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Abstract 

CREB-binding protein (CBP) and its homolog p300 (CBP/p300) are sequestered by 
transcription factors to thousands of promoters and enhancers throughout the human 
genome, where they modify chromatin structure and enhance gene expression. 
CBP/p300 also play an important role in the development and progression of human 
diseases such as cancer, where they stimulate the expression and activity of oncogenic 
proteins. Utilizing a combination of structural, biophysical, and functional assays I 
investigate the molecular interactions between CBP/p300 and two oncogenic 
transcription regulators, Wnt-signaling protein β-catenin and the microphthalmia-
associated transcription factor (MITF). With the use of protein pulldown assays, 
isothermal titration calorimetry, and nuclear magnetic resonance spectroscopy (NMR) 
I determine that the N-terminal and C-terminal transactivation domains (TAD1 and 
TAD2, respectively) of MITF and β-catenin are intrinsically disordered and bind with 
variable affinities to both the transcription adapter zinc finger domains (TAZ1 and 
TAZ2) of CBP/p300. Using NMR-based chemical-shift perturbation studies I show 
that the β-catenin TAD1 interacts with TAZ2 at a specific binding interface between 
helices ⍺-1-⍺-2-⍺-3, and that β-catenin TAD2 binds to TAZ2 with extended contacts 
over ⍺-1-⍺-4 and to TAZ1 at a hydrophobic groove between ⍺-1-⍺-2. Mutagenesis 
studies revealed regions Asp58-Leu103 and Asp750-Leu781 are critical for β-catenin: 
CBP/p300 binding and for β-catenin transcriptional activation using luciferase-
reporter gene assays. I provide the first ever NMR-derived structure of the MITF TAD1 
in complex with TAZ2, which was found to form a dynamic ensemble with the 
hydrophobic TAZ2 surface. I also identify two acidic motifs Arg110-Ala14, Asp334-
Asp345, and one serine-rich motif from Ser372-Asp381 integral to maintain MITF: 
CBP/p300 binding and necessary for MITF transcriptional activity. Furthermore, I 
develop a peptide inhibitor derived from adenoviral E1A protein that displaces these 
TAZ2 interactions from MITF and β-catenin in vitro and functionally impedes their 
transcriptional function in cells. Finally, I propose three models in which both β-
catenin and MITF TADs may cooperate to recruit CBP/p300 to target gene promoters. 
These findings provide the high-resolution structural information that would be 
required to develop targeted therapeutics strategies against CBP/p300 and its 
interactions in the future.  
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Chapter 1: Introduction 

1.1 Intrinsically Disordered Proteins  

1.1.1 Definition and Functional Advantages   

Prior to the last two decades, the traditional sequence-structure-function model 

describing proteins remained a central dogma of structural biology. According to this 

theory, a protein’s functionality is dependent on whether it can adopt a stable three-

dimensional fold that is encoded by their specific sequence of amino acids (1, 2). The 

idea that a protein structure is necessary to its function was based on observations 

that loss of function is often coupled with proteins becoming denatured (3). 

Nevertheless, large scale genomic studies have predicted that 44% of the human 

proteome is comprised of polypeptides that do not fold into a well-defined structure, 

but instead adopt a variety of conformations and remain in a highly dynamic state (4, 

5). These proteins are referred to as intrinsically disordered proteins (IDPs) and the 

discovery that they are able to perform their function while unstructured has led to 

the emerging disorder-function paradigm, which recognizes that flexibility can be 

linked to protein function (6).  

The study of intrinsic disorder is now a widely discussed and important topic 

in the field of protein research. IDPs are particularly abundant in cell signaling and 

regulatory functions such as transcription, translation, and alternative splicing (7). 

They are well-suited to mediate these biological processes because of their lack of 

fixed structure, which provides them with certain functional advantages. These 

advantages include: (i) the accessibility of sites for post-translational modifications 
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which can help fine tune protein function, (ii) the structural flexibility to bind 

multiple targets within multi-protein assemblies, (iii) the capability to adopt a variety 

of binding conformations without steric restrictions to different interaction partners, 

and (iv) the ability to facilitate interactions with high-specificity but moderate 

affinity, for rapid association/dissociation in response to cellular stimuli (8, 9).  

 

1.1.2 Prevalence of IDPs in Transcription  

Transcription regulation coordinates gene expression by controlling the rate at 

which DNA sequences are converted into precursor messenger RNA, which can then 

be processed and translated into proteins (10). In eukaryotes, transcription is 

governed by a coordinated network of specialized DNA-binding proteins called 

transcription factors. Initiation of transcription first requires general transcription 

factors to bind gene promoters adjacent to the coding sequence, which then recruit 

RNA polymerase II to transcriptional start sites forming the preinitiation complex 

(11, 12). Only a basal rate of transcription is driven by this preinitiation complex 

alone. Other specific transcription factors can bind to recognition sequences at 

promoter or enhancer regions of DNA to influence the transcriptional rate. They do 

so by recruiting and binding co-activator proteins, which increase the likelihood of a 

particular gene to be expressed (13).  

Transcription regulators are a class of proteins highly enriched in IDPS, with 

80-90% of all transcription factors containing extended segments (>30 residues in 

length) of structural disorder (14). Transcription factors are composed of two major 
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components, a structured DNA-binding domain which recognizes and binds specific 

DNA sequences, and disordered transactivation domains (TADs) which contain 

binding sites for other proteins (15). Transactivation domains are directly linked to 

transcriptional control, and their unstructured composition allows transcription 

factors to recruit a variety of co-activators to directly enhance transcription of their 

target genes (15). In the upcoming section I will discuss a particular transcriptional 

co-activator CREB-binding protein (CBP) and its closely related homolog p300. 

CBP/p300 are sequestered by the TADs of numerous different transcription factors to 

the promoters of over 16,000 genes, where they act as critical transcriptional 

regulators of the human genome (16). 

 

1.2 Transcriptional Co-activators CBP/p300  

1.2.1 Epigenetics and Chromatin Modification 

The complexity of human life is not only determined by the billions of base 

pairs in our genome, but also by the patterns of gene expression that occur without 

any changes to the nucleotide sequence of our DNA. These fundamental processes 

are regulated by epigenetics, which control gene activity through chemical 

modifications at the transcriptional and post-translational levels (17). A critical 

epigenetic mechanism involves the chemical alteration of DNA following its physical 

packaging into chromatin, which can render the genome either accessible or 

inaccessible to the molecular components required for gene expression (18).  
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Chromatin is made up of repeating units of nucleosomes, which consist of 

approximately 150 DNA base pairs wrapped around a histone octamer that then form 

higher orders of chromatin structure (19). Chromatin DNA is repressive to 

transcription due to its compact structure, which render the genes inaccessible to 

binding of transcriptional machinery and other co-regulatory proteins (20). However, 

there are a number of ways in which chromatin can be reversibly modified to 

influence gene transcription, including the covalent modification of histones through 

mechanisms of phosphorylation, methylation, and acetylation (21).  

Transcription activation is closely associated with histone acetylation, a 

process that is mediated by histone acetyltransferase enzymes. Histone 

acetyltransferases catalyze the transfer of an acetyl group from acetyl-CoA to ɛ-

amino groups of conserved lysine residues on histone tails including H3K9, H3K14, 

H3K18, H4K5, H4K8, and H4K12 (22). This neutralizes the positive charge and 

weakens histone-DNA interactions, ‘relaxing’ the chromatin to a more ‘open’ and 

transcriptionally active form (22). Two well-known and ubiquitously expressed 

histone acetyltransferases are CBP and its homolog p300. These two proteins share 

~75% sequence similarity, with most of their functional domains located within 

highly conserved regions (>90% similarity) (23). While in certain circumstances CBP 

and p300 may take part in distinct cellular roles their structure and function are 

largely redundant, thus why they are often collectively referred to as CBP/p300 (24, 

25).  
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1.2.2 The Role of CBP/p300 in Transcription 

CBP/p300 utilize a variety of methods to carry out their role as transcriptional 

co-activators. In addition to their primary role as histone modifiers, CBP/p300 can 

also bind and acetylate DNA-bound transcription factors directly (i.e. CREB, p53, c-

Myb, MLL STAT1/2, HIF1-⍺) modulating their activity (26–31). CBP/p300 also acts 

as an important scaffold for multi-protein transcriptional complexes, connecting 

specific transcription factors to the basal transcriptional machinery via direct 

interactions with general transcription factor II D (TFIID), TFIIB, and RNA 

polymerase II (32, 33).Through these simultaneous interactions, CBP/p300 bridges 

the gap between these proteins and stimulates the transcriptional response (Figure 

1.1) (34). The critical role of CBP/p300 in gene transcription is further emphasized 

by the fact that they are a target of many viral oncoproteins including adenoviral 

early region 1 A (E1A), T-cell leukemia virus type 1 (HTLV-1), human 

papillomavirus type 16 (HPV-16), and simian virus 40 large T antigen (SV40), which 

hijack CBP/p300 in order to dysregulate the host’s cell cycle (35–38).  
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Figure 1.1. Schematic of CBP/p300 gene activation. Transcription co-activation by 
CBP/p300 is mediated by lysine acetylation on histone tails via its histone 
acetyltransferase domain (HAT), and by directly linking sequence-specific 
transcription factors to the basal transcription machinery (a multiprotein complex 
composed of general transcription factors (GTF) and RNA polymerase II (Pol II)) via 
interactions with the CBP/p300 protein-binding domains (KIX, TAZ1, TAZ2).  
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1.2.3 Structure of CBP/p300 

CBP/p300 are very large (2442 and 2414 amino acids, respectively) multi-

modular proteins that form a hub for protein-protein interactions and have over 300 

known binding partners, many of which are cellular transcription factors (39). To 

facilitate its function, the structure of CBP/p300 is comprised of several folded 

domains connected by long structurally disordered linker regions. This architecture, 

which is often referred to as ‘beads on a string’, allows CBP/p300 the flexibility to 

bind its diverse array of protein partners and accommodate for differences in spacing 

between binding sites at gene promoter and enhancers (40).  

