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Abstract 
 

The E2A proteins are transcription factors critical for B-lymphopoiesis. A 

chromosomal translocation involving the E2A gene promotes acute lymphoblastic 

leukemia (ALL) through expression of the oncoprotein E2A-PBX1. Two activation 

domains of E2A-PBX1, AD1 and AD2, have been implicated in transcription mediated 

by recruitment of the transcriptional co-activator CBP/p300. A motif has been identified 

within AD1 that is important for recruiting CBP/p300, known as PCET. This recruitment 

requires an interaction between the activation domains of E2A-PBX1 and the KIX 

domain of CBP/p300. The KIX domain recognizes a generic ΦXXΦΦ sequence (Φ 

corresponds to a hydrophobic residue) found in the activation domains of numerous 

transcription factors. Mutation of leucine 20 in PCET has been shown to abrogate ex vivo 

immortalization of murine bone marrow and oncogenesis in a murine bone marrow 

transplantation model. A similar sequence is also found in AD2 and is implicated in E2A 

transcriptional activity and recruitment of CBP/p300.  The structural details of these 

interactions remain largely unknown.  

NMR spectroscopy was used to determine the solution structure of the PCET:KIX 

complex, and the functional consequences of the Leu20Ala mutation were structurally 

rationalized. Other PCET mutations informed by this structure were tested and 

correlations were found between in vitro binding affinities and both transcriptional 

activation and immortalization. The binding site of the ΦXXΦΦ-containing E2A AD2 

peptide was mapped to the same site on the KIX domain used by the PCET motif. A 

model of this complex was generated and mutations were tested using a similar approach 
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as was used for PCET. E2A AD2 binds the KIX domain with lower affinity than the 

PCET motif and is not required for immortalizing bone marrow. A mutation that 

increases the affinity of E2A AD2 for the KIX domain to levels approaching that seen for 

the PCET:KIX interaction restores transcriptional activation and immortalization, 

demonstrating that immortalization by E2A-PBX1 is an affinity dependent process 

involving the KIX domain of CBP/p300. These studies indicate that the activation 

domains of E2A-PBX1 serve to support the in vivo function of the oncoprotein and that 

the PCET:KIX complex is a potential target for novel therapeutics in E2A-PBX1+ 

leukemia. 
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Chapter 1 
 

General Introduction 
 

1.1 Adaptive immunity and the role of E2A in B-lymphocyte development  
 

In vertebrates, evasion of innate immunity by pathogens and subsequent 

accumulation of antigen in the host triggers the adaptive arm of the immune system. This 

adaptive immunity allows the host to develop a defense specific to the particular antigen 

being encountered and to retain memory of the initial challenge, allowing for a faster 

response upon a later exposure to the same pathogen (1). B-lymphocytes are critical 

effector cells in this process, originating in the fetal liver and adult bone marrow. Their 

development culminates in expression of B-cell receptor (BCR) on the cell surface. This 

receptor complex includes a surface immobilized immunoglobulin molecule with a 

unique antigen binding specificity. This specificity arises due to rearrangement of 

segments within the BCR IgH heavy and IgL light chain genes during B-lymphocyte 

development followed by somatic hypermutation of the regions of the immunoglobulin 

gene encoding the antigen binding site; giving rise to a population of circulating naïve B-

cells in the peripheral tissues with a wide array of antigen specificities (2,3).  

Upon encountering cognate antigen, a B-lymphocyte further differentiates into a 

plasma cell that secretes a soluble form of its specific antibody. This secreted antibody 

coats antigen molecules throughout the host and assists in antigen recognition by other 

immune system effector cells such as macrophages (4). Understanding the process of 

normal B-lymphocyte development is important to understanding diseases that are caused 

by its dysregulation, including autoimmune disorders and cancer. 
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1.1.1 Lymphoid priming of hematopoietic stem cells 
 
Like all hematopoietic cells, B-lymphocytes originate in the bone marrow from a 

progenitor known as the hematopoietic stem cell (HSC). These stem cells display self-

renewal capability and the potential to reconstitute all hematopoietic lineages (5). The 

differentiation of mature antibody secreting B-lymphocytes from this precursor is a 

multistep process that involves transitions through multiple intermediate cell types with 

distinct gene expression profiles that can be characterized by their immunophenotype 

(Figures 1-1 & 1-2).  

This process includes a transition from an HSC to a multipotent progenitor cell 

(MPP) that has lost self-renewal capability but can still reconstitute all of the 

hematopoietic lineages. MPPs expressing very high levels of the receptor tyrosine kinase 

Flt3 are referred to as lymphoid primed MPPs (LMPP) and are biased towards becoming 

lymphocytes while having totally lost megakaryocyte/erythrocyte potential (6). The 

LMPP progresses into the common lymphoid progenitor (CLP) that is functionally 

defined as the stage where myeloid potential is lost but specification towards multiple 

lymphocyte lineages including B-lymphocytes, T-lymphocytes, and natural killer (NK) 

cells is possible. The CLPs are the earliest cells to express proteins characteristic of 

lymphocytes and in particular cell surface expression of the alpha chain of the receptor 

for interleukin 7 (IL-7Rα) (7). These different subsets of bone marrow cells represent a 

step-wise loss of potential for becoming hematopoietic cells other than B-lymphocytes, 

known as commitment, combined with the increased expression of genes associated with  
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Figure 1-1. Wild-type B-lymphopoiesis. Cartoon of the pathway of the specification and commitment of 
hematopoietic stem cells into pre-pro B cells, the earliest lineage cells to be committed towards the B-
lymphocyte fate. Also shown are alternate pathways that a progenitor cell can be diverted towards during 
this process to generate a diverse array of hematopoietic cells. Key cell surface proteins that are 
characteristic of the different sub-populations of cells are indicated. HSC hematopoietic stem cell; MPP 
multipotent progenitor cell; LMPP lymphoid-primed MPP; CLP common lymphoid progenitor; MEP 
megakaryocyte/erythroid progenitor cell; GMP granulocyte/macrophage progenitor cell; NK natural killer 
cell. 
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Figure 1-2. Differentiation of pre-pro B cells into plasma cells. Cartoon of the development of pre-pro B 
cells into antibody-secreting plasma cells. Cell surface protein markers characteristic of the different stages 
are indicated. The different colour of the light chains in pre-B cell receptor versus B cell receptor indicates 
that the surrogate light chain proteins VpreB/λ5 have been replaced with re-arranged Igκ light chain.  
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mature B-lymphocytes in a process known as specification (8,9). Continued B-

lymphocyte commitment and specification beyond the CLP stage requires IL-7 mediated 

activation of the recently expressed IL-7R (10-12). The earliest B-lymphocyte specified 

cells to emerge from the CLP compartment are the pre-pro B cells, which can be 

distinguished by cell surface expression of CD45R (13) (Figure 1-1). 

1.1.2 Commitment of B-lineage specified pre-pro B cells 
 

Progression of pre-pro B cells down the B-lineage coincides with increasing 

specification and commitment through distinct intermediates (Figure 1-2). The pre-pro B 

cells transition into pro-B cells, then pre-B cells, and then immature B cells. This 

specification pathway corresponds genetically to rearrangement of the variable region of 

the immunoglobulin heavy chain gene (IgH) and expression of intact Igµ on the cell 

surface (14). These rearrangements are mediated by the recombinases Rag1 and Rag2, 

and occur during the transition from a pro-B cell to a pre-B cell (15). The outcome of this 

process is surface expression of a complex called the pre-B cell receptor (pre-BCR). 

Proper formation of pre-BCR serves as a checkpoint to confirm heavy chain 

rearrangement before allowing a similar recombination process to generate a unique 

immunoglobulin light chain and formation of the final B-cell receptor (16). Cell surface 

expression of the BCR is indicative of an immature B cell that is prepared for release 

from the bone marrow into the peripheral tissues in search of cognate antigen. This heavy 

chain recombination process is a critical output of a B-lymphocyte specification program 

driven principally by a network of transcription factors including STAT5, E2A, FOXO1, 

EBF, and Pax5 (17) (Figure 1-3). 
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Figure 1-3. The pro-B cell to pre-B cell transition in B-lymphopoiesis. Cartoon of the stages of B-
lymphopoiesis from the pre-pro B cell to the pre-B cell stage with characteristic cell surface protein 
markers indicated. Underneath the cartoon is the transcriptional regulatory network corresponding to the 
above stages of development. This cellular transition is driven by a transcription factor network centered on 
Early B cell factor (EBF) but with E2A essential at the earliest stages. The receptor for interleukin 7 (IL-
7R) is stimulated by interleukin 7 at the cell surface, leading to phosphorylation and activation of the Signal 
transducer and activator of transcription 5 (STAT5) protein. PhosphoStat5 contributes to the transcription 
factor network below by binding the promoter of the gene encoding EBF. Other transcription factors that 
are involved in the network include Forkhead box protein O1 (FOXO1), HeLa E-Box binding protein 
(HEB), Early B cell factor (EBF), Paired box protein 5 (Pax5), and Cluster of differentiation 19 (CD19). 
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1.1.3 E2A and the CLP-to-pre B cell transition 
 

The transcription factor E2A is critical in B-lymphopoiesis, as seen in E2A-/- mice 

that display an inability to generate pro-B cells and that manifest a total lack of IgH 

heavy chain or Igκ light chain gene rearrangements (18). These E2A-/- mice also fail to 

express Rag1 and Rag2 as well as a wide range of genes associated with commitment to 

the B-lymphocyte lineage including those coding for components of the pre-BCR like the 

surrogate light chain proteins VpreB/λ5 and the pre-BCR co-receptors CD19 and CD79a 

(19). E2A directly binds enhancers on IgH and Igκ loci and this binding is critical for 

rearrangement of Igκ, although IgH rearrangement can be rescued in E2A-/- cells with 

ectopic expression of EBF (20,21). In addition to binding these enhancers, E2A activates 

transcription of Rag1 and Rag2. The mechanism of this is thought to include direct 

binding to the Erag enhancer upstream of Rag2 (22). This happens in pro-B cells to 

promote heavy chain gene rearrangement but there is evidence that B-lineage specific 

recombinase activity also occurs in CLPs and that this activity also depends on E2A in 

vivo (23).  

E2A is one of the earliest transcription factors to drive this CLP to pre-B cell 

transition and the E2A protein co-operates with the related transcription factor HEB to 

activate expression of the transcription factor FOXO1 in CLPs (24). FOXO1-/- mice have 

a similar phenotype to E2A-/- mice, with a blockage of B-cell development at the pro-B 

stage (25). FOXO1 also drives expression of Rag1 and Rag2, necessary for 

immunoglobulin gene rearrangement (26). E2A and FOXO1 both induce expression of 

Ebf1 in pro-B cells in collaboration with phosphorylated STAT5, which is activated via 

IL-7R stimulation by IL-7 (10,11,17,27) (Figure 1-3). This initial induction of Ebf1 
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subsequently induces expression of Pax5 (28). In another positive feedback loop, Pax5 

binds one of the promoters of Ebf1 to drive its expression further (27). Pax5 is at the end 

of this feed forward loop, is necessary for commitment beyond the pro-B cell stage, 

represses alternative cell lineage gene programs, and is needed continually throughout B-

cell life (29). Committed B-cells with conditional deletion of Pax5 dedifferentiate and 

can then re-differentiate into T-lymphocytes under appropriate cell culture conditions 

(30). Full B-lymphocyte commitment can be conveniently measured by cell surface 

expression of the pre-BCR co-receptor CD19, with the CD19 gene being a direct target of 

Pax5 (31).  

EBF is a central hub in this transcriptional network and possesses two promoters, 

α and β, allowing the interconnectedness of the E2A, EBF, and Pax5 transcription factors. 

The α-promoter is bound by E2A, phosphorylated STAT5, and EBF itself. The β-

promoter is more potent and is bound by Pax5, PU.1, and Ets1 (27). In summary, there 

are feed-forward and feed-back loops between the transcription factors E2A, EBF, and 

Pax5 sustaining B-lymphocyte commitment and specification from the pro-B cell to pre-

B cell intermediates (Figure 1-3). These loops maintain high expression levels of these 

three transcription factors, each of which has roles in the activation of genes specific to 

the B-lymphocyte program (32,33). The transition is completed upon successful IgH 

heavy chain gene rearrangement and assembly of the pre-BCR, at which point the pre-B 

cell is fully committed to the B-lineage. 

Given the phenotype seen in E2A-/- mice, there has been considerable study of 

E2A in lymphopoiesis. There has been an emphasis on the role E2A plays in 

differentiation from CLPs into pre-B cells and the corresponding rearrangement of IgH 
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but the E2A protein has other documented roles in B-lymphopoiesis. These include 

maintenance of the HSC pool and generation of LMPPs (34,35) as well as events beyond 

the pre-B cell stage that include promoting survival and proliferation, Igκ light chain gene 

rearrangement, somatic hypermutation of the BCR antigen binding site, and isotype class 

switching of the IgH constant region (36-39). Thus, B-lymphopoiesis is critically 

dependent on the reciprocal feed-forward and feed-back regulatory interactions between a 

restricted group of transcription factors, with E2A playing a prominent role. 

1.1.4 E2A is a member of the E-protein family of transcription factors 
 

E2A collectively refers to the E12 and E47 proteins, which arise from differential 

splicing of the E2A gene. Together with HEB and E2-2, these proteins form the E-protein 

family of class I basic helix-loop-helix (bHLH) transcription factors in vertebrates.  

These proteins are widely expressed in mammalian tissues but display preferential 

expression in B-lymphocytes (40).  E-proteins are characterized by a C-terminal bHLH 

motif comprising a basic region responsible for binding DNA and two amphipathic 

helices separated by a flexible loop that mediate dimerization with other bHLH 

transcription factors (Figure 1-4A,B) (20). Dimerization is required for E-proteins to bind 

the consensus CANNTG sequence, termed the E-box, within enhancer and promoter 

elements of target genes. E-protein homodimers function as transcriptional activators 

(Figure 1-4B) while E-protein heterodimers formed with members of the class II bHLH 

protein family, such as MyoD, can function as either transcriptional activators or 

repressors that are responsible for driving tissue-specific differentiation (41,42).  Nature 

has taken advantage of this dimerization requirement for E-box recognition to regulate  
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Figure 1-4. Human E-proteins have conserved activation domains. (A) Domain architecture of E2A. 
Included are the N-terminal transcriptional activation domains AD1 and AD2 with the critical PCET and 
loop-helix motifs indicated. Also included at the C-terminus is the basic helix-loop-helix (bHLH) domain 
that mediates dimerization and DNA-binding. Numbering is in accordance with the native protein 
sequence. (B) Mechanism of action of E2A. In B-lymphopoiesis, E2A uses its C-terminal bHLH domain to 
homodimerize and bind sequences of DNA at the promoters of target genes termed E-boxes. Following 
this, the N-terminal activation domains are used to recruit transcriptional co-activators and promote 
subsequent transcription of E2A target genes. (C) Sequence alignment of the Leu-x-x-Leu-Leu motifs 
among human E-proteins. Hydrophobic residues are coloured in yellow, acidic residues in red and basic 
residues in blue. (D) Sequence alignment of the putative helix from AD2 among human E-proteins. These 
sequences share a conserved ΦXXΦΦ sequence, where Φ represents a hydrophobic amino acid and X 
represents any amino acid. Hydrophobic residues are coloured in yellow, acidic residues in red, and basic 
residues in blue.  
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E-protein function. A family of class V bHLH proteins called inhibition of differentiation 

proteins (Id1-4) can associate with the E-proteins through their HLH domain yet lack the 

adjacent basic region, rendering the resulting heterodimer unable to bind DNA and thus 

sequestering the E-proteins in a non-functional state (43).  

Despite broad expression of E2A in tissues, the effects of knocking out E2A in a 

mouse model are lymphocyte specific. E2A-/- mice are unable to generate pro-B cells and 

are susceptible to developing lymphomas of the T-lymphocyte lineage (19,44). This 

tissue specificity might be attributable in part to the ability of E47 to form DNA-binding 

homodimers exclusively in B-lineage cells (45). Therefore, the loss of E2A could be 

compensated for in other cell types by HEB or E2-2 but the E47 would be irreplaceable 

in B-lymphocytes.  

1.1.5 E2A contains two functional transcriptional activation domains 
 
Two activation domains, termed AD1 and AD2, were originally identified at the 

N-terminus (residues 1-99) and in the central region (residues 346-406) of E2A. 

