Protein expression and purification 

2.1.1 Recombinant 13C/15N KIX 

 A pET-21a(+) plasmid encoding the KIX domain of CBP (residues 586-671) (gift from 

Dr. Peter Wright, Scripps Research Institute, La Jolla, California) was transformed into 

Escherichia coli BL21 (DE3) cells and bacterial cultures were grown in M9 media supplemented 

with 1 g/L 15NH4Cl, 2 g/L 13C-glucose, and 10 ml of 15N/13C-Bioexpress-1000 media (Cambridge 

Isotope Laboratories). Protein expression was induced at mid-log phase with 1 mM β-D-1-

thiogalactopyranoside (IPTG) after which bacterial cell growth was continued overnight at 24°C. 

Bacterial cells were harvested and resuspended under denaturing conditions in Ni2+-binding 

buffer (25 mM Tris-HCl pH 8, 250 mM NaCl) containing 8 M urea and lysed by sonication (6 × 

20s). Cell lysates were centrifuged at 4000 rpm in a J6 rotor (Beckman Coulter) and uniformly 

labeled 13C/15N KIX was purified by Ni2+ affinity chromatography using Ni2+-binding buffer, 8 M 

urea, 300 mM imidazole to elute bound protein. Natively folded 13C/15N KIX was achieved by 

step-wise dialysis into 20 mM MES pH 6, 1 mM β-mercaptoethanol (BME) and further purified 

using anion exchange chromatography using 20 mM MES pH 6.8, 1 mM BME as the loading 

buffer and 20 mM MES pH 6.8, 1 M NaCl, 1 mM BME as the elution buffer. Upon pooling the 

protein fractions a final size exclusion chromatographic step on a Hi-Load 16/60 Superdex 75 

column in 20 mM MES pH 6.8, 1 mM BME was performed and the pooled fractions were 

dialyzed extensively against 20 mM MES pH 6.8, 1 mM BME. 
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2.1.2 Recombinant TAZ1 

 The gene encoding TAZ1 from mouse CBP (residues 345-439) was subcloned from a 

pET-11d expression plasmid (gift from Dr. Jim Omichinski, Université de Montréal, Montréal, 

Quebec) into a modified pET-21b(+) plasmid containing the gene for glutathione-S-transferase 

(GST), allowing expression of a GST-TAZ1 fusion protein. The gene insert was also ligated into 

a modified pET-21b(+) plasmid containing the gene for an N-terminal hexahistidine (His6)-GB1 

tag to allow expression of the His6-GB1-TAZ1 fusion protein. The sequence of the inserts were 

confirmed by DNA sequencing. GST-TAZ1 and His6-GB1-TAZ1 encoding plasmids were 

transformed into E. coli BL21 (DE3) cells and cultured in either Terrific Broth (TB) or LB media 

at 37°C with shaking. Recombinant protein expression was induced at an optical density of 0.6 at 

600 nm with 0.3 mM IPTG. 150 µM ZnCl2 was added to the culture, after which growth was 

continued overnight at 23°C. Bacteria were pelleted by centrifugation at 4000 rpm in a J6 rotor 

(Beckman Coulter) and purified differentially depending on fusion construct. 

Cell pellets containing GST-TAZ1 were resuspended in 50 mM potassium phosphate pH 

7, 200 mM NaCl, 10% glycerol, 5 mM BME, 0.5 mM phenylmethylsulfonyl fluoride (PMSF), 

0.5 mg/mL lysozyme. Cells were lysed by sonication (6 × 20s) and centrifuged for 40 min at 

40,000 rpm (70 Ti Rotor, Beckman Coulter). The resulting supernatant was applied to a 

glutathione sepharose affinity chromatographic column (GE Healthcare) and GST-TAZ1 was 

eluted in 50 mM potassium phosphate pH 8, 10 mM reduced glutathione. TAZ1 was cleaved 

from the N-terminal GST tag through the addition of 2 units of thrombin (Sigma Aldrich, stock 

concentration of 1 unit/µL) per mg of fusion protein and incubation overnight at 4°C. Cleavage 

was terminated with the addition of 0.5 mM PMSF prior to centrifugation for 20 min at 4000 rpm 

(T-41 Rotor, Thermo Scientific). The solution was dialyzed against 50 mM potassium phosphate 
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pH 7, 1 mM BME and applied to a SP sepharose cation exchange chromatographic column (GE 

Healthcare). Upon elution with 50 mM potassium phosphate pH 7, 1 M NaCl, 1 mM BME, 

pooled protein samples were applied to a Hi-Load 16/60 Superdex 75 column and eluted in 50 

mM potassium phosphate pH 7, 50 mM NaCl, 1 mM BME. The TAZ1 containing fractions were 

pooled and dialyzed against the appropriate titration buffer as noted in Sections 2.4 and 2.6.  

His6-GB1-TAZ1 expressing cells were resuspended in Ni2+-binding buffer, 0.5 mM 

PMSF, 0.5 mg/mL lysozyme, and lysed by sonication (6 × 20s). Following centrifugation, the 

supernatant containing His-GB1-TAZ1 was applied to Ni2+ chelating resin (GE Healthcare) and 

eluted in Ni2+ binding buffer containing 300 mM imidazole, followed by dialysis against 50 mM 

Tris-HCl pH 7.4, 150 mM NaCl. 

 

2.1.3 Recombinant TAZ2 

 The gene encoding TAZ2 from human p300 (residues 1723-1812) was subcloned from a 

pET11d expression plasmid (gift from Dr. Jim Omichinski, Université de Montréal, Montréal, 

Québec) and ligated into both the Maltose Binding Protein (MBP) fusion vector pMal-a1 

(provided by Dr. Peter Davies, Queen’s University, Kingston, Ontario) and the His6-GB1 fusion 

vector described in Section 2.1.2, to express MBP-TAZ2 or His6-GB1-TAZ1, respectively. The 

sequences of the inserts were confirmed by DNA sequencing and the plasmids were transformed 

into E. coli BL21 (DE3) cells.  

 MBP-TAZ2-expressing cells were grown in TB media with shaking to an optical density 

of 0.6 at 600 nm, where expression was induced with 1 mM IPTG. 150 µM ZnCl2 was also added 

to the media and cells continued to grow for an additional 4 hours at 30°C with shaking. The 

bacterial cells were pelleted and resuspended with 50 mM Tris-HCl pH 7.4, 0.5 M NaCl, 2 mM 
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BME, 0.5 mM PMSF and 0.5 mg/mL lysozyme. Cells were lysed by sonication (6 × 20s) and 

centrifuged as described in Section 2.1.2. Purification of MBP-TAZ2 involved affinity 

chromatography with amylose resin (New England Biolabs) and elution with 20 mM HEPES pH 

7, 200 mM NaCl, 10 mM maltose. After pooling the MBP-TAZ2 containing elution fractions, 

TAZ2 was cleaved from the MBP tag by overnight incubation with 5 units of thrombin per mg of 

fusion protein at 4°C. Cleavage was terminated by the addition of PMSF to a concentration of 0.5 

mM, and the solution was centrifuged for 20 min at 4000 rpm. The resulting TAZ2-containing 

pellet was resuspended in 20 mM Tris-HCl pH 7, 20 mM BME, 8 M urea, sonicated (6 × 20s), 

loaded onto a SP sepharose cation exchange column, and brought to native conditions by washing 

the column extensively with 20 mM Tris-HCl pH 7, 20 mM BME. Bound TAZ2 was eluted by 

addition of 20 mM Tris-HCl pH 7, 1 M NaCl, 20 mM BME and refolded through the addition of 

4 equivalents of ZnCl2. Folded TAZ2 was further purified over a Hi-Load 16/60 Superdex 75 

column size exclusion chromatographic column in 50 mM Tris-HCl pH 7.4, 150 mM NaCl and 

dialyzed against the appropriate titration buffer, as described in Sections 2.4 and 2.6. 

 His6-GB1-TAZ2 expression was induced with 0.5 mM IPTG when the bacterial culture 

reached an optical density of 0.6 at 600 nm. 150 µM ZnCl2 was also added to the bacterial 

cultures, which was grown overnight at 23°C with shaking and subsequently harvested by 

centrifugation. For fluorescence anisotropy and isothermal calorimetric titrations, cell pellets 

were resuspended in Ni2+-binding buffer containing 8 M urea and lysed by sonication (6 × 20s). 

Following centrifugation, the His6-GB1-TAZ2 construct was purified by Ni2+ affinity 

chromatography in manner similar to that described in Section 2.1.2 for TAZ1. The GB1 tag was 

refolded on-column by washing the protein-bound resin with Ni2+-binding buffer lacking urea 

before elution with Ni2+-binding buffer containing 300 mM imidazole. In order to re-fold the 
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TAZ2 domain of the fusion construct, 20 mM BME and 4 equivalents of ZnCl2 were added to the 

protein solution. Cleavage of the GB1 tag was initiated by the addition of 2 units of thrombin per 

mg of fusion protein, which was followed by dialysis overnight against 20 mM HEPES pH 8, 5 

mM BME, 200 mM NaCl. The protein solution was diluted using 20 mM HEPES pH 8 to bring 

the sample to a final NaCl concentration of 50 mM and then further purified by cation exchange 

chromatography, using 20 mM HEPES pH 8, 5 mM BME, 50 mM NaCl as a loading buffer and 

20 mM HEPES pH 8, 5 mM BME, 500 mM NaCl as the elution buffer. A final size exclusion 

chromatography step using a Hi-Load 16/60 Superdex 75 column was performed in 20 mM 

HEPES pH 8, 5 mM BME, 50 mM NaCl, followed by dialysis of the pooled fractions against 

titration buffers outlined in Sections 2.4 and 2.6. 

 For microarray analysis, His6-GB1-TAZ2 was purified by Ni2+ affinity chromatography 

under native conditions and dialyzed extensively against 50 mM Tris-HCl pH 7.4, 150 mM NaCl, 

as described in Section 2.1.2 for the His6-GB1-TAZ1 construct. 

 

2.1.4 FLAG-KIX constructs 

The KIX expression plasmid had previously been mutagenized using the QuikChange 

site directed mutagenesis kit (Stratagene) to create the following triple mutants: 

Phe612Ala/Asp622Ala/Arg624Ala (KIX-FDR) and Tyr650Ala/Ala654Gln/Tyr658Val (KIX-

YAY). PCR was used to append a FLAG-encoding sequence to the 5’ end of the genes encoding 

wild-type KIX (KIX-WT) and both KIX mutants. The genes were ligated into pET-21b(+) and 

transformed into BL21 (DE3) E. coli cells for expression in the same manner as the untagged 

KIX construct described in Section 2.1.1. The FLAG-KIX constructs were purified via Ni2+ 

affinity chromatography as described in Section 2.1.1 and refolded by step-wise dialysis against 
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50 mM Tris-HCl pH 7.4, 150 mM NaCl. Proteins samples were quantified using a Bicinchonic 

Acid (BCA) Assay (Thermo Scientific). 

 

2.1.5 His6-GB1-E2A 1-37 constructs 

 Genes encoding a construct comprising residues 1-37 of E2A and L20A and F22A 

variants were subcloned into a modified pET-21b(+) plasmid in frame with the gene for a N-

terminal His6-GB1 tag. All plasmids were transformed into BL21 (DE3) E. coli cells for 

expression. Protein expression was induced at mid-log phase with 0.5 mM IPTG and grown for 4 

hours at 37°C with shaking before harvesting by centrifugation. 

 Cell pellets were resuspended in Ni2+-binding buffer and lysed by heating to 80°C for 15 

minutes prior ultracentrifugation (40 min at 40,000 rpm; 70 Ti Rotor, Beckman Coulter). An 

initial Ni2+ affinity chromatography purification step was performed under native conditions as 

described above for the His-GB1-TAZ constructs (Sections 2.1.2 and 2.1.3). The elution fractions 

were pooled and applied to a Hi-Load 16/60 Superdex 75 size exclusion column in 25 mM Tris-

HCl pH 7.4, 50 mM NaCl. The pooled fractions of purified His6-GB1-E2A 1-37 constructs were 

dialyzed overnight at 4°C against 20 mM Tris-HCl pH 7.4 for titrations. 

 

2.1.6 Concentration and quantification 

 Where necessary, all constructs were concentrated using Amicon 3 kDa centrifugal 

concentration filters (Millipore). The presence and purity of protein constructs were analyzed 

using sodium dodecyl sulfide polyacrylamide gel electrophoresis (SDS-PAGE). Except where 

otherwise noted, all proteins were quantified using ultraviolet (UV) spectroscopy at 280 nm. 

Extinction coefficients were calculated using the ExPASy ProtParam tool119 and are summarized 
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in Table 2.1. The calculated theoretical extinction coefficient for TAZ1 was found to be 

inaccurate and was modified based on the results of amino acid analysis done at the Advanced 

Protein Technology Centre (SickKids Hospital, Toronto, Ontario). Specifically, three 

recombinant TAZ1 samples of known UV absorbance were sent for analysis to determine their 

concentrations. These values were compared to the theoretical concentrations determined by UV 

spectroscopy and were found to be, on average, 82.6% of the expected value. This factor was 

subsequently used to adjust the theoretical extinction coefficient. 