The catalytic activity of CBP/p300 is conferred by a central histone 

acetyltransferase (HAT) domain. Near this domain, CBP/p300 also possesses a 

bromodomain (BRD) that is used to identify acetylated lysine residues on histones 

and other proteins (41). CBP/p300 can also act as a co-factor for nuclear receptors, 

and this function is mediated by small motifs in its nuclear receptor interaction 

domain (NRID) (42). There are four other CBP/p300 protein-binding domains: 

interferon response binding domain (IBiD), kinase inducible domain (KIX), and two 

transcriptional adaptor zinc finger domains (TAZ1 and TAZ2) (Figure 1.2). These 

highly conserved domains facilitate the complex interactions between CBP/p300 and 

other transcription regulators.  
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Figure 1.2. Domain architecture of CBP/p300. (A) Diagram of CBP and p300 
structure including the nuclear receptor interaction domain (NRID), transcriptional 
adaptor zinc finger domains (TAZ1 and TAZ2), kinase inducible domain (KIX), 
bromodomain (BRD), interferon response binding domain (IBiD), and histone 
acetyltransferase domain (HAT), labelled according to their native amino sequence. 
(B) Representation of CBP/p300 incorporating nuclear magnetic resonance 
spectroscopy structures of NRID (43), TAZ1 (44), KIX (45), TAZ2 (46), IBiD (47) 
combined with x-ray crystal structures of BRD (48) and HAT (49), black lines 
connecting the domains represent long structurally disordered linker regions.  
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The KIX domain was initially identified as the region of CBP/p300 that 

interacts with the transcription factor cAMP response element-binding protein 

(CREB) to initiate transcription, which led to its previous designation as the CREB-

binding domain (50). Since then, structures have been resolved for the KIX domain 

in complex with numerous other TADs of transcription factors. Structurally, KIX is 

composed of three ⍺-helices along with two short 310 helices, which bind TADs 

through several different binding modes (51). The KIX domain interacts using two 

opposing surfaces, binding sites for TADs of the transcription factors CREB and c-

Myb are found on the side of KIX consisting of ⍺1-⍺3 helices, whereas the mixed 

lineage leukemia protein (MLL) binds KIX on the opposite side in a groove formed 

by helices ⍺2-⍺3 (Figure 1.3A) (28, 45, 52). Interestingly, TADs of MLL and c-Myb 

are able to bind KIX simultaneously in an allosteric fashion to enhance their 

interaction (29). Multi-site interactions with this CBP/p300 domain is also 

demonstrated by transcription factor FOXO3a which contains two TADs that can 

interact at both KIX binding sites at the same time (Figure 1.3B) (27, 53).  

 The TAZ domains of CBP/p300 are structurally similar to one another and are 

each comprise four ⍺-helices (⍺1-⍺4) coordinated around three zinc binding sites 

(54). Both domains adopt a similar fold where the helices are arranged in an irregular 

tetrahedral shape with a hydrophobic core at the center that provides extra stability 

and well-defined binding grooves (54). The TAZ domains also share similar surface 

features and are both highly electropositive, which helps promote long-range 

electrostatic interactions when forming complexes with transcription factors where 

they tend to favour binding to acidic TADs (31).  
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A notable difference between the two domains is the orientation of helix ⍺4, 

which is positioned in opposing directions. This distinction is thought to play a major 

role in their binding affinity and selectivity for different TADs (44). Comparatively, 

the surface of TAZ1 has a rather even charge distribution and, for this reason, TAZ1 

often preferentially binds long extended regions of TADs, whereas the charge of 

TAZ2 is localized to one face of the domain and is often more inclined to bind TADs 

via short charged motifs (31). Previous structures have been reported for TAZ1 in 

complex with the TADs of transcription factors including HIF1-⍺, STAT2, and RelA 

(Figure 1.3C-E), and for TAZ2 in complex with E2A, STAT1, and p53 (Figure 1.3F-

H) (31, 55–58).  

In the following sections, I will detail two transcriptional regulators that 

depend on CBP/p300 to function and were the focus of investigation for this 

thesis.  The first is the transcriptional co-regulator β-catenin. The second is the 

microphthalmia-associated transcription factor (MITF).  
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Figure 1.3. Transcription factor TADs in complex with CBP/p300 domains. (A) 3-D 
cartoon representation of the KIX:MLL:c-Myb ternary complex. KIX is shown in 
grey, the TADs of MLL and c-Myb are in red and blue, respectively (PDBID: 2AGH) 
(51). (B) KIX (grey) in complex with both FOXO3a TADs (beige) (PDBID: 2LQH) 
(53). (C-E) TAZ1 (grey) in complex with TADs of HIF1-⍺ (green), (D) STAT2 
(orange), and (E) RelA (teal) (PDBIDs:1L8C, 2KA4, 2LWW, respectively) (31, 56, 
59). (F-H) TAZ2 (grey) in complex with TADs of E2A (light purple), (G) STAT1 
(pink), and (H) p53 (light green) (PDBIDs: 2MH0, 2KA6, 5HPD, respectively) (31, 
57, 58). Zinc ions in TAZ1 and TAZ2 are shown as black spheres. All structures were 
visualized using PyMOL.   
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1.3 Wnt-signaling and β-catenin  

1.3.1 Overview of Wnt-signaling  

 The Wnt-signaling pathway is a highly evolutionarily conserved signal 

transduction cascade found in all groups of metazoans (60). Wnt comprises a diverse 

group of secreted glycoproteins that regulate an extensive network of cellular 

processes including embryotic development, cell fate determination, proliferation, 

and migration (61). Upon binding of extracellular Wnt ligands to the transmembrane 

receptor Frizzled, the signal is transduced via the cytoplasmic protein disheveled 

(DVL) into non-canonical and canonical pathways (61). The canonical pathway leads 

to the regulation of gene transcription and is differentiated based on the involvement 

of the nuclear effector protein β-catenin.  

In the absence of Wnt, cytoplasmic β-catenin is sequestered by the 

‘destruction complex’ comprised of axis inhibition protein (Axin), adenomatous 

polyposis coli (APC), casein kinase 1 (CK1⍺), and glycogen synthase-3 (GSK-3β), 

which target and phosphorylate β-catenin for ubiquitination and proteasomal 

degradation (62). Activation of the Wnt/ β-catenin pathway allows Frizzled and its 

co-receptor lipoprotein receptor related protein (LRP5/6) to recruit Axin and DVL, 

thus dissociating β-catenin from the destruction complex (63). This causes stabilized 

β-catenin to accumulate in the cytoplasm and translocate to the nucleus where it 

binds to transcription factors such as T-cell factor and lymphoid enhancer factor 

(TCF/LEF) and other co-regulators (CBP/p300) to enable the expression of Wnt-

related target genes (Figure 1.4).   
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Figure 1.4. The canonical Wnt-signaling pathway. Activation of Wnt-signaling (left) 
begins with binding of Wnt ligands to the receptor frizzled and its co-receptor 
lipoprotein receptor related protein (LRP5/6), recruiting Axin and dishevelled (DVL) 
and releasing β-catenin from the destruction complex (comprised of adenomatous 
polyposis coli (APC), casein kinase 1 (CK1⍺), and glycogen synthase-3 (GSK-3β)). 
β-catenin is then translocated into the nucleus where it enhances the activity of T cell 
factor and lymphoid enhancer factor (TCF/LEF) transcription factors by recruiting 
CBP/p300. In the absence of Wnt (right) targeted β-catenin phosphorylation via the 
destruction complex leads to β-catenin degradation and lack of downstream gene 
expression. Figure created using BioRender.com.  
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1.3.2 β-catenin and Cancer  

 Since its initial discovery as a proto-oncogene in mice, the Wnt/ β-catenin 

signaling pathway has been recognized as a major causative factor for numerous 

human diseases including cancer of the breast, colon, and skin (64). β-catenin 

directly mediates cellular proliferation and differentiation by initiating the 

transcription of genes including CyclinD1, c-Myc and BIRC5, which in turn drive cell 

cycle progression and inhibition of apoptosis, but also encode oncoproteins (65, 66). 

Uncoupling of β-catenin from its normal Wnt control mechanisms is a hallmark of 

tumorigenesis by driving the expression of these oncoproteins leading to 

uncontrollable cell division, migration, and overall survival of cancer cells (64).  

The role of β-catenin in cancer is emphasized by the fact that its cellular 

accumulation is found in more than half of all human cancer cases (67). High levels 

of β-catenin are correlated with poor prognosis and tumor progression in breast 

cancer and colon cancers, and are also associated with the pro-invasive properties of 

melanoma skin cancer (68–70). The activity of β-catenin is controlled by numerous 

protein binding partners that modulate its stability, cellular location, and 

transcriptional function. Understanding the interactions of β-catenin and its co-

regulators could help in the development of targeted therapies for cancers associated 

with the Wnt/ β-catenin pathway.  
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1.3.3 Structural Overview of β-catenin 

 Previous crystal structures have determined that β-catenin is composed of a 

central repetitive armadillo domain (ARM) made up of 12 tandem repeats each 

composed of three ⍺-helices (Figure 1.5). Together this ARM domain forms a 

superhelical positively charged groove that provides the binding interface for 

interactions with APC of the β-catenin destruction complex and transcription factors 

TCF/LEF (71, 72). Contrastingly, the β-catenin N-terminus and C-terminus are 

presumed to be structurally disordered with a net negative charge (Figure 1.5) (73). 

Within these terminal regions two independent TADs have been identified and are 

essential for β-catenin transcriptional function (74).	While	less is known regarding 

the β-catenin N-terminal region and its interactions, the C-terminal domain of β-

catenin is required for mediating binding to chromatin modifying complexes 

including brahma-related gene-1 (BRG-1) and CBP/p300 (75–77).  