Fragments containing these regions fused to the GAL4 DNA-binding domain were 

capable of activating transcription of a reporter gene with upstream GAL4 DNA binding 

sites, and are highly conserved among the E-protein family members (Figure 1-4) (46-

49). The lack of proximity of AD1 and AD2 within the E2A sequence led to the 

suggestion that these two activation domains function independently; a hypothesis 

consistent with the observation that some E2A isoforms, such as an alternatively spliced 

form of HEB (HEBAlt) and the E2A Drosphilia homolog of E2A, all lack AD1 

(47,50,51). Indeed, reporter studies using E2A AD1-GAL4 and AD2-GAL4 fusion 



12 
 

proteins in zebrafish showed AD2 was critical for transcriptional activation in myotome 

tissue but was dispensable in other tissues while AD1 was more universally important 

(52). More recent AD1 and AD2 deletion studies involving full-length E2A revealed that 

AD1 was uniquely involved in suppressing expression of myeloid genes as a step towards 

B-lymphocyte commitment (53). In contrast, E2A-mediated expression of the insulin 

gene in pancreatic β-cells was shown to be dependent on AD2 but not AD1 (54,55). 

While AD1 and AD2 display unique and cell type-dependent functions they also appear 

to act cooperatively to promote maximal E2A transcriptional activation and display 

redundant functions in driving expression of B-lineage genes during B-lymphocyte 

specification (48,53). 

The structure of AD1 of E2A was predicted and subsequently shown to include an 

α-helical region within residues 11-28 that was required for transcriptional activation in 

yeast and mammalian cells (56,57). This region contains two overlapping protein-protein 

interaction motifs including a Leu-x-x-Leu-Leu (LXXLL) sequence, where x represents 

any amino acid, and a Leu-Asp-Phe-Ser (LDFS) sequence. This region is 100% 

conserved among the E-proteins (Figure 1-4C) (58). The LXXLL sequence was 

originally characterized as a nuclear hormone receptor-binding motif found in many 

cofactors but has more recently been shown to also act as a transcriptional co-activator 

recognition sequence in transcription factors, including being a critical mediator of an 

interaction between E2A and the paralogous co-activators CREB-binding protein (CBP) 

and p300 (hereafter referred to as CBP/p300) (48,58,59). The LDFS sequence has been 

shown to stimulate transcription by directly interacting with the SAGA histone 

acetyltranferase complex in yeast and to be essential for cell proliferation in culture 
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(60,61). More recently, a region spanning both the LXXLL and LDFS sequences within 

AD1 of E-proteins (e.g. 10VGTDKELSDLLDFSMMF26 of E2A) has been implicated in 

the silencing of E-protein transcriptional activation via an interaction with the TAF4 

homology (eTAFH) domain of both the nuclear co-repressor Eight-Twenty-One (ETO) 

and the AML1-ETO fusion protein that is associated with acute myeloid leukemia (62-

65). This interaction is proposed to contribute to E-protein silencing by directly inhibiting 

the ability of AD1 to recruit p300/CBP, leading to this region of AD1 being termed the 

p300/CBP and ETO target in E-proteins (PCET) motif (65). The recent structural 

characterization of the HEB-PCET:eTAFH interaction displayed an affinity of 7 µM and 

indicated that, when bound to eTAFH, residues Asp14-Leu21 of the HEB PCET motif 

adopted an amphipathic α-helical structure followed by a bend (Asp22 and Phe23) and an 

additional helical turn formed by residues Ser25-Phe28 (62). However, a complementary 

biophysical and structural characterization of the PCET:CBP/p300 interaction has not 

been performed. 

In contrast to AD1, the structural features and binding partners of AD2 of the E-

proteins have been far less studied. Bioinformatic analyses have predicted AD2 of E2A to 

adopt a loop-helix structure consisting of a long loop region N-terminal to a conserved 

amphipathic helix that spans residues 397-406 (397LDEAIHVLRS406) (Figure 1-4D) (47). 

Deletion of this region was shown to impair in vitro binding to CBP/p300 and 

transcriptional activation by GAL4-E2A in reporter systems (47,48). While AD1 and 

AD2 of E2A appear to have different roles in a given cellular context and might carry out 

these roles through interactions with different binding partners, the fact that they both 
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interact with the co-activator CBP/p300 is consistent with their observed redundant roles 

in lymphopoiesis. 

1.1.6 CBP/p300 - molecular integrators of transcriptional signals 
 

CBP was originally characterized as a transcriptional co-activator recruited by the 

cyclic AMP regulated transcription factor CREB and the discovery of its paralog p300 

was a result of searching for novel binding targets of the adenoviral oncoprotein E1A 

(66,67). CBP/p300 is a lysine acetyltransferase and an early model of how it activates 

transcription proposed that it indirectly binds the promoters of target genes via DNA-

binding transcription factors and then directly recruits components of the transcriptional 

pre-initiation complex such as TFIIB, TBP, and RNA polymerase II (68-70). More recent 

models suggest the primary mechanisms of action of CBP/p300 involve acetylation of 

histones in order to open the chromatin structure; for example E2A and CBP/p300 act in 

concert to do this at the immunoglobulin κ locus (71). It is also increasingly clear that 

CBP/p300 function need not require binding at the immediate promoter of a target gene 

but to a variety of enhancer elements much further removed from the target gene itself 

(72). CBP/p300 can also recruit and acetylate non-histone proteins with potential 

regulatory effects on transcription. For example, CBP/p300 has been shown to directly 

acetylate E2A and this correlated with increased transcriptional activity (73).  

CBP/p300 is a large multi-modular protein comprising a centrally located 

acetyltransferase catalytic domain, three ~10 kDa protein-protein interaction domains 

termed Taz1, Taz2, and KIX, and  a C-terminal glutamine rich tail that primarily binds 

transcriptional co-activators involved in hormone receptor signaling (Figure 1-5A).  
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Figure 1-5. The KIX domain of CBP/p300 recognizes a ΦXXΦΦ sequence on transcriptional 
activators. (A) Domain architecture of CBP/p300, including the protein interaction modules Taz1, Taz2, 
IBiD, and KIX. Also included is the lysine acetyltransferase (HAT) domain that acetylates lysine residues 
on histones and other proteins. The blue rectangle is a bromodomain that binds acetylated lysine. 
Numbering is in accordance with the sequence from human CBP. (B) Surface representation of the KIX 
domain (grey) bound to peptides from MLL (red) and c-Myb (green), emphasizing that KIX has two 
distinct binding sites (PDB: 2AGH). (C) Sequence alignment of E-proteins and other KIX-interacting 
peptides. The top group have been mapped to the MLL site, the middle group to the c-Myb site, and the 
bottom group to both sites. Numbering is in accordance with the native protein sequence. Φ represents a 
hydrophobic amino acid and X represents any amino acid. Hydrophobic residues are coloured in yellow, 
acidic residues in red, and basic residues in blue. 
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Lacking the ability to bind DNA directly, CBP/p300 is recruited to enhancers and 

promoters of target genes through the ability of its Taz1, Taz2, and KIX domains to  

interact with the activation domains of a large number of transcription factors (68-70).  

Notably, deletion of Taz1 or KIX in embryonic stem cells gave rise to mice completely 

defective in hematopoiesis at the earliest stages, suggesting that these domains are used to 

dock CBP/p300 to genes involved early in hematopoiesis and to promote their 

transcription (74).  

The Taz1 and Taz2 domains adopt globular zinc-finger folds comprising four α-

helices and three zinc atoms, yet display unique surface topologies which allow them to 

be selective in the activation domains they recognize. Taz1 has been shown to interact 

with the activation domains of the transcription factors HIF-1α, Ets1, Stat2, and p53 (75-

78) while the activation domains of E1A, Stat1, TFIIB, and p53 display binding to Taz2 

(76,77,79,80). 

 The KIX domain is a globular three-helical bundle with a short 310 helix located 

in the loop connecting helices 1 and 2 (L12), and presents two activation domain binding 

sites (Figure 1-5B) (81). One site is a plastic hydrophobic cleft formed by the H1 and H3 

helices and the L12 loop. This binding site displays considerable promiscuity for 

transcriptional activation domains that display poor sequence identity, including those 

from MLL, c-Jun, p53, HTLV-1 Tax, and HBZ (81-87).  Alignment of these activation 

domain sequences reveals a ΦXXΦΦ consensus sequence in which Φ is a bulky 

hydrophobic residue; an observation originally proposed by Lee et al when characterizing 

the KIX:p53 interaction (Figure 1-5C) (87). This consensus sequence is often preceded 

by an acidic residue. The second binding surface is located in a shallow groove on the 
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opposite face of the KIX domain between helices H2 and H3, and thus far has been 

shown to recognize a smaller number of transcription factors, including the activation 

domain of c-Myb and the phosphorylated activation domain of CREB (88,89). While 

distinct, the proximity of these two binding sites has been shown to allow for cooperative 

binding of the activation domains of MLL and c-Myb to KIX (90). FOXO3a and p53 

have also each been shown to utilize their two ΦXXΦΦ-containing activation domains to 

bind both sites on the KIX domain; interactions that involve complex equilibria (87,91).  

The PCET motif of E2A-AD1 and the putative helical region of E2A-AD2 

conform to the ΦXXΦΦ consensus sequence so it is conceivable that both activation 

domains mediate their effects through binding the KIX domain of CBP/p300. In the case 

of AD1 the LXXLL sequence within the PCET motif displays high sequence identity 

with an analogous sequence from the activation domain of c-Myb, leading to the question 

of which site on the KIX domain would be targeted. There is, therefore, the potential for 

both activation domains of E2A to bind cooperatively to KIX. This would be consistent 

with the documented functional cooperativity between AD1 and AD2 in transcriptional 

activation potential and binding CBP/p300 in vitro (48,56). The PCET motif of E2A-

AD1 has been shown to be required for an interaction with the KIX domain of CBP 

(48,56) and further study of E2A:KIX interactions would reveal insights into not only B-

lymphopoiesis mediated by E2A but also cancer mediated by E2A-PBX1, a fusion 

protein prevalent in acute lymphoblastic leukemia. 

1.2 Acute lymphoblastic leukemia and the oncoprotein E2A-PBX1 
 

Acute lymphoblastic leukemia (ALL) is the most common form of childhood 

cancer (92). The disease is characterized by clonal expansion of immature non-functional 



18 
 

lymphoid cells called lymphoblasts in the bone marrow, eventually interfering with the 

production of normal hematopoietic cells. Several subtypes of ALL are recognized based 

on the cell lineage and differentiation stage of the lymphoblasts as determined by 

morphology, immunophenotype, and the rearrangement status of antigen receptor genes 

(93). ALL may be further categorized based on cytogenetic alterations, largely 

chromosomal translocations, into “risk groups” associated with different clinical 

outcomes and amenable to different clinical management regimens (94). In the majority 

of ALL cases the lymphoblasts contain one of many non-random chromosomal 

translocations, the second most common of which is t(1;19) (q23;p13.3).  

Translocation 1;19 is seen in about 5% of ALL cases (92). Blast cells associated 

with t(1;19) consistently manifest a pre-B cell immunophenotype (95-104). The 

translocation involves a breakpoint between introns of the E2A gene on chromosome 19 

and the PBX1 gene on chromosome 1. Transcription and pre-mRNA splicing result in a 

mature transcript incorporating an in-frame fusion between coding exons of E2A and 

PBX1 such that subsequent translation produces the chimeric protein E2A-PBX1, which 

comprises the N-terminal two thirds of E2A fused to most of PBX1 (Figure 1-6). 

Transcription of the E2A-PBX1 oncogene is largely under the control of E2A promoters 

and enhancers (105).  

1.2.1 The E2A-PBX1 fusion gene in ALL 
 

A possible explanation for why t(1;19) associates primarily with pre-B cell 

leukemia is that the translocation occurs during the pro-B cell to pre-B cell transition. 

This stage of lymphopoiesis would represent a context where the chromatin of the E2A  
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Figure 1-6. The t(1;19) chromosomal translocation generates the oncoprotein E2A-PBX1. Domain 
architecture of E2A, PBX1, and the E2A-PBX1 proteins. Included for E2A are the N-terminal 
transcriptional activation domains AD1 and AD2 with the critical PCET and loop-helix motifs indicated. 
Also included at the C-terminus is the basic helix-loop-helix (bHLH) domain that mediates dimerization 
and DNA-binding. Highlighted on PBX1 is the homeodomain (HD) that mediates DNA-binding and the 
HOX cooperativity motif (HCM) that mediates interactions with HOX proteins. Numbering is in 
accordance with the native protein sequence. 
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gene is in a relaxed and accessible state consistent with abundant E2A transcription. This 

also represents a state at which the polymerase TdT and the recombinases Rag1 and Rag2 

are highly expressed and are therefore potentially available to facilitate IgH 

rearrangement (15,106). Evidence supporting the notion that t(1;19) arises through a 

post-natal site specific event mediated by Rag1 and Rag2 includes the presence of 

random nucleotides (so called “N-nucleotides”) at the fusion point that were presumably 

inserted by TdT and the fact that the breakpoints on the E2A genes from different patients 

typically occur within a 14 bp cluster (107,108). 

The E2A-PBX1 translocation correlates with a relatively favorable prognosis but 

the disease still proves fatal in ~15% of patients (94). The E2A-PBX1 fusion gene resides 

on the derivative chromosome 19 and, in most cases of t(1;19)+ ALL, the derivative 

chromosome 1 is lost while the wild-type chromosome is reduplicated (103). Given the 

critical roles of E2A in B-lymphopoiesis, it is conceivable that one function of t(1;19) in 

pre-B cell leukemia is in rendering the cell heterozygous for E2A and that wild-type E2A 

has tumour suppressor functions. Consistent with this, E2A+/- mice have reduced numbers 

of lymphoid cells while E2A-/- mice have a propensity to develop T-cell lymphomas 

(18,44). This explanation of the role of t(1;19) in leukemia is insufficient, however, as 

there is a large body of work demonstrating that the E2A-PBX1 fusion protein can 

actively transform cells in a variety of in vitro and in vivo contexts.  

1.2.2 Experimental models of t(1;19) ALL 
 

One of the earliest models of E2A-PBX1 oncogenicity involved its forced 

expression in NIH 3T3 fibroblasts, which promoted the formation of foci in soft agar 

(109). Forced expression of E2A-PBX1 in primary murine bone marrow triggers 
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apoptosis under culture conditions used for growing pre-B cells but in the presence of 

granulocyte-macrophage colony stimulating factor (GM-CSF) the cells become 

immortalized and highly proliferative (110). These cells are homogeneous and have an 

immunophenotype consistent with immature macrophages as seen by continued 

dependence on GM-CSF and cell surface expression of CD11b and F4/80 but not the 

granulocyte marker Gr-1. Conditional inactivation of E2A-PBX1 in these cells triggers 

terminal differentiation towards either granulocytes or macrophages depending on the 

cell culture conditions used (111). 

Attempts to create an in vivo model of t(1;19) driven disease have met mixed 

success. Transplantation of retrovirally transduced hematopoietic progenitors into 

recipient mice by tail vein injection led to an aggressive myeloproliferative disease within 

the first month post-transplantation (112). Alternatively, transgenic mice with E2A-PBX1 

under the control of the IgH enhancer developed T-cell lymphomas within 5 months 

(113). These models are useful demonstrations of oncogenicity but somewhat 

unsatisfying given the fact that this translocation almost exclusively forms pre-B cell 

ALL in humans.  

1.2.3 Mechanisms of oncogenesis by E2A-PBX1 
 

The portion of E2A in the E2A-PBX1 fusion protein, residues 1-483, includes 

both AD1 and AD2 but does not contain the bHLH domain required for dimerization and 

DNA binding (Figure 1-6) (105). Wild-type PBX1 is not generally a transcriptional 

activator and is not normally expressed in lymphocytes but serves as a co-factor of HOX  

proteins during embryonic development (114). PBX1 binds DNA directly using a C-

terminal homeodomain; its interactions with HOX proteins are also mediated by the 
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homeodomain and appear to involve a sequence at the C-terminus of the homeodomain 

known as the HOX co-operativity motif (115,116). PBX1 can bind DNA either as a 

homodimer or as a heterodimer bound to a variety of members of the HOX protein 

family. The DNA sequences bound vary based on the particular PBX1 complex formed, 

for example PBX1 homodimers preferentially bind TGATTGAT while PBX-HOX 

dimers prefer TGAT(NN)AT (117,118). PBX1 homodimers repress transcription through 

recruitment of co-repressors while different HOX proteins can either repress or activate 

transcription through recruitment of different co-repressors or co-activators (117,119). 

PBX1 can therefore bind a variety of different DNA sequences with varying effects on 

transcription based on cellular context.  

The 1;19 translocation results in replacement of the C-terminal region of E2A, 

including the bHLH domain, with most of PBX1. The PBX1 portion of the oncoprotein 

includes the homeodomain and HOX co-operativity motif. The resulting oncogenic 

protein product is an E2A variant regulated by E2A promoters and enhancers that has had 

its DNA-binding specificity redirected. An early model of how E2A-PBX1 might drive 

leukemogenesis was the appealingly simple model of the oncoprotein using its 

homeodomain and HOX co-operativity motif to recruit one or more HOX proteins and 

then inappropriately localizing the complex to PBX/HOX target genes, with the resulting 

unregulated transcriptional activation of a discrete set of genes driving leukemic 

transformation (120,121). To this end attempts have been made to identify genes 

upregulated by E2A-PBX1 either through enforced expression in multiple cell models 

like fibroblasts and primary bone marrow, or comparison of gene expression profiles in 
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ALL blasts that differ in t(1;19) status. Several candidate genes including EB-1 and WNT-

16 have been identified (122,123).   