 

2.2 Circular dichroism spectroscopy 

 Far-UV circular dichroism (CD) spectra were collected at 25°C using a Chirascan CD 

spectrometer (Applied Photophysics) in a quartz cuvette with a path length of 0.1 mm in the 

Queen’s Protein Function and Discovery facility. The TAZ1 spectra were collected at a protein 

concentration of 52.5 µM in 12.5 mM MES pH 6.8, 25 mM NaCl, 1.25 mM DTT, whereas the 

TAZ2 spectra were collected at a protein concentration of 55 µM in 5 mM HEPES pH 7.0, 50 

mM NaCl, 0.5 mM BME. 

 

2.3 NMR spectroscopy 

 All experiments were performed on a Varian INOVA 500 MHz NMR spectrometer 

equipped with a triple resonance cryoprobe at 25°C at the Quebec/Eastern Canada High Field 

NMR Facility at McGill University.  All samples were prepared in 20 mM MES pH 6.8, 1 mM 

BME, 90% H2O/10%D2O. 200 µM 13C/15N KIX was titrated with synthetic unlabeled E2A AD2-

1 synthetic peptide (Table 2.2), from 0-5 equivalents. 2D 1H-15N HSQC spectra were collected to 
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Table 2.1. Extinction coefficients used for protein and peptide quantification 

!Construct! ε280!(M01cm01)!

KIX! 12950!

GST-TAZ1! 48360!

TAZ1! 6659!

MBP-TAZ2! 67840!

TAZ2! 1990!

FLAG-KIX! 14440!

FLAG-KIX!YAY! 11460!

FLAG-KIX!FDR! 14440!

His-GB1-TAZ1! 15970!

His-GB1-TAZ2! 11960!

His-GB1! 9970!

His-GB1-E2A!1-37!! 9970!

His-GB1-E2A!1-37!L20A! 9970!

His-GB1-E2A!1-37!F22A! 9970!

Unlabeled!AD2-1!peptide! 1490!
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monitor each incremental addition. Backbone chemical shift resonance assignments of free KIX 

and KIX in complex with E2A AD2-1 were completed by the collection and analysis of the 

following heteronuclear NMR datasets of 600 µM 13C/15N KIX in the absence and presence of 2 

mM unlabeled E2A AD2-1 peptide: 2D 1H-15N HSQC, 3D HNCACB, 3D CBCACONH, and 3D 

15N-NOESY-HSQC (100 ms mixing time). The data were processed and analyzed using 

NMRPipe and NMRView, respectively120; 121. Backbone amide group chemical shift perturbations 

were calculated using Equation 1, where ∆! denotes the weighted change in the backbone amide 

chemical shift, ∆!N is the change in the nitrogen chemical shift, and ∆!HN is the change in the 

amide proton chemical shift 122. 

 

∆! = 0.17∆!! ! + ∆!!" ! !/!  (1) 

 

2.4 Fluorescence anisotropy 

 Synthetic E2A AD1 and AD2 peptides were produced with either N-terminal 5-

carboxyfluorescein (FAM) or fluorescein isothiocyanate (FITC) tags. The sequences of each 

peptide, along with corresponding tag and commercial source are summarized in Table 2.2. Upon 

dissolution in titration buffer, peptides were quantified by visible light spectroscopy using 

ε496=68,000 M-1cm-1. 

All data were collected using a FluoroLog Tau-3 Fluorescence Lifetime 

spectrofluorometer with anisotropy capability (HORIBA Jobin Yvon Inc.). Unless indicated, all 

samples were prepared in 50 mM MES pH 6.8, 5 mM BME. Solutions of 100 nM fluorescently 

tagged peptides were titrated with increasing amounts of TAZ1 or TAZ2 solutions that had been 

spiked with 100 nM peptide in a quartz cuvette equipped with a stir bar to ensure thorough  
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Table 2.2. Synthetic Peptides 

Construct! Residues! Sequence! Tag! Company!

E2A!PCET! 11-24! Ac-GTDKELSDLLDFSM-NH2! FAM!

Sheldon!

Biotechnology!Centre!

AD2-1! 394-407! Ac-EDHLDEAIHVRSH-NH2! FAM!

Sheldon!

Biotechnology!Centre!

AD2-2! 408-420! Ac-AVGTAGDMHTLLP-NH2! FAM!

Sheldon!

Biotechnology!Centre!

AD2!full! 394-420! Ac-EDHLDEAIHVRSHAVGTAGDMHTLLP-NH2! FITC! Bio!Basic!Inc.!

Unlabeled!

AD2-1! 394-407!

Ac-EDHLDEAIHVRSHY-NH2!

*includes!Y!for!quantification!by!UV*! None! Bio!Basic!Inc.!



 

 

 

35 

mixing after each injection. Titrations involving TAZ1 were done at 15°C, while those 

concerning TAZ2 were done at room temperature. Anisotropy was measured in triplicate after 

each injection and averaged, using an excitation wavelength of 492 nm and an emission 

wavelength of 523 nm with band passes of 2 nm and 5 nm, respectively. Each binding curve was 

fit to the single-site binding model shown in Equation 2 using Sigma Plot version 9.01 (Systat 

Software), where Bmax is the maximum change in anisotropy, Kd is the dissociation constant, 

[protein] is the total protein concentration, and NS is a constant to account for linear drift caused 

by non-specific binding. All dissociation constants are reported as averages ± standard deviation 

of at least two replicates, as indicated. 

 

∆!"#$%&'() = !!"#! !"#$%&'
!!! !"#$%&' + !! !"#$%&'      (2) 

 

2.5 Peptide microarray analysis 

 Custom peptide microarrays were synthesized by Dr. George Baillie (University of 

Glasgow, Glasgow, Scotland, UK) through automatic SPOT synthesis with a MultiPep 

Automated Peptide Synthesis system (Intavis) using 9-fluorenylmethyloxycarbonyl (Fmoc) 

chemistry107. The peptides were synthesized onto continuous cellulose membranes to generate 

strip arrays or on to modified cellulose supports that were then dissolved and spotted onto coated 

glass slides using the CelluSpots system (Intavis). 

 The continuous cellulose membrane arrays were hydrated with ethanol, washed with 50 

mM Tris-HCl pH 7.4, 150 mM NaCl and blocked overnight in 50 mM Tris-HCl pH 7.4, 150 mM 

NaCl and 2% milk. Following washing with 50 mM Tris-HCl pH 7.4, 150 mM NaCl, 0.5% 
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Tween 20, the arrays were incubated for 4 hours with 5-10 µg/mL protein in 50 mM Tris-HCl pH 

7.4, 150 mM NaCl, 2% milk, washed with 50 mM Tris-HCl pH 7.4, 150 mM NaCl, and 

incubated for 1 hour with horseradish peroxidase (HRP) coupled antibody diluted in Tris-HCl pH 

7.4, 150 mM NaCl, 2% milk. Antibody dilutions ranged from 1 in 5000 to 1 in 20,000. After a 

final wash with 50 mM Tris-HCl pH 7.4, 150 mM NaCl, HRP substrate from the Luminata series 

of premixed luminol and peroxide (Millipore) was applied to the arrays and exposed to x-ray 

film. Arrays probed with FLAG-KIX constructs used a mouse monoclonal ANTI-FLAG M2-

Peroxidase (HRP) antibody (Sigma-Aldrich) to visualize binding, while those probed with His-

GB1-TAZ constructs used a rabbit polyclonal antibody against His6 tags conjugated to HRP 

(Abcam). 

 Slide-based arrays were analyzed in a manner similar to the strip arrays, with the 

exception that initial blocking occurred over ~4 hours, and incubation with FLAG-KIX constructs 

occurred overnight at 4°C. Following exposure, the slides were stained to test the amount of 

peptide present in each spot. The slides were first washed with 10% methanol, 10% acetic acid 

for 5 minutes. Then, the slides were incubated in 10% methanol, 10% acetic acid and 1% amido 

black for 3 minutes. The slides were destained using water and then allowed to dry. 

 

2.6 Isothermal titration calorimetry 

 Isothermal titration calorimetry (ITC) was used to validate abrogating mutations 

identified in the peptide microarrays. Solutions of wild-type or mutant His6-GB1-E2A 1-37 were 

titrated into either TAZ1 or TAZ2 at 30°C using a VP-ITC titration calorimeter (MicroCal) 

housed within the Queen’s University Protein Function Discovery Facility. All samples were 

prepared in 20 mM Tris-HCl pH 7.4. After correction for heats of dilution, integration of the 
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binding isotherms was fit to binding models using Origin 7.0 software (MicroCal). TAZ1 binding 

curves were fit to a single binding site model, while TAZ2 binding curves had two phases and 

were thus fit to a two binding site model, with the first site being entropically-driven and the 

second enthalpically-driven, using non-linear least-squares curve fitting algorithms to determine 

the Kd, the stoichiometric ratio, and the change in enthalpy for each interaction. 

2.7 Molecular modeling 

 The sequences of the PCET motif and corresponding enhanced affinity mutants identified 

by microarray were aligned manually. These alignments were used to model the mutant peptides 

onto the PCET motif helix in the PCET:KIX structure (PDB: 2KWF). All structure models were 

generated using Modeller 9.11123. All images of protein structures and models were made using 

PyMOL124. 
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Chapter 3 

Results 

 Previously, binding studies indicated that the first ΦxxΦΦ motif within AD2 of E2A 

(AD2-1; Figure 1.5) was responsible for KIX domain recognition, as it displayed a similar 

affinity to full-length AD2 for KIX (17 ± 4 µM vs. 21 ± 3 µM) and was 16.5 fold tighter than the 

second ΦxxΦΦ motif within AD2125. These findings and existence of two ΦxxΦΦ motif-binding 

sites on the KIX domain of CBP/p300 (the PCET site60; 96 and CREB site101; 102) therefore 

presented the potential for E2A to bind the KIX domain in a cooperative manner through both of 

its activation domains (PCET motif and AD2-1).   

 

3.1 E2A AD2-1 binds to KIX at the same site as PCET 

 To identify the E2A AD2-1 binding site on the KIX domain NMR-based chemical shift 

perturbation experiments where performed, in which the backbone amide resonances of KIX 

residues displaying significant E2A AD2-1-induced chemical shifts were determined by 

comparing the normalized backbone amide chemical shifts (described in Section 2.3) of the KIX 

domain in the absence125 and presence of E2A AD2-1. 

 Unlabeled synthetic E2A AD2-1 peptide was titrated into a 13C/15N KIX sample and 1H-

15N HSQC spectra were collected after each addition. An overlay of 1H-15N HSQC spectra of 0.6 

mM 13C/15N KIX in the absence and presence of 2 mM E2A AD2-1 is shown in Figure 3.1A. 

Both KIX spectra display well-resolved resonances indicative of a folded protein module. Closer 

inspection of the spectral overlay reveals numerous resonances in both spectra having similar  
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Figure 3.1. Identification of the E2A AD2-1 binding site on KIX. 
A) Overlay of 1H-15N HSQC spectra of  600 μM 13C/15N KIX in the absence (black) and presence 
(red) of 2 mM E2A AD2-1 synthetic peptide. Some peaks of interest are labeled by residue 
number. B) Plot of the weighted average backbone amide chemical shift change (Δδ) versus KIX 
sequence induced by the binding of E2A AD2-1. The line represents the mean change in chemical 
shift. Residues that change by one standard deviation above the mean are considered significant 
and are coloured in red. All other residues are represented as black bars. Backbone amide 
resonances for residues Arg623, Asn627, and Lys667 were unable to be assigned in the bound 
spectrum.  
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chemical shift values whereas a subset of resonances in the apo-KIX spectrum display changes in 

their HN and 15N chemical shifts in the presence of saturating amounts of E2A AD2-1 (Figure 

3.1A, red), indicative of a site-specific binding event. Sequential backbone residue-specific 

resonance assignments of the KIX domain in the presence of E2A AD2-1 using standard 

heteronuclear NMR datasets and their comparison to the apo-KIX assignments allowed for the 

quantification of E2A AD2-1 induced backbone HN and 15N chemical shift changes. As shown in 

Figure 3.1B, Val608, Ile611, Leu620, Lys621, Asp622, Arg624, Leu628, Val629 and Leu664 

displayed significant E2A AD2-1 induced chemical shift changes (red bars; greater than 1 

standard deviation above the mean chemical change). In addition, three residues in the KIX 

domain, Arg623, Asn627 and Lys667, were unable to be assigned in the E2A AD2-1 bound 

spectrum. Analysis of the 1H-15N HSQC spectral overlay from the E2A AD2-1 titration revealed 

that the amide resonances corresponding to these residues in the KIX domain shifted and 

broadened until they were no longer observable upon incremental additions of the E2A AD2-1 

peptide, and remained undetectable even after reaching saturating amounts of this peptide.  