CBP/p300 co-localize with β-catenin at gene promoters in cancer cells, where 

they directly increase transcriptional activity of TCF/LEF mediated Wnt-target genes 

via histone acetylation (78). CBP/p300 can also directly acetylate the β-catenin ARM 

domain, modulating its affinity for transcription factors (78, 79). While β-catenin is 

well-known for being a co-regulator of TCF/LEF, it can also interact with other 

transcription factors including MITF, which will be discussed further in the next 

sections.  
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Figure 1.5. Structural domains of β-catenin. (A) Schematic of the functional domains 
of β-catenin which include a central armadillo repeat domain (ARM) and N-terminal 
(NTERM) and C-terminal (CTERM) transactivation domains (TAD), annotated 
according to native amino sequence. (B) Representation of β-catenin incorporating 
the structurally disordered terminal regions (green lines) and x-ray crystal structure 
of the ARM domain (PDBID: 2Z6H) (73).   
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1.4 The Microphthalmia-Associated Transcription Factor  

1.4.1 Biological Function 

MITF is the 'master regulator' for proper cell development of several cell-

lineages including retinal epithelial cells, mast cells, osteoclasts, and melanocytes 

(80, 81). The first mutation of the MITF gene locus was discovered in the progeny of 

irradiated mice by Paula Hertwig, whose work published in 1942 accounted for the 

novel recessive gene producing white, small-eyed (microphthalmic) mice (82). The 

result of her research studying the biological effects of irradiation have since served 

as invaluable models for investigation of human diseases involving the skin, eyes, 

ears, and skeleton (83).   

In humans, mutation to the MITF gene causes the failure of neural crest 

progenitor cells to properly differentiate, leading to several genetic disorders, notably 

Waardenburg syndrome type 2 and Tietz syndrome which result in hypopigmentation 

of the skin and hair, abnormal retinal development, and congenital hearing 

deficiencies in patients (84, 85). Through the usage of alternative promoters, the 

MITF gene consists of nine different isoforms (MITF-A, MITF-B, MITF-C, MITF-D, 

MITF-E, MITF-H, MITF-J, MITF-Mc and MITF-M) which differ based on their 

unique N-terminus and tissue-specific expression patterns (81). The shortest isoform 

MITF-M is exclusively expressed in melanocytes, the pigment producing cells of the 

skin. MITF-M has been extensively studied for its critical role in melanocyte 

biology, where it has been found to directly target and coordinate the expression of 

hundreds of different melanocyte genes involving numerous biological functions 
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including melanin pigment synthesis (TYR, TYRP1, DCT, MLANA), cell proliferation 

(CDK2, TBX2), migration (SNAI2, c-MET), and survival (BCL2, BIRC7, HIF1⍺) (86–

90). From here on, reference to MITF refers to the melanocyte specific MITF-M.     

 

1.4.2 MITF and Melanoma 

Given the critical role of MITF in melanocyte biology, it is perhaps 

unsurprising that when deregulated MITF has been linked to the development and 

progression melanocyte-derived skin cancer, melanoma. MITF is recognized as a 

lineage specific oncogene of melanoma that drives tumorigenesis and modulates the 

proliferation and invasiveness of the disease (91). Over the past three decades 

melanoma has seen the highest annual change in incidence rates above all other 

cancers (an average increase of ~2.2% per year) and remains a growing health 

concern amongst Canadians (92). With nearly 9,000 diagnosed cases in 2021, 

melanoma is one of the top five most common cancers in Canadians between the ages 

of 15-49 (92). Due to its high metastatic potential, melanoma is also one of the most 

challenging cancers to treat and results in 80% of all skin cancer related deaths (93). 

Patients with malignant melanoma have a five-year survival rate of less than 25% and 

poor prognosis using standard chemotherapy and immunotherapies which 

demonstrate consistently low response rates (94).   

The aggressive and treatment-resistant nature of melanoma cells is in part due 

to their ability to reversibly transition from highly proliferative to highly invasive 

states in a process known as phenotypic-switching. These properties are 
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predominately mediated by MITF, and have led to the previously proposed MITF 

‘rheostat’ model which links the level of MITF activity to melanoma cell phenotype 

and behavior (95). Quantitative gene analysis of human melanoma cells has shown 

that MITF expression is heterogenous in tumours and that cell populations can shuttle 

between high and low MITF expression levels (96). High levels are found to promote 

differentiation, mid-levels promote proliferation, low-levels promote an invasive 

phenotype, and the absence of MITF leads to cellular senesce or cell death (97). The 

considerable variation regarding MITF expression emphasizes the complex and 

dynamic nature of its regulatory mechanisms.  

Upstream of MITF, deregulation of the mitogen activated protein kinase 

cascade (MAPK) signaling pathway plays a key role in melanoma oncogenesis. 

Approximately 50% of all melanoma patients carry a mutation to the MAPK kinase 

BRAF, the most common (~90%) being a V600E substitution in the kinase activation 

domain (98). This mutation causes constitutive activation of the pathway leading to 

an increase in MITF activity which promotes cellular growth, anti-apoptotic 

properties, and evasion of cellular senescence (99). The high frequency of MAPK 

mutations in melanoma have made them a target for potential therapeutics, and 

inhibitors developed against both BRAF (vemurafenib and dabrafenib) and MEK 

(trametinib) have been approved for treatment in adults with unresectable or 

metastatic melanomas (100).  

While suppression of the MAPK signaling pathway and its downstream MITF 

activity has led to improvements in overall progression-free survival of patients, their 

effects are unfortunately short-lived, with many patients suffering from acquired drug 
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resistance to these kinase inhibitors within the first year of treatment (100, 101). 

Moreover, MITF gene amplification has been found in patients who have relapsed 

from BRAF/MEK therapies, suggesting restoration of MITF function (by gene 

expression or other methods) as a potential clinical resistance mechanism (102). 

Given that dysregulation of MITF underlies melanoma development, disease 

progression, and treatment resistance, as well as its limited role in cell types other 

than melanocytes, the ability to directly control MITF function could have incredible 

therapeutic potential for the future treatment of melanoma. 

 

1.4.3 MITF Structure   

MITF belongs to the microphthalmia/transcription factor E (MiT/TFE) family, 

which is composed of four evolutionarily conserved members MITF, TFEB, TFEC, 

and TFE3 (103). MiT/TFE family members are structurally related and share a 

common basic helix-loop-helix (bHLH) leucine zipper domain. This leucine zipper 

allows MiT/TFE proteins to homo- or heterodimerize, while the bHLH region 

facilitates DNA-binding to consensus E-box (CANNTG) and M-box (TCATGTG) 

sequences in promoter and enhancer regions (104). The N-terminal region of MITF is 

thought to be disordered and contain an acidic transactivation domain that is 

necessary for gene expression. This TAD is present in TFEB and TFE3 which have 

>90% sequence identity to MITF (105), but is not found in the most divergent family 

member TFEC (~70% sequence identity), which instead participates in 

transcriptional inhibition rather than activation (106). Transcription activation by this 
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domain can be attributed to its ability to facilitate protein-protein interactions with 

transcriptional co-regulators, and is believed to provide a potential binding-site 

between MITF and CBP/p300 (107). The C-terminal region of MITF has also been 

observed to be important for MITF transactivation of the tyrosinase gene, though 

even less is known regarding this region or its interactions (Figure 1.6) (108). 
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Figure 1.6. Structural domains of MITF. (A) Schematic of the MITF domains, 
including the N-terminal (NTERM) and C-terminal (CTERM) transactivation 
domains (TAD), and basic helix-loop-helix (bHLH) leucine zipper DNA-binding 
domain, annotated according to native amino sequence. (B) Representation of MITF 
showing the disordered N- and C-termini (red lines) and incorporating the x-ray 
crystal structure of the MITF bHLH leucine zipper dimer bound to DNA (PDBID: 
4ATI) (104).   
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1.4.4 Expression and Regulation  

Multiple signaling pathways are involved in the regulation of MITF 

expression and activity so that it can properly perform its complex biological role. 

The MITF promoter is targeted by several transcription factors including PAX3, 

SOX10, CREB, and TCF/LEF (109, 110). Mutations to PAX3 fail to transactivate 

expression of the MITF promoter which are responsible for Waardenburg syndrome 

types 1 and 3, and mutations to SOX10 for Waardenburg syndrome type 4 (111). 

CREB and its co-activator CBP/p300 also directly influence MITF gene expression 

(Figure 1.7). Broad inhibition of the catalytic activity of CBP/p300 has been shown 

to cause senescence in multiple melanoma cell lines, while alternatively, cAMP-

induced upregulation of CBP/p300 profoundly stimulates MITF-regulated genes 

(112).  

MITF expression is also induced via Wnt/β-catenin signaling, where activated 

β-catenin is translocated to the nucleus and interacts with TCF/LEF bound to the 

MITF promoter thereby stimulating transcription (113). β-catenin is not only 

involved in the regulation of MITF gene expression but can also directly interact with 

MITF itself as a transcriptional co-regulator (Figure 1.7). This interaction is 

facilitated by the MITF bHLH domain, which binds the β-catenin ARM domain, 

redirecting β-catenin away from TCF/LEF1 targets to instead enhance the 

transcription of MITF-specific genes (70). The importance Wnt/β-catenin in 

melanocyte biology is further emphasized by the fact that activation of this pathway 

induces MITF expression early in neural crest cell development, promoting cell fate 

specification towards the melanocyte lineage (114).  
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MITF activity is also regulated via post-translational modifications. The most 

well-studied post translational modification is phosphorylation of MITF through the 

MAPK kinase cascade. Activation of this pathway via extracellular signaling through 

the c-Kit receptor triggers a cascade of serine-threonine kinases (BRAF-MEK-ERK) 

and the subsequent phosphorylation of MITF at Ser73, which activates MITF activity 

(Figure 1.7) (115). Phosphorylation of MITF at this site not only increases its binding 

affinity for transcriptional co-factors CBP/p300, but also primes MITF for further 

phosphorylation by the Wnt-pathway related kinase GSK-3β at Ser69 which prevents 

MITF nuclear export, as well as Ser397, Ser401, and Ser405 which are involved in 

MITF protein stability (116–118).    
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Figure 1.7. Key signaling pathways influencing MITF activity. MITF expression and 
activity is influenced by multiple upstream signaling pathways including MAPK 
(left) which upon extracellular binding to c-KIT receptors triggers the mitogen-
activated protein kinase (consisting of BRAF, MEK, ERK) to phosphorylate and 
activate MITF. Activation of Wnt/β-catenin pathway (middle) prevents β-catenin 
degradation resulting in its stabilization and translocation to the nucleus where it 
increases MITF expression through transcription factors TCF/LEF and acts as a 
transcriptional co-regulator for MITF target genes. The cAMP signaling pathway 
(right) is stimulated by ligand binding to G-protein-coupled receptors (GPCR) and 
activating adenylate cyclases (AC) and protein kinase A (PKA) to phosphorylate 
CREB, which then recruits CBP/p300 to upregulate MITF and its target genes. 
Illustration made using BioRender.com.  
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1.5 Research Objectives  

The overall goal of my research is to use a combination of structural, 

biophysical, and functional studies to understand how the co-activator CBP/p300 is 

recruited by MITF and β-catenin. Although these proteins are known to work 

together to coordinate gene expression and their structured domains have been well-

defined, molecular details regarding their disordered regions have been limited. 