1.2.4 Interactions with the E2A region of E2A-PBX1 are critical in oncogenesis 
 

Deciphering the role of the PBX1 component of E2A-PBX1 in oncogenesis is 

complicated by the context-dependent nature of what DNA sequences the homeodomain 

binds and what other co-factors this region recruits. Oncogenesis correlates with the 

transcriptional activity of the E2A-PBX1 oncoprotein; the PBX1 portion alone is not 

oncogenic (49) and there is even evidence from some experimental models that the PBX1 

region is only relevant to the extent that it mediates protein oligomerization rather than 

directing activation of specific genes. This can be seen by experiments demonstrating that 

the E2A portion alone is oncogenic in the fibroblast-based focus formation assay if fused 

to the dimerization/DNA binding domains from GAL4 or GCN4 (124). Transformation 

in this model has also been induced by conditional dimerization achieved by swapping 

the PBX1 portion for tandem FKBP domains that homodimerize only in the presence of a 

synthetic ligand (124).  

While studies assaying the oncogenic role of the PBX1 component of E2A-PBX1 

have given mixed results, evidence supporting a critical requirement for the E2A portion 

is unequivocal. Deletion of AD1 from E2A-PBX1 abolished focus formation in 

fibroblasts as well as immortalization and differentiation blockage in primary bone 

marrow grown under myeloid conditions (49,125). Additionally, deletion of AD1 within 

E2A-PBX1 or GAL4-E2A (1-483) drastically decreased the transcriptional activation of 

PBX1 or GAL4-responsive reporter genes (48,49). This latter effect has been mapped to 

the PCET motif from E2A (48). Individual point mutations within the LXXLL sequence 
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of E2A had the same effect and one mutation, Leu20Ala, also abrogated the ability of 

E2A-PBX1 to induce a myeloproliferative disease in a mouse bone marrow 

transplantation assay (56). These effects on transcriptional activation and oncogenesis 

have been correlated with in vitro binding to endogenous CBP/p300, and the KIX domain 

in particular, from cell nuclear extracts (48).  

It has been proposed that AD2 is equally important for E2A-PBX1 oncogenicity 

because a large deletion (Δ310-414) spanning the entire loop-helix region displayed 

similar effects in fibroblasts. However, interpretation of this result has been complicated 

by the fact that more targeted deletions of the putative helix in AD2 (Δ397-405) had no 

effect on bone marrow immortalization despite large effects on transcriptional activation 

and noticeable effects on in vitro binding to CBP/p300 (48,49,125). In the context of 

E2A-PBX1 expressed in fibroblasts, a point mutation within the putative helix 

(Val403Ala) abolished activation of some genes but not others, further suggesting that 

understanding the role of E2A-AD2 in leukemogenesis is hampered by the available 

model systems (61). 

While a better in vivo model of t(1;19)+ pre-B cell ALL would be useful for 

dissecting the relative roles of different regions of the E2A and PBX1 portions of E2A-

PBX1, a mechanism of leukemogenesis consistent with the available evidence is that the 

t(1;19) translocation occurs during the pro-B cell to pre-B cell transition. The resulting 

E2A-PBX1 oncoprotein drives leukemia by recruiting CBP/p300, either towards an 

inappropriate set of genes presumably defined by the PBX1 portion of the oncoprotein or 

away from genes that should be activated by E2A or other transcription factors.  In either 

mechanism, oncogenesis depends on interactions between the activation domains of 
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E2A-PBX1 and CBP/p300. Therefore, these interactions merit study as an approach to 

understanding E2A-PBX1 induced ALL and developing new strategies for treating it.  

1.3 Hypothesis and Objectives 
 

The oncogenic function of E2A-PBX1 depends on a small interaction surface 

between the PCET motif from E2A Activation Domain 1 (AD1) and the KIX domain of 

CBP/p300. A similar interaction involving AD2 provides redundant but dispensable 

functions. An atomic resolution structure of the PCET:KIX complex will allow a residue 

by residue description of key contacts in the interaction. This will assist in explaining the 

functional importance of E2A (Leu20) and in the rational design of inhibitors that could 

serve as selective anti-cancer compounds. My experimental objectives to address this 

hypothesis are to: 

1) Determine the NMR solution structure of the PCET:KIX complex and investigate 

the functional relevance of key elements of the interaction.  

2) Model the E2A(AD2):KIX complex and investigate the functional relevance of 

key elements of the interaction.  
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Chapter 2 
 

Structural basis of CBP/p300 recruitment in leukemia induction by E2A-PBX1 
 

2.1 Abstract 
 

E-proteins are critical transcription factors in B-cell lymphopoiesis. E2A, one of 

three E-protein-encoding genes, is implicated in the induction of acute lymphoblastic 

leukemia through its involvement in the chromosomal translocation 1;19 and consequent 

expression of the E2A-PBX1 oncoprotein. A region within the N-terminal transcriptional 

activation domain of E2A-PBX1, the PCET motif that has been previously implicated in 

E-protein silencing, has also been implicated in an interaction with the KIX domain of 

the transcriptional co-activator CBP/p300 that is critical for leukemogenesis. 

Unfortunately, the structural details of this interaction remain largely unknown. Here, we 

report the structure of a 1:1 complex between the PCET motif peptide and the KIX 

domain. Residues throughout the helical PCET motif that contact the KIX domain are 

important for binding KIX, for the transcriptional activity of E2A, and for bone marrow 

immortalization by E2A-PBX1. These results provide molecular insights into E-protein 

driven differentiation of B-lymphocytes and the mechanism of E-protein silencing while 

revealing the PCET:KIX interaction as a therapeutic target for E2A-PBX1-induced 

leukemia.  

2.2 Introduction 
 

The E-proteins are a family of class I bHLH mammalian transcription factors that 

function in cell lineage-specific developmental processes, including indispensable and 
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particularly well characterized roles in lymphopoiesis (43,126). Family members include 

E12 and E47, which are alternatively spliced products of the E2A gene (hereafter referred 

to collectively as E2A), HEB, and E2-2. Each member contains a C-terminal bHLH 

domain responsible for protein dimerization and recognition of the E-box DNA sequence 

CANNTG as well as two activation domains, AD1 and AD2, which function either 

independently or cooperatively depending on cell type to regulate target gene 

transcription through the recruitment of transcriptional co-activators and co-repressors 

(43,53,121,127). 

A highly conserved 17-residue region within AD1 at the N-terminus of E-proteins 

is a target of the eTAFH domain from both the transcriptional co-repressor ETO and the 

oncogenic fusion protein AML1-ETO (62-65). This interaction leads to E-protein 

silencing by preventing the binding of the transcriptional co-activators p300/CBP to the 

same site on AD1, which has been termed the PCET motif (65). The PCET motif 

comprises two overlapping protein recognition sites, an LXXLL sequence and an LDFS 

sequence. The LXXLL sequence and the more generic ΦXXΦΦ sequence, where Φ is a 

bulky hydrophobic residue and X is any amino acid residue, has been identified in several 

transcription factors including CREB, c-Myb, MLL, p53, and E2A (58,87), and shown to 

bind the KIX domain of CBP/p300 at one of two sites (48,81,87,88). The LDFS 

sequences of yeast bHLH transcription factors were shown to be important for recruiting 

the SAGA histone acetyltransferase complex (60), and more recently its importance in 

E2A recruitment of human histone acetyltransferase complexes such as CBP/p300 has 

been proposed (43,56,61). 
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Among the E-proteins, E2A is critical for the differentiation of B-lymphoid 

progenitors through direct activation of multiple target genes, primarily EBF (17,128), 

with E2A-/- mice displaying a blockage at the earliest stages of B-lymphoid specification 

(129). Given the importance of E2A in lymphoid differentiation it is perhaps not 

surprising that in 4-12% of pediatric acute lymphoblastic leukemia cases, regions of the 

E2A and PBX1 genes are fused by a chromosomal translocation between chromosomes 1 

and 19 [t(1;19)(q23;p13.3)] (96,98). These leukemias predominantly show a pre-B cell 

immunophenotype and are associated with expression of the proto-oncogene product 

E2A-PBX1 (103,109). This chimeric protein includes a large N-terminal region of E2A 

containing both AD1 and AD2 fused with most of PBX1, including its C-terminal DNA-

binding homeodomain. Although the exact molecular mechanisms by which E2A-PBX1 

contribute to the leukemic transformation of B-lymphoid progenitor cells remain 

uncertain, two potential mechanisms are consistent with the literature: recruitment of 

transcriptional co-regulators to target gene loci bound directly by the E2A-PBX1 

homeodomain and/or sequestration of co-regulators away from wildtype E-proteins and 

other factors by E2A-PBX1 (121). 

Both of these general mechanisms invoke a critical role for AD1 of E2A-PBX1 in 

recruiting transcriptional co-regulators. Consistent with either of these scenarios, AD1 is 

indispensable for E2A-PBX1 mediated oncogenesis (48,49). Furthermore, we previously 

demonstrated that AD1 interacts directly with the KIX domain of CBP/p300 and that this 

interaction is required in the immortalization of primary hematopoietic cells ex vivo (48). 

Mutation of the common leucine residue of the overlapping LXXLL and LDFS 

sequences in the PCET motif of AD1 markedly impaired both KIX binding and 
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leukemogenesis by E2A-PBX1 in a murine bone marrow transplantation model (56). A 

detailed structural characterization of the PCET:KIX interaction will provide molecular 

insights into both the critical role of E-proteins in lymphopoiesis and that of E2A-PBX1 

in leukemia induction.  

Here, we report the three-dimensional structure of the PCET:KIX complex. The 

structure revealed that residues throughout the entire PCET motif of E-proteins contact 

KIX. We confirm the functional importance of these contacts in biophysical and cell-

based functional analyses. In particular, mutation of these KIX-interacting residues in the 

context of the E2A-PBX1 oncoprotein indicated their requirement in the immortalization 

of primary hematopoietic cells ex vivo. 

 

2.3 Materials and Methods  
 
2.3.1 Protein and peptide production 
 

A pET21(a)+ plasmid encoding the KIX domain of mouse CBP (residues 586-

672) was kindly provided by P. E. Wright (Scripps Research Institute, La Jolla, CA). KIX 

mutants were generated using the QuikChange site directed mutagenesis kit (Stratagene). 

Upon transformation of the plasmids into Escherichia coli BL21 (DE3) cells, expression 

of recombinant KIX was induced in mid-log phase cells with 1 mM IPTG and continued 

for 18 h at 24°C. KIX was extracted from inclusion bodies with 8 M urea, purified by 

Ni2+ affinity chromatography, refolded via stepwise dialysis into 20 mM MES pH 6.0, 

100 mM NaCl, 1 mM β-mercaptoethanol, and further purified by cation exchange 

chromatography. Uniformly 15N and 15N/13C-labeled KIX samples were prepared in a 

similar manner except that expression occurred in M9 minimal media containing 1 g/L 



30 
 

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

Isotope Laboratories).  

A uniformly 15N and 15N/13C-labeled recombinant HEB-PCET peptide comprising 

residues 11 to 27 (GTDKELSDLLDFSAMFS) was prepared as described previously 

(63). HEB-PCET and E2A-PCET peptides spanning the same region of activation 

domain 1 (residues 12-25 of HEB and residues 11-24 of E2A) were synthesized with an 

N-terminal 5-carboxyfluorescein tag (GTDKELSDLLDFSA-NH2) at the Sheldon 

Biotechnology Centre (Montréal, Québec), as were Glu16Ala and Asp22Ala HEB-PCET 

peptide derivatives. Also purchased from Sheldon Biotechnology were synthetic and non-

fluorescent 23-residue PCET peptides comprising residues 9 to 31 of E2A (Ac-

PVGTDKELSDLLDFSMMFPLPVT-NH2) along with corresponding Leu20Ala and 

Phe22Ala mutants.  

2.3.2 NMR spectroscopy 
 

All NMR spectra were acquired on either a Bruker 800 MHz or Varian 600 MHz 

NMR spectrometer equipped with triple resonance cryoprobe at 25°C on samples 

prepared in 20 mM MES pH 6.0, 90% H2O/10% D2O. The NMR samples for structure 

determination of the HEB-PCET:KIX complex comprised 600 µM 15N/13C-labeled KIX 

with 1.2 mM unlabeled HEB-PCET or 300 µM 15N/13C-labeled HEB-PCET with 1 mM 

unlabeled KIX. All the NMR spectra were processed and analyzed using NMRPipe (130) 

and NMRView (131), respectively. 

Backbone and side chain resonance assignments for 15N/13C-labeled KIX in the 

presence of unlabeled HEB-PCET and for 15N/13C-labeled HEB-PCET saturated with 

unlabeled KIX were made using standard triple resonance experiments. Steady-state 



31 
 

{1H}-15N heteronuclear NOE data was collected by performing {1H}-15N heteronuclear 

NOE relaxation experiments on 15N-labeled HEB-PCET using a Bruker 800 MHz NMR 

spectrometer with and without 2.5 s of proton saturation and with a total recycle delay of 

5 s. {1H}-15N NOE values were calculated from the ratio of peak intensities with and 

without saturation for the different residues in the HEB-PCET peptide. Distance restraints 

for the KIX domain were identified in 3D 15N-NOESY-HSQC (120 ms mixing time) and 

aliphatic (100 ms mixing time) and aromatic (120 ms mixing time) 3D 13C-NOESY-

HSQC datasets and for HEB-PCET in a 3D 15N-NOESY-HSQC dataset (100 ms mixing 

time). Identification of intermolecular distance restraints was provided by 14N-

filtered/15N-edited NOESY-HSQC (120 ms mixing time) and aliphatic (100 ms mixing 

time) and aromatic (120 ms mixing time) 12C-filtered/13C-edited NOESY-HSQC datasets. 

2.3.3 Structure calculation 
 

From the NOESY experiments, 1018 inter-proton distance restraints were 

manually assigned and classified based on peak intensity into upper bounds of 3.0, 5.0, or 

6.0 Å. Distance restraints were calibrated from peak intensities using known distances in 

α-helical (dαN (i,i+3), dαN(i,i+4)) and loop regions (dNN(i,i+1)). Backbone dihedral angle 

restraints were found by analysis of 13Cα, 13Cβ, 13C’, 1Hα, and 15N chemical shifts using 

TALOS (132) and applied to helical regions of the structure with the restraints restricted 

to ± 15° or the error from the TALOS output, whichever was greater. The program CNS 

1.2 was used to generate 200 trial structures using a simulated annealing protocol with 

15,000 steps in the first slow-cooling stage, 3,000 Cartesian steps in the second slow-

cooling stage, and 10 cycles of 1,000 minimization steps in the final energy minimization 

stage (133).  Structures with no inter-proton distance restraint violations greater than 0.3 
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Å or dihedral angle restraint violations greater than 5° were analyzed with MOLMOL 

(134) to yield a final ensemble of 20 low-energy structures. The final ensemble was 

evaluated using PROCHECK (135). The structure coordinates have been deposited in the 

Protein Data Bank under accession number 2KWF. 

2.3.4 Fluorescence anisotropy titrations 
 

Fluorescence anisotropy titrations were performed in filtered 50 mM HEPES pH 

6.0, 50 mM NaCl, 1 mM β-mercaptoethanol. Wild-type and mutant KIX solutions spiked 

with 1 µM 5-carboxyfluorescein-labeled HEB-PCET (FAM-PCET) were titrated into 1 

µM FAM-PCET. Fluorescence anisotropy readings were performed using a Spex 

Fluorolog Tau-3 spectrofluorometer (Horiba Jobin Yvon Inc.). The λex and λem used were 

492 nm (bp 1.5 nm) and 523 nm (bp 5 nm), with a photomultiplier voltage of 950 V and 

integration time of 10 s for each reading. Three readings after each injection were taken 

and averaged. Dissociation constants (Kd) were calculated by fitting the data to a one-site 

binding model according to Equation 1, 

  (Eq. 1)                     ΔR =   ΔRmax(A+B+ Kd)-[(A+B+ Kd)2-4AB]1/2)   + CB                   
                                                                         2A 
 
where ΔR is the measured change in fluorescence anisotropy of FAM-PCET from its 

value in the absence of ligand, ΔRmax is the maximum possible change in anisotropy, A is 

the total concentration of FAM-PCET, B is the total concentration of KIX used, and C is 

a proportionality constant used to correct for linear drift due to non-specific binding (76). 