Mapping of the significantly affected residues, as well as those whose backbone amide 

resonances disappeared upon addition of the E2A AD2-1 peptide, onto the KIX domain in the 

recently reported NMR-based solution structure of the PCET:KIX complex structure60 (PDB: 

2KWF) showed that the E2A AD2-1 binding site localized to a hydrophobic cleft between helices 

H2 an H3, which were buttressed by the intervening L12 loop and G2 310-helix (Figure 3.2). This 

region corresponds to the binding site of E2A PCET, as well as the activation domains of MLL, 

p53, FOXO3a, c-Jun, and HTLV-1Tax and HBZ34; 95; 96; 98; 99; 100. No significant chemical shift 

perturbations were observed on the opposite face of the KIX domain corresponding to the c-Myb 

binding site102. The observation that E2A PCET and E2A AD2-1 bind to the same site on 
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Figure 3.2. E2A AD2-1 binds to the KIX domain at the E2A PCET site. 
A) Front and rear views of a surface representation of the KIX domain (grey) from the E2A 
PCET:KIX complex (PDB: 2KWF) with the E2A PCET peptide removed for clarity. KIX 
residues that displayed significant chemical shift changes are coloured red, and the three residues 
whose backbone amide resonances could not be assigned in the bound spectrum (Arg623, 
Asn627, and Lys667) due to peak broadening are coloured pink. B) Front view of the E2A 
PCET:KIX complex (PDB: 2KWF) with a cartoon representation of E2A PCET (blue) overlaid 
on the residues being perturbed by the binding of E2A AD2-1, as coloured in A. 
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the KIX domain is consistent with the observed functional redundancy these activation domains 

display in B cell development35. 

 

3.2 Enhancing E2A PCET binding to the KIX domain 

 With the establishment of a single binding site on KIX for both the PCET motif and 

AD2-1 of E2A, it became possible to pursue targeting that site to develop an inhibitor for the 

interaction. As outlined in Section 1.6.1, the strategy used involved establishing which KIX 

binding peptides interacted most tightly, and then use those sequences as a basis for designing an 

enhanced affinity peptide. In addition to developing a potential inhibitor, these studies also 

contribute to understanding the molecular determinants of binding at the PCET site on KIX. 

 

3.2.1 Validation of peptide microarrays for studying E2A:KIX interactions 

 While mutations within the ΦxxΦΦ motif of E2A PCET have been demonstrated to 

disrupt binding to the KIX domain59; 60, little information exists as to substitutions that would 

enhance binding. This is in contrast to E2A AD2-1, for which mutations have been identified that 

increase its affinity for KIX to E2A PCET-like affinities. As shown in Figure 1.2C, E2A AD2-1 

contains an alanine at position 400, which aligns with Leu19 in the E2A PCET motif. The 

corresponding mutation, Ala400Leu, results in a 2.5 fold increase in affinity for the KIX 

domain125. To develop an enhanced affinity KIX-binding peptide based on the E2A PCET motif, 

synthesized peptide microarrays offered a semi high-throughput method to screen a large number 

of substitutions at each position within the E2A PCET motif. Towards implementing this 

approach we first wanted to validate that binding between the KIX domain and the E2A PCET 

derived peptides were both identifiable and consistent with published data59; 60. 
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 The first round of validation involved the generation of a peptide microarray comprising 

activation domains observed to interact with the KIX domain at the E2A PCET site, including 

E2A PCET60, HEB PCET60, E2-2 PCET60, E2A AD2-1, MLL96, p53 AD1 and AD234, c-Jun98, 

HTLV-1 HBZ100, and Tax99. The activation domain of c-Myb, which binds on the opposite face 

of the KIX domain at the CREB site102, was also included (Figure 3.3A). For each peptide tested 

a corresponding negative control was also included, where each hydrophobic residue of the motif 

was swapped for an aspartic acid. When initially probed with wild-type FLAG-KIX (KIX-WT) 

binding to E2-2 PCET, HEB PCET, c-MLL, and c-Myb was detected (Figure 3.3B).  Decreasing 

the dilution of anti-FLAG from 1 in 20,000 to 1 in 5,000 allowed detection of KIX binding to p53 

AD2 and E2A PCET, in addition to the increased intensity of the HEB and E2-2 PCET spots 

(Figure 3.3C). This was a particularly surprising result given the single amino acid residue 

difference between the HEB and E2-2 PCET motifs and the E2A PCET motif (i.e. alanine vs. 

methionine; Figure 1.2C) and the similar fluorescence anisotropy-derived affinities for KIX 

binding to E2A PCET and HEB PCET previously reported by our group60. Two KIX mutant 

constructs, a Tyr650Ala/Ala654Gln/Tyr658Val triple mutant (denoted KIX-YAY) previously 

shown to disrupt binding at the CREB site126 and a Phe612Ala/Asp622Ala/Arg624Ala triple 

mutant (denoted KIX-FDR) that disrupts the PCET site100; 127, were used as probes to validate the 

specificity displayed by the various activation domains to one of the two binding sites on the KIX 

domain. Binding at the CREB/c-Myb site was lost upon probing the array with KIX-YAY (Figure 

3.3D), and correspondingly, only c-Myb binding was observed when KIX-FDR was used (Figure 

3.3E). The success of detecting KIX binding in microarrays comprising known activation domain 

targets, including their site specificity, confirmed the peptide microarray approach for use to 
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Figure 3.3. Peptide microarray analysis of KIX domain binding to various ΦxxΦΦ motif-
containing activation domains. 
Individual membranes were synthesized with the peptides listed in A), along with negative 
control spots in which the hydrophobic residues of the ΦxxΦΦ motif were substituted with 
aspartic acids. The membranes were probed with an anti-FLAG solution (control) or solutions 
containing 10 µg/mL of N-terminally FLAG-tagged wild-type KIX (B & C), 
Tyr650Ala/Ala654Gln/Tyr658Val KIX mutant (KIX-YAY; D) or 
Phe612Ala/Asp622Ala/Arg624Ala KIX mutant (KIX-FDR; E).  Binding was detected by 
immunoblotting using anti-FLAG. The membrane probed with wild-type KIX in B) was 
incubated with anti-FLAG at a 1 in 20,000 dilution followed by film exposure of 5 seconds prior 
to developing whereas the membrane probed with wild-type KIX in C) was incubated with anti-
FLAG at a 1 in 5000 dilution followed by film exposure for 30 seconds. Membranes probed with 
KIX-YAY in D) and KIX-FDR in E) were incubated with anti-FLAG at a 1 in 10,000 dilution 
and exposed to x-ray film for 30 seconds prior to developing. The ΦxxΦΦ-motif containing 
peptides are labeled on each array, with the corresponding negative control spots occurring in 
between (labels have been omitted for clarity).  
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identify substitutions within the E2A PCET motif that enhance the affinity for the KIX domain. 

 A second round of validation was used to test the ability of the peptide microarray 

approach to examine the binding determinants on a residue-by-residue basis. Of the three E 

proteins (E2A, HEB, E2-2) examined in the first array, HEB displayed the highest intensity spot 

(Figure 3.3B & C), indicating the highest affinity interaction with the KIX domain, and was 

therefore used in the second array, which sequentially substituted an alanine residue (or an 

aspartate residue if normally alanine) at each position in the peptide. Alanine substitutions of 

Leu17, Leu20, Leu21 or Phe23 of the E2A PCET motif was sufficient to abrogate binding to 

KIX-WT (Figure 3.4); observations consistent with previous biophysical, biochemical, and cell-

based analyses that indicated alanine substitutions at these positions disrupted KIX binding and 

had deleterious effects on E2A and E2A-PBX1 function59; 60. The peptide microarray also 

revealed that alanine substitutions of Asp14, Ala25 and Phe27 decrease but not abolish KIX 

binding to HEB PCET (Figure 3.4). These findings are supported by the PCET:KIX complex 

structure, in which all three of these residues make contacts to the KIX domain60. A subsequent 

microarray was used to establish the minimum region of HEB PCET that interacted tightly with 

the KIX domain by way of truncations at either the N or C termini. This allowed the initial 26-

mer peptide that comprised HEB residues 7-32 to be reduced to a 14-mer, spanning residues 14-

27 (Table 3.1). 

 

3.2.2 Single substitutions of residues in HEB PCET enhance binding to KIX 

 Working from the wild-type HEB PCET sequence (14-DKELSDLLDFSAMF-27), a 

peptide microarray was synthesized in which each residue was substituted to every one of other 
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Figure 3.4. Alanine substitution via peptide microarray identifies key residues for the HEB 
PCET:KIX interaction. 
A cellulose membrane containing 26-resisdue HEB peptides comprising Arg7-Asn32 in which 
each residue had been individually replaced with alanine (or aspartate for Ala9, Ala10, and 
Ala25, the alanine in the wild-type sequence) was probed with an anti-FLAG solution (control) or 
a solution containing 10 µg/mL of N-terminally FLAG-tagged wild-type KIX. FLAG binding 
was detected by immunoblotting with anti-FLAG at a dilution of 1 in 20,000, followed 
application of HRP substrate and film exposure of 5 seconds prior to developing. 
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Table 3.1. The determination of the minimal tight binding region of HEB PCET  

HEB!Peptide! Binding?!
C0terminal!truncations! !!

7-32! Yes!
7-31! Yes!
7-30! Yes!
7-29! Yes!
7-28! Yes!
7-27! Yes!
7-26! No!
7-25! No!
7-24! No!
7-23! No!
7-22! No!

N0terminal!truncations! !!
8-32! Yes!
9-32! Yes!
10-32! Yes!
11-32! Yes!
12-32! Yes!
14-32! No!
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the 19 standard amino acids, and probed with KIX-WT to identify substitutions that enhanced the 

affinity of the HEB PCET:KIX interaction (Figure 3.5). After exposure, the intensity of each spot 

was scored objectively on a scale from 0-3, with 0 indicating no detectable binding and 3 

representing the most intense spots on the film. To ensure spot intensity was not an artifact of 

greater peptide loading at a particular spot, all probed slides were stained with amido black 

following exposure. No correlation was observed between the intensity of amido black staining 

and the intensity of spots during antibody detection for ligand binding. The combined results of 

four replicates are outlined in Table 3.2.  

 Mutations within the HEB PCET motif that were consistently scored more intense in KIX 

binding than the typical wild-type HEB PCET spot included Ser18Gln, Ala25Leu, and Phe27Trp, 

which were modeled onto the existing HEB PCET:KIX complex structure60 (PDB: 2KWF). The 

substitution of a Gln for the Ser at position 18 (Figure 3.6A) provides a longer side chain, capable 

of making more extensive hydrogen-bonding contacts to the KIX domain, potentially to Ser670 

or Lys667. Furthermore, the longer aliphatic chain of the Gln may allow non-polar interactions, 

for example with the aliphatic region of the side chain of Lys667 from the KIX domain. The 

alanine at position 25 of the HEB PCET motif was found to have extensive hydrophobic 

interactions with the KIX domain60. Substitution of a Leu at this position allows the possibility of 

more extensive contacts with Leu664 and the aliphatic chains of Lys667 and Arg668 of the KIX 

domain (Figure 3.6B). Substitution of the Phe at position 27 of HEB PCET with a Trp affords the 

potential for hydrogen bonding to the KIX domain, such as to Asp616 by virtue of the nitrogen 

atom in the Trp indole ring, that the Phe cannot accommodate (Figure 3.6C). 
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Figure 3.5. Analysis of the impact of the substitution of every residue in HEB PCET to all 
other standard amino acids on KIX binding. 
A representative slide microarray spotted with HEB PCET (14-DKELSDLLDFSAMF-27) in 
which each residue had been individually replaced with each of the other 19 standard amino acids 
and probed with 10 µg/mL of FLAG-KIX. Binding was detected by immunoblotting with anti-
FLAG at a 1 in 5000 dilution, application of HRP substrate, and exposure to x-ray film for a 10-
minute duration. Each variation of the peptide appears on the microarray in duplicate and a 
membrane was also probed with an anti-FLAG solution as a control. The sequences and positions 
of all peptides present on the slide are shown in Appendix A.
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Table 3.2. Identification of substitutions throughout HEB PCET that demonstrate tighter interactions with KIX.  
Results are a summary of four replicates, subjectively scored for spot intensity on a scale from 0-3. Blank squares indicate a score of 0 for all four 
replicates. Boxes shaded red are indicative of spots that had the wild type sequence. 
 
!! D" K" E" L" S" D" L" L" D" F" S" A" M" F"

A" !! !! !! !! !! !! !! !! 0,!0.5,!0,!0! !! !! !! 2,!2,!0.5,!1! !!

R" !! !! !! !! 0,!1,!0.5,!0.5! !! !! !! !! !! 0,!0.5,!0.5,!0! 1,!2,!2,!1! 2,!1,!2,!0!
0,!0.5,!0.5,!

0.5!

N" !! 1,!1,!1,!0.5! !! !! !! !! !! !! !! !! 0,!0,!0.5,!0! 1,!1,!0.5,!0.5! 2,!2,!0.5,!0.5! !!

D" !! !! 0,!0.5,!0.5,!0! !! 2,!2,!1,!1! 0,!0.5,!0,!0! !! !! 1,!2,!0.5,!0.5! !! 0,!0,!0.5,!0! 0,!0.5,!0.5,!0! 1,!1,!0,!0.5! !!

C" !! 0,!2,!2,!0! !! !! 0,!0.5,!0.5,!0! !! !! !! !! !! 0,!0,!0.5,!0! !! !! !!