Specifically, I set out to characterize the association of CBP/p300 with the MITF and 

β-catenin transactivation domains and investigate the effect of peptide-based 

inhibitors on disrupting their function and interaction.  

This is a publication-based thesis, and my findings are presented as a 

collection of manuscripts prepared throughout my PhD. In chapters 2 and 3 I 

investigate the association of CBP/p300 with the C-terminal and N-terminal 

transactivation domains of β-catenin, respectively. The focus of chapters 4 and 5 is 

the interaction of CBP/p300 with the N-terminal and C-terminal transactivation 

domains of MITF. The insights in this thesis not only improve our fundamental 

understanding of this transcriptional network, but also expand on our current 

knowledge of the protein-protein interactions that underlie their role in oncogenesis.  

 

1.6 Using NMR Spectroscopy to Study IDPs  

 The biological significance of intrinsically disordered proteins in transcription 

and regulation makes it important to understand more about their structural features 

and molecular interactions. The most common method for structure determination, x-
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ray crystallography, is typically unsuitable to study IDPs due to their conformational 

heterogeneity, which prevents them from being crystallized. For this reason, 

disordered regions are often deleted to help facilitate crystallization of many 

proteins, or left unresolved in their final structures, as seen in the instances of the 

MITF and β-catenin activation domains (Figures 1.5B and 1.6B) (119). Some IDPs 

undergo binding-induced folding and are capable of crystallization upon binding 

partner-molecules, however crystallography may still fail to capture the structural 

heterogeneity of these dynamic complexes by providing only a static ‘snapshot’ of 

the interaction (120).  

Another method which has contributed immensely to the field of structural 

biology is cryogenic electron microscopy (cryo-EM). Cryo-EM can accommodate for 

moderate differences in protein conformation and composition since it does not 

require samples to be crystallized, but instead relies on direct images of molecules 

that are then computationally combined (121). Unfortunately, proteins with high 

amounts of conformational variability are still poorly resolved using this method, 

including the previously determined cryo-EM structure of CBP/p300 which is of low 

resolution (122). Thus, this technique cannot yet yield detailed structural information 

regarding proteins with extended amounts of intrinsic disorder.    

Disordered proteins and their associated ‘fuzzy’ complexes have instead 

shown great promise for structural studies using nuclear magnetic resonance (NMR) 

spectroscopy. NMR spectroscopy provides high resolution atomic-level detail of 

molecules and is ideally suited to probe the structural propensities of IDPs. Solution 

state NMR provides an analysis of samples in their native form and represents an 
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equilibrium averaged across time, making it particularly amenable to study proteins 

that are highly dynamic by allowing the observation of multiple conformations (120, 

123).  

NMR signals rely on both the external magnetic field of a spectrometer and 

specific nuclei that possess spin angular momentum. Atoms like 12C with an even 

number of both protons and neutrons have no nuclear spin and are not observable by 

NMR, so one caveat of using this technique is having to incorporate NMR active 

isotopes such as 15N and 13C into protein samples (124). Each NMR spin active 

nuclei precess around the external magnetic field at a unique resonance frequency 

(due to differences in the molecular structure and electron shielding). This resonance 

frequency is observed by perturbations of the nuclear spins via radiofrequency pulses 

producing a NMR signal at a specific frequency, which is then converted to chemical 

shift in reference to a standard compound (124). 

 The number of NMR active nuclei in a typical polypeptide can cause 

extensive signal-overlap in a typical one-dimensional NMR spectrum. To resolve this 

issue, NMR spectra collected for proteins are often correlated between multiple 

nuclei to increase the dimensionally further resolving the spectrum (125). For 

instance, in the 1H- 15N heteronuclear single quantum coherence (HSQC) experiment 

each signal represents only 1H nuclei that are chemically bonded to a 15N nucleus. 

This means there is only one signal corresponding to the backbone amide of each 

amino acid residue that has both a 1H and 15N chemical shifts associated with it 

(Figure 1.8) (125). This concept can then be expanded to a third dimension, for 

instance experiments which correlate the frequencies from chemically bonded 1H, 
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15N, and 13C nuclei (125). Coupling these spectra together can then allow for the 

sequential assignment of resonance peaks to their specific amino acid in the protein 

sequence and is one of the initial steps to obtaining structural information by NMR. 

NMR spectroscopy is a sensitive probe of changes to the molecular 

environment around each chemically distinct nuclei within a sample, this includes 

differences of temperature, pH, buffer composition, molecular structure, or ligand 

binding. In this way, NMR can be used to investigate protein-protein interactions 

using a method known as chemical shift mapping. Here a series of NMR spectra 

(commonly 1H-15N-HSQC experiments) are collected in the absence and presence of 

varying amounts of a binding molecule (126).  If an interaction occurs, residues 

involved in complex formation (from direct impacts of binding or conformationally 

induced changes) experience a measurable chemical shift change (Δδ) from their 

normal positions in the HSQC spectra, discernable by overlaying the spectra 

following the titration (Figure 1.8). This mapping can provide invaluable information 

on the allosteric changes of a protein upon ligand binding and help identify the 

potential binding interface between two protein molecules (126). This NMR 

technique has been instrumental to studying IDP interactions, including that of the 

p53 transactivation domain in complex with CBP/p300 (127), where chemical shift 

mapping was able to elucidate the multi-site binding taking place based on the 

linearity and directionality of the peak shift change. In this thesis, I utilize NMR-

spectroscopy alongside other biophysical and functional assays, to investigate the 

structural features of the disordered MITF and β-catenin activation domains, and to 

study their binding interactions with co-activator CBP/p300.  
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Figure 1.8. Simplified depiction of two-dimensional protein NMR. Representative 
diagram of 1H-15N-HSQC experiment (middle) showing proton amide resonance 
peaks of hypothetical peptide (left). Changes to the chemical environment, including 
the addition of partner molecules can cause a shift (Δδ) in 1H-15N-HSQC peaks 
(right) represented by a black to blue colour change with directions denoted with 
arrows. These changes in chemical shift can then be measured as Δδ = [(0.17ΔδN)2 + 
(ΔδHN)2]1/2. Figure was created using BioRender.com. 
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Chapter 2: β-Catenin Interacts with the TAZ1 and TAZ2 Domains of 

CBP/p300 to Activate Gene Transcription 

 

2.1 Contributions of Authors 

 This chapter contains the abstract, introduction, methods, results and 

discussion of the manuscript originally published in the International Journal of 

Biological Macromolecules: Brown, A. D., Cranstone, C., Dupré, D. J., & Langelaan, 

D. N. (2023). β-Catenin interacts with the TAZ1 and TAZ2 domains of CBP/p300 to 

activate gene transcription. Int. J. Biol. Macromol. 238, 124155. Connor Cranstone, a 

previous honours student in the Langelaan lab, prepared NMR samples and collected 

ITC data in Figures 2.2, 2.4, and 2.9. The conceptualization, execution, and formal 

analysis of all other experiments were performed by me, as well as the written draft 

of the original manuscript. Dr. Denis Dupré and Dr. David Langelaan provided 

materials, support, and editing of the final paper. 

 

2.2 Abstract  

The transcriptional co-regulator β-catenin is a critical member of the 

canonical Wnt signaling pathway, which plays an important role in regulating cell 

fate. Dysregulation of the Wnt/β-catenin pathway is characteristic in the development 

of major types of cancer, where accumulation of β-catenin promotes cancer cell 

proliferation and renewal. β-catenin gene expression is facilitated through 

recruitment of co-activators such as histone acetyltransferases CBP/p300; however, 
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the mechanism of their interaction is not fully understood. Here I investigate the 

interaction between the C-terminal transactivation domain of β-catenin and 

CBP/p300. Using a combination of pulldown assays, isothermal titration calorimetry, 

and nuclear resonance spectroscopy I determine the disordered C-terminal region of 

β-catenin binds promiscuously to the TAZ1 and TAZ2 domains of CBP/p300. I then 

map the interaction site of the C-terminal β-catenin transactivation domain onto 

TAZ1 and TAZ2 using chemical-shift perturbation studies. Luciferase-based gene 

reporter assays indicate Asp750-Leu781 is critical to β-catenin gene activation, and 

mutagenesis revealed that acidic and hydrophobic residues within this region are 

necessary to maintain TAZ1 binding. These results outline a mechanism of Wnt/β-

catenin gene regulation that underlies cell development and provides a framework to 

develop methods to block β-catenin dependent signaling. 

 

2.3 Introduction 

 Wnt signaling is a highly conserved signal transduction pathway that 

regulates essential cellular processes throughout a person’s lifetime (61, 128–130). 

Binding of the Wnt ligand to its receptor triggers two types of pathways, canonical 

and non-canonical, which differ based on the involvement of β-catenin (131). The 

canonical Wnt pathway is dependent on β-catenin to mediate the transcriptional 

response (132). Upon activation, stabilized β-catenin binds and modulates the actions 

of DNA-bound transcription factors, including T-cell factor and lymphoid enhancer 

factor (TCF/LEF), which require β-catenin for Wnt-targeted gene expression (64). 
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These Wnt/β-catenin-target genes are essential in controlling numerous cellular 

processes including proliferation, differentiation, and cell survival (6,7). 

Consequently, mutations to the Wnt/β-catenin signaling pathway are characteristic in 

many major types of cancer, where enhanced accumulation of nuclear β-catenin leads 

to tumor formation and cancer progression (68, 135).  