Experiments were performed in duplicate using independent protein preparations with 

mean ± standard deviation (S.D.) reported. 
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2.3.5 Isothermal titration calorimetry 
 

The KIX domain and either the wildtype, Leu20Ala, or Phe22Ala mutant E2A-

PCET 9-31 synthetic peptides were prepared in 50 mM HEPES pH 6.0, 50 mM NaCl, 1 

mM β-mercaptoethanol that was filtered and degassed. Titration of KIX into the wildtype 

or mutant E2A-PCET peptides was performed at 30°C using a VP-ITC titration 

calorimeter (MicroCal Inc.). Integration of the thermograms, after correction for heats of 

dilution, yielded a binding isotherm that fit best to a one-site binding model using the ITC 

data analysis software Origin 5.0 (MicroCal Inc.). A non-linear least-squares curve-fitting 

algorithm was used to determine the stoichiometric ratio (n), the Kd, and the change in 

enthalpy (ΔH) of the interaction. ITC experiments were performed in duplicate with 

mean ± S.D. reported. 

2.3.6 Pull-downs and Western blots 
 

Plasmids encoding bacterial expression of glutathione S-transferase (GST) fusion 

proteins were constructed by cloning portions of the human E2A cDNAs corresponding 

to residues 1-483 into the pGEX-2T expression vector, and the protein was expressed and 

purified as described previously (48). The Phe22Ala mutation was engineered using the 

QuikChange site-directed mutagenesis kit according to the manufacturer’s instructions 

(Stratagene). Nuclear extracts were prepared from RCH ACV cells, a t(1;19)+ human pre-

B ALL cell line, using the method described by Dignam and Roeder (136). Pull-down 

experiments were performed as previously described using 10 µg of GST fusion protein 

combined with 50 µl of pre-swollen glutathione Sepharose beads, then incubating with  

nuclear extract containing roughly 1 mg of bulk protein and detecting the GST-E2A and 
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endogenous CBP/p300 pulled down by Western blot using anti-CBP (A-22) rabbit 

polyclonal and anti-E2A yae mouse monoclonal antibodies, both from Santa Cruz 

Biotechnology (48,56). 

 

2.3.7 Mammalian two-hybrid and transcriptional activity assays 
 

Plasmids conferring mammalian expression of GAL4-KIX, 2xVP16-E2A (1-483), 

or GAL4-E2A (1-483) fusion proteins were assembled as previously described (48), with 

E2A mutations generated using the QuikChange site directed mutagenesis kit 

(Stratagene). Transfections were performed in SV293T cells, an immortalized 

mammalian cell line derived from human embryonic kidney, in 12-well plates as 

previously described (56). An alteration to the protocol was in the quantities of plasmid 

DNA used (0.01 µg/well pCMV-GAL4-KIX, 0.2 µg/well GAL4-E2A (1-483) construct, 

0.01 µg/well pCMV-2xVP16 construct, 0.7 µg/well p5xGAL4 luciferase reporter, and 0.1 

µg/well pCMV-Renilla internal control). Statistical significance was measured by one 

way ANOVA with Tukey’s post hoc test and mean differences with a one-tailed p value 

less than 0.05 were considered significant.   

2.3.8 Retroviral transduction and bone marrow immortalization assays 
 

The cDNA encoding E2A-PBX1b was engineered into a GFP-expressing pMIEV 

retroviral backbone plasmid using NotI and SalI restriction sites. Generation of 

Glu15Ala, Leu16Ala, Asp21Ala, and Asp21Ala/Phe22Ala E2A-PBCX1b mutants was 

performed using a previously described PCR-based method (137) with Pfu Ultra DNA 

polymerase from Stratagene. To generate virus, pMIEV and MCV-ecopac (ectopic 
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packaging plasmid) were co-transfected into SV293T cells via calcium phosphate 

precipitation. Virus was secreted into IMDM/15% FBS at 32°C for one day. Viral 

supernatant was filter sterilized, frozen in liquid nitrogen, and stored at -80°C. The titre 

of the virus was measured by infecting NIH 3T3 fibroblasts with a serial dilution series of 

viral supernatant and assessing GFP and E2A-PBX1b expression by flow cytometry of 

live cells and immunoblotting of cell lysates (48), where the secondary antibodies used 

were a 1/2,000 dilution of anti-E2A yae mouse monoclonal antibody (Santa Cruz 

Biotechnology) and a 1/2,000 dilution of mouse monoclonal anti-GFP (Roche). 

To assay immortalization, bone marrow was harvested from the femurs of 6-8 

week old female BALB/c mice that had been given 2 mg of 5-fluorouracil 4 days prior. 

Whole bone marrow was resuspended in ACK lysis buffer to lyse the erythrocytes and 

the remaining cells were re-suspended in pre-stimulation media (IMDM, 20% FBS, 2 

mM L-glutamine, 140 µM β-mercaptoethanol, 10 ng/ml IL-3, 10 ng/ml IL-6, 100 ng/ml 

murine stem cell factor, 100 U/ml penicillin G, 100 µg/ml streptomycin, 250 ng/ml 

amphotericin B, and 50 µg/ml gentamicin). Cells were cultured in pre-stimulation media 

in a humidified 5% CO2 atmosphere at 37°C for two days and split into groups of 3 × 105 

cells in 1 ml each of an appropriate dilution of retroviral supernatant based on the titre of 

the virus. Samples were incubated on ice with 5 µg/ml polybrene for 10 min, transferred 

into a 24-well tissue culture plate, and spin infected at 1,140 × g for 2 hours at 28°C. 

Cells were re-suspended in myeloid stimulation media (same as pre-stimulation media 

except FBS is at 10% and the cytokines are replaced with 10 ng/ml GM-CSF), grown at 

37°C, and counted and re-fed every 3 or 4 days for 35 days post-transduction. Only non-

adherent cells were counted at each time point. On day 6, a sample of each transduction 
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group was analyzed by flow cytometry to confirm the emergence of a small sub-

population of GFP+ cells. The assay was repeated multiple times and a representative 

growth curve is shown in Results. 

2.4 Results 
 
2.4.1 Structure of the PCET:KIX complex 
 

The highly conserved PCET motif within activation domain 1 of E-proteins 

(residues 10-26 of E2A and E2-2, residues 11-27 of HEB; Figure 2-1A) plays 

fundamental roles in E-protein mediated lymphopoiesis and leukemogenesis. In part, this 

occurs through recruitment of the co-activator CBP/p300 via the CBP/p300 KIX domain 

(48,57,65). Fluorescence anisotropy experiments indicated that the PCET motifs from 

E2A and HEB bind KIX with very similar affinities (dissociation constants (Kd) of 12 µM 

and 9 µM, respectively; Figure 2-1B). Given this observation, and our ability to produce 

milligram quantities of isotopically labeled HEB-PCET (residues 11-28) in a bacterial 

system, we chose HEB as the representative E-protein PCET motif for use in NMR 

structural studies. The 1H-15N HSQC spectrum of HEB-PCET displayed poor dispersion 

of HN resonances, indicative of an intrinsically disordered peptide (Figure 2-1C). 

Addition of CBP KIX to saturating concentrations increased the dispersion of resonances, 

with analysis of backbone chemical shifts and heteronuclear NOE values predicting a 

rigid helical conformation from Lys15 to Phe27 (138,139) (Figure 2-1D).  

The HEB-PCET:KIX complex structure was determined using 1018 NOE-derived 

distance restraints and 150 TALOS-derived dihedral angle restraints from heteronuclear 

NMR data collected on samples containing one uniformly 15N/13C-labeled constituent in   
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Figure 2-1. The conserved PCET motifs of E2A and HEB bind KIX. (A) Sequence alignment of the 
PCET motifs from E2A, HEB, and E2-2. The ΦXXΦΦ consensus sequence is indicated and numbering is 
in accordance to the native protein sequence. Φ represents a bulky hydrophobic amino acid, and X 
represents any amino acid. Conserved hydrophobic amino acid residues are colored yellow, acidic residues 
red, and basic residues blue. (B) Representative binding curves showing the change in fluorescence 
anisotropy of 5-carboxyfluorescein tagged E2A-PCET (12-25) or HEB-PCET (11-24) peptides with 
increasing total concentration of KIX. (C) Overlay of 1H-15N HSQC spectra of 0.4 mM 15N-labeled HEB-
PCET in the absence (black) and presence (red) of 0.75 mM KIX in 20 mM MES pH 6.0. Resonances are 
labeled by position in full length HEB. Asterisks identify resonances that arise from impurities in the 
sample. (D) A bar graph depicting {1H}-15N heteronuclear  NOE values for each of the residues in 15N-
labeled HEB-PCET when bound by unlabeled KIX, calculated using the ratio of peak intensities between 
proton-saturated and unsaturated {1H}-15N NOE relaxation experiments. The orange bars correspond to the 
rigid core residues of the peptide based on their high ( > 0.7) {1H}-15N NOE values. 
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Figure 2-2. Structure of the PCET:KIX complex. (A) Overlay of the 20 low-energy structures of the 
complex, with the backbone (N, Cα, C' atoms) of residues Lys15-Ser28 of HEB-PCET (orange) and 
residues 589-685 of KIX (teal) displayed. (B) Ribbon diagram of the energy-minimized average structure 
of the HEB-PCET:KIX complex. The helices of KIX are labeled H1, H2, and H3, and the N- and C-termini 
are indicated. (C) Transparent surface of KIX displaying the backbone ribbon and the residues involved in 
intermolecular van der Waals contacts. (D) Ribbon representation of HEB-PCET (in orange) showing the 
position of residues Glu16, Leu17, Leu20, and Leu21 on the surface of KIX. (E) Ribbon representation of 
HEB-PCET (in orange) showing the position of the LDFS sequence (Leu21, Asp22, Phe23, Ser24) as well 
as Ala25 and Phe27 on the surface of KIX. Residues are numbered by position in full length CBP or HEB. 
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complex with the other unlabeled constituent. Of 200 total generated structures, 102 

structures displayed no NOE violations greater than 0.3 Å and no backbone dihedral 

angle violations greater than 5°. The final ensemble of 20 low-energy structures 

displayed a well-defined 1:1 PCET:KIX complex (Figure 2-2A,B) with good overall 

structural statistics and low pairwise root mean squared deviation (r.m.s.d.) values for the 

isolated PCET peptide, the KIX domain, and for the complex (Table 2-1).  

The HEB-PCET peptide in the complex adopted an amphipathic α-helical 

conformation from residues Lys15 to Phe27, with the solvent exposed side chains of 

Lys15 and Asp19 oriented so as to allow formation of a salt bridge. The flanking N-

terminal (Gly12-Asp14) and C-terminal (Ser28) residues appeared to be disordered and 

comprise flexible regions that do not appreciably contact KIX, reflected by low {1H}-15N 

NOE values (Figure 2-1D) as well as strong intra-residue NOEs and a lack of identifiable 

medium-range, long-range, or intermolecular NOEs.  

The KIX domain comprised three α-helices (H1: Gln597-Ile611; H2: Arg623-

Glu641; H3: Arg646-Arg669) that form the core of the structure, a short N-terminal 310-

helix (G1: Trp591-His594), and an intervening loop (L12: Phe612-Pro617) and 310-helix 

(G2: Ala618-Asp622) between helices H1 and H2 (Figure 2-2A,B). Helix H3 of KIX 

extended to Arg669, which is similar to that observed in the c-Myb:KIX:MLL complex 

(81), and four and six residues longer then helix H3 in the c-Myb:KIX (89) and 

pKID:KIX (88) complexes.  
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Table 2-1. NMR restraints and structural statistics for the HEB-PCET:KIX 
complex 

Restraints used for structure calculation  
  
Distance Restraints  
Sequential KIX: 375  HEB-PCET: 43 
Medium range (1<|i-j|≤5) KIX: 352 HEB-PCET: 8 
Long range   (|i-j| > 5) KIX: 184 HEB-PCET: 0 
Intermolecular 56 
Total 1018 
  
Dihedral Angle Restraints*  
Φ KIX: 64 HEB-PCET: 11 
Ψ KIX: 64 HEB-PCET: 11 
Total 150 
  
RMS deviations for constraints  
Distance constraints (Å) 0.0163 ± 0.0007 
Dihedral angles (°) 0.30 ± 0.06 
  
RMS deviations from covalent geometry  
Bond lengths (Å) 0.0018 ± 0.00005 
Bond angles (°) 0.35 ± 0.01 
  
Ramachandran statistics (%)+  
Residues in most favorable regions 87.8 
Residues in additional allowed regions 10.1 
Residues in generously allowed regions 1.0 
Residues in disallowed regions 1.0 
  
RMS deviations of ordered regions from 
mean structure (Å) KIX (589-667), HEB-PCET (16-26) 

Backbone atoms 0.57 ± 0.08 
All heavy atoms 1.01 ± 0.06 

*Backbone dihedral angle restraints generated with TALOS for residues in helical 
regions when 9 out of 10 predictions fell in the same region of the Ramachandran plot. 
The resulting Φ and Ψ angles were restricted to ± 15° or the error from the TALOS 
output, whichever was greater. 
+Ramachandran statistics generated with PROCHECK-NMR 
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2.4.2 The PCET:KIX interface 
 

The helical region of HEB-PCET occupies 930 Å2 of solvent accessible surface 

area on KIX in a deep hydrophobic cleft between helices H1 and H3, comprising Ile611 

(H1), Phe612 (L12), Ala619 (G2), the aliphatic regions of Arg624, Leu628, and Tyr631 

(H2), Ile660, Leu664, and the aliphatic region of Lys667 (H3) (Figure 2-2C). Extensive 

contacts to KIX were observed along the entire length of the HEB-PCET helix, including 

the hydrophobic residues Leu17, Leu20, and Leu21 from the LXXLL sequence, Phe23 

from the overlapping LDFS sequence, and Ala25 and Phe27 (Figure 2-2D,E). The side 

chain of Leu17 from HEB-PCET made van der Waals contacts to Ile611, Tyr631, Ile660, 

and the aliphatic region of Glu663 of KIX, while Leu20 of HEB-PCET inserted into a 

shallow cavity formed by the aliphatic component of Arg624, the methyl groups of 

Ile611 and Leu628, and the aromatic ring of Tyr631. Leu21 from HEB-PCET, for which 

the oncogenic importance of the analogous residue in E2A (Leu20) has been previously 

demonstrated (56), associated with a hydrophobic pocket on the surface of KIX formed 

by the side chains of Ile611, Ile660, Leu664, and the aliphatic region of Lys667. Beyond 

the LXXLL sequence of HEB-PCET, the aromatic side chain of Phe23 in the LDFS 

sequence interacted with Phe612, Ala619, the non-polar component of Asp622, and the 

guanidinium group of Arg624, which was positioned to make a possible cation-π 

interaction. The methyl group of Ala25 of HEB-PCET made hydrophobic contacts with 

Leu664, Lys667, and Arg668 while Phe27 made contacts with Phe612 of loop L12. 

These non-polar interactions appeared to be complemented by hydrogen bonding 

and electrostatic interactions. The glutamate immediately preceding the LXXLL 

sequence of HEB-PCET (Glu16) was oriented to allow for a possible hydrogen bond with 
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Asn627 from helix H2 of KIX (dOε1-Nδ2 = 4.0 Å). Asp22 was in sufficient proximity to 

Lys667 of helix H3 of KIX to form a salt bridge (dOδ2-Nζ = 3.1 Å), and Ser24 was 

positioned to form hydrogen bonds with Ile611 (dOγ-HN = 3.5 Å) and Thr614 (dOγ-Oγ1 = 4 

Å) in the minimized average structure of KIX.  

2.4.3 Mutations throughout the PCET motif attenuate in vitro KIX binding 
 

The HEB-PCET:KIX structure informed subsequent experiments in which 

mutagenesis was combined with multiple assays of KIX affinity to assess the importance 

of various PCET residues in KIX recognition (Figure 2-3 and Table 2-2). An alanine 

mutation of the glutamate residue preceding the LXXLL sequence (Glu16 in HEB and 

Glu15 in E2A) resulted in a subtle decrease in affinity (Kd of 25 µM), whereas an alanine 

substitution of the leucine residue occupying the point of overlap between the LXXLL 

and LDFS sequences of PCET (Leu21 in HEB and Leu20 in E2A), which abrogated 

immortalization of myeloid cells ex vivo and impaired leukemogenesis in vivo (56), 

showed no detectable binding to KIX. Mutation of the neighboring aspartate residue 

within the LDFS sequence of PCET, which is in the vicinity of Lys667 from helix H3 of 

KIX, decreased the affinity of the interaction by approximately three-fold (Kd of 25 µM).  