Q" !! !! 1,!1,!1,!0! !! 2,!3,!2,!3! !! !! !! !! !! !! 0,!1,!0.5,!0! 2,!2,!1,!1! !!

E" !! !! !! !! !! 0,!0.5,!0,!0! !! !! 0,!0.5,!0,!0! !! !! !! 0,!0.5,!0,!0! !!

G" !! 2,!2,!2,!0.5! !! !! 1,!3,!2,!2! !! !! !! !! !! 0,!0.5,!1,!0! !! 2,!1,!0.5,!0.5! !!

H" !! !! !! !!
0,!0.5,!0.5,!

0.5!
!! !! !! !! !! !! !! !! !!

I" !! !! !! !! !! !! !! !! !! !! !! !! !! !!

L" !! !! !! 0,!3,!1,!1! 0,!1,!0.5,!0.5! 0,!0.5,!0.5,!0! !! !! !! !! 1,!1,!1,!1! 3,!2,!3,!3! 2,!2,!2,!1! !!

K" !! 1,!1,!1,!0.5! !! !! 1,!2,!0.5,!1! !! !! !! !! !! !! 0,!0.5,!0.5,!0! !! !!

M" !! !! !! !! !! 1,!1,!0.5,!0.5! !! !! !! !! !!
0,!0.5,!0.5,!

0.5!
3,!3,!3,!3! !!

F" !! !! !! !! 0,!0.5,!0,!0! !! !! !! !! !! 1,!2,!2,!1! !! !! 1,!1,!0.5,!0!

P" !! 0,!1,!0.5,!0! !! !! !! !! !! !! !! !! !! !! 0,!0.5,!0.5,!0! !!

S" !! !! 0,!0.5,!0,!0! !! !! !! !! !! !! !! !! 2,!2,!2,!3!
0,!0.5,!0.5,!

0.5!
!!

T" !! !! 0,!0.5,!0.5,!0! !! 0,!1,!2,!0! !! !! !! !! !! 1,!1,!0.5,!0! !! 0,!0,!0.5,!0.5! !!

W" !! !! !! !! !! 2,!3,!0.5,!2! 1,!1,!0,!0.5! 1,!0.5,!0,!0! !! !! !! 1,!1,!1,!2! 0,!0.5,!0,!0.5! 3,!3,!3,!2!

Y" !! !! 3,!3,!3,!3! !! !! !! !! !! !! !! 2,!3,!1,!1! 0,!1,!1,!1! !! 1,!2,!1,!1!

V" !! !! 0,!0.5,!0.5,!0! !! !! !! !! !! !! !! !! !! !! !!
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Figure 3.6. PCET:KIX complex structure models provide rationale for the apparent 
increase in affinity by the mutations Ser18Gln, Ala25Leu and Phe27Trp. 
In all models, KIX is shown as a semi-transparent surface representation, allowing for a stick 
representation to be visible, and the HEB-derived peptides are shown as cartoons, with the 
mutated residues as sticks. All structures are coloured by atom type, using red for oxygen and 
blue for nitrogen. The carbons of KIX are coloured grey, while the carbon atoms of the peptide 
are cyan. The substituted residue’s carbons are coloured yellow for clarity. A) Ser18Gln bound to 
KIX, demonstrating the potential for polar contacts to Lys667 and Ser670, as well as hydrophobic 
interactions between the aliphatic chains of glutamine with Lys667. B) Ala25Leu bound to KIX. 
The leucine side chain sits on a primarily hydrophobic surface formed by a number of KIX 
residues. C) Phe27Trp bound to KIX, showing the potential for a contact between the side chain 
nitrogen of tryptophan with the side chain of KIX Asp616.  
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3.2.3 Towards achieving optimal binding through combining mutations in HEB 

PCET 

 The next phase towards developing a HEB-derived peptide that binds with enhanced 

affinity to the KIX domain involved testing combinations of the single substitutions identified in 

Section 3.2.1, including Glu16Tyr, Ser18Gln, Ser18Gly, Asp19Trp, Ala25Leu, Ala25Ser, 

Met26Asn, Met26Gln, Met26Gly, Phe27Tyr and Phe27Trp (Table 3.3). A peptide microarray 

was synthesized to include all 432 possible combinations of these substitutions and was initially 

probed with KIX-WT. Interesting, no binding to HEB PCET peptides containing the Asp19Trp 

substitution was observed, despite the strong binding presented by this change in isolation in the 

original array (Figure 3.7A). Similarly, while Phe27Trp correlated to a greater increase in binding 

than Phe27Tyr in the single substitution array (Figure 3.7A), a greater number of spots in this 

combination array were found to contain the latter mutation. 

 Before further analysis of those HEB PCET peptides displaying enhanced binding was 

conducted, the microarray was probed with the KIX-YAY and KIX-FDR mutants to ensure that 

those peptides were indeed binding at the PCET site and not at the CREB/c-Myb site (Figure 

3.7B & C). Both KIX mutants were shown to interact with peptides containing the Glu16Tyr 

substitution, which initially suggested that this substitution governed a switch allowing the 

peptide to bind both sites on the KIX domain. However probing the microarray with anti-FLAG 

alone (Figure 3.7D) produced the same results as KIX-FDR (Figure 3.7C) indicating that the 

peptides containing Glu16Tyr were being recognized by the antibody rather than the KIX 

domain. As a result, all HEB PCET spots that contained this substitution and demonstrated 

binding to the KIX domain were omitted from further analysis. 
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Table 3.3. HEB PCET substitutions tested in combination 

D" K" E" L" S" D" L" L" D" F" S" A" M" F"

! !

Y!

!

Q! W!

! ! ! ! !

L! N! W!

! ! ! !

G!

! ! ! ! ! !

S! Q! Y!

!

! ! ! ! ! ! ! ! ! ! !

G!

!
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Figure 3.7. The HEB PCET:KIX interaction is enhanced through the combination of 
various activating mutations. 
Slide microarrays spotted with HEB PCET (Asp14-Phe27) in which all 432 combinations of the 
substitutions summarized in Table 3.3 were incorporated were probed with 10 µg/mL of N-
terminally FLAG-tagged A) wild-type KIX, B) KIX-YAY, C) KIX-FDR, and D) anti-FLAG 
control. FLAG-KIX binding was detected by immunoblotting with anti-FLAG at a dilution of 1 
in 20,000, followed by application of HRP substrate and exposure to x-ray film. The array probed 
with wild-type KIX was exposed for 1 minute, while other three were exposed for 5 minutes. The 
sequences and positions of all peptides on the slides are shown in Appendix A. 
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 The remaining HEB PCET mutant peptides that displayed interactions with KIX-WT and 

KIX-YAY were subjectively compared to the wild-type HEB PCET spot within each array. Spots 

associated with HEB PCET mutant peptides that were consistently more intense in each replicate 

than the spots of wild-type HEB PCET are summarized in Table 3.4, with the HEB PCET mutant 

14-DKELQDLLSFSLQY-27 (denoted as number 175) appearing the most intense. All four of the 

identified HEB PCET mutant peptides comprised the Ala25Leu and Phe27Tyr substitutions with 

two of these also having the Met26Gln substitution. The conservation of these C-terminal 

substitutions among the identified HEB PCET mutant peptides suggests their direct role in 

enhanced KIX binding. Substitutions of Ser18 in HEB PCET (Ser18Gly for peptide 169 and 

Ser18Gln for peptide 175) also indicate that this position towards the N-terminus of the peptide 

plays a role in fine-tuning the interaction. To rationalize the potential contributions these 

substitutions have in the enhancement of KIX recognition, peptide 175 (14-

DKELQDLLSFSLQY-27) was modeled into the HEB PCET:KIX complex structure (PDB: 

2KWF)60, (Figure 3.8). As predicted by the single mutation model (Section 3.2.2), the Ser18Gln 

substitution appears capable of hydrogen bonding to the KIX domain, with a clear contact to 

Lys667 of KIX demonstrated in the model. The effect the Ala25Leu substitution is similar to the 

earlier model shown in Figure 3.6B, with the hydrophobic side chain of Leu interacting with a 

hydrophobic region of the KIX domain comprising Leu664 and aliphatic regions of the Lys667 

and Arg668 side chains. The Phe27Tyr substitution appears to function in a similar manner as 

Phe27Trp (Figure 3.6C), in that the hydroxyl group of the Tyr has the potential to hydrogen bond 

to Asp622 of the KIX domain, which the Phe cannot do. The model also suggested that enhanced 

KIX binding due to the Gln substituted at position 26 of HEB PCET might result from its ability   
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Table 3.4. Peptides that bind to KIX with a greater intensity than HEB E2A 

Peptide"ID" Sequence"

9!(Wild!Type!HEB!PCET)! D! K! E! L! S! D! L! L! D! F! S! A! M! F!

169! D! K! E! L! G! D! L! L! D! F! S! L! M! Y!

175! D! K! E! L! Q! D! L! L! D! F! S! L! Q! Y!

177! D! K! E! L! S! D! L! L! D! F! S! L! M! Y!

179! D! K! E! L! S! D! L! L! D! F! S! L! Q! Y!
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Figure 3.8. Ser18Gln, Ala25Leu, Met26Gln, and Phe27Tyr contribute to the enhanced 
interaction with KIX.  
Modeller was used to generate a model of Ser18Gln/Ala25Leu/Met26Gln/Phe27Tyr PCET bound 
to KIX. KIX is shown as a transparent surface, with a stick representation visible, and the 
modeled peptide is depicted as a cartoon with the affected residues shown as sticks. The 
structures are coloured by atom type, using red for oxygen and blue for nitrogen. Carbon is grey 
in the KIX structure, cyan in the unchanged residues of the peptide and yellow in the substituted 
positions. A) The N-terminal region of the peptide contains the mutation Ser18Gln. The hydrogen 
bond between the glutamine side chain and Lys667 of KIX is shown. B) The C-terminal region of 
the peptide, which contains the substitutions Ala25Leu, Met26Gln and Phe27Tyr. Gln26 has the 
potential to hydrogen bond to Arg671 of KIX, while Tyr27 may hydrogen bond to Asp622. 
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to hydrogen bond with Arg671 of the KIX domain, which is in close proximity in the model. 

3.3 E2A interacts with both TAZ domains of CBP/p300 

3.3.1 Generation of pure, folded recombinant TAZ domains 

 The TAZ1 and TAZ2 domains of CBP/p300 are helical Zn2+ finger protein modules that 

have been shown to interact with activation domains of numerous transcription factors, including 

p53, and STAT1 and STAT293; 114. To assess potential interactions between the activation 

domains of E2A and the TAZ domains, the generation of milligram quantities of pure and 

properly folded recombinant TAZ1 and TAZ2 was required. Recombinant expression in E. coli 

and purification to >95% homogeneity by affinity and ionic exchange chromatography (see 

Chapter 2 for details) led to yields of 2-5 mg/L for TAZ1 and 5-10 mg/L for TAZ2 (Figure 3.9A).  

To assess the folded state of each TAZ domain and the impact of Zn2+, far-UV CD spectra were 

recorded at room temperature (Figure 3.9B & C). The spectra for both recombinant TAZ1 and 

TAZ2 displayed a large positive band below 200 nm with a maximum at 192 nm and a broad 

negative band between 240 and 200 nm with minima at 208 nm, and in the case of TAZ2 also at 

223 nm. These spectral features are consistent with significant helical structure. To ensure that 

both protein modules were fully folded, additions of 1 and 3 equivalents of ZnCl2 were added. 

TAZ2 showed only minor changes in the CD spectra upon these additions, indicating no 

structural changes occurred and that the protein was fully folded. TAZ1, however, appeared to 

lose helical structure as additional Zn2+ was added. This phenomenon has previously been 

observed with TAZ1 before by NMR, in which the addition of excess Zn2+ to folded TAZ1 

caused a loss of ordered structure109. Thus, this finding suggests that TAZ1 adopted a folded state 

prior to the addition of excess Zn2+. The dependence of the TAZ domains on Zn2+ for the 
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Figure 3.9. Purification, secondary structure and stability of recombinant TAZ domains. 
A) Representative gel depicting TAZ2 purification. Lane 1: amylose column flow through, Lane 
2: amylose column wash fraction, Lane 3: amylose column elution fraction containing MBP-
TAZ2, Lane 4: thrombin cleavage of MBP from TAZ2, Lane 5: pooled fractions containing 
TAZ2 following ion exchange and size exclusion chromatography, Lane 6: MW standard 
markers. TAZ1 purification proceeded in a similar manner. Following purification, far-UV CD 
spectra were collected of B) 53 µM TAZ1 and C) 55 µM TAZ2 natively purified (black line), and 
in the presence of one (blue line) and three (green line) equivalents of ZnCl2. Spectra of 
recombinant TAZ1 and TAZ2 in the presence of 20 equivalents of EDTA are shown as red lines. 
The TAZ1 spectra were collected in 12.5 mM MES pH 6.8, 25 mM NaCl, 1.25 mM DTT while 
the TAZ2 spectra were collected in 5 mM HEPES pH 7.0, 50 mM NaCl, 0.5 mM BME.  
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maintenance of their structures was also examined through the addition of EDTA to the samples, 

which led to a significant decrease in intensity of the positive band at below 200 nm, and the 

appearance of a broad negative band between 240 and 195 nm with a minimum at 202 nm, which 

is consistent with random coil structure. 