β-catenin is composed of a central armadillo repeat domain spanning residues 

Asn138-Asp665 that is flanked by N- and C-terminal sequences Met1-Val137 

(βCATNTERM) and Lys666-Asp781 (βCATCTERM), respectively (Figure 2.1) (73). 

Together these domains allow β-catenin to act as a scaffold for the assembly of 

multi-protein complexes involved in transcription. The β-catenin armadillo domain 

consists of 12 helical repeats which together form a positively charged groove that 

provides the main interaction site for numerous transcription factors (136). 

βCATNTERM and βCATCTERM facilitate protein-protein interactions with 

transcriptional co-regulators, and are critical to β-catenin function as they each 

contain potent transactivation domains (TAD1 and TAD2) (72, 137, 138). This in 

part is attributed to the structurally disordered nature of these domains, which allows 

β-catenin the flexibility to recruit multiple co-activators to regulatory complexes 

associated with DNA (139). This includes the homologous histone acetyltransferases 

CREB-binding protein (CBP) and E1A-binding protein (p300), which directly 

interact with β-catenin at promoters to enhance gene expression (77, 140, 141). 

Interactions of CBP/p300 with β-catenin synergistically activate β-catenin/Wnt 

transcription, whereas lowering CBP/p300 levels inhibits growth and formation of 

colon carcinomas caused by β-catenin mutation (142).   
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Figure 2.1. Overview of β-catenin and CBP/p300. An illustration of the domains of 
β-catenin including the central armadillo repeat domain (ARM), N-terminal, and C-
terminal transactivation domains (TAD1/2). CBP/p300 contains a nuclear receptor 
interaction domain (NRID), kinase inducible domain (KIX), bromodomain (BRD), 
PHD-type zinc finger (PHD), histone acetyltransferase domain (HAT), IRF-3 binding 
domain (IBiD), and the transcription adapter zinc finger domains TAZ1 and TAZ2. 
Numbered residues indicate domain boundaries of β-catenin or CBP/p300 used in 
this study. 
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Recruitment of CBP/p300 occurs at thousands of different human gene 

promoters where it forms interaction sites for a large variety of transcription 

regulators across numerous cellular pathways (143). CBP/p300 enhances target gene 

expression through histone acetylation, which subsequently enhances DNA 

transcription (144). CBP/p300 are large proteins with seven globular domains. 

Outside of the catalytic histone acetyltransferase (HAT) domain, several protein 

interaction domains allow CBP/p300 to act as an intermediary between transcription 

factors and transcriptional machinery (Figure 2.1). This includes the kinase inducible 

domain (KIX), which is recruited by the transactivation domains of transcription 

factors including MLL, BRCA1 and FOXO3a (52, 53, 145). As well as the 

transcription adaptor zinc finger domains TAZ1 and TAZ2, which facilitate 

interactions with the transactivation domains of HIF-1ɑ, CITED2, and STAT1/2 (31, 

55, 146).  

Despite the importance of Wnt signaling in both health and disease, and 

considerable evidence that interactions with CBP/p300 mediate Wnt/β-catenin 

transcription, the molecular mechanisms of this interaction are unclear (76, 77, 147). 

In this study I characterize a direct interaction between the TAD2 of β-catenin with 

the TAZ1 and TAZ2 domains of CBP/p300. I identify the residues involved in these 

interactions using nuclear magnetic resonance spectroscopy (NMR) and quantify 

their affinities using isothermal titration calorimetry (ITC). Finally, I use 

mutagenesis studies to evaluate the importance of certain motifs in modulating 

TAZ1-mediated CBP/p300 recruitment by β-catenin. 
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2.4 Materials and Methods 

2.4.1 Plasmid Preparation 

A pET28a plasmid containing full-length human β-catenin was gifted from 

Randall Moon (Addgene plasmid # 17198) and various fragments of the coding 

region (residues 1-137 (NTERM), 666-781 (CTERM), 666-729 (CTERMΔTAD2), 

730-781 or 750-781 (both referred to as TAD2; 750-781 used in luciferase and NMR 

mapping involving TAZ1, while 730-781 was used for all other experiments), were 

amplified by PCR and cloned into a pET21b vector using EcoRI, BamHI and XhoI 

restriction enzymes, downstream of sequences encoding for a hexahistidine tag, the 

B1 domain of Streptococcus protein G (GB1), and a tobacco etch virus protease 

cleavage site to create pGB1-βCAT plasmids. Site-directed mutagenesis of pGB1-

βCATCTERM was performed using sequence and ligation independent cloning (148), 

where various substitutions (D751A, D761A, D764A, F777A) and deletions (Δ757-

761, Δ761-765, Δ776-779) were incorporated into primers. Plasmids used for 

luciferase transactivation experiments included segments of the β-catenin coding 

region cloned into pCMV-GAL4 vector gifted by Liqun Luo (Addgene plasmid # 

24345) to create pGAL4-βCAT constructs. Expression plasmids of TAZ1, TAZ2, and 

KIX are the same as those previously used (58).  

2.4.2 Protein Purification 

BL-21 (DE3) E. coli were transformed with pGB1-βCAT plasmids and grown 

under ampicillin selection. Bacterial cultures were grown at 37 °C in either LB or M9 

minimal media (149). Once cultures reached an optical density at 600 nm of 0.8, 
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isopropyl β-D-1-thiogalactopyranoside was added to 0.5 mM to induce protein 

expression and cultures were incubated for an additional 4 hours prior to 

centrifugation. Cell pellets were reconstituted in binding buffer (20 mM Tris-HCl pH 

8.0, 250 mM NaCl, 8 M urea), sonicated, and clarified. GB1- βCAT proteins were 

bound to Ni2+ charged resin (IMAC Sepharose, Cytiva), then refolded on-column by 

washing with binding buffer lacking urea. The eluent was dialyzed against native 

buffer (20 mM Tris-HCl pH 8.0, 50 mM NaCl, 5 mM βME) at 4 °C overnight. When 

required, the GB1 affinity tag was removed by the addition of 150 µg of tobacco etch 

virus protease and βCAT peptides were isolated by Ni2+ affinity and ion exchange 

chromatography (Q Sepharose, Cytiva).  

Purification of TAZ2 was carried out in the same manner as GB1-βCAT 

proteins, with 100 μM ZnCl2 added to all buffers. Following Ni2+ affinity 

chromatography, the eluent was reduced with 50 mM β-mercaptoethanol, 

supplemented with 1 mM ZnCl2, then cleaved with thrombin protease at 4 °C 

overnight. After cleavage, samples were isolated using cation exchange resin (SP 

Sepharose, Cytiva). TAZ1 and KIX purifications took place as previously reported 

(58), with additional semi-preparative reverse phase high-performance liquid 

chromatography purification for TAZ1 carried out on a C8 column using a water: 

acetonitrile gradient (Zorbax, Agilent Technolgies).  

2.4.3 Pulldown Assay 

GB1 and GB1-βCAT proteins (20 nmoles) were mixed with IgG agarose 

beads (20 μL) (Cytiva) in pulldown buffer (20 mM Tris-HCl pH 8, 25 mM NaCl, 5 
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mM βME, and 10 μM ZnCl2). After two washes with pulldown buffer, purified KIX, 

TAZ1, or TAZ2 (20 nmoles) was added to the beads for 30 min, following which 

beads were then washed three more times, resuspended in Laemmli buffer, and 

analyzed by SDS-PAGE.  

2.4.4 Isothermal Titration Calorimetry 

All ITC experiments were conducted in 20 mM Tris-HCl pH 8.0, 25 mM 

NaCl, 5 mM βME, and 1 μM ZnCl2 at 30 °C using a VP-ITC microcalorimeter 

(MicroCal). The syringe contained 100-400 μM of TAZ1 or TAZ2 which was then 

injected into matched buffer containing 8-30 μM βCAT peptides. Duplicate 

experiments were performed using 10 μL injections with 300 sec of equilibration per 

injection. ITC thermograms were then fit to the appropriate binding model using 

MicroCal Origin 7.5 software.  

2.4.5 NMR Spectroscopy 

Unless otherwise noted, all NMR spectra were collected in 20 mM MES pH 

6.2, 100 mM NaCl, 5 mM DTT, 5% D2O, at 25 °C at 700 MHz with a cryogenically 

cooled probe (Bruker Avance III, NRC-IMB, Halifax, NS). Resonance assignments 

of 13C/15N-labelled βCATCTERM (500 µM) were resolved using 1H-15N HSQC, 

HNCACB, CBCACONH, H(CCO)NH, (H)C(CO)NH, HNCO, and HN(CA)CO 

experiments. Chemical shift assignments of backbone resonances for TAZ1 and 

TAZ2 were determined by interpreting triple resonance spectra that were collected at 

600 MHz (Varian INOVA, Queen’s University, Kingston ON) from samples of 

13C/15N-labelled protein (TAZ1: 650 µM TAZ1, 20 mM MES pH 6.5, 5 mM  βME, 
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5% D2O; TAZ2: 358 µM TAZ2, 20 mM MES pH 6.5, 5 mM  βME, 100 µM ZnCl2, 

5% D2O) at 25 °C and 15 °C, respectively. NMR data were processed and interpreted 

using NMRPipe (150) and CcpNmr Analysis (151).  

To assess binding between β-catenin and domains of CBP/p300, 1H-15N 

HSQC spectra were collected of 100 µM 15N-labeled βCATCTERM or βCATTAD2 in the 

absence and presence of up to 400 μM unlabelled TAZ1 or TAZ2. Chemical shift 

changes (∆δ) upon addition of TAZ1 or TAZ2, were quantified for each residue as ∆δ 

= [(0.17∆δN)2 + (∆δHN)2]1/2 (152, 153).  For mapping experiments, 1H-15N HSQC 

spectra were collected of 100 µM 15N-labeled TAZ1 or TAZ2 titrated with up to 400 

μM unlabelled βCATTAD2 in NMR buffer with 25 mM NaCl at 35 °C. Residues that 

experienced ∆δ greater than the mean ∆δ or mean ∆δ + 1 standard deviation, were 

then mapped onto the surface of the crystal structure of TAZ1 and TAZ2 (PDBID: 

1U2N and 1F81, respectively) (154, 155). Figures were created using PyMOL 

(Schrödinger Inc.) and chemical shift assignments for βCATCTERM are deposited into 

the BioMagResBank as accession number 51601 (156). 