The reciprocal Lys667Ala KIX mutant showed a similar effect while a 

Lys667Glu KIX charge-repulsion mutant resulted in an approximately 10-fold decrease 

in affinity (Kd of 95 µM). An alanine mutation of the phenylalanine within the LDFS 

sequence of the PCET motif impaired KIX binding by approximately 4-fold and while 

this was less drastic than the effect seen with the Leu20Ala mutation it translated into an 

equally dramatic decrease in the in vitro retention of CBP/p300 by E2A(1-483)  
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Figure 2-3. PCET mutations impair KIX binding. (A) Representative binding curves showing the 
change in fluorescence anisotropy of 5-carboxyfluorescein tagged HEB-PCET (12-25) peptide with 
increasing total concentration of either wildtype (closed circles) or Lys667Glu mutant (open circles) KIX. 
(B) A pull-down experiment showing retention of endogenous CBP/p300 from the nuclear extracts of RCH 
ACV cells by various GST-E2A(1-483) constructs. (C) A mammalian two-hybrid assay measuring the 
ability of KIX fused to a GAL4 DNA-binding domain to activate a GAL4-responsive firefly luciferase 
reporter gene via recruitment of various E2A (1-483) constructs fused to tandem VP16 transcriptional 
activation domains. Renilla-normalized luciferase expression of 2×VP16-E2A (1-483) mutants was 
measured relative to that seen with wildtype and the result presented is the mean from at least 3 
independent transfections ± the S.D. (represented by vertical error bars). An asterisk above the bar indicates 
the result is significantly less (p < 0.05) than the value seen with wildtype.  
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Table 2-2. Affinity of PCET for KIX 
 I) Various PCET mutant peptides titrated with KIX 

Ligand Kd (µM) 
E2A-PCET 12 ± 2  
HEB-PCET 9.4 ± 0.1  
E2A-PCET Leu20Ala n.d.*a  
E2A-PCET Phe22Ala 71 ± 2a 

HEB-PCET Glu16Ala 25.1 ± 0.1                            
HEB-PCET Asp22Ala 25 ± 1      

  
 II) Titration of various KIX mutants into wildtype HEB-PCET 

Ligand Kd (µM) 

KIX 9.4 ± 0.1  
KIX Lys667Ala 28 ± 2  
KIX Lys667Glu 95 ± 0.5  
KIX Phe612Ala/Asp622Ala/ 
Arg624Ala/Lys667Glu 204 ± 7  

   Kd values determined by aITC, all others determined by FA titration  *n.d.: ITC failed to detect binding             
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(Figure 2-3B). A quadruple mutation in KIX 

(Phe612Ala/Asp622Ala/Arg624Ala/Lys667Glu) targeting multiple points throughout the 

PCET binding cleft decreased PCET affinity 22-fold (Table 2-2). 

2.4.4 Mutations throughout the PCET motif attenuate intracellular KIX binding 
 

To test the contributions of PCET residues in KIX recognition in the context of 

longer E2A constructs and an intracellular environment, a mammalian two-hybrid assay 

was used. This assay measured the ability of a KIX construct fused to the DNA-binding 

domain of GAL4 to recruit E2A (1-483) to a GAL4-responsive firefly luciferase reporter 

gene. The E2A constructs tested were fused to tandem VP16 activation domains 

(2xVP16-E2A (1-483)) to enhance the resulting signal, namely expression of firefly 

luciferase (Figure 2-3C). The Glu15Ala substitution in E2A 1-483 (analogous to 

Glu16Ala in HEB) produced 65% of wildtype luciferase activity while a Ser17Ala 

mutant (analogous to Ser18Ala in HEB) had no statistically significant effect on activity 

relative to wildtype E2A 1-483; an observation consistent with the solvent exposed 

position of this serine residue in our PCET:KIX complex structure and with a Ser17Ala 

E2A-PBX1 mutant displaying the same cell immortalization potential and ability to 

interact with CBP as wildtype E2A-PBX1 (56).  

Substitutions of other individual residues throughout the PCET motif also 

impaired intracellular KIX-binding as measured by luciferase expression (Figure 2-3C). 

The individual Leu20Ala, Asp21Ala, and Phe22Ala E2A mutants displayed 51%, 52%, 

and 62% of wildtype activity respectively, while a Leu20Ala/Phe22Ala E2A mutant 

showed the largest decrease with only 40% wildtype activity. None of these mutants gave 

activity that was significantly greater than that associated with deleting the overlapping 
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LXXLL and LDFS sequences (Δ16-23), except for Ser17Ala. These data illustrate that 

mutations within the PCET motif peptide, identified in the structural and biophysical 

studies as disrupting KIX binding, correlated with a deleterious effect on KIX binding by 

much longer E2A constructs in mammalian cells.  

2.4.5 Residues spanning PCET contribute to E2A-PBX1 function 
 

We have previously shown that GAL4-E2A(1-483) can drive transcriptional 

activation of a GAL4 responsive luciferase reporter gene in HeLa cells through 

interactions with endogenous co-activators. Deletion of PCET (Δ16-23) significantly 

decreased this activity without totally abrogating it (48). We have confirmed this result in 

SV293T cells and sought to test whether individual point mutations spanning both the 

LXXLL and LDFS sequences of PCET contribute to this decreased transcriptional 

activity (Figure 2-4A). The Glu15Ala, Leu16Ala, Asp21Ala, Phe22Ala, and 

Asp21Ala/Phe22Ala mutations each significantly decreased the transcriptional activity of 

GAL4-E2A(1-483) but maintained activity at levels significantly greater than that seen 

with deletion of the entire PCET motif (Figure 2-4A).  

Previously, we had shown that enforced expression of E2A-PBX1 in primary 

murine hematopoietic progenitors resulted in the outgrowth of a rapidly proliferating 

population of immortalized myeloid cells, and that the Leu20Ala PCET motif mutant 

abrogated this effect (56). Our interest in the molecular mechanisms of E2A-PBX1 in 

ALL prompted us to use this immortalization assay to investigate the implications of our 

structural and mutational analysis of the PCET:KIX interaction for neoplastic 

transformation by E2A-PBX1 (Figure 2-4B). 
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Figure 2-4. Residues throughout the E2A-PCET motif are functionally important. (A) Activation by 
various GAL4-E2A(1-483) constructs of a firefly luciferase reporter gene regulated by GAL4 recognition 
sequences at its promoter. Renilla-normalized luciferase expression by Gal4-E2A (1-483) mutants was 
measured relative to that seen with wildtype and the result presented is the mean from at least 3 
independent transfections ± the S.D. (represented by vertical error bars). An asterisk above the bar indicates 
the result is significantly less (p < 0.05) than the value seen with wildtype GAL4-E2A (1-483). (B) 
Proliferation of myeloid progenitors associated with retroviral-mediated expression of wildtype E2A-
PBX1b and engineered E2A-PBX1b variants. For each construct, 3 × 105 bone marrow cells were cultured 
in GM-CSF immediately after retroviral infection and counted for 35 days. The assay was repeated 
multiple times and a representative growth curve is shown. (B Inset) Western blot of lysates from NIH 3T3 
fibroblasts infected with retroviruses forcing expression of the indicated E2A-PBX1b constructs, 
confirming expression of all the different mutants of E2A-PBX1b. 
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Infection of primary bone marrow cells with a retrovirus conferring expression of 

wildtype E2A-PBX1 gave rise to a population of myeloid progenitors with sustained  

exponential growth (Figure 2-4B). In contrast, transduction with engineered E2A-PBX1 

bearing the Glu15Ala, Leu16Ala, Asp21Ala, or Asp21Ala/Phe22Ala substitutions 

conferred no apparent growth advantage relative to cells infected with the empty 

retroviral vector (Figure 2-4B). Therefore, the capacity of E2A-PBX1 to immortalize 

primary myeloid progenitors is exquisitely susceptible to focal perturbations within the 

PCET motif.  

2.5 Discussion 
 

Structure-function studies have indicated that an interaction between the PCET 

motif within AD1 of E-proteins and the KIX domain of CBP/p300 is involved in B-

lymphopoiesis (48,53), is targeted in a mechanism of E-protein silencing (65), and is 

essential for E2A-PBX1 driven oncogenesis (56). KIX also binds activation domains of 

several other mammalian transcription factors (81,82,87,90) and viral proteins (84-86) 

involved in the regulation of lymphopoiesis through their LXXLL sequence or the more 

generic ΦXXΦΦ sequence described by Lee et al., which is often preceded by an acidic 

glutamate residue (Figure 2-5A) (58,62,87). Our PCET:KIX complex and the associated 

mutagenesis studies described above provide structural insights into these functions.  

The ability of KIX to recognize multiple activation domains from regulators of 

lymphopoiesis that display low sequence identity beyond the general ΦXXΦΦ consensus 

sequence suggests that it possesses considerable structural plasticity, as proposed by De 

Guzman et al. (81). Comparison of our PCET:KIX complex to the c-Myb:KIX:MLL 
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ternary complex illustrates this plasticity (81). PCET and MLL bind the same cleft 

between helices H2 and H3 of KIX (Figure 2-5B,C), however differences exist in the 

orientation of the two activation domains, including in the L12 loop region and the G2 

helix of KIX (Figure 2-5C) and in the positioning of the KIX-contacting hydrophobic 

residues in the ΦXXΦΦ consensus sequence (Figure 2-5D,E). The L12 loop in the 

PCET:KIX complex adopts a conformation more similar to that observed in the c-

Myb:KIX complex in order to accommodate the aromatic side chain of Phe23 in PCET 

(89).  

Structural differences also exist in the sequences N-terminal to the ΦXXΦΦ of 

PCET and MLL. The N-terminus of PCET (Gly12-Asp14) is disordered and makes no 

detectable contacts with KIX, whereas the corresponding region of MLL (Ile2844, 

Leu2845, and Pro2846) is ordered and binds to a hydrophobic groove on KIX (Figure 2-

5D,E) (81). These differences appear to account, at least in part, for the slight difference 

in orientation of MLL versus PCET relative to KIX and the higher affinity reported for 

the MLL:KIX interaction (Kd of 2.8 µM versus 9.0 µM for PCET:KIX) (90). We 

therefore propose that the residues adjacent to the ΦXXΦΦ consensus sequence of 

activation domains significantly influence their binding modes and corresponding 

affinities for KIX. 

A sequence alignment of PCET, MLL, and other KIX-binding activation domains 

illustrates this concept and allows for a prediction of binding modes. PCET and c-Myb 

display a high degree of identity within the ΦXXΦΦ consensus sequence (Figure 2-5A), 

yet bind to unique sites on opposite faces of KIX. It is the differences in the  
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Figure 2-5. Residues adjacent to ΦXXΦΦ motif dictate the mode of KIX recognition. (A) Sequence 
alignment of ΦXXΦΦ containing KIX-binding proteins. Φ represents a bulky hydrophobic amino acid, and 
X represents any amino acid. Conserved hydrophobic amino acid residues are colored yellow, acidic 
residues red, and basic residues blue. Positions within the respective protein sequences are indicated as 
numbers. (B-E) Comparison of the orientation of PCET (orange ribbon) and MLL (red ribbon) on the KIX 
domain (grey ribbon / transparent surface for KIX bound to MLL and teal for KIX bound to HEB-PCET). 
Noteworthy residues from each activation domain are represented as sticks. (C-E) are views of (B-D) that 
have been rotated clockwise 70° about their x-axes. The KIX:MLL complex is from PDB accession 2AGH. 
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physicochemical properties of the N- and C-terminal adjacent residues in the activation 

domains ( Ile295 and Met303 of c-Myb; Asp14 and Asp22 of HEB) and their  

complementarity to their respective binding surfaces that dictate KIX binding specificity 

(81,89). The c-Jun activation domain, the AD2 activation domain of p53 (p53-AD2), and 

the viral protein HTLV-1 Tax each contain multiple hydrophobic residues N-terminal to 

the ΦXXΦΦ sequence similar to MLL and lack sequence similarity to KIX-contacting 

residues C-terminal to the ΦXXΦΦ sequence in PCET (Figure 2-5A) suggesting that 

these proteins bind KIX in a manner more similar to that of MLL than PCET. In contrast, 

the N-terminus of the first activation domain of p53 (p53-AD1) is less hydrophobic while 

at the same time displaying conservation of a hydrophobic residue (Leu25) at the 

analogous position as Phe23 of PCET C-terminal to the ΦXXΦΦ sequence, which our 

mutagenesis data suggest plays an important role in KIX recognition. We therefore 

propose that this accounts for the observation that p53-AD1 binds KIX at both sites but 

with a slight preference for the site used by PCET (87). The KIX-interactive activation 

domain of the oncoprotein HBZ, which is involved in HTLV1-induced adult T-cell 

leukemia/lymphoma (140), has hydrophobic residues both N-terminal and C-terminal to 

the ΦXXΦΦ sequence that align with KIX-interactive residues of MLL (Ile2842, 

Leu2843 and Pro2844) and PCET (Phe23 and Phe27). HBZ activation domain 1 appears 

to combine the binding modes of both MLL and PCET, a proposal supported by the high 

affinity (Kd of 130 nM) of its interaction with KIX (86).  

In addition to binding co-activators such as the KIX domain of CBP/p300, PCET 

binds the transcriptional co-repressor ETO via its eTAFH domain (63-65). This 

represents a proposed mechanism by which normal E-protein function is silenced by the 
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oncoprotein AML1-ETO in cases of acute myeloid leukemia (65). Furthermore, since 

wildtype E-proteins appear capable of transcriptional suppression in certain cellular 

contexts, recruitment of wildtype ETO or other co-repressors by PCET could also 

contribute to physiological transcriptional regulation by E-proteins (17,53,141). A 

comparison of our PCET:KIX structure with the previously determined PCET:eTAFH 

complex structure (62) illustrates that although both eTAFH and KIX bind the PCET 

motif through hydrophobic interactions with the ΦXXΦΦ sequence, there are notable 

differences in the PCET conformation and its interactions with residues outside the 

consensus sequence (Figure 2-6).  

When bound to the eTAFH domain the helical conformation of HEB-PCET 

(Lys15 to Leu21) is disrupted by a kink at Asp22 (62), while in complex with KIX the 

PCET helix extends to Phe27. Within the LDFS sequence of HEB-PCET, Phe23 plays a 

critical role in KIX recognition and E2A function as evidenced by our structural, 

biophysical, biochemical, and cell biology data. However, Park et al. observed no 

contacts between this residue and the eTAFH domain and demonstrated that a truncation 

of HEB-PCET lacking Phe23 had minimal effect on eTAFH binding (62). In normal 

myelopoeisis the greater affinity observed for the PCET:eTAFH interaction would allow 

ETO to outcompete CBP/p300 for E-proteins, leading to the repression of lymphoid E-

protein target genes. In cases of acute myelogenous leukemia associated with t(8;21) and 

consequent AML1-ETO expression, constitutive E-protein silencing may be driven not 

only by relative co-factor abundance as proposed by Zhang et al. (65), but also by the 

greater affinity of the eTAFH domain of AML1-ETO for E-proteins. 
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Figure 2-6. Comparison of PCET:KIX with PCET:eTAFH. The structure of HEB-PCET bound to (A) 
KIX and (B) eTAFH. Leucine residues from the LXXLL sequence (Leu17, Leu20, and Leu21) as well as 
Asp22, Phe23, and Ser24 from the LDFS sequence are depicted as sticks. HEB-PCET is coloured orange in 
the complex with KIX and blue in the complex with eTAFH. The HEB-PCET:eTAFH complex is from 
PDB accession number 2KNH. 
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The PCET motif has been linked to B-lymphocyte development by E2A and 

leukemogenesis by E2A-PBX1 (53,129). It contains two proposed protein recognition 

sequences; an LXXLL sequence and an overlapping LDFS sequence (56,60,61,63). We 

had previously identified an overlapping leucine residue (Leu20) as critical for co-

activator recruitment by E2A-PBX1 but this residue was found in both sequences so the 

issue over which sequence was involved remained unresolved (56). We have now shown 

that both sequences are involved, forming a contiguous helical binding motif. This 

structure is consistent with the importance of E2A Leu20 as the analogous residue in 

HEB-PCET (Leu21) is in the center of the PCET helix and anchored into the binding 

cleft on KIX by numerous hydrophobic contacts.  