 

3.3.2 Characterization of interactions between E2A and CBP/p300 TAZ1 

 To assess whether TAZ1 interacts with either of the activation domains of E2A, 

fluorescence anisotropy experiments and peptide microarray assays were employed (Figure 3.10). 

TAZ1 interacted with E2A PCET with a higher affinity (6 μM) than E2A AD2 full (12 μM) 

(Figure 3.10A). Peptide microarray data indicated that TAZ1 bound to the PCET motif of all E 

proteins (E2A, HEB, and E2-2) with similar intensities (Figure 3.10B), which is consistent with 

the high degree of sequence identity among the PCET motifs of the three E protein family 

members (Figure 1.2C). Of note, E2A AD2 full bound TAZ1 more tightly than either of the E2A 

AD2 sub-domains (AD2-1: 71 μM; AD2-2: 129 μM), which suggested both ΦxxΦΦ-containing 

subdomains of E2A AD2 contributed to TAZ1 recognition. Peptide microarrays were also used to 

assess the ability of TAZ1 to interact with other proteins that contain ΦxxΦΦ motifs. TAZ1 

demonstrated interactions to ΦxxΦΦ motif-containing regions of c-Myb, AD1 and AD2 of p53, 

c-Jun, and the HTLV-1 proteins HBZ and Tax (Figure 3.10C), indicating that a number of KIX-

interacting proteins may also interact with TAZ1. Surprisingly, TAZ1 also demonstrated 

interactions to the acidic negative control spots, suggesting that the domain may have the capacity 

to bind to a range of possible partners. 
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Figure 3.10. TAZ1 interacts with both of the ΦxxΦΦ motif containing E protein activation 
domains. 
A) Representative fluorescence anisotropy titration binding curves of TAZ1 titrated into FITC-
labeled E2A PCET (black), AD2-1 (red), AD2-2 (blue) and full-length AD2 (purple). Titrations 
were conducted in 50 mM MES pH 6.8, 5 mM BME at 15°C.%Curves%were%fit%to%a%single%site%
binding%model. B) A peptide microarray membrane synthesized with activation domains from 
E2A (PCET: 6-31; AD2-1: 387-412), HEB (PCET: 7-32), and E2-2 (PCET: 6-31) was probed 
with 5 µg/mL His6-GB1-TAZ1. Binding was detected by immunoblotting with anti-His6 at a 
dilution of 1 in 10,000 before application of HRP substrate and a 60 second exposure to the x-ray 
film. C) A peptide microarray membrane sythesized with peptides derived from ΦxxΦΦ motif 
containing proteins (c-Myb 288-318, MLL 2839-2864, HBZ 12-38, c-Jun 66-91, p53 AD1 9-34 
& AD2 40-65, and Tax 58-84) was probed with His6-GB1-TAZ1 as described in B). All peptides 
present in both arrays also had corresponding negative control spots featuring aspartic acids in 
place of the hydrophobic residues in the motif. 
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3.3.3 Characterization of interactions between E2A and CBP/p300 TAZ2 

 In a similar manner to what was done with TAZ1, interactions between PCET and AD2 

of E2A and the TAZ2 domain of CBP/p300 were assessed by fluorescence anisotropy and peptide 

microarray studies (Figure 3.11). TAZ2 interacted with both the PCET motif and AD2 of E2A 

sub-µM affinity (600 nM and 700 nM, respectively), which were higher affinity interactions than 

for either the KIX or TAZ1 domains of CBP/p300 (Figure 3.11A). Similar to TAZ1, both 

ΦxxΦΦ-containing subdomains of E2A AD2 appear to act in a synergistic manner, as the full 

length E2A AD2 construct binds more tightly to TAZ2 than either of the isolated AD2-1 or AD2-

2 constructs. 

 Peptide microarray analysis revealed TAZ2 bound to the PCET motifs of E2A, HEB, and 

E2-2, with the E2A PCET spot being most intense among the three (Figure 3.11B). This is in 

contrast to the microarray assessing KIX binding, where HEB and E2-2 spots displayed more 

intense spots (Section 3.2.1; Figure 3.3B & C). TAZ2 also displayed binding to E2A AD2-1, but 

the corresponding spot was far less intense than expected, given the measured 4.1 µM affinity by 

fluorescence anisotropy. Similar to TAZ1, TAZ2 also demonstrated binding by microarray to 

other ΦxxΦΦ motif-containing proteins, including c-Myb, the two HTLV-1 proteins, and p53 

AD1 and AD2, as well as to an acidic negative control (Figure 3.11C). Observing binding to p53 

was expected, and is consistent with work in the literature, in which the p53 AD1:TAZ2 

interaction has been both quantified by FA and structurally characterized by NMR93; 118. 
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Figure 3.11. TAZ2 interacts with both of the ΦxxΦΦ motif containing E protein activation 
domains. 
A) Representative fluorescence anisotropy titration binding curves of TAZ2 titrated into FITC-
labeled E2A PCET (black), AD2-1 (red), AD2-2 (blue) and full-length AD2 (purple). Titrations 
were conducted in 50 mM MES pH 6.8, 5 mM BME at room temperature.%Curves%were%fit%to%a%
single%site%binding%model. B) A peptide microarray membrane synthesized with activation 
domains from E2A (PCET: 6-31; AD2-1: 387-412), HEB (PCET: 7-32), and E2-2 (PCET: 6-31) 
were probed with 5 µg/mL His6-GB1-TAZ2. Binding was detected by immunoblotting with anti-
His6 at a dilution of 1 in 10,000 before application of HRP substrate and a 60 second exposure to 
the x-ray film. C) A peptide microarray membrane synthesized with peptides derived from 
ΦxxΦΦ motif containing proteins (c-Myb 288-318, MLL 2839-2864, HBZ 12-38, c-Jun 66-91, 
p53 AD1 9-34 & AD2 40-65, and Tax 58-84) was probed with His6-GB1-TAZ2 as described in 
B). All peptides present in both arrays also had corresponding negative control spots featuring 
aspartic acids in place of the hydrophobic residues in the motif. 
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3.4 Residues within and adjacent to the ΦxxΦΦ motif of PCET are important for its 

interaction with the TAZ domains 

 The role of the various positions within and adjacent to the ΦxxΦΦ motif of the PCET 

motif of the E proteins was assessed using peptide microarray-based alanine substitution analysis. 

Substitution of various residues within the motif and in the immediate flanking regions had a 

negative effect on the interaction between the E proteins and either TAZ domain (Figure 3.12). In 

particular, substitution of HEB residues Leu17, Leu20, and Leu21 within the ΦxxΦΦ motif and 

Asp22 and Phe23 adjacent to the motif abrogated binding to TAZ1. This finding is particularly 

interesting, given that the mutation of each of these affected residues to alanine has been 

previously shown to decrease or abrogate the affinity of PCET for the KIX domain as well, along 

with having a negative affect on E2A and E2A-PBX1 function59; 60. In contrast, no alanine 

substitutions completely disrupted binding to TAZ2. However, various substitutions from Leu17 

to Phe23 of HEB PCET displayed weakened binding, as inferred by the visible decrease in spot 

intensity (Figure 3.12). Ser18Ala was the only substitution within ΦxxΦΦ motif that did not 

display a decrease in intensity when probed with TAZ2. Of these residues, Phe23Ala had the 

most pronounced effect on TAZ2 binding, while the Leu20Ala substitution demonstrated only a 

slight decrease in binding. 

 To compensate for the semi-quantitative analysis of peptide microarrays in the 

assessment of TAZ binding to E2A PCET, isothermal titration calorimetry (ITC) was used to 

quantitate the effects of the identified E2A PCET mutations on TAZ1 and TAZ2 binding (Figure 

3.13A-F). Relative to wild-type E2A PCET (66.4 µM, CI=60.9-72.9), the Leu20Ala substitution 

showed no change in affinity for TAZ1 (64.6 µM, CI=57.4-73.8) while the Phe22Ala substitution 
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Figure 3.12. TAZ domain recognition of HEB AD1-PCET involves residues within and 
adjacent to the ΦXXΦΦ motif. 
A membrane synthesized with 26-resisdue HEB peptides comprising Arg7-Asn32 in which each 
residue has been individually replaced with alanine (or aspartate for Ala9, Ala10, and Ala25 
alanine in the wild-type sequence) were probed with a FLAG peptide solution (control) or 
solutions containing 10 µg/mL of His6-GB1-TAZ1 or His6-GB1-TAZ2. Binding was detected by 
immunoblotting with anti- His6 at a dilution of 1 in 10,000, followed application of HRP substrate 
and film of 60 seconds (TAZ1) or 10 seconds (TAZ2) prior to developing. 
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Figure 3.13. Interaction between E2A PCET and the TAZ domains of CBP/p300 as 
monitored by isothermal titration calorimetry. 

His6-GB1-E2A 1-37 constructs were titrated into solutions of the two TAZ domains. Raw 
calorimetric binding isotherms (upper panels) and the integrated heats after correction for heats of 
dilution (lower panels) are shown for TAZ1 and TAZ2 interactions with wild-type E2A PCET (A 
& D, respectively), with a Leu20Ala E2A PCET mutant (B & E, respectively), and with a 
Phe22Ala E2A PCET mutant (C & F, respectively).  
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showed an unexpected 2-fold increase in affinity (37.5 μM, CI=34.7-40.8). The binding isotherms 

of the E2A PCET:TAZ2 interaction not only provided binding affinities (Table 3.5), but they also 

indicated a two-site binding mechanism, despite a one-to-one stoichiometry, suggesting that E2A 

PCET may have two attachment points on the TAZ2 domain (Figure 3.13D). The first of the sites 

is entropically driven, which generally occurs as a result of the hydrophobic effect and solvent 

reorganization upon binding128. The second binding event is enthalpically driven, typical of 

electrostatically driven binding128. Both the Leu20Ala and Phe22Ala substitutions had an effect 

on the affinity of E2A for TAZ2 at both binding sites, however the differences in affinity were 

greater for the second binding event, which describes the enthalpically driven binding site (Figure 

3.13E & F). The relative affinities of TAZ2 for wild-type E2A PCET and each of the PCET 

mutants correlated to what was expected based on the intensities observed in the alanine 

substitution microarray. The Phe22Ala E2A PCET mutant binds to TAZ2 with the lowest affinity 

of peptides tested by ITC, which corresponds to it having the weakest spot intensity in the 

microarray, while the Leu20Ala E2A PCET mutant showed a moderate affinity, corresponding to 

a smaller decrease in intensity relative to wild-type E2A PCET. 
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Table 3.5. ITC determined affinities for the two binding sites in TAZ2 

Ligand" Kd1"(µM)" Kd1"CI"(µM)" Kd2"(µM)" Kd2"CI"(µM)"

Wild!type!PCET! 1.6! 1.2D2.4! 9.7! 8.7D10.9!

PCET!L20A! 4.4! 4.2D4.6! 64.7! 52D85.4!

PCET!F22A! 7.9! 4.3D47.6! 226! 124D1220!
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Chapter 4 

Discussion 

4.1 Putative models of the E2A:CBP/p300 interaction 

 To date, the interaction between E2A and CBP/p300 was thought to only involve the KIX 

domain of CBP/p300. The work of this thesis, however, suggests that both TAZ1 and TAZ2 may 

also be involved, as interactions were observed between both TAZ domains and both activation 

domains of E2A. This finding was unexpected based on the work by Bayly and colleagues in 

200432, where pull down experiments using each domain of CBP/p300, including both TAZ 

domains, as bait for E2A indicated neither TAZ domain interacted with E2A. Examination of the 

recombinant protein expression and purification protocols used in this study, however, suggests a 

potential rationale for this discrepancy. The domains of CBP/p300 that were used in the pull 

down experiments were expressed and purified as GST-fusion constructs and were grown using 

standard protocols and media. The work described in this thesis and by others108; 109 have 

demonstrated the critical role of Zn2+ for the structural stability and thus function of the TAZ 

domains. Many common protocols for expressing the TAZ domains involve supplementing the 

media with ZnCl2
112; 113; 114; 129. Furthermore, many protein expression tags, such as GST, MBP 

and GB1, can increase the solubility of the recombinant TAZ domains, allowing them to stay in 

solution despite not being properly folded. The TAZ2 purification protocols described in Section 

2.1.3 demonstrate this, as even with supplementary Zn2+, the TAZ2 portion of the fusion proteins 

remained unfolded, and required the addition of Zn2+ during the purification process in order to 

stably fold. Thus, it is possible that interactions between E2A and the TAZ domains were not 

identified in the 2004 study as a result of the domains being improperly folded. 
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 The possibility for multiple contacts between CBP/p300 and E2A may have implications 

for how these proteins interact in vivo, particularly because E2A binds to DNA as a dimer23. 