2.4.6 Luciferase Transcriptional Assays 

HEK 293A cells were cultured in Dulbecco’s modified Eagle’s medium with 

10% FBS at 37°C with 5% CO2. Cells were seeded into 24-well plates, grown to 70-

80% confluency and then transfected using jetPRIME reagent. A total of 0.5 µg of 

plasmid was transfected per well, consisting of 0.35 µg p5xGAL4-luc, 0.05 µg 

pCMV-Renilla, and 0.1 µg of pGAL4-βCAT expression plasmid. Cell lysate was 

harvested 18-24 hr after transfection and luminescence was measured using the Dual-
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Luciferase Reporter Assay System (Promega). Values shown are triplicate replicates 

of Renilla-normalized luminescence measurements relative to pCMV-GAL4 negative 

control. Statistical significance was assessed using one-way ANOVA and Dunnett’s 

multiple comparison test compared to GAL4 control. 

 

2.5 Results  

2.5.1 The C-terminal Transactivation Domain of β-catenin is Intrinsically Disordered 

NMR spectroscopy was first used to investigate the molecular characteristics 

of βCATCTERM (residues 666-781). The 1H-15N HSQC spectrum of 13C/15N-labelled 

βCATCTERM was well resolved and had the anticipated number of peaks with narrow 

chemical shift dispersion of 1H resonances. This is consistent with βCATCTERM being 

intrinsically disordered and with the absence of this region from the crystal structure 

of full-length β-catenin (73). Conventional triple resonance experiments were utilized 

to manually assign 115/118 residues and 94% of the backbone resonances of 

βCATCTERM (Figure 2.2A). Analysis of secondary structure propensity (SSP) (157), 

indicates that there are no extended regions of sequence with a SSP score magnitude 

> 0.3, suggesting that βCATCTERM does not have significant residual α-helix or β-

sheet secondary structure (Figure 2.2B). 

To better define the boundaries of the C-terminal β-catenin transactivation 

domain, the ability of various regions of β-catenin to influence transcription was 

tested using a luciferase-based one-hybrid gene reporter assay. HEK 293A cells were 

co-transfected with a luciferase reporter and a mammalian expression plasmid 
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encoding for various regions of β-catenin fused with a GAL4 DNA-binding domain. 

While some activity was observed for the N-terminal region of β-catenin, the β-

catenin C-terminal region demonstrated potent transcription activation of the 

luciferin reporter with 1500-fold more activation than GAL4 alone (Figure 2.2C). 

Transfection of pGAL4-βCATCTERMΔTAD2 did not induce luciferase expression, 

indicating the functional importance of the C-terminal 31 amino acids for β-catenin 

transcription activation.   
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Figure 2.2. The C-terminal transactivation domain of β-catenin is disordered. (A) 1H-
15N HSQC of βCATCTERM with residue assignments of peaks indicated. (B) 
Secondary structure propensity (SSP) values per residue of βCATCTERM calculated 
from C⍺ and Cβ chemical shifts. (C) Luciferase-based mammalian one-hybrid 
transactivation assay performed in HEK 293A cells using the indicated pGAL4-
βCAT fusion proteins. Statistical significance set at p-value ≤ 0.01** by one-way 
ANOVA and Dunnett’s multiple comparison test compared to pGAL4 control, with 
standard deviation shown (n=3 technical replicates). 
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2.5.2 The C-terminal β-catenin Transactivation Domain Interacts with TAZ1 and 

TAZ2 

To identify if the KIX, TAZ1, or TAZ2 domains of CBP/p300 interact with 

the C-terminal transactivation domain of β-catenin, I completed a pulldown assay 

involving recombinantly produced and purified GB1-βCAT proteins. SDS-PAGE 

analysis of total protein following the experiment indicates that βCATCTERM interacts 

with isolated TAZ1 and TAZ2 (Figure 2.3). This association with TAZ1 and TAZ2 is 

maintained for βCATTAD2 but not observed for βCATCTERMΔTAD2. The KIX domain of 

CBP/p300 did not interact with any of the β-catenin constructs that were tested. 
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Figure 2.3. βCATCTERM binds the TAZ1 and TAZ2 domains of CBP/p300. (A) SDS-
PAGE analysis of pulldown of the TAZ1, TAZ2, and KIX domains of CBP/p300 by 
GB1-βCAT fusion proteins. Left lanes show migration of each isolated CBP/p300 
domain. IgH and IgL indicate the heavy and light chains of immunoglobulin G, 
respectively, which originate from the pulldown resin. 
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2.5.3 Characterization of β-catenin:TAZ1 Binding 

To determine what residues of βCATCTERM are responsible for TAZ1 binding, 

a 15N-labelled βCATCTERM sample was prepared and titrated with unlabelled TAZ1 

(Figure 2.4A and full spectrum shown in Figure 2.5). 1H-15N HSQC resonance peaks 

shifted upon addition of TAZ1, indicating that there is a specific interaction between 

these proteins. Comparisons of chemical shift changes (Δδ, Figure 2.4B) in the 

absence and presence of TAZ1 show residues Phe683-Ile700 and those C-terminal of 

Leu729 experience the largest chemical shift changes, with many residues between 

Asp750-Leu781 undergoing line broadening and not being visible upon addition of 

TAZ1. These changes indicate that TAZ1 interacts with these regions of β-catenin. 

ITC revealed that βCATCTERM and βCATTAD2 both have relatively high-affinity and 

one-site binding for TAZ1 (Kd 0.26 ± 0.02 µM and 0.38 ± 0.02 µM, respectively; 

Figures 2.4C, D). Consistent with the pulldown data, βCATCTERMΔTAD2 weakly 

interacts with TAZ1 (Kd 67 ± 20 µM; Figure 2.6). 

The loss of signal for many residues between Asp750-Leu781 is likely due to 

chemical exchange induced by interaction with TAZ1. To characterize this 

interaction, 15N-labelled βCATTAD2 was titrated with unlabelled TAZ1 and chemical 

shift changes were observed using NMR spectroscopy (Figure 2.7), where Gly757-

Asp761 and Trp776-Asp780 experienced the largest chemical shift changes of any 

residues. This observed binding of motifs within βCATTAD2 to TAZ1 is consistent 

with deletion of this sequence ablating transactivation by GAL4-βCATCTERM (Figure 

2.2C). 
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NMR-based chemical shift mapping studies were performed to define where 

on the TAZ1 surface βCATTAD2 binds (Figure 2.8). Upon addition of βCATTAD2, a 

subset of resonances of 15N-labelled TAZ1 shifted, indicative of a specific interaction 

between these proteins (Figure 2.8A, B). Mapping of the significantly perturbed 

residues onto the structure of TAZ1 (PDBID: 1U2N) (154), revealed that βCATTAD2 

binds to a shallow hydrophobic groove formed by the junction of the ⍺1 and ⍺2 

helices of TAZ1 (Figure 2.8C). In contrast, fewer chemical shift changes were 

observed on the opposing side of TAZ1 or on helices ⍺3 and ⍺4 which could be an 

effect of allosteric changes to the molecule upon binding. 
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Figure 2.4. βCATCTERM binds TAZ1 with high affinity. (A) 1H-15N HSQC overlay of 
15N-labelled βCATCTERM in the absence (black) and presence (pink) of a saturating 
amount of TAZ1 (pink). Annotated arrows indicate residues experiencing chemical 
shift changes upon addition of TAZ1. (B) Chemical shift changes (∆δ = [(0.17ΔδN)2+ 
(ΔδHN)2]1/2) for each residue of βCATCTERM upon addition of TAZ1. Resonances that 
disappear due to line-broadening are noted and the dashed line represents the mean 
∆δ. (C) Isothermal titration calorimetry thermograms of TAZ1 titrated into 
βCATCTERM (C) or βCATTAD2 (D) and fit to a one-site binding model (n=2 biological 
replicates, error reported as SD). 
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Figure 2.5. HSQC spectra of βCATCTERM with TAZ1. 1H-15N HSQC spectra of 100 
µM 15N-labelled βCATCTERM overlayed in the absence (black) and presence (pink) of 
400 µM unlabeled TAZ1. Resonance assignments and direction of peak movement 
upon addition of TAZ1 are indicated.  
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Figure 2.6. ITC analysis of βCATCTERMΔTAD2 and TAZ1. Isothermal titration 
calorimetry thermogram of 200 µM TAZ1 titrated into 20 µM βCATCTERMΔTAD2 (Kd = 
67 ± 20 µM). 
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Figure 2.7. HSQC spectra of βCATTAD2 with TAZ1. 1H-15N HSQC of 100 µM 15N-
labelled βCATTAD2 (royal blue) titrated with up to 200 µM unlabeled TAZ1 (green). 
Resonance assignments of βCATTAD2 are annotated and direction of peak movement 
upon addition of TAZ2 are indicated.  
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Figure 2.8. βCATTAD2 interaction site mapped onto TAZ1 surface. (A) Overlay of 
1H-15N HSQC spectra of 100 µM 15N-labelled TAZ1 titrated with 400 µM of 
unlabelled βCATTAD2. (B) Chemical shift changes (∆δ = [(0.17ΔδN)2+ (ΔδHN)2]1/2) 
that each residue of TAZ1 experienced upon addition of βCATTAD2 are calculated for 
each residue. (C) Residues with above the mean ∆δ (pink) and mean ∆δ + standard 
deviation (magenta) mapped onto a semi-transparent surface of TAZ1 (PDBID: 
1U2N). These values are also represented as coloured lines in panel (B).  
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2.5.4 Characterization of β-catenin:TAZ2 Binding  

To characterize the βCATCTERM:TAZ2 interaction, 15N-labelled βCATCTERM 

was titrated with unlabelled TAZ2 and a shift of a subset of β-catenin amide 

resonances was observed in the 1H-15N HSQC spectra as a function of the addition of 

TAZ2 (Figure 2.9A and full spectrum shown in Figure 2.10). Quantification of 

chemical shift perturbations indicate that two regions from residues Pro714-Gly741 

and Asp750-Leu781 experienced the largest changes in chemical shift (Figure 2.9B). 