Ectopic expression of E2A-PBX1 in murine bone marrow cells by retroviral 

transduction has been shown to give rise to immortalized GM-CSF dependent progenitor 

cells ex vivo or a myeloproliferative disease if transduced bone marrow is transplanted 

into syngeneic recipient mice (110,112). Both of these oncogenic capabilities were 

abolished by the E2A Leu20Ala mutation (56), and in the present study we have 

correlated this to decreased in vitro affinity of PCET for the KIX domain of the 

transcriptional co-activator CBP/p300. Consistent with the structure presented here, 

alanine substitutions of residues throughout the PCET helix were correlated with 

decreased affinity by multiple assays including abrogation of bone marrow 

immortalization. The one mutation that did not impair immortalization was E2A 

Ser17Ala (56), consistent with our observations that it did not significantly impair KIX 

binding in mammalian two-hybrid assays. Therefore, the newly identified PCET binding 

site on KIX is a potential therapeutic target. It is noteworthy that small molecules based 
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on an isoxazolidine scaffold have been shown to bind KIX selectively at this site 

(142,143). The importance of this site for E2A-PBX1 driven oncogenesis, and the 

accompanying structure of the PCET:KIX complex, opens the exciting possibility of 

designing novel therapeutics for E2A-PBX1+ acute lymphoblastic leukemia. 
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Chapter 3 
 

Biophysical and functional characterization of CBP/p300 recruitment by activation 
domain 2 of the oncoprotein E2A-PBX1 

 

3.1 Abstract 
E2A is a transcription factor critical for B-lymphocyte development. The E2A 

gene is involved in a chromosomal translocation, t(1;19), that results in expression of the 

chimeric oncoprotein E2A-PBX1 and subsequent induction of pre-B cell acute 

lymphoblastic leukemia (ALL). Both the E2A and E2A-PBX1 proteins include the N-

terminal activation domains AD1 and AD2, which have documented roles in 

transcriptional activation via recruitment of the KIX domain of the transcriptional co-

activator CBP/p300. In the present study, we used NMR spectroscopy and fluorescence 

anisotropy (FA) titrations to determine that AD2 binds to the same surface of the KIX 

domain as that used by AD1 but with lower affinity. Determinants of KIX-binding in 

AD2, including determinants of the lower affinity, were predicted from amino acid 

sequence alignment with AD1 and confirmed by using FA titrations, transcriptional 

activation assays, and bone marrow immortalization assays to ascertain the effects of 

engineered amino acid substitutions. With these data, we generated a structural model of 

the KIX:AD2 complex and proposed explanations for why E2A would have two 

activation domains that bind KIX at the same relatively small hydrophobic cleft. This 

binding site on KIX could prove a useful target in the design of inhibitors of the 

KIX:E2A interaction as a novel therapeutic approach in t(1;19)+ ALL.  
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3.2 Introduction 
 

The gene E2A gives rise to the protein products E12 and E47 by means of 

differential pre-mRNA splicing. These E2A proteins are class I basic helix-loop-helix 

(bHLH) transcription factors that are indispensable in B-lymphopoiesis and function in 

other lineages in the determination of cellular identity (18,43). Transcriptional activation 

by E2A proteins requires dimerization and subsequent binding to DNA mediated by a C-

terminal bHLH domain. The N-terminus of E2A includes two transcriptional activation 

domains called AD1 and AD2 (Figure 3-1A) (43,48,121,144). Consistent with the 

importance of E2A in B-lymphopoeisis, a subset of pre-B cell acute lymphoblastic 

leukemia (ALL) cases arise as a consequence of a somatic translocation between the E2A 

gene on chromosome 19 and the PBX1 gene on chromosome 1 [t(1;19)(q23;p13.3)] 

(96,98,99,103).  Translocation t(1;19) effectively replaces the C-terminal bHLH domain 

of E2A with most of PBX1, giving rise to the novel transcription factor E2A-PBX1. This 

chimeric oncoprotein incorporates the two transcriptional activation domains from E2A 

with the DNA-binding homeodomain from PBX1. 

Motivated by results demonstrating an absolute requirement for AD1 in E2A-

PBX1-driven oncogenesis, the roles of the E2A activation domains have been further 

characterized (49,124,125). We showed that AD1 interacts directly with the co-activator 

and histone acetyltransferase CBP and its paralog p300. This interaction was mediated 

primarily by a short, phylogenetically conserved α-helical region located at the extreme 

N-terminus of AD1 termed PCET (48,56). The importance of CBP/p300 recruitment in 

oncogenesis derives particular support from the observation that alanine substitution of a 

single leucine residue within this PCET helix (Leu20Ala) drastically impairs both  
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Figure 3-1. The conserved ΦXXΦΦ sequence is used by E2A for recruitment of the KIX domain of 
CBP/p300. (A) Domain architecture of E2A. Included are the N-terminal transcriptional activation 
domains AD1 and AD2 as well as the C-terminal dimerization and DNA-binding basic helix-loop-helix 
domain (bHLH). The KIX-interactive regions within these domains have also been highlighted. (B) 
Sequence alignment of KIX-interacting peptides from E2A AD1 and AD2 as well as c-Myb and MLL. The 
ΦXXΦΦ sequence common to all KIX-interacting peptides is indicated and numbering is in accordance to 
the native protein sequence. Φ represents a hydrophobic amino acid, and X represents any amino acid. Two 
sequences within AD2 possess this common sequence and are indicated as AD2-1 and AD2-2. 
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binding to CBP/p300 and induction of leukemia by E2A-PBX1 in a bone marrow 

transplantation model (56).  

The CBP/p300 co-activators are large proteins with multiple protein-protein 

interaction domains and a histone acetyltransferase domain (70). Incapable of direct DNA 

binding, CBP/p300 is recruited to transcriptional regulatory DNA elements, mostly 

enhancers, through protein-protein interactions with DNA-bound transcription factors 

(68-70,72). Our mapping studies indicated that binding to E2A is mediated primarily by 

the KIX domain of CBP/p300,  an 87 amino acid protein-protein interaction module that 

forms a globular bundle of 3 α-helices with two known binding surfaces (48,81).  

One binding site on KIX is a hydrophobic cleft that displays considerable 

plasticity such that diverse ligands can be accommodated (81,82,84,86,90,145).  We 

showed in recent biophysical and structural studies that the PCET motif from AD1 binds 

at this hydrophobic cleft (Chapter 2). The second binding surface on KIX is located in a 

shallow groove on the opposite face of the domain and binds a smaller number of 

partners, including the transactivation domain of c-Myb and the phosphorylated 

transactivation domain of CREB (88,89). A few transcription factors bind both of the 

KIX binding sites, including FOXO3a and p53 (87,91). Alignment of the amino acid 

sequences of the KIX-interacting regions of transcription factors reveals a highly 

conserved ΦXXΦΦ sequence, where Φ is a bulky hydrophobic residue and X is any 

amino acid residue, that is often but not always preceded by the acidic residue glutamate 

(58,87).  

E2A AD2 is hypothesized to be a long loop followed by a short α-helix from 

residues 397-405 (47). This AD2 helix can interact with CBP/p300 independently of 
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AD1 in pull-down experiments and can function cooperatively with AD1 in 

transactivation of a reporter gene in transient co-transfection experiments (48,49,56,125). 

Bhalla et al. subsequently confirmed cooperative transactivation by AD1 and AD2 and 

showed that deletion of either domain abrogates the ability of E12 to induce B-lymphoid 

differentiation in a mouse-derived pre-B cell line (53). As with AD1, recruitment of 

CBP/p300 by AD2 requires the KIX domain (48,73). Therefore, available evidence 

supports a model in which the AD1 PCET helix and the AD2 helix function 

cooperatively to bind KIX, recruit CBP/p300, and promote gene transcription and B-

lymphocyte specification and commitment. However, unlike the E2A-PCET:KIX 

interaction, the structural and biophysical properties of the interaction between the AD2 

helix and the KIX domain of CBP/p300 have not been characterized.  

In the present study, we demonstrate that disruption of the c-Myb/CREB binding 

site on KIX does not affect AD2 helix binding. We explain this by using NMR 

spectroscopy to map the AD2 binding site on KIX to the same hydrophobic cleft used by 

PCET and then generate a structural model of the AD2:KIX complex. We identify 

structural determinants of binding between the AD2 helix and KIX, and then correlate 

this affinity with E2A-PBX1 function. These data lead us to propose that the in vivo role 

of AD2 is to bind KIX after initial CBP/p300 recruitment, enhancing transcriptional 

activation and freeing AD1 to bind other target proteins.   
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3.3 Materials and Methods 
 
3.3.1 Peptides and recombinant protein constructs 
 

The following synthetic peptides, each with an N-terminal fluorescein 

isothiocyanate (FITC) tag, were generated by either the Sheldon Biotechnology Centre or 

BioBasic Inc.: E2A AD1 (residues 11-24; GTDKELSDLLDFSM-NH2), E2A AD2-1 

(residues 394-407; EDHLDEAIHVLRSH-NH2), AD2-2 (residues 408-420; 

AVGTAGDMHTLLP-NH2), E2A AD2-1/2 (residues 394-420 

EDHLDEAIHVLRSHAVGTAGDMHTLLP-NH2), and E2A AD2-1 Leu397Ala, 

Ala400Leu, Ile401Ala, His402Ala, or Leu404Ala mutant peptides. Fluorescein-labeled 

peptides were quantified by absorbance of the fluorescein moiety at 496 nm using a 

molar extinction co-efficient of 68,000 L.mol-1cm-1. A non-fluorescent E2A AD2-1 

peptide with N-terminal acetylation and an additional C-terminal tyrosine residue for 

quantification by absorbance at 280 nm was generated for NMR-based chemical shift 

mapping studies. 

A pET21a(+) derived plasmid encoding the KIX domain from mouse CBP (586-

672) was kindly provided by Dr. Peter Wright (Scripps Research Institute, La Jolla, CA). 

A Phe612Ala/Asp622Ala/Arg624Ala/Lys667Glu quadruple KIX mutant (KIX-

ΔMLLsite) and Tyr650Ala/Ala654Gln/Tyr658Val triple KIX mutant (KIX-ΔMybsite) 

were generated with the QuikChange site directed mutagenesis kit (Stratagene). The three 

KIX-encoding plasmids were transformed into E. coli BL21 (DE3) cells and recombinant 

protein expression, uniform isotopic (13C and 15N) labeling, and purification of the KIX 

constructs were performed in a similar manner to that described in Chapter 2. An 

exception to this that after cation exchange chromatography the protein constructs were 
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further purified by size exclusion chromatography on an S75 column in 20 mM MES pH 

6.0, 1 mM β-mercaptoethanol. Pooled protein solutions were quantified by absorbance at 

280 nm with molar extinction co-efficients of 12,950 L.mol-1cm-1 for KIX / KIX-FDRK 

and 9,970 L.mol-1cm-1 for KIX-YAY, concentrated to 2-3 mM, and stored at -80°C. 

3.3.2 Fluorescence anisotropy titrations 
 

Fluorescence anisotropy titrations were performed in filtered 20 mM MES pH 

6.0, 1 mM β-mercaptoethanol. Wild-type and mutant KIX solutions spiked with 100 nM 

fluorescein-labelled peptide were titrated into 100 nM of the same fluorescein-labeled 

peptide. Fluorescence anisotropy readings were measured on a Spex Fluorolog Tau-3 

spectrofluorometer (Horiba Jobin Yvon Inc.). The λex and λem used were 492 nm (bp 2 

nm) and 523 nm (bp 5 nm) respectively, with a photomultiplier voltage of 950 V and 

integration time of 10 s for each reading. Three readings were taken after each injection 

of titrant and averaged. The data were fitted to the quadratic solution to a one-site binding 

model with an additional linear term added to account for non-specific binding (Chapter 

2). Experiments were performed in duplicate with the mean ± standard deviation 

reported. 

3.3.3 NMR spectroscopy 
 

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

spectrometer equipped with triple resonance cryoprobe at 25°C on samples prepared in 

20 mM MES pH 6.8, 1 mM β-mercaptoethanol, 90% H2O/10% D2O.  A titration of 200 

µM 13C/15N KIX with 0-5 equivalents of unlabelled E2A AD2-1 was monitored by 
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collection of a 2D 1H-15N HSQC spectrum after each incremental addition. NMR samples 

comprising 600 µM 13C/15N KIX in the absence and presence of 2 mM E2A AD2-1 were 

prepared and the following experiments collected to allow assignment of backbone 

chemical shifts of the free KIX and KIX in complex with E2A AD2-1: 1H-15N HSQC, 

HNCACB, CBCAC(O)NH, and 15N-NOESY-HSQC (100 ms mixing time). The data was 

processed and analyzed with NMRPipe and NMRView, respectively (130,131). 

Backbone amide group chemical shift perturbations were calculated as previously 

described (146). 

3.3.4 Modeling 
A sequence alignment of activation domains known to bind KIX (87), including 

E2A AD1 and E2A AD2-1, was performed using Praline (147). The alignment was then 

used to model E2A AD2-1 onto PCET from the structure of the PCET:KIX complex 

(PDB: 2KWF) using Modeller 9.9 (148). Figures of the model were generated with 

PyMOL (149). 

3.3.5 Transfections and transcriptional activity assays 
Plasmids conferring mammalian expression of wildtype and mutant GAL4-E2A 

(1-483) fusion proteins were assembled as previously described (48), with E2A mutations 

generated using the QuikChange site directed mutagenesis kit (Stratagene). Transfections 

were performed by the calcium phosphate precipitation method in SV293T cells seeded 

at 8x104 cells/well in a 12-well tissue culture plate as previously described (Chapter 2). 

For each GAL4-E2A(1-483) fusion construct, at least three independent transfections 

were performed in 12-well tissue culture plates and the average Renilla normalized 
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luminescence values were reported  +/- the standard deviation. Statistical significance 

was measured using one-way ANOVA with Games-Howell post hoc test and a 

significance threshold of a one-tailed p value < 0.05. 

3.3.6 Retroviral transduction and bone marrow immortalization assays 
 

The cDNA encoding E2A-PBX1b was engineered into a GFP-expressing pMIEV 

retroviral backbone plasmid using NotI and SalI restriction sites. Generation of the E2A-

PBX1b Leu20Ala, Leu20Ala/Ala400Leu, and Leu20Ala/His402Ala mutants was 

performed using a previously described PCR-based method with Pfu Ultra DNA 

polymerase from Stratagene (137). Virus was generated as described in Chapter 2 and the 

titre was measured by infecting NIH 3T3 fibroblasts with a serial dilution series of viral 

supernatant and assessing GFP and E2A-PBX1b expression by flow cytometry of live 

cells and immunoblotting of cell lysates, where the secondary antibodies used were a 

1/1,000 dilution of anti-E2A yae mouse monoclonal antibody (Santa Cruz 

Biotechnology) and a 1/2,000 dilution of mouse monoclonal anti-GFP (Roche). 

Immortalization assays were performed in a similar manner to that described in Chapter 

2. Only non-adherent cells were counted at each time point. A representative growth 

curve is shown in Results. At 45 days post-transduction the cells were stained with anti-

CD11b-PE, anti-F4/80-PECy7, and anti-Gr1-PECy5 (BioLegend) and analyzed on a 

Cytomics FC 500 flow cytometer (Beckman Coulter). Data analysis was performed with 

FlowJo 7 (Treestar).   
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3.4 Results 

3.4.1 E2A AD2 binds KIX through a single ΦXXΦΦ sequence 
 

The observation that activation domains known to interact with the KIX domain 

of CBP/p300 contain a highly conserved ΦXXΦΦ sequence, where Φ corresponds to a 

hydrophobic residue and X to any type of amino acid, led us to inspect the sequence of 

E2A AD2 for the presence of such elements (87). Two such sequences at positions 397-

401 (Leu-Asp-Glu-Ala-Ile) and 415-419 (Met-His-Thr-Leu-Leu) were identified (Figure 

3-1). The presence of two candidate KIX-binding motifs raised the possibility of 

cooperative binding with the two binding surfaces of KIX similar to that previously 

observed for p53 and FOXO3a (87,91). Fluorescence anisotropy-based titrations 

indicated that synthetic peptides corresponding to residues 394-407 and 408-420 of E2A, 

termed AD2-1 and AD2-2 respectively, bound to the KIX domain with affinities of 17 

µM and 283 µM (Table 3-1). A synthetic peptide encompassing both ΦXXΦΦ containing 

sequences from E2A-AD2 (residues 394-420 of E2A) displayed an affinity for the KIX 

domain (21 µM) similar to that observed for E2A AD2-1 (Table 3-1). These results 

suggested that the ΦXXΦΦ-containing E2A AD2-1 sequence is responsible for KIX 

recognition as originally hypothesized (47) and that, unlike p53 or FOXO3a, the adjacent 

ΦXXΦΦ sequence in E2A AD2 (E2A AD2-2) does not contribute to a cooperative mode 

of binding to the KIX domain.  
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Table 3-1. Affinity of E2A peptides for KIX 
 I) E2A mutant peptides titrated with KIX in 20 mM MES pH 6.0 1 mM βME 

Ligand Kd (µM) 
E2A 394-407 17 ± 4 
E2A 408-420 283 ± 5 
E2A 394-420 21 ± 3                            

E2A 394-407 Leu397Ala 102 ± 10      
E2A 394-407 Ala400Leu 7.2 ± 0.8      
E2A 394-407 Ile401Ala 106 ± 13      
E2A 394-407 His402Ala 13.5 ± 0.1      
E2A 394-407 Leu404Ala 86 ± 5      

E2A 11-24 5.2 ± 0.9 
  
 II) Titration of KIX mutants into E2A 394-407 

KIX construct Kd (µM) 

Tyr650Ala/Ala654Gln/Tyr658Val 
(ΔMybsite) 

13.9 ± 0.8      

Phe612Ala/Asp622Ala/Arg624Ala/Lys667Glu 
(ΔMLLsite) 250 ± 70 
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3.4.2 E2A AD2-1 binds KIX specifically at a site similar to E2A-PCET and MLL 

 Mutagenesis, fluorescence anisotropy titrations, and NMR spectroscopy were 

employed to delineate whether E2A AD2-1 was engaging the c-Myb site (89) versus the 

MLL site on the KIX domain (81,90). A KIX Tyr650Ala/Ala654Gln/Tyr658Val triple 

mutant (denoted KIX-ΔMybsite) and a KIX 

Phe612Ala/Asp622Ala/Arg624Ala/Lys667Glu quadruple mutant (denoted KIX-

ΔMLLsite) were designed to disrupt binding specifically at the c-Myb and the 

PCET/MLL binding sites, respectively and used in fluorescence anisotropy titrations 

(81,86,89,150). The KIX- ΔMybsite mutant bound E2A AD2-1 with a similar affinity to 

that of the native KIX domain (14 µM vs. 17 µM) whereas the KIX- ΔMLLsite mutant 

displayed a 15-fold decrease in affinity for E2A AD2-1 (250 µM vs. 17 µM; Figure 3-2 

and Table 3-1).  