Between this and the fact that both activation domains could be involved in co-activator 

recruitment, there are four possible sites that can interact with CBP/p300. Similarly, CBP/p300 

has at least three sites that can interact with E2A – TAZ1, KIX and TAZ2. It is therefore possible 

that several of these interactions are taking place at any given time, which would enhance the 

affinity of the interaction (Figure 4.1). A similar model has been proposed for the interaction 

between p53 and CBP/p300, in which four domains of CBP/p300 – KIX, TAZ1, TAZ2 and IBiD 

– are capable of interacting with the activation domains of p53, which itself binds to DNA as a 

tetramer93. In this model, each p53 monomer interacts with a domain of CBP/p300. Similar to 

E2A, p53 has varying affinities for each of the domains, with the highest affinity interaction 

being to TAZ293. It has been proposed that the domains displaying the highest affinity may serve 

as a focal point for the interaction between the full length molecules, and that p53 may compete 

for binding to the other domains, potentially losing out to other proteins and allowing for the 

formation of larger multi-protein complexes to form93. Such a situation may also occur in the 

interaction between full length E2A and CBP/p300, with the interaction centered on the KIX 

domain of CBP/p300 and E2A PCET, and the TAZ domains acting in a supporting role.  

 

4.2 The physiological relevance of the interactions between E2A and the TAZ 

domains 

 It is possible that the interactions observed between the TAZ domains and E2A occur 

purely in vitro. Large multi-protein complexes form at promoter and enhancer regions of the 

genome; many possible binding partners may be present for each of the domains of CBP/p300  



 

 

 

71 

 
 
Figure 4.1. A putative model of the full length E2A:CBP/p300 interaction. 
The E2A dimer bound to an E box site upstream of a gene has a total of four ADs that can 
interact with the various domains of CBP/p300. Since TAZ1, KIX and TAZ2 of CBP/p300 have 
all demonstrated an ability to interact with the ADs of E2A, the full length CBP/p300 may make 
multiple contacts to the E2A dimer. 
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that might preferentially bind to the domains in place of E2A. Furthermore, these complexes may 

crowd the site of interaction and occlude E2A from interacting with one or more of the CBP/p300 

domains. One other binding partner of CBP/p300 is TFIIB, whose binding site has been broadly 

mapped to a region of CBP/p300 that includes TAZ275. It is known that CBP/p300 functions in 

hematopoiesis in a HAT-independent manner85, which means that the ability of CBP/p300 to act 

as a bridge between transcription factors like E2A and the transcriptional machinery might be its 

primary function in this context, and that this recruitment may prevent E2A from interacting with 

TAZ2 in vivo. 

 The molecular determinants of the interactions between E2A and each domain of 

CBP/p300 would prove useful in determining which interactions play important roles in a 

physiological context. The fact that E2A PCET and the ΦxxΦΦ-containing regions of E2A AD2 

interact with all three domains complicates this analysis. However, detailed structural and 

biophysical information on a per-residue basis may allow differences between the interactions to 

be identified and exploited. The interaction between the KIX domain and E2A PCET is currently 

the best characterized, and the binding determinants of the interactions between E2A PCET and 

the TAZ domains can be compared to it. This may allow for specific CBP/p300 domains to be 

ruled out or included for further analysis on the basis of physiological effects that correlate to 

various resides in E2A PCET.  Biophysical and ex vivo experiments have demonstrated that the 

mutation of Glu15, Leu16, Leu19, Leu20, Asp21 or Phe22 to alanine result in impaired binding 

to KIX59; 60. Leu20Ala, in particular, has also been correlated with a physiological effect with 

respect to E2A-PBX1, impairing the transformative properties of the fusion protein59. Glu15Ala, 

Leu16Ala, Asp21Ala and Phe22Ala substitutions have also been associated with an inability for 

E2A-PBX1 to induce immortalization in bone marrow cells60. Consistent with the importance of 
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the ΦxxΦΦ motif in TAZ recognition, a number of these mutations were shown by peptide 

microarray analysis to have an effect on binding to TAZ1 and TAZ2. Of particular note is that 

Leu20Ala abrogated binding to TAZ1 in the peptide microarray studies and produced a slightly 

less intense signal for binding to TAZ2. Based on the importance of Leu20 in E2A and E2A-

PBX1 function, this would suggest that E2A PCET may not be interacting with TAZ2 in vivo, but 

may be interacting with TAZ1. 

 

4.2.1 Conflicting data between different techniques 

 A complicating factor in assessing the binding determinants of the interactions between 

E2A PCET and the TAZ domains is the level of inconsistency observed between techniques. In 

the case of TAZ1, both Leu20Ala and Phe22Ala abrogate binding based on peptide microarray 

analysis. When these interactions were quantified by ITC, however, Leu20Ala showed the same 

approximate affinity as wild-type E2A PCET and the Phe22Ala E2A PCET mutant showed an 

approximate two-fold tighter interaction. The ITC-based affinities of the PCET mutants for TAZ2 

are more consistent with the peptide microarray data, as neither Leu20Ala nor Phe22Ala 

completely abrogated binding in the microarray analysis, and the corresponding affinities 

measured by ITC were weaker than wild-type and followed the expected trend based on relative 

peptide microarray spot intensities.  

 Furthermore, there is also some discrepancy between affinities measured by ITC and by 

fluorescence anisotropy. The fluorescence anisotropy-derived affinity of E2A PCET for the 

TAZ1 domain was approximate ten-fold tighter than that determined by ITC. While this may be 

attributed to steric disruptions as a result of the His6-GB1 tag that was present in the ITC studies, 

it also may be due to the fluorophores interacting non-specifically with the TAZ1 domain during 
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the fluorescence anisotropy titrations. A similar situation may also be the case with TAZ2. The 

fluorescence anisotropy-based E2A PCET affinity for TAZ2 was 600 nM while ITC analysis 

gave rise to a Kd value of 9.7 µM (Kd2). More striking, E2A AD2-1 binds to TAZ2 with an 

affinity of 4.1 µM, as determined by FA, but appears as a very faint spot in the peptide 

microarray analysis. Given that many of the interactions detected by peptide microarray analysis 

are in the low µM range, it would be expected that this interaction would be observed with 

relatively strong intensity. If the fluorescent tags were in fact contributing to binding, it would 

have ramifications beyond the work presented in this thesis and question the validity of binding 

affinities reported in the literature. For example, fluorescence anisotropy has also been used to 

study the interactions between the TAZ domains and p53, and interestingly, the Kd values 

reported by these studies are within the same range as those reported in this thesis, specifically 

with sub-µM affinities reported between the activation domains of p53 and TAZ293; 130.  

 

4.2.2 Possible roles for the TAZ domains binding to AD2 

 Ruling out physiological interactions between E2A PCET and either TAZ domain still 

allows for potential in vivo interactions between the TAZ domains and E2A AD2. As determined 

by fluorescence anisotropy, TAZ1 interacts with E2A AD2 with the same approximate affinity as 

the KIX domain. TAZ2 also demonstrated a high affinity interaction with E2A AD2. While the 

potential for non-specific interactions between the fluorescent tag and the TAZ domains must be 

considered, these interactions are possible. Unlike E2A PCET, the physiological roles of the E2A 

AD2 residues have not been as thoroughly studied. Mutation of residues found in the ΦxxΦΦ 

motif of the first cassette of E2A AD2 (AD2-1) have been shown to abrogate binding to the KIX 

domain, similarly to how the corresponding residues of E2A PCET function. These mutations 
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also correlate to a decrease in the ability of E2A to drive transcription of a reporter gene in a 

PCET-deleted background125. What are not known at this time are how individual residues within 

E2A AD2-1 affect binding to either TAZ domain, or how E2A AD2-2 contributes to the 

interaction. E2A AD2-2 does not contribute significantly to KIX domain binding, and only AD2-

1 of E2A AD2 needs to be deleted in concert with the PCET motif to completely abrogate the 

ability of E2A to pull down CBP/p30032. However, AD2-1 is the more tightly interacting cassette 

of E2A AD2 regardless of the CBP/p300 domain studied, and so it stands to reason that, if 

deleted, it would have a significant effect. Investigation into possible mutations with E2A AD2-2 

may allow for the contributions of the KIX domain and the TAZ domains to be differentiated, as 

they are more likely to have an effect on E2A function if the TAZ domains are involved. 

 

4.3 Using existing TAZ complex structures to gain insight into the E2A interactions 

 Currently, no detailed structural information is available for the interactions between 

TAZ domains and either activation domain of E2A. In this absence, it may be possible to gain 

insight into potential binding sites through analysis of the existing structures of the TAZ domains 

in complex with their respective ligands. Indeed, the ΦxxΦΦ motif is a commonly found motif in 

variety of transcription factors34; 131. Due to the propensity of E2A PCET to adopt a helical 

conformation upon binding, as observed in the PCET:KIX structure60, E2A is likely to bind to the 

TAZ domains at regions where ΦxxΦΦ motif-containing sequences adopt a helical structure. 

 

4.3.1 HIF-1α, STAT2 and CITED2 all contain ΦxxΦΦ motif-like sequences 

 All three of the proteins for which structures have been determined in complex with 

TAZ1 contain multiple ΦxxΦΦ motifs (Figure 4.2). CITED2 has two such motifs, residues 228- 
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Figure 4.2. Potential E2A binding sites on TAZ1 determined through the analysis of existing 
TAZ1:peptide complex structures.  
ΦxxΦΦ-motif containing regions of STAT2 (yellow cartoon), HIF-1α (magenta cartoon) and 
CITED2 (orange cartoon) provide insight into possible E2A binding sites on TAZ1 (blue 
surface). A) HIF-1α residues 103-106 (ACRLL) and CITED2 residues 228-232 (LMSLV) both 
bind to TAZ1 along the exposed face of helix 1. The hydrophobic residues of CITED2 are shown 
as sticks to demonstrate how E2A may be interacting. B) CITED2 residues 243-247 (LPELW) 
and STAT2 resides 802-806 (PMEIF) interact at the same site of TAZ1, in a cleft formed by 
TAZ1 helices 2 and 3 as they wrap around helix 1. For clarity only the hydrophobic residues of 
STAT2 are shown as sticks. C) HIF-1α contains a second motif from residues 138-142 (GEELL) 
which interacts with TAZ1 at the interface between TAZ1 helices 2 and 3. The glycine and two 
leucines are shown as sticks to indicate the potential interactions made by E2A. D) STAT2 has a 
second motif from residues 819-823 (GDPLL). They interact with TAZ1 at the loop region 
connecting helices 3 and 4. Due to the central proline, this sequence does not form a helix upon 
binding, and thus less likely to be the actual E2A site, however residues of the motif still contact 
TAZ1 and have been shown as sticks.  
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232 (LMSLV) and 243-247 (LPELW)113. The first region adopts a helical conformation while the 

second exists in a more extended conformation113. These regions are both interesting as their 

binding sites align with those of ΦxxΦΦ motifs found in HIF-1α and STAT2112; 114. CITED2 

residues 228-232 interact at the same site on TAZ1 as HIF-1α residues 103-106 (ACRLL) (Figure 

4.2A), with HIF-1α adopting a more irregular structure112. CITED2 residues 243-247, on the 

other hand, bind at the same site as STAT2 residues 802-806 (PMEIF) (Figure 4.2B). STAT2 

varies somewhat from the CITED2 structure at this region, as it adopts a helical conformation in 

comparison to CITED2’s extended structure. In addition, the latter protein contacts TAZ1 in the 

opposite direction with respect to the N and C termini114. What both of these sites demonstrate, 

regardless of structural conservation, is that they are capable of accommodating ΦxxΦΦ motif-

containing sequences. Two additional possible sites exist on TAZ1 – the site that interacts with 

HIF-1α residues 138-142 (GEELL) (Figure 4.2C), which adopts a helical conformation112, and 

the site that interacts with STAT2 residues 819-823 (GDPLL) (Figure 4.2D), although this site is 

less likely due to its turn structure114. 

 Looking beyond the lone ΦxxΦΦ motif in E2A PCET, these structures may also shed 

light on the interaction between full-length E2A AD2 and TAZ1. In both CITED2 and STAT2, 

the ΦxxΦΦ motifs are located 10 and 12 residues apart, respectively, which is similar to the 13 

residues that separate the ΦxxΦΦ motifs in E2A AD2113; 114. Thus E2A AD2 may interact with 

TAZ1 in a manner that mimics either of these proteins. 

 

4.3.2 E2A may interact with TAZ2 similar to p53 AD1 

 Predicting the E2A PCET binding site on TAZ2 is somewhat more straightforward, due 

to the conservation of the ΦxxΦΦ motif within the PCET motif and that of p53 AD1. As 
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described in Section 1.7, the p53 AD1 binding site is a discrete surface on TAZ2 (Figure 4.3A). 

Interestingly, this is the same site that a region of STAT1 interacts with TAZ2, comprising 

residues 720-724 (TDNLL)114. While not a perfect ΦxxΦΦ motif, this region is similar, with its 

two leucine residues, supporting the ability of this site to interact with ΦxxΦΦ motif-containing 

sequences. Recently, preliminary NMR analysis of the E2A PCET binding site on TAZ2 has 

revealed that E2A PCET does appear to interact at this site (D. Langelaan, personal 

communication). 