Unlike TAZ1, ITC analysis indicates that βCATCTERM binds TAZ2 at two different 

sites (Kd1 0.16 ± 0.04 µM, Kd2 7.09 ± 1.4 µM; Figure 2.9C), with βCATTAD2 

maintaining high affinity for TAZ2 (Kd1 0.65 ± 0.06 µM, Kd2 1.18 ± 0.43 µM; Figure 

2.9D) these two sites can be close in space or indicative of conformational change. 

To determine the binding site of βCATTAD2 on the TAZ2 surface, 15N-labelled 

TAZ2 was titrated with unlabelled βCATTAD2, and backbone amide chemical shift 

changes were monitored (Figure 2.11A, B). Residues experiencing chemical shift 

changes larger than the average plus one standard deviation were mapped onto a 

previously determined structure of TAZ2 (PDBID: 1F81) (155). These findings 

indicate that βCATTAD2 binding is dispersed over the TAZ2 surface with select 

residues within ⍺1-⍺4 experiencing large chemical shift changes, which is consistent 

with our finding that βCATTAD2 interacts with TAZ2 at multiple sites (Figure 2.11C).  
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Figure 2.9. βCATCTERM binds TAZ2. Superposition of 1H-15N HSQC spectra of 15N-
labelled βCATCTERM overlayed in the absence (black) and presence (blue) of 
saturating amounts of TAZ2 (blue). Annotated arrows indicate residues experiencing 
chemical shift changes upon TAZ2 addition. (B) Weighted chemical shift changes 
(∆δ = [(0.17ΔδN)2+ (ΔδHN)2]1/2) for residues of βCATCTERM upon addition of TAZ2, 
the dashed line represents the mean ∆δ. (C,D) Isothermal titration calorimetry 
thermograms of TAZ2 titrated into βCATCTERM (C) or βCATTAD2 (D). Data were fit 
to a two-site binding model and dissociation constants are indicated (n=2 biological 
replicates, error reported as SD).  
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Figure 2.10. HSQC spectra of βCATCTERM with TAZ2. 1H-15N HSQC of 100 µM 
15N-labelled βCATCTERM overlayed in the absence (black) and presence (blue) of 400 
µM unlabeled TAZ2. Resonance assignments and direction of peak movement upon 
addition of TAZ2 are indicated.  
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Figure 2.11. βCATTAD2 interaction site mapped onto TAZ2 surface. (A) Overlay of 
1H-15N HSQC spectra of 100 µM 15N-labelled TAZ2 titrated with 400 µM of 
unlabelled βCATTAD2. (B) Chemical shift changes (∆δ = [(0.17ΔδN)2+ (ΔδHN)2]1/2) 
that each residue of TAZ2 experienced upon addition of βCATTAD2 were calculated 
for each residue. (C) Residues with ∆δ above the mean ∆δ (blue) and mean ∆δ + 
standard deviation (navy) mapped onto a semi-transparent surface representation of 
TAZ2 (PDBID: 1F81). These values are also represented as coloured lines in panel 
(B).  
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2.5.5 Hydrophobic and Acidic Residues Mediate Binding between β-catenin and 

TAZ1 

Since β-catenin interacts more specifically with TAZ1 than TAZ2, I used 

mutagenesis to investigate which residues of β-catenin mediate this interaction. 

βCATTAD2 contains acidic and hydrophobic residues that are conserved and often 

important for binding CBP/p300, and many of these also experience above average 

shift perturbations upon addition of TAZ1 (Figures 2.12A, B and 2.7). To test if these 

residues were critical to the β-catenin:TAZ1 interaction, acidic or hydrophobic 

residues of βCATCTERM that undergo large chemical shift changes upon TAZ1 

binding were substituted for alanine (D751A, D761A, D764A, F777A). ITC 

experiments determined that these mutants bind TAZ1 only slightly weaker than 

βCATCTERM, with measured dissociation constants (Kd) of 0.39 ± 0.03 µM, 0.60 ± 

0.06 µM, 0.32 ± 0.02 µM, and 0.55 ± 0.04 µM for D751A, D761A, D764A and 

F777A, respectively (Figures 2.12C and 2.13). Deletion of small motifs across 

βCATCTERM (Δ757-761, Δ761-765, Δ776-779) was sufficient to make binding to 

TAZ1 undetectable by ITC (Figure 2.14). 
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Figure 2.12. βCATCTERM binds TAZ1 though acidic and hydrophobic residues. (A) 
Chemical shift changes (∆δ = [(0.17ΔδN)2+ (ΔδHN)2]1/2) that each residue of 
βCATTAD2 experienced upon addition of saturating amounts of TAZ1, with the 
dashed line representing the mean ∆δ. Residues that were selected for site-directed 
mutagenesis are denoted by *, while empty circles indicate proline residues that 
could not be monitored via 1H-15N HSQC. (B) Sequence alignment of C-terminal 
activation domains of β-catenin human (HS), dog (CL), mouse (MM), zebrafish (DR) 
and African clawed frog (XL). Hydrophobic (yellow) and acidic (red) residues are 
highlighted, and residues selected for site-directed mutagenesis are denoted by *. (C) 
Summary table of all isothermal titration calorimetry binding models and relative 
affinities (Kd) of complexes determined in this study (n=2 biological replicates, error 
reported as SD).  
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Figure 2.13. ITC of βCATCTERM alanine mutants with TAZ1. (A-D) Isothermal 
titration calorimetry thermograms of TAZ1 titrated into βCATCTERM mutants D751A, 
D761A, D764A, and F777A, fit to a one-site binding model yielding dissociation 
constants (Kd) of 0.39 ± 0.03 µM, 0.60 ± 0.03 µM, 0.32 ± 0.02 µM, and 0.55 ± 0.04 
µM, respectively (n=2 biological replicates, error reported as SD).   
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Figure 2.14. ITC of βCATCTERM deletion mutants with TAZ1. (A) Isothermal 
titration calorimetry thermograms of 100 µM TAZ1 titrated into 8 µM 
βCATCTERMΔ757-761 (B) βCATCTERMΔ761-765 or (C) βCATCTERMΔ776-779. 
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2.6 Discussion 

β-catenin is a critical nuclear effector of the canonical Wnt-signaling pathway, 

however, aberrant activation causing hyperaccumulation of β-catenin is broadly 

implicated in many major types of cancer (158, 159). Nuclear β-catenin forms 

transcriptional complexes with co-activators such as CBP/p300, which together 

enhance the transcription of oncogenes driving cancer initiation and progression (67). 

Here I examine the recruitment of CBP/p300 by the C-terminal transactivation 

domain of β-catenin and elucidate fundamental molecular mechanisms of β-catenin-

dependent gene transcription. I observe that βCATCTERM is intrinsically disordered 

and interacts with both the TAZ1 and TAZ2 domains of CBP/p300 with high affinity. 

This interaction is mediated by both acidic and hydrophobic amino acids within 

TAD2 of β-catenin, where mutagenesis of this region ablates transactivation potential 

and interactions with TAZ1.  

Intrinsically disordered regions are abundant in transcription regulators, as 

their structural flexibility allows them to be highly dynamic and helps to facilitate 

promiscuous protein-protein interactions with a multitude of different binding 

partners. Promiscuity in binding of transcription regulators is key to the diversity of 

transcriptional complexes found at different gene promoters. The KIX, TAZ1, TAZ2 

domains of CBP/p300 are candidate interaction sites for disordered transactivation 

domains of transcription regulators including HIF-1⍺, CITED2, STAT1/2, E2A, and 

p53 (27, 31, 55, 58, 146). While some TADs associate with high specificity to 

particular CBP/p300 domains, others like the TAD of tumor protein p53 have been 

shown to interact with promiscuity to TAZ1 (Kd 0.9 ± 0.2 µM), TAZ2 (Kd 26 ± 7 
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nM), and KIX (Kd 22 ± 5 µM) with a broad range of affinity and specificity (57, 

160). Our observation that the β-catenin C-terminal transactivation domain interacts 

with both TAZ1 and TAZ2 in a redundant manner is consistent with this model of 

CBP/p300 recruitment. The binding promiscuity of the β-catenin C-terminal is also 

highlighted by its previous implication in binding to the N-terminal interaction 

domain of CBP/p300 (161). This redundancy, plays an important role in molecular 

recognition and transcription regulation as it may serve to increase the diversity of 

interactions that β-catenin can participate in at gene promoters (162).  

TAZ1 consists of four α-helices that create three hydrophobic grooves that 

bind transactivation domains (154). Using NMR-based chemical shift mapping 

studies, I determined that βCATTAD2 interacts with TAZ1 with relatively high affinity 

(Kd 0.38 ± 0.02 µM) through an extended interface along helix ⍺1, and in the 

hydrophobic groove between helices ⍺1 and ⍺2 (Figure 2.8). The unstructured nature 

of transactivation domains allows for considerable conformational changes upon 

binding target molecules, thus enabling different TADs with various sequences to 

bind common partners. Despite their low sequence similarity, TAZ1 interacts with 

TADs  of HIF-1⍺ (Kd 10 ± 5 nM), CITED2 (Kd 13 ± 10 nM), STAT2 (Kd 58 ± 3 nM), 

and RelA (Kd 57 ± 3 nM) at binding sites corresponding to that of βCATTAD2 with 

conserved intermolecular contacts at the ⍺1/⍺2 junction (Figure 2.15) (31, 55, 56, 

146). Previous reviews have noted that the presence of hydrophobic residues is a 

common feature of TADs that bind TAZ1/2 (40). These types of residues are highly 

conserved within βCATTAD2, which shares ~90% sequence identity with β-catenin in 

other vertebrates (Figure 2.12B). These residues likely form extensive hydrophobic 
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contacts once bound within the grooves of TAZ1, providing overall stability to the 

transcriptional complex.   

 TAZ2 adopts a similar structure to TAZ1, but is differentiated by the opposite 

orientation of helix ⍺4 (29,30). Even though TAZ1 and TAZ2 have similar topology, 

both domains differ in terms of sequence and binding specificity, with TAZ1 having 

deeper groves in its surface than TAZ2. Despite this, the flexibility of the β-catenin 

C-terminal transactivation domain can compensate for differences in topology and 

bind both TAZ1 and TAZ2 with relatively high affinity. NMR chemical shift 

mapping indicated that βCATTAD2 binds TAZ2 through extended interactions across 

multiple helices (Figure 2.11), this is consistent with our ITC data that detected 

multiple binding sites between βCATTAD2 and TAZ2, and similar to other 

transactivation domains like those of p53 and STAT1, which wrap around TAZ2 with 

multiple points of contact (Figures 2.17A, B) (31, 163). Interestingly, p53 has been 

shown to compete with β-catenin for CBP/p300, which may be occurring through 

direct competition for TAZ2 domain at gene promoters (164). Similarly, the 

adenoviral peptide E1A, which directly impairs β-catenin-mediated transcription by 

competing for CBP/p300, also interacts at one of the βCATTAD2 : TAZ2 binding 

interfaces (Figure 2.17) (142).  

By ITC I observe that one molecule of βCATTAD2 can bind two molecules of 

TAZ2, while oddly the chemical shift changes observed for both TAZ2 and 

βCATTAD2 during NMR titrations are linear, which suggests a 1:1 complex and two-

state binding. This conflicting result may indicate potential conformational change 

upon binding or be because the two TAZ2 binding sites present on βCATTAD2 are 
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sufficiently isolated from each other that they are not affected by binding at the other 

site. Although in this latter scenario TAZ2 would be in fast exchange between 3 

states, the affinities of the binding sites may be similar enough that linear chemical 

shift changes are still observed. Future studies could work to further delineate these 

TAZ2 binding sites within βCATTAD2. 

Both TAZ1 and TAZ2 are basic proteins with a strongly electropositive 

surface that preferentially bind acidic motifs, where electrostatic interactions mediate 

transactivation domain recognition and specificity (Figures 2.16, 2.18). Our findings 

demonstrate that deletion of acidic residues within the β-catenin transactivation 

domain reduces βCATCTERM:TAZ1 binding, highlighting the importance of 

electrostatic interactions for TAZ1 recognition. TAZ1-binding favours extended 

disordered domains with multiple amphipathic motifs, which may explain why β-

catenin point mutants that removed a single acidic or hydrophobic contact reduced 

but did not completely ablate the interaction between βCATCTERM and TAZ1.  

The association of β-catenin with CBP/p300 may also be regulated by post-

translational modifications such as acetylation and phosphorylation. CBP/p300-

medaited acetylation of β-catenin is frequently disrupted by mutation in thyroid 

cancers, causing an increase in β-catenin activity (165). Additionally, numerous 

serine and threonine residues are present in the β-catenin transactivation domain and 

phosphorylation of C-terminal β-catenin by protein kinase A has been shown to 

increase both β-catenin transcriptional activity and help facilitate its interactions with 

CBP/p300 (166, 167). This is similar to the p53 transactivation domains, which 

modulate interactions with CBP/p300 through phosphorylation (168), as such 
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modifications may serve to enhance the electrostatic interactions and overall affinity 

of these domains for TAZ1 or TAZ2. 

Overall, I have characterized how the C-terminal TAD of β-catenin binds to 

both the TAZ1 and TAZ2 domains of CBP/p300, which provides mechanistic 

understanding of how β-catenin recruits CBP/p300 to mediate Wnt signaling. This 

work will aid future studies focused on interpreting the interplay between β-catenin 

and other transcription factors that bind CBP/p300, as well as developing molecules 

that disrupt the association of β-catenin with CBP/p300.  
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Figure 2.15. Comparison of βCATTAD2: TAZ1 interaction site. Surface representation 
of TAZ1 (PDBID: 1U2N) showing βCATTAD2 interaction site (magenta) overlayed 
with bound transactivation domains of (A) HIF-1⍺ (1L8C; teal), (B) CITED2 (1R8U; 
green), (C) STAT2 (2KA4; yellow), and (D) RelA (2LWW; orange). 
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Figure 2.16. Amino acid sequences of TAZ1 binding TADs. TAZ1 binding regions 
of transactivation domains β-catenin (residues 750-781), HIF-1⍺ (residues 776-781), 
CITED2 (residues 220-260), STAT2 (residues 780-816), and RelA (residues 431-
484) annotated to show the occurrences of acidic (red), hydrophobic (yellow) 
residues, and regions of β-catenin deleted in mutagenesis studies (underlined).  

  

SDLACRLLGQSMDESGLPQLTSYDCEVNAPIQGSRNLLQGEELLRALDQVHIF-1⍺
TDFIDEEVLMSLVIEMGLDRIKELPELWLGQNEFDFMTDFVCITED2

GPVSQPVPEPDLPCDLRHLNTEPMEIFRNCVKIEEIMSTAT2

RelA AGEGTLSEALLQLQFDDEDLGALLGNSTDPAVFTDLASVDNSEFQQLLNQGIPV

VDGLPDLGHAQDLMDGLPPGDSNQLAWFDTDLβCAT
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Figure 2.17. Comparison of βCATTAD2: TAZ2 interaction site. Surface representation 
of TAZ2 (PDBID: 1F81) showing βCATTAD2 interaction site (blue) overlayed with 
bound transactivation domains of (A) p53 (5HPD; black), (B) STAT1 (2KA6; green) 
and (C) E1A (2KJE; red). 
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Figure 2.18. Amino acid sequences of TAZ2 binding TADs. Transactivation domains 
β-catenin (residues 730-781), p53 (residues 1-57), STAT1 (residues 710-750) and 
adenoviral E1A (residues 54-82) known to bind TAZ2, annotated to show the 
occurrences of acidic (red), hydrophobic (yellow) residues, and regions of β-catenin 
deleted in mutagenesis studies (underlined). 
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Chapter 3: Characterizing the association of co-regulator CBP/p300 

with an N-terminal activation domain of β-catenin 

 

3.1 Contributions of Authors 

 The following chapter contains the Abstract, Introduction, Methods, Results 

and Discussion sections of a manuscript intended for submission to Protein Science. 

Brown, A.D., Horner, R., Cranstone, C., Dupré, D.J., Langelaan, D.N. Characterizing 

the association of co-regulator CBP/p300 with an N-terminal activation domain of β-

catenin. Undergraduate student Rachael Horner performed NMR assignments in 

Figure 3.7A. Connor Cranstone collected the NMR data and completed assignments 

presented in Figures 3.3A and 3.9. All additional experiments were carried out by 

me, including writing the first draft of the manuscript. Dr. Denis Dupré provided 

resources and guidance, and Dr. David Langelaan contributed materials, supervision, 

and assistance throughout the writing process. 

 

3.2 Abstract  

The transcriptional regulator β-catenin drives downstream gene expression of 

the canonical Wnt signaling pathway, which plays a major role in developmental 

processes and cancer pathogenesis. To coordinate the transcriptional response, β-

catenin binds transcription factors and co-regulators, including the histone 

acetyltransferases CBP/p300 which enhance β-catenin gene activity. In this study I 

detail the molecular mechanisms by which the N-terminal β-catenin transactivation 
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domain (TAD1) interacts with CBP/p300. Using a combination of nuclear magnetic 

resonance spectroscopy and protein pulldown assays I determine that the structurally 

disordered N-terminal β-catenin recruits CBP/p300 through promiscuous interactions 

with the TAZ1 and TAZ2 domains. Characterization of the β-catenin TAD1:TAZ2 

interaction by nuclear magnetic resonance spectroscopy shows that they form a high 

affinity but dynamic complex, with β-catenin TAD1 binding TAZ2 at the intersect of 

helices ⍺-1, ⍺-2 and ⍺-3. Furthermore, I identify an adenovirus-based peptide 

inhibitor which can directly compete with β-catenin TAD1 for TAZ2 and can ablate 

transcription of a β-catenin-dependent luciferase reporter. Finally, I observe that both 

β-catenin TAD1 and the C-terminal TAD2 are necessary for β-catenin transcriptional 

function and suggest they may cooperate to recruit CBP/p300 to Wnt-related gene 

promoters.  These findings highlight mechanistic details by which β-catenin 

sequesters co-activator CBP/p300 to control gene expression and proposes a way 

these interactions could be targeted to control Wnt/β-catenin signaling in the future.  

 

3.3 Introduction  

Wnt signaling is a well-conserved and tightly regulated signal transduction 

pathway that is critical to development by controlling numerous cellular processes 

including cell fate, polarity, motility, and survival (61, 169). Downstream gene 

expression of the canonical Wnt pathway is mediated by the intracellular effector β-

catenin (170). Binding of Wnt proteins to their respective cell surface receptor 

(Frizzled and LRP5/6) activates the Wnt signaling cascade and inhibits the 



 

71 

degradation β-catenin (136). Stabilized β-catenin is then translocated to the nucleus 

where it coordinates the transcriptional response by binding and modulating the 

activity of DNA-bound transcription factors such as T-cell factor and lymphoid 

enhancer factor (TCF/LEF) (136). Given the wide array of cellular processes that 

Wnt/β-catenin signaling regulates, deregulation of the pathway is a well-known 

causative factor of many human pathologies including colon, breast, and skin cancers 

(171–173). In cancer cells, aberrant activation of the Wnt pathway leading to the 

nuclear accumulation of β-catenin is a key driver for the initiation and progression of 

the disease, accelerating both cancer cell proliferation and metastasis (174). 

β-catenin is composed of a central repetitive armadillo repeat domain, a rigid 

super helical structure that provides the main interaction site for transcription factors 

like TCF/LEF (175). Flanking this domain are amino and carboxy terminal regions 

(residues 1-137 and 666-781, respectively) which are structurally flexible and 

possess potent transactivation domains (TAD1, residues 58-103; TAD2, residues 

750-781) (Figure 3.1A). Once β-catenin is recruited to a transcription factor at a 

particular target gene promoter, transcription is activated as a result of these 

transactivation domains and their ability to mediate