NMR-based chemical shift mapping studies were subsequently performed to 

complement the KIX mutagenesis data and to more clearly define the E2A AD2-1 

binding site on the KIX domain. Comparison of the backbone amide proton and 15N 

chemical shifts of the KIX domain in the absence and presence of E2A AD2-1 on a per-

residue basis revealed those residues displaying significant chemical shift changes 

(greater than 1 standard deviation above the mean chemical shift change), which included 

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

3-3A,B). In addition, resonances corresponding to Arg623, Asn627, and Lys667 in the 

1H-15N HSQC spectrum of the apo-KIX domain decreased in intensity until they were no 

longer observable upon incremental additions of the E2A AD2-1 peptide, and remained 

undetectable even after reaching saturating amounts of the E2A AD2-1 peptide. 
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Figure 3-2. E2A AD2 binding to KIX is unaffected by disruption of the c-Myb binding site. FA 
titration binding curves of FITC-labelled AD2-1 peptide with KIX or KIX mutants engineered to disrupt 
the c-Myb binding site (KIXΔMybsite - Tyr650Ala/Ala654Gln/Tyr658Val) or MLL binding site (KIXΔMLLsite -
Phe612Ala/Asp622Ala/Arg624Ala/Lys667Glu).  
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Figure 3-3. E2A AD2 binds KIX at same site as E2A-PCET. (A) 2D 1H-15N HSQC of 600 µM 15N/13C-
KIX in the absence (black) and presence (red) of 2 mM unlabelled E2A AD2-1 peptide. (B) A bar graph 
depicting the chemical shift perturbation of the different backbone amide group chemical shifts of KIX 
upon saturation with E2A AD2-1 peptide. A red horizontal line indicates the average chemical shift 
perturbation observed. The peaks for Arg623, Asn627, and Lys667 broadened out upon E2A AD2-1 
binding and could not be assigned in the bound spectrum. Chemical shifts were calculated as previously 
described (146). (C) Front and back views of a surface representation of the structure of HEB-PCET bound 
to KIX (PDB: 2KWF) with the peptide removed for clarity. Residues in KIX that were perturbed more than 
1 standard deviation above average upon saturation with AD2-1 peptide are coloured blue and residues that 
could not be assigned upon saturation due to peak broadening are coloured cyan. (D) Front view of PDB: 
2KWF with a cartoon representation of the HEB-PCET peptide included to illustrate the location of the 
peptide.  
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Mapping of the significantly affected residues onto the recently reported NMR 

solution structure of KIX in complex with the HEB-PCET motif (Chapter 2) revealed that 

the E2A AD2-1 binding site localized to a hydrophobic cleft between helices H2 and H3 

and buttressed by the intervening L12 loop and G2 310-helix (Figure 3-3C,D). This region 

corresponds to the binding site of HEB-PCET and the transactivation domain of MLL, as 

well as the transactivation domains of p53, FOXO3a, c-Jun, and HTLV-Tax 

(81,82,84,87,90,91). No significant chemical shift perturbations were observed on the 

opposite face of the KIX molecule corresponding to the c-Myb or CREB binding site. 

These results are consistent with the fluorescence anisotropy data in which the KIX-

ΔMybsite mutant bound E2A AD2-1 with wild-type affinity while the KIX-ΔMLLsite 

mutant had a significantly lower affinity for E2A AD2-1.  

A model of the E2A AD2-1:KIX complex structure was generated using the 

PCET:KIX complex (Chapter 2) and Modeller 9.9 as an aid in deciphering the molecular 

basis of the interaction (Figure 3-4A,B). The model predicted binding driven by many 

hydrophobic interactions, particularly along one face of the helical E2A AD2-1 peptide 

that is buried in the hydrophobic cleft on KIX (Figure 3-4B). The hydrophobic residues 

within the ΦXXΦΦ sequence of E2A AD2-1 (Leu397, Ala400, and Ile401) were 

predicted to participate in extensive contacts with the KIX domain. These include 

interactions of Leu397 of E2A AD2-1with Tyr631 of the H2 helix and Ile660 of the H3 

helix of the KIX domain, Ala400 with Ile611 of the H1 helix and Leu628 of the H2 helix, 

and Ile401 with Ile660, Leu664, and the aliphatic side chain of Lys667 from the H3 helix. 

Additionally, Leu404 is positioned to form hydrophobic interactions with Phe612 and  
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Figure 3-4. Determinants of binding between AD2 and KIX. (A) Cartoon representation of a model of 
KIX (teal) bound to the AD2-1 peptide (orange). The three α-helices of KIX are indicated, as are the N and 
C termini of both proteins. (B) The AD2-1:KIX interaction surface from the model of the complex with 
stick representations of the side chains of residues that are potentially forming contacts. Mutations 
informed by this model were tested by (C) FA titration of FITC-labelled AD2-1 mutant peptides with KIX 
and (D) transcriptional activation of a GAL4-responsive luciferase reporter gene in SV293T cells by 
GAL4-E2A (1-483) or various mutants. *significantly less than wildtype. #significantly less than Δ16-23. 
+significantly greater than Δ16-23. The amino acid sequence of the AD2 region of interest is 
396HLDEAIHVLRSH with the ΦXXΦΦ sequence underlined. 
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Pro613 of the L12 loop and Leu664 of the H3 helix. The model also suggests the potential 

for electrostatic interactions between Asp398 and Lys667 of the H3 helix, obviating the 

need for acidic residues in the region C-terminal to the ΦXXΦΦ sequence analogous to 

Asp21 from AD1.  

3.4.3 The affinity of E2A AD2-1 for KIX correlates with E2A transcriptional 
activity 

 
To investigate functional predictions guided by the E2A AD2-1:KIX model, 

alanine substitution mutants of E2A Leu397 and  Ile401 at the N- and C-termini of the 

ΦXXΦΦ sequence and His402 and Leu404 adjacent to this sequence were tested using in 

vitro binding and transcriptional activation assays (Figure 3-4C,D). In fluorescence 

anisotropy titration experiments the Leu397Ala and Ile401Ala E2A AD2-1 mutants each 

displayed a six-fold decrease in affinity for the KIX domain while the Leu404Ala 

mutation decreased the affinity of E2A AD2-1 for the KIX domain by approximately 

five-fold (Figure 3-4C, Table 3-1). The His402Ala E2A AD2-1 mutation, which was 

selected as a negative control based on its largely exposed position in the structural model 

resulted in a slight increase in affinity (14 µM vs. 17 µM).  

The presence of a small hydrophobic residue at the fourth position in the ΦXXΦΦ 

sequence of E2A AD2-1 (Ala400), our previous observation that alanine substitution of 

the leucine residue that resides at this position in the PCET motif of E2A AD1 

(Leu19Ala) impaired the ability of E2A 1-483 to pull down CBP/p300 (56), and the 

structural model of the AD2-1:KIX complex together suggested that the affinity of this 

interaction could be enhanced by increasing the hydrophobicity of this position in E2A 

AD2-1. Consistent with this hypothesis, an Ala400Leu E2A AD2-1 mutant peptide 
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bound to the KIX domain with an affinity greater than twice that of the native E2A AD2-

1 sequence and similar to that of E2A-PCET (Table 3-1). 

The consequences of these amino acid substitutions on the transcriptional activity 

of E2A (1-483) were assessed in a cell-based reporter gene assay. A mammalian 

expression plasmid was engineered to express E2A (1-483) fused to the DNA-binding 

domain of GAL4. This plasmid was transiently co-transfected into SV293T cells with a 

plasmid containing a firefly luciferase reporter gene regulated by multiple GAL4 binding 

sites. Deletion of the PCET motif (Δ16-23) reduced E2A-driven expression to 22% of 

wildtype E2A (1-483). The Leu397Ala, Ile401Ala, or Leu404Ala substitutions in 

addition to this deletion further reduced activity to less than 5% of that seen with 

wildtype E2A (1-483) (Figure 3-4D). In contrast, the Ala400Leu or His402Ala 

substitutions partially restored activity to 81% and 70%, respectively, of that observed 

with wildtype E2A, largely compensating in this assay for the impairment of AD1 

function caused by Δ16-23. These two effects on E2A transcriptional activity are 

approximately commensurate with the effects on KIX binding affinity produced by the 

same mutations, thus supporting the functional relevance of the hypothetical contact 

points that we have identified in the E2A AD2-1:KIX model and the notion that affinity 

for the KIX domain is a major determinant of the transcriptional activity of E2A.  

3.4.4 Affinity of the E2A:KIX interaction correlates with immortalization by  
E2A-PBX1 

 
 Several studies have shown that E2A AD1 is required for E2A-PBX1-mediated 

oncogenesis whereas E2A AD2 is dispensable (48,56,125). This differential contribution 

by the two activation domains of E2A could be attributable to uncharacterized qualitative 
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differences in their functions, as reflected in their differential activity across different cell 

types (46). Alternatively, our results raise the possibility that the lesser oncogenic role of 

E2A AD2 may be explained more simply by its lower affinity for the KIX domain of 

CBP/p300. In order to investigate the possibility of a latent relationship between E2A 

AD2-mediated recruitment of CBP/p300 and E2A-PBX1-driven oncogenesis, amino acid 

substitutions that increased the affinity of E2A AD2 binding to the KIX domain were 

engineered into full-length E2A-PBX1 in the context of a substitution (namely 

Leu20Ala) that disrupts KIX binding to E2A AD1 and abrogates primary cell 

immortalization by E2A-PBX1 (56). Primary mouse bone marrow cells infected with a 

retrovirus that confers expression of E2A-PBX1 and then maintained ex vivo in the 

presence of GM-CSF proliferated exponentially and continuously after a brief latency 

period, whereas cells infected with either the vector control or the Leu20Ala-substituted 

E2A-PBX1 mutant declined rapidly after 2 weeks (Figure 3-5A,B). Cells infected with 

the Leu20Ala/Ala400Leu E2A-PBX1 mutant proliferated persistently for over 5 weeks, 

albeit at a lower rate than those infected with unmodified E2A-PBX1, and appeared to 

have become established in culture. Unlike cells that had been immortalized with 

wildtype E2A-PBX1, which were non-adherent, the cells expressing the 

Leu20Ala/Ala400Leu E2A-PBX1 mutant rapidly segregated after each passage into non-

adherent and adherent sub-populations with the latter forming a confluent monolayer of 

fusiform cells. Characterization by flow cytometry indicated that the cells immortalized 

with wildtype E2A-PBX1 manifested an immunophenotype (CD11b+ F4/80+ Gr-1- ) 

characteristic of granulocyte/macrophage early progenitors (Figure 3-5C). The 

immunophenotype of cells expressing the Leu20Ala/Ala400Leu E2A-PBX1 mutant  
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Figure 3-5. Ala400Leu can restore E2A-PBX1 driven immortalization but not differentiation 
blockage of murine bone marrow that is lost by inactivation of PCET. (A) Proliferation of 
hematopoietic progenitors in GM-CSF forced to express E2A-PBX1 (either wildtype or mutant) via 
retroviral transduction. For each construct, 1.25x106 bone marrow cells were cultured in GM-CSF 
immediately after retroviral infection and counted for 40 days. A representative growth curve is shown. (B) 
Western blot of lysates from NIH 3T3 fibroblasts infected with retroviruses forcing expression of the 
indicated E2A-PBX1 constructs, confirming viral titre and expression of all the different mutants of E2A-
PBX1. (C) Flow cytometric analysis of cells generated by forcing expression of E2A-PBX1 ((wildtype or 
Leu20Ala/Ala400Leu) by retroviral transduction followed by 40 days of stimulation in media 
supplemented with GM-CSF. The cells immortalized with E2A-PBX1 (Leu20Ala/Ala400Leu) were 
separated into adherent and non-adherent layers for separate analysis and all samples were stained for 
CD11b, F4/80, and Gr-1. 
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depended on their adherence status. Whereas the non-adherent population included many 

cells with evidence of granulocytic differentiation (F4/80-Gr-1+), the adherent cells 

included a distinct and prevalent population of cells with macrophage features (F4/80+Gr-

1+/-). These findings suggest that the Leu20Ala/Ala400Leu E2A-PBX1 mutant is less 

effective than the wildtype oncoprotein in blocking GM-CSF-induced differentiation of 

hematopoietic progenitors to granulocytes and macrophages. More generally, these 

functional results based on primary mouse bone marrow cells show that increasing the 

affinity of E2A AD2 for the KIX domain of CBP/p300 to one that approaches that of the 

PCET:KIX interaction uncovers a latent potential of E2A AD2 to mediate the oncogenic 

transcriptional effects of E2A-PBX1.  

 

3.5 Discussion 

Recent genome-wide studies have identified thousands of E2A binding sites in B-

lymphoid progenitor cells, most of which appear to fall within transcriptional enhancers 

(17). Since one defining characteristic of enhancers is local recruitment of CBP/p300, it 

is reasonable to surmise that E2A-mediated recruitment of CBP/p300 is important in 

determining the patterns of active enhancers that evolve during hematopoiesis and 

enforce lymphoid cell fate (72). We propose that leukemia induction by E2A-PBX1 

involves aberrant redistribution of CBP/p300, and presumably other transcriptional  

co-regulators, across the genome at a critical phase of hematopoietic development. This 

results in the establishment of an abnormal, self-sustaining transcriptional gene 

regulatory network and a leukemic cellular phenotype characterized by aberrant retention 

of cellular immaturity and self-renewal potential.  
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The oncogenic importance of aberrant CBP/p300 redistribution mediated by E2A-

PBX1 is supported by our demonstration in the current and previous studies that the 

oncogenic potency of engineered E2A-PBX1 mutants is predictable based on their 

affinity for CBP/p300. Whereas we showed previously that amino acid substitutions 

within E2A AD1 that reduce its affinity for CBP/p300 impair oncogenesis (48,56), we 

show in the current study that a substitution (namely Ala400Leu) that increases the 

affinity of E2A AD2 for CBP/p300 uncovers a latent ability of E2A AD2 to mediate 

E2A-PBX1-driven oncogenesis. Indeed, the ability of the individual E2A activation 

domains to recruit CBP/p300 seems to be a better predictor of their oncogenic function 

than of their transcriptional potencies, as measured using reporter gene assays. Thus, 

while deletions within E2A AD2 are more deleterious for transactivation than those 

within E2A AD1, they have no measurable effect on E2A-PBX1-mediated oncogenesis 

(53,56). We speculate that this discordance reflects the failure of simple reporter assays 

to accurately model the potentially complex and subtle gene regulatory consequences of 

aberrantly recruiting CBP/p300 to certain key gene regulatory elements and away from 

others. 

The emergence of adherent macrophages and the presence of immunophenotypic 

features indicating more advanced granulocytic and macrophage differentiation 

manifested by cells expressing Ala400Leu-substituted E2A-PBX1 (Leu20Ala) suggests 

that this construct is a hypomorphic variant. The mutation has restored oncogenic 

potency relative to E2A-PBX1 (Leu20Ala) by enhancing the affinity of the AD2-1 

peptide for KIX (Kd of 7.2 µM versus 17 µM) and, by implication, CBP/p300. However, 

the oncogenic potency is attenuated relative to wild-type E2A-PBX1 due to its affinity 
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for KIX still being less than that of the wild-type PCET peptide (Kd of 5.2 µM). These 

results support the validity of using biophysical studies with E2A fragments to model and 

predict functionally important interactions between full-length E2A-PBX1 and 

CBP/p300. 

A somewhat puzzling implication of our results is that the small E2A AD2-1 

helical region we studied (E2A 394-407) has functions redundant to E2A AD1 that 

involve binding the KIX domain at the same surface but with lower affinity in an 

interaction that is dispensable in some contexts (49,125). One plausible explanation for 

this observation is that while isolated E2A AD2 binds the KIX domain with relatively 

modest affinity in vitro, binding is more favored in vivo because the effective 

concentration of CBP/p300 in the vicinity of the AD2 domain is greater than expected 

due to initial recruitment of CBP/p300 via an interaction between KIX and E2A AD1. In 

this manner the role of E2A AD2 might be that of a failsafe mechanism to reduce the 

extent to which the CBP/p300 molecule slips off of the E2A protein. It also cannot be 

ruled out that E2A/E2A-PBX1 can simultaneously bind two CBP/p300 molecules with 

initial recruitment of the KIX domain via E2A-PCET followed by transfer to E2A AD2, 

then subsequent addition of a second CBP/p300 molecule at E2A-PCET. In both cases 

the relevance of this enhanced transcriptional activity would be context-dependent. 