 Similar to TAZ1, the structure of STAT1 in complex TAZ2 may reveal something about 

a potential E2A AD2 binding site. In addition to the pseudo ΦxxΦΦ motif at residues 720-724, 

STAT1 has a second ΦxxΦΦ motif at residues 734-738 (VSRIV), which adopts a helical 

structure114 (Figure 4.3B). It is possible, then, that the two cassettes of E2A AD2 interact at these 

two sites. 

 

4.3.3 Regions of the STAT domains may explain unexpected microarray results 

 Unexpectedly, both TAZ domains interacted with some of the negative control peptides 

in the microarray studies described in Sections 3.3.2 and 3.3.3. These spots are notable in that the 

hydrophobic residues have been substituted with aspartic acids, making them highly acidic, so no 

interactions were expected between TAZ1 or TAZ2 and any of these spots. Analysis of the 

TAZ:STAT complex structures114, however, shows that the regions of the STAT proteins that 

interact with the TAZ domains contain acidic sequences, particularly residues 729-733 of 

STAT1114. Considering this observation, and the relatively extensive binding sites that exist on 

the TAZ domains and the diverse modes of ligand recognition (described in Section 1.7), it is  
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Figure 4.3. Existing TAZ2:peptide complex structures provide insight into the E2A binding 
sites on TAZ2. 
A) TAZ2 (green surface) in complex with p53 AD1 (red cartoon with stick representations of the 
hydrophobic residues). The ΦxxΦΦ motif in p53 AD1 is analogous to the motif in E2A AD1-
PCET. Preliminary NMR data suggests that E2A AD1-PCET does indeed bind at this site on 
TAZ2, in the cleft between helices 1, 2 and 3. B) Two regions of STAT1 (purple cartoon) contain 
ΦxxΦΦ motif-like sequences, spanning residues 720-724 (TDNLL; the more extended region) 
and 734-738 (VSRIV; the C-terminal end of the helix). The hydrophobic residues of both of these 
regions interact with the TAZ2 molecule (shown as sticks). The first motif interacts at the same 
site as p53, while the second interacts with the face of TAZ2 helix 3. These motifs are separated 
by a similar number of residues as the two motifs in E2A AD2, and thus represent a possible 
mode of binding for this region of E2A and TAZ2. 
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reasonable that the TAZ domains are capable of interacting with some of these negative control 

spots. 

 

4.4 Post-translational modifications of E2A 

 Post-translational modifications are an important way of regulating the activity and 

function of proteins, with p53 serving as a prime example132. In the case of E2A, modifications 

that fall within PCET or AD2 are likely to have effects on the affinities of these regions for the 

domains of CBP/p300. As previously described, this is seen as a result of the CBP/p300-

catalyzed acetylation of Lys34, which has a 2-fold increase on the relative affinity of E2A PCET 

for CBP/p30086. In addition, E2A is phosphorylated by a variety of kinases including casein 

kinase II, Akt and p38, however none of the known phosphorylation sites are found within AD1 

or AD2133; 134; 135. It is possible that unidentified phosphorylation sites exist in these regions, 

particularly upon comparison of the activation domains of E2A and p53. Several serine and 

threonine residues are phosphorylated in the activation domains of p53, including Ser15, Thr18, 

Ser20, Ser33, Ser37, Ser46, and Thr55. Modification of these residues in isolation or in 

combination has been demonstrated to increase the affinity of p53 for the domains of 

CBP/p300118; 129; 130. A sequence alignment of p53 AD1 and AD2 with the activation domains of 

E2A shows that the location of some of these residues in relation to ΦxxΦΦ motifs is conserved 

between the two proteins (Figure 4.4). In particular, Ser15 and Ser46 of p53 AD1 and AD2, 

respectively, align with Thr12 in E2A PCET and Thr411 in E2A AD2. Ser20 of p53 AD1 also 

aligns with Ser17 in E2A PCET. It is possible at least some of these residues in E2A are the 

targets of unidentified kinases, and that phosphorylation at these sites may increase the affinity of 

E2A for the various domains of CBP/p300 similarly to the p53 interactions with CBP/p300129; 130.   
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Figure 4.4. Phosphorylation sites in p53 align with serine and threonine residues in E2A’s 
activation domains. 
AD1 and AD2 of p53 are aligned with E2A PCET, AD2-1 and AD2-2. There are five of p53’s 
phosphorylation sites accounted for in this alignment: Ser15, Thr18, Ser20, Ser46 and Thr55, 
some of which align to possible phosphorylation sites in E2A. Known p53 phosphorylation sites 
and the corresponding sites in E2A have been coloured orange. The hydrophobic residues of the 
ΦxxΦΦ motifs have been coloured a pale yellow for clarity. 
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The potential of phosphorylation altering the affinity of the interactions between E2A and 

CBP/p300 is a useful consideration when attempting to enhance the affinities of PCET-derived 

peptides for the domains of CBP/p300. 

 

4.5 Using peptides to inhibit the E2A PCET:KIX interaction 

 As described in Section 1.6.1, the PCET:KIX interface has been a target for inhibition by 

small molecules103; 104; 105; 106. Such an inhibitor would be incredibly useful in probing the function 

of E2A in B cell development. In the context of E2A-PBX1, an inhibitor that targets this 

interaction has the potential to be useful in the study of ALL as a result of t(1;19) and could be 

developed into a therapeutic for clinical use. Apart from small molecules, peptides and 

peptidomimetics can also be used to disrupt protein:protein interactions. This approach has been 

used in the study of other systems, and peptide inhibitors have been developed to target the p53 

binding sites of MDM2 and MDMX136, and the co-repressor recruitment domain of BCL6, a 

protein implicated in B-cell lymphomas137. As such, the development of PCET-derived peptides 

with enhanced affinity for the KIX domain was pursued with this purpose in mind. 

 As a result of probing four iterative peptide microarrays, a PCET-based 14-mer, 

DKELQDLLDFSLQY, stands as the apparent highest affinity binding peptide identified via 

peptide microarray analysis, and represents the lead peptide for further development as a 

PCET:KIX inhibitor. The immediate next step in the process of further developing this peptide is 

to validate the apparent enhanced binding by biophysical methods, particularly given the 

inconsistencies observed between biophysical experiments and the TAZ domain-based 

microarray data. ITC would be a very straightforward means of measuring the affinity of this 

peptide for the KIX domain. In addition, a competitive fluorescence anisotropy assay can be used 
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to demonstrate that it is capable of disrupting the PCET:KIX interaction. Once confirmed, there 

are two subsequent major issues that need to be addressed with this being a peptide-based 

inhibitor, including assessing cell penetration and the in vivo (in)stability of L-peptides. 

 Several methods exist to allow peptides entrance into cells. The most straightforward of 

these methods is the addition of cell penetrating tags to the respective peptide. A number of 

studied cell penetrating tags are highly basic, like the peptides YGRKKRRQRRR derived from 

the HIV protein TAT and poly-arginine138, and polyamine groups like spermine139. Fatty acids 

like stearic acid have also been conjugated to peptides to facilitate entry into cells140. Apart from 

the addition of a tag, decorated liposomes have also been used to deliver peptide-based inhibitors 

to the target cells, as has been shown for inhibitors of the p53:MDM2 interaction141; 142. 

Considering cell penetration, a PCET:KIX inhibitor must also localize to the nucleus in order to 

interact with CBP/p300. Luckily, some tags, such as basic peptides, also have nuclear localizing 

properties138, so it may be possible to achieve both cell penetration and proper targeting within 

the cell from a single moiety. However, it will very likely be necessary to test several of these 

modifications to determine which best facilitates delivery of the PCET:KIX inhibitor into the 

nucleus of immature B-cells. For cell-based studies, the addition of a fluorescent tag to the 

peptide would be useful for this purpose, as it would allow the peptides to be tracked. 

 Stability, on the other hand, is a problem innate to using peptides as they are easily and 

readily degraded by proteases. The use of D-amino acids can assist in overcoming this obstacle 

since their stereochemistry is not readily recognized by proteases. This approach has been 

successful in targeting the MDM2:p53 interaction, for example141. In order to maintain the proper 

side chain topology of the L-peptide, a technique called “retro-inversion” is used to convert to the 

D-peptide, whereby the D-peptide is synthesized with the reverse sequence of the L-peptide138. 
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The BCL6 co-repressor recruitment domain was targeted using this method in a follow up study 

to the initial L-peptide inhibitor discovery, with the retro-inverso D-peptide displaying 

considerable anti-lymphoma activity and enhanced longevity in cells143. This approach will likely 

be necessary in order to develop a stable PCET:KIX inhibitor. 

 Once these three criteria have been met – biophysical validation of the peptide, cell 

penetration, and stability – the peptide can then be used in a variety of assays to assess its activity 

in the context of both B cell development and t(1;19)-mediated transformation. In particular, the 

peptide-based inhibitor should be capable of disrupting E2A-driven transcriptional activation of 

reporter genes, and will antagonize both B-lymphopoiesis in hematopoietic cells and the 

transformative properties of E2A-PBX1 like immortalization, colony formation, growth, and cell-

cycle progression. 

 

4.5.1 Considerations when using peptide microarrays 

 While making use of the SPOT peptide microarrays to study E2A interactions with KIX 

and the two TAZ domains, a number of observations with respect to the technique itself were 

made. As demonstrated in Section 3.2.1 and Figure 3.3, the detection of binding using the peptide 

microarray technique is quite sensitive to the concentration of the antibody used. In the case of 

FLAG-KIX WT, for example, a 1 in 5000 dilution of antibody (Figure 3.3C) allowed for the 

detection of binding to the PCET motif of each E protein, MLL, c-Myb, and p53 AD2. At a 1 in 

10,000 dilution, binding to p53 was no longer observed (data not shown). Lastly, at a 1 in 20,000 

antibody dilution (Figure 3.3B), the interactions with MLL and E2A PCET appear only very 

weakly. When using this technique as a means of observing binding, it therefore appears that an 

antibody concentration cut-off exists for what is detectable, which can lead to false negatives. For 
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determining peptides that bind with higher affinity, as was the goal in this thesis, this property is 

actually quite useful, allowing for the stratification of peptides based on apparent affinity. By 

decreasing the antibody concentration, peptides that bind more weakly can be easily excluded 

from further analysis. 

 

4.6 Future directions 

 While studies have begun to quantitatively assess and validate the mutations in the E 

protein PCET motif that were identified by peptide microarray analysis to have a deleterious 

effect on binding to the TAZ domains, they are far from complete. In addition to replicating the 

ITC experiments presented in Section 3.4 involving wild-type E2A PCET and the corresponding 

Leu20Ala and Phe22Ala mutants, the mutation of other residues within the PCET motif should 

also be considered, including Leu16Ala, Leu19Ala, and Asp21Ala. These experiments would be 

complimented by the use of NMR spectroscopy to elucidate the structures of E2A PCET:TAZ 

complexes. Analysis of these structures would be useful in providing a rationale for the effects of 

these mutations. A similar approach should also be taken to studying the interactions between the 

TAZ domains and E2A AD2. Specifically, making use of peptide microarrays to look for 

abrogating mutations within E2A AD2 and then validating them by ITC and structural studies. As 

described throughout Section 4.2, the potential identification of abrogating mutations unique to 

each domain of CBP/p300 would be incredibly useful for in vivo studies that would aim to assess 

the roles of each domain in the function of full length CBP/p300 and E2A. If such mutations were 

identified, a useful initial experiment would be to use the E2A-driven transactivation of a reporter 

gene to study the effects of each CBP/p300 domain on E2A function59. Alternatively, the same 

experiment can be approached from the opposite direction, whereby mutations are introduced into 
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CBP/p300. A triple mutation within the KIX domain is known to abrogate binding at the PCET 

site100, and through structural studies, candidate mutations to be made within the TAZ domains 

that abrogate E2A binding may also be identified. These proposed studies could then be used in 

combination to selectively knock out the ability of E2A to interact with various domains, and thus 

help determine which are critical for E2A function. 

 The other major issue that needs to be addressed with respect to the biophysical analysis 

of the TAZ domains interacting with E2A is the discrepancy between fluorescence anisotropy and 

ITC data. NMR-based titrations are a complimentary approach that can be used to quantitatively 

measure binding affinities. Applying such an approach to the TAZ domains would help to address 

the discrepancies by providing a third, independent method that may support the results 

determined by one technique over the other. Alternatively, the fluorescent peptides used in the 

fluorescence anisotropy titrations can be used in ITC-based analysis. If the difference in affinities 

were the result of a non-specific interaction between the TAZ domains and the FITC or FAM 

tags, ITC experiments would be expected to replicate the tight binding observed by fluorescence 

anisotropy. Ascertaining accurate affinities for the interactions between E2A and the TAZ 

domains may also contribute to the determination of a physiological role for the domains, as 

weaker affinities are more likely to be out-competed by other proteins.   

 This thesis describes the identification of a lead peptide to disrupt the E2A:CBP/p300 

interaction by targeting the KIX domain. This peptide is still in the early stages of development, 

and many validation steps and improvements to the peptide itself are still required, as discussed in 

Section 4.5. A major issue in the development of this peptide as an inhibitor, however, is the 

potential for the TAZ domains to interact with E2A while being immune to the inhibitor’s effects. 

We have demonstrated that interactions between E2A and both TAZ domains are possible in 
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vitro, however a physiological role for these interactions still needs to be authenticated. This is 

important for establishing whether or not the TAZ domains have the potential to complicate the 

inhibition of the E2A:CBP/p300 interaction. The above-described experiments will likely be 

useful in achieving this goal. 
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Appendix A 

Peptide Microarray Slide Schematics 

HEB Single Substitution Microarray 
 
Every residue in HEB-PCET (Asp14-Phe27) was substituted for all other of the twenty 
standard amino acids, as indicated. Each substitution has been assigned an identifying 
number corresponding to its location on the microarray slide. Red boxes indicate the wild 
type sequence. Five other peptides were included, indicated below. 
  
!! D14" K15" E16" L17" S18" D19" L20" L21" D22" F23" S24" A25" M26" F27"
A" 1! 21! 41! 61! 81! 101! 121! 141! 161! 181! 201! 221! 241! 261!
R" 2! 22! 42! 62! 82! 102! 122! 142! 162! 182! 202! 222! 242! 262!
N" 3! 23! 43! 63! 83! 103! 123! 143! 163! 183! 203! 223! 243! 263!
D" 4! 24! 44! 64! 84! 104! 124! 144! 164! 184! 204! 224! 244! 264!
C" 5! 25! 45! 65! 85! 105! 125! 145! 165! 185! 205! 225! 245! 265!
Q" 6! 26! 46! 66! 86! 106! 126! 146! 166! 186! 206! 226! 246! 266!
E" 7! 27! 47! 67! 87! 107! 127! 147! 167! 187! 207! 227! 247! 267!
G" 8! 28! 48! 68! 88! 108! 128! 148! 168! 188! 208! 228! 248! 268!
H" 9! 29! 49! 69! 89! 109! 129! 149! 169! 189! 209! 229! 249! 269!
I" 10! 30! 50! 70! 90! 110! 130! 150! 170! 190! 210! 230! 250! 270!
L" 11! 31! 51! 71! 91! 111! 131! 151! 171! 191! 211! 231! 251! 271!
K" 12! 32! 52! 72! 92! 112! 132! 152! 172! 192! 212! 232! 252! 272!
M" 13! 33! 53! 73! 93! 113! 133! 153! 173! 193! 213! 233! 253! 273!
F" 14! 34! 54! 74! 94! 114! 134! 154! 174! 194! 214! 234! 254! 274!
P" 15! 35! 55! 75! 95! 115! 135! 155! 175! 195! 215! 235! 255! 275!
S" 16! 36! 56! 76! 96! 116! 136! 156! 176! 196! 216! 236! 256! 276!
T" 17! 37! 57! 77! 97! 117! 137! 157! 177! 197! 217! 237! 257! 277!
W" 18! 38! 58! 78! 98! 118! 138! 158! 178! 198! 218! 238! 258! 278!
Y" 19! 39! 59! 79! 99! 119! 139! 159! 179! 199! 219! 239! 259! 279!
V" 20! 40! 60! 80! 100! 120! 140! 160! 180! 200! 220! 240! 260! 280!

!
281! DKELSDLLDFSAMF! WT!HEB!
282! DKELpSDLLDFSAMF! S18!phosphorylated!
283! DKELSDLLDFpSAMF! S24!phosphorylated!
284! DKELpSDLLDFpSAMF! S18!and!S24!phosphorylated!
285! DPEKEKRIKELELLLMSTENEL! cDMyb!
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 1" 2" 3" 4" 5" 6" 7" 8" 9" 10" 11" 12" 13" 14" 15" 16" 17" 18" 19" 20" 21" 22" 23" 24"  

 1" 2" 3" 4" 5" 6" 7" 8" 9" 10" 11" 12" 13" 14" 15" 16" 17" 18" 19" 20" 21" 22" 23" 24"  

 25" 26" 27" 28" 29" 30" 31" 32" 33" 34" 35" 36" 37" 38" 39" 40" 41" 42" 43" 44" 45" 46" 47" 48"  

 25" 26" 27" 28" 29" 30" 31" 32" 33" 34" 35" 36" 37" 38" 39" 40" 41" 42" 43" 44" 45" 46" 47" 48"  

 49" 50" 51" 52" 53" 54" 55" 56" 57" 58" 59" 60" 61" 62" 63" 64" 65" 66" 67" 68" 69" 70" 71" 72"  

 49" 50" 51" 52" 53" 54" 55" 56" 57" 58" 59" 60" 61" 62" 63" 64" 65" 66" 67" 68" 69" 70" 71" 72"  

 73" 74" 75" 76" 77" 78" 79" 80" 81" 82" 83" 84" 85" 86" 87" 88" 89" 90" 91" 92" 93" 94" 95" 96"  

 73" 74" 75" 76" 77" 78" 79" 80" 81" 82" 83" 84" 85" 86" 87" 88" 89" 90" 91" 92" 93" 94" 95" 96"  

 97" 98" 99" 100" 101" 102" 103" 104" 105" 106" 107" 108" 109" 110" 111" 112" 113" 114" 115" 116" 117" 118" 119" 120"  

 97" 98" 99" 100" 101" 102" 103" 104" 105" 106" 107" 108" 109" 110" 111" 112" 113" 114" 115" 116" 117" 118" 119" 120"  

 121" 122" 123" 124" 125" 126" 127" 128" 129" 130" 131" 132" 133" 134" 135" 136" 137" 138" 139" 140" 141" 142" 143" 144"  

 121" 122" 123" 124" 125" 126" 127" 128" 129" 130" 131" 132" 133" 134" 135" 136" 137" 138" 139" 140" 141" 142" 143" 144"  

 145" 146" 147" 148" 149" 150" 151" 152" 153" 154" 155" 156" 157" 158" 159" 160" 161" 162" 163" 164" 165" 166" 167" 168"  

 145" 146" 147" 148" 149" 150" 151" 152" 153" 154" 155" 156" 157" 158" 159" 160" 161" 162" 163" 164" 165" 166" 167" 168"  

 169" 170" 171" 172" 173" 174" 175" 176" 177" 178" 179" 180" 181" 182" 183" 184" 185" 186" 187" 188" 189" 190" 191" 192"  

 169" 170" 171" 172" 173" 174" 175" 176" 177" 178" 179" 180" 181" 182" 183" 184" 185" 186" 187" 188" 189" 190" 191" 192"  

                          

 

Left half of the HEB single substitution microarray slide. Red dots are markers on the physical slides – no peptides are spotted in those 
regions. The right-most column of dots is shared between the left and right schematics. 
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 193" 194" 195" 196" 197" 198" 199" 200" 201" 202" 203" 204" 205" 206" 207" 208" 209" 210" 211" 212" 213" 214" 215" 216"  

 193" 194" 195" 196" 197" 198" 199" 200" 201" 202" 203" 204" 205" 206" 207" 208" 209" 210" 211" 212" 213" 214" 215" 216"  

 217" 218" 219" 220" 221" 222" 223" 224" 225" 226" 227" 228" 229" 230" 231" 232" 233" 234" 235" 236" 237" 238" 239" 240"  

 217" 218" 219" 220" 221" 222" 223" 224" 225" 226" 227" 228" 229" 230" 231" 232" 233" 234" 235" 236" 237" 238" 239" 240"  

 241" 242" 243" 244" 245" 246" 247" 248" 249" 250" 251" 252" 253" 254" 255" 256" 257" 258" 259" 260" 261" 262" 263" 264"  

 241" 242" 243" 244" 245" 246" 247" 248" 249" 250" 251" 252" 253" 254" 255" 256" 257" 258" 259" 260" 261" 262" 263" 264"  

 265" 266" 267" 268" 269" 270" 271" 272" 273" 274" 275" 276" 277" 278" 279" 280" 281" 282" 283" 284" 285"
" " "

 

 265" 266" 267" 268" 269" 270" 271" 272" 273" 274" 275" 276" 277" 278" 279" 280" 281" 282" 283" 284" 285"
" " "
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Right half of the HEB single substitution microarray slide. Red dots are markers on the physical slide – no peptides are spotted in 
those regions. The left-most column of dots is shared between the right and left schematics. 
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Combining Enhancing Mutations Microarray 
 
The peptides found on these microarray slides are listed by identification number and the 
corresponding sequence. 
 

1"
"

D" K" E" L" G" D" L" L" D" F" S" A" M" F"
" " " " " " " "2"

"
D" K" E" L" G" D" L" L" D" F" S" A" N" F"

" " " " " " " "3"
"

D" K" E" L" G" D" L" L" D" F" S" A" Q" F"
" " " " " " " "4"

"
D" K" E" L" G" D" L" L" D" F" S" A" G" F"

" " " " " " " "5"
"

D" K" E" L" Q" D" L" L" D" F" S" A" M" F"
" " " " " " " "6"

"
D" K" E" L" Q" D" L" L" D" F" S" A" N" F"

" " " " " " " "7"
"

D" K" E" L" Q" D" L" L" D" F" S" A" Q" F"
" " " " " " " "8"

"
D" K" E" L" Q" D" L" L" D" F" S" A" G" F"

" " " " " " " "9"
"

D" K" E" L" S" D" L" L" D" F" S" A" M" F"
" " " " " " " "10"

"
D" K" E" L" S" D" L" L" D" F" S" A" N" F"

" " " " " " " "11"
"

D" K" E" L" S" D" L" L" D" F" S" A" Q" F"
" " " " " " " "12"

"
D" K" E" L" S" D" L" L" D" F" S" A" G" F"

" " " " " " " "13"
"

D" K" E" L" G" W" L" L" D" F" S" A" M" F"
" " " " " " " "14"

"
D" K" E" L" G" W" L" L" D" F" S" A" N" F"

" " " " " " " "15"
"

D" K" E" L" G" W" L" L" D" F" S" A" Q" F"
" " " " " " " "16"

"
D" K" E" L" G" W" L" L" D" F" S" A" G" F"

" " " " " " " "17"
"

D" K" E" L" Q" W" L" L" D" F" S" A" M" F"
" " " " " " " "18"

"
D" K" E" L" Q" W" L" L" D" F" S" A" N" F"

" " " " " " " "19"
"

D" K" E" L" Q" W" L" L" D" F" S" A" Q" F"
" " " " " " " "20"

"
D" K" E" L" Q" W" L" L" D" F" S" A" G" F"

" " " " " " " "21"
"

D" K" E" L" S" W" L" L" D" F" S" A" M" F"
" " " " " " " "22"

"
D" K" E" L" S" W" L" L" D" F" S" A" N" F"

" " " " " " " "23"
"

D" K" E" L" S" W" L" L" D" F" S" A" Q" F"
" " " " " " " "24"

"
D" K" E" L" S" W" L" L" D" F" S" A" G" F"

" " " " " " " "25"
"

D" K" E" L" G" D" L" L" D" F" S" L" M" F"
" " " " " " " "26"

"
D" K" E" L" G" D" L" L" D" F" S" L" N" F"

" " " " " " " "27"
"

D" K" E" L" G" D" L" L" D" F" S" L" Q" F"
" " " " " " " "28"

"
D" K" E" L" G" D" L" L" D" F" S" L" G" F"

" " " " " " " "29"
"

D" K" E" L" Q" D" L" L" D" F" S" L" M" F"
" " " " " " " "30"

"
D" K" E" L" Q" D" L" L" D" F" S" L" N" F"

" " " " " " " "31"
"

D" K" E" L" Q" D" L" L" D" F" S" L" Q" F"
" " " " " " " "32"

"
D" K" E" L" Q" D" L" L" D" F" S" L" G" F"

" " " " " " " "33"
"

D" K" E" L" S" D" L" L" D" F" S" L" M" F"
" " " " " " " "34"

"
D" K" E" L" S" D" L" L" D" F" S" L" N" F"

" " " " " " " "35"
"

D" K" E" L" S" D" L" L" D" F" S" L" Q" F"
" " " " " " " "36"

"
D" K" E" L" S" D" L" L" D" F" S" L" G" F"

" " " " " " " "37"
"

D" K" E" L" G" W" L" L" D" F" S" L" M" F"
" " " " " " " "38"

"
D" K" E" L" G" W" L" L" D" F" S" L" N" F"

" " " " " " " "39"
"

D" K" E" L" G" W" L" L" D" F" S" L" Q" F"
" " " " " " " "40"

"
D" K" E" L" G" W" L" L" D" F" S" L" G" F"

" " " " " " " "41"
"

D" K" E" L" Q" W" L" L" D" F" S" L" M" F"
" " " " " " " "42"

"
D" K" E" L" Q" W" L" L" D" F" S" L" N" F"

" " " " " " " "43"
"

D" K" E" L" Q" W" L" L" D" F" S" L" Q" F"
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Left half of the combining enhancing mutations microarray slide. Red dots are markers on the physical slides – no peptides are spotted 
in those regions. The right-most column of dots is shared between the left and right schematics. 
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Right half of the combining enhancing mutations microarray slide. Red dots are markers on the physical slides – no peptides are 
spotted in those regions. The left-most column of dots is shared between the right and left schematics. 
 