In summary, the results presented here confirm that AD1 and AD2 of E2A both 

bind the KIX domain at the same site, a relatively small hydrophobic cleft also bound by 

transcriptional activation domains from several other transcription factors, including 

MLL and c-Jun, but distinct from the hydrophobic groove bound by transcription factors 

such as c-Myb and phospho-CREB (88,89). AD2 binds this surface with considerably 
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less affinity than AD1. Increasing the affinity of AD2 binding to KIX uncovers a latent 

potential of AD2 to mediate E2A-PBX1-driven oncogenesis independent of AD1, 

suggesting that the two activations domains function redundantly through a mechanism 

mediated by KIX binding. Given the importance of this interaction in E2A-PBX1 

oncogenesis, inhibition of ligand binding to the hydrophobic  cleft on the KIX domain 

used by both E2A activation domains could prove a useful therapeutic approach in E2A-

PBX1+ leukemia.  
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Chapter 4 
 

General Discussion 
 
4.1 The activation domains of E2A-PBX1 in oncogenesis 
 

The AD1 and AD2 activation domains of E2A have been mapped based on their 

ability to mediate transcription using in vitro assays. In most situations studied, AD1 has 

proven to play a large role in transcriptional activation while the importance of AD2 is 

more dependent on the cellular milieu where it is expressed. In B lymphopoiesis, there 

has been evidence reported that AD1 and AD2 have redundant functions in B-

lymphocyte specification during the pro-B cell to pre-B cell transition but that AD1 has 

unique and indispensable roles in suppression of genes associated with macrophages (53). 

The data presented in this thesis have demonstrated that the PCET motif within AD1 and 

the AD2-1 helix from the LH motif of AD2 both bind the KIX domain of the 

transcriptional co-activator CBP/p300. Furthermore, they bind KIX at the same site and 

the AD2-1 peptide binds with ~4-fold weaker affinity than PCET. This latter finding is 

consistent with the dispensability of AD2 in multiple experimental models (48,49,125).  

Consistent with the implication that AD2-1 performs a redundant function to 

PCET in binding KIX but with lower affinity, the results of this thesis demonstrate that a 

modification of the ΦXXΦΦ sequence within AD2-1 that increases its affinity for KIX 

restores extended self-renewal capacity in E2A-PBX1 (Leu20Ala)-transduced bone 

marrow ex vivo. Interestingly, this modification does not restore the capacity of E2A-

PBX1 to block hematopoietic differentiation. One interpretation of the findings of Bhalla 

et al. in light of these results is that these different functions of E2A-PBX1 are driven by 

interactions with KIX that are dependent on crossing different affinity thresholds, with 
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differentiation blockage requiring a higher affinity interaction with KIX than 

immortalization. 

Experimental characterization of E2A-PBX1 function has found that it can drive 

three distinct characteristics of oncogenesis: immortalization, hyperproliferation, and 

differentiation blockage. Alterations within the PCET and AD2-1 regions of E2A-PBX1 

altered expression of some subsets of PBX1 target genes but not others, consistent with 

different KIX-binding affinities being necessary for activation of different genes in order 

to carry out different functional roles. In particular, Scheele et al. argue that alteration of 

the LDFS sequence within the PCET motif impairs proliferation but not differentiation 

blockage in myeloid progenitors (61). This last result seems incongruous with our results 

but inspection of the Wright-Giemsa stained cytospin preparations they report suggests 

that differentiation blockage was in fact relieved. Despite their claim that mutation of the 

LDFS sequence was dispensable for the differentiation blockage of myeloid progenitors 

by E2A-PBX1 they concede that their cells “might be more mature or monocyte-like” 

(61). Combined with our results this would suggest that, in oncogenesis driven by E2A-

PBX1, the LDFS sequence imparts unique properties on PCET that allow for the 

sufficiently high affinity for KIX that is necessary for function. That the AD2-1 helix 

lacks these extra contacts and displays correspondingly lower affinity for KIX explains 

its dispensability in this context. An unresolved question is why AD1 has unique roles in 

E2A and E2A-PBX1 function when PCET and AD2-1 both bind KIX, and in fact bind 

KIX at the same site. A parsimonious explanation is that AD2-1 is entirely redundant and 

only important in other cellular situations but a possibility to explore is that AD1 is 

critical for interactions with factors other than KIX and that these interactions are what 
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drive differentiation blockage in bone marrow immortalization experiments and 

suppression of the macrophage gene expression program in  B lymphopoiesis (Figure 4-

1) (53). A possible candidate for this unknown factor is ETO, which is a co-repressor, is 

found in hematopoietic progenitors, and is known to serve as a docking platform for other 

proteins involved in the repression of gene transcription (62,64,65,151). A complication 

in searching for additional PCET interactions is that our results are consistent with other 

researcher’s studies of the LDFS sequence in finding that the LXXLL and LDFS 

sequences form a contiguous helical motif, the entirety of which is important both for 

binding KIX and driving immortalization by E2A-PBX1 (61,65).  

Having shown that immortalization depends on the PCET:KIX interaction, it is 

difficult to separate distinct PCET interactions that might be functionally significant. A 

future objective towards addressing this difficulty is to generate mutations in AD2-1 that 

restore KIX-binding affinity to levels at or greater than that seen with PCET. This would 

allow study of the interactions and functions of AD1 independent of binding KIX. The 

Ala400Leu mutation was a step in this direction and was able to restore extended 

proliferation in vitro but not differentiation blockage in PCET-compromised E2A-PBX1. 

While the affinity of AD2-1 (Ala400Leu) for KIX approached that seen with PCET, it 

was still weaker than PCET so an additional mutation to consider is His396Glu, to make 

the peptide more consistent with higher affinity KIX-interacting ligands. Alternatively, 

replacing the AD2-1 helix with the sequence from the MLL transactivation domain, 

known to bind KIX much more tightly than E2A under comparable buffer conditions, 

could also achieve this goal (90). At the very least this could more definitively establish 

whether differentiation blockage by E2A-PBX1 in ex vivo assays is like immortalization  
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Figure 4-1. Interplay between the activation domains of E2A-PBX1 in oncogenesis. A possible 
mechanism of how E2A-PBX1 uses both activation domains in carrying out oncogenesis is depicted. Initial 
recruitment of the co-activator CBP/p300 is mediated via an interaction between the PCET motif of AD1 
and the KIX domain of CBP/p300. The CBP/p300 molecule is then transferred to AD2 with the critical 
point of contact being an interaction between the AD2-1 helix of E2A-PBX1 and the KIX domain of 
CBP/p300. This transfer then permits PCET to bind additional proteins. These could include an additional 
CBP/p300 molecule or other unknown factors. An interaction of sufficient affinity between KIX and either 
E2A-PBX1 activation domain is sufficient for immortalization and hyperproliferation but differentiation 
blockage appears to require interactions unique to the PCET motif of AD1. 
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in that it is a relatively straightforward affinity dependent output of the E2A:KIX 

interaction. 

4.2 Co-operative interactions between E2A and CBP/p300 domains besides the 
KIX domain 

 
That E2A binds KIX using two interaction domains can be analogized to the 

transcription factor p53, which has two contiguous subdomains that both bind KIX. Each 

subdomain has a ΦXXΦΦ sequence and the contiguous peptide binds multiple domains 

of CBP/p300. Even more strikingly, p53 binds the Taz1 domain with ~10-fold higher 

affinity and the Taz2 domain with ~100-fold higher affinity than it binds KIX. A model 

has been proposed of p53 forming a tetramer at target gene loci with a CBP/p300 

molecule wrapped around the tetramer and each domain (Taz1, KIX, Taz2, IBiD) binding 

an activation domain from a different p53 molecule (76). Given the sequence similarity 

between the KIX-interacting regions of p53 and E2A, alongside the fact that E2A 

functions as a homodimer during B lymphopoiesis (45), it seems plausible that a similar 

dynamic might be involved in vivo.  

The preceding model of a single CBP/p300 molecule wrapped around an E2A 

homodimer could explain why AD2-1 binds KIX with relatively low affinity in a manner 

redundant with PCET, namely that its more significant interactions are with CBP/p300 

domains other than KIX. While AD2-1 binds KIX weakly in isolation, the affinity might 

be greater upon initial recruitment of CBP/p300 by PCET. While this could serve as 

merely a failsafe mechanism to reduce slippage of CBP/p300 off of the E2A molecule, it 

could also be part of a larger model whereby initial recruitment of CBP/p300 by PCET is 

followed by transfer to AD2-1. This transfer would allow for PCET to interact with other 
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as yet unknown factors with unique roles in B-lymphocyte commitment by E2A or 

differentiation blockage by E2A-PBX1 (Figure 4-1). 

  

4.3 Post-translational modifications of E2A 
 

An observation that persists throughout the in vitro binding studies presented in 

this thesis is that chemically synthesized peptides from the E2A activation domains bind 

KIX with relatively low affinity despite the importance of these interactions for E2A-

PBX1 function ex vivo. This affinity was even lower under buffer conditions more 

representative of the intracellular environment. The buffer conditions studied were acidic 

and of low ionic strength to facilitate the collection of NMR spectroscopic data and 

increase the measured affinity to a range that was manageable. In preliminary binding 

studies the affinity declined as pH and ionic strength increased, such that in PBS pH 7.4 

the affinity was an order of magnitude lower than in salt-free MES at a pH of 6.0. This 

inverse relationship with ionic strength is striking given that the critical interaction 

surface between PCET/AD2-1 peptides and KIX involves a predominantly hydrophobic 

motif similar to c-Myb. The affinity between c-Myb and KIX increases with increasing 

ionic strength, as expected, and that this was not the case with E2A is surprising (89). In 

addition to this salt effect, the actual affinities that the E2A peptides displayed were also 

much lower than were those seen with MLL or c-Myb peptides under similar conditions 

(89,90). 

Both of these findings lead to the conclusion that electrostatic interactions play an 

important role in E2A binding to KIX, in a way that is not seen with c-Myb or MLL. In 
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the case of PCET this was confirmed by mutagenesis studies of acidic residues within the 

peptide. The entire PCET motif forms a contiguous helix that includes the canonical 

ΦXXΦΦ sequence as well as the overlapping LDFS sequence. The aspartate from this 

LDFS sequence is functionally important both for binding KIX and for E2A-PBX1 

function. Likewise, neutralizing a positive charge by alanine mutagenesis of the histidine 

residue in AD2-1 that would be analogous to the aspartate from the PCET LDFS 

sequence (His402Ala) increased affinity for KIX and transcriptional activation in 

mammalian cells.  

An alternative explanation for the relatively low in vitro affinities of E2A peptides 

for KIX is that E2A is regulated in vivo by post-translational modifications such as 

acetylation or phosphorylation. E-protein variants that do not include AD1 have 

previously been shown to be acetylated, with this acetylation having functional roles in 

nuclear retention of the E-protein (59). These acetylation marks span the protein and we 

have shown more recently that E2A AD1 is also acetylated (152). Consistent with this, in 

vitro experiments have demonstrated that E2A enhances the acetyltransferase activity of 

CBP/p300 and that E2A is itself acetylated by CBP/p300 (73). One of the mapped 

acetylation sites on E2A is Lys34, adjacent to PCET. This acetylation modestly increases 

the affinity between E2A and KIX and also increases the transcriptional activity of E2A 

(1-483) in luciferase reporter assays (152). The importance of this or other acetylation 

marks on E2A-PBX1-mediated oncogenesis is an area to be further studied. 

Most studies of E2A phosphorylation have focused on the C-terminus and its role 

as a target of Notch1 mediated phosphorylation, followed by ubiquitination by UBC9 and 

degradation by the proteosome (153,154). A region slightly C-terminal of AD1 is 
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phosphorylated in vivo but the physiological relevance of this is unclear (155). 

Phosphorylation affects what bHLH proteins E2A dimerize with and, even in cases where 

it does not affect dimerization or DNA-binding, it does affect transcriptional activity 

(156-158). This might be due to a regulation of affinity for co-activators like CBP/p300 

or co-repressors like ETO.  

Studies to date of the in vivo phosphorylation status of E2A have failed to 

establish phosphorylation of PCET or AD2-1 but further attempts to establish this are 

warranted by analogy to p53. Phosphorylation increases p53 affinity for the Taz1, KIX, 

Taz2, and IBiD domains of CBP/p300. In the case of p53 an interesting model emerges 

from studies of p53 phosphorylation. In unstressed cells, p53 is bound by MDM2 and this 

interaction promotes proteosomal degradation. Phosphorylation of Thr18 weakens this 

interaction while slightly increasing affinity for all of the CBP/p300 domains. While this 

initial phosphorylation event only slightly increases CBP/p300 affinity it reduces 

turnover and allows for subsequent phosphorylation events at multiple residues, notably 

Ser15 and Ser20, which drastically increases affinity for multiple CBP/p300 domains. 

Triple phosphorylation of Ser15, Thr18, and Ser20 increases affinity for KIX binding 

from a Kd of 9.4 µM to 0.4 µM (159,160). Comparison of p53 and E2A amino acid 

sequences suggest PCET contains multiple residues that might be regulated in such a 

manner, in particular Thr12. PCET also contains an FXXXF sequence that has been 

reported to be a docking site for casein kinase I, suggesting a putative kinase to study  

(161). 

While in vivo phosphorylation of AD1 has not been established, E2A in general is 

known to be phosphorylated in vivo and work has been carried out to map particular sites 



88 
 

and kinases as well as to establish functional relevance. Expression of the kinase ZAP-70 

associates with B-lineage ALL that is E2A-PBX1+ and ZAP-70 expression levels 

correlate positively with relapse after therapy. Among B-ALL cases, ZAP-70 expression 

is highest in blasts with a pre-B immunophenotype and lowest in those with a pro-B 

immunophenotype (162). The implication is that ZAP-70 phosphorylates E2A-PBX1 

downstream of pre-BCR signaling and that determining what residues of E2A are 

phosphorylated by ZAP-70 could shed light on how E2A-PBX1 drives leukemogenesis. 

A more recent kinase to be implicated in t(1;19)+ leukemia is the receptor tyrosine kinase 

Mer, which promotes survival of t(1;19)+ pre-B ALL (163). Both of these kinases have 

been proposed as attractive therapeutic targets for t(1;19)+ leukemia. 

4.4 The PCET:KIX interaction as a therapeutic target 
 

The binding affinity between the KIX domain of CBP/p300 and the E2A PCET or 

AD2-1 peptides correlates with ex vivo bone marrow immortalization by E2A-PBX1. The 

structure of PCET bound to KIX presented here can assist in the rational design of 

inhibitors of the PCET:KIX interaction and, because oncogenesis is dependent on this 

interaction proceeding with a minimum threshold affinity, KIX could serve as a 

therapeutic target for treatment of t(1;19)+ ALL. Consideration of KIX as a therapeutic 

target is complicated by observations that murine embryonic stem cells engineered to 

express a p300 mutant from the endogenous promoter with KIX deleted were unable to 

reconstitute any hematopoietic lineage (74). This was proposed to be in part related to 

impairment of c-Myb function, consistent with prior work on mice homozygous for an 

EP300 mutation wherein the KIX domain of p300 had been mutated to specifically 
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disrupt the c-Myb binding site. These mice displayed B-cell deficiency and multi-lineage 

defects in hematopoiesis, including severe anemia (150). 

Also of concern is the fact that CREB phosphorylation is required for progression 

of B cells from the pro-B to pre-B stage (164). The unexpected finding presented in this 

thesis is that a critical mechanism of E2A-PBX1 function involves recruiting CBP/p300 

by binding KIX at a distinct site from the site used by c-Myb or phosphorylated CREB. 

This opens the exciting possibility that it may be possible to selectively antagonize E2A-

PBX1 with small molecule or peptidomimetic inhibitors.  

The potential for selectivity is further supported by the fact that three of the other 

transcription factors that bind KIX in the hydrophobic cleft bound by PCET (MLL, Tax, 

and HBZ) do so in a manner that does not inhibit binding of c-Myb or CREB 

(81,83,86,90). Two small molecules have been reported that target the KIX molecule, yet 

in a manner that affects both binding sites (165). Several small molecules built on an 

isoxazolidine scaffold were shown to interact with the PCET/AD2-1 binding site with 

high specificity but somewhat low affinity (143). The PCET:KIX structure and its 

similarities with and differences from the MLL:KIX complex offer further structural 

information for optimization of such a compound. Indeed, such optimization has already 

yielded promising results for knocking down transactivation by c-Jun and MLL in 

luciferase reporter assays, albeit at fairly high concentrations (142). Peptide microarrays 

are another potential option for probing inhibitors as therapeutics or as a discovery based 

molecular probe (166). The ability to resolve the interaction of KIX and PCET to specific 

contact points should guide the generation of novel therapeutics for cases of t(1;19)+ 

ALL.  
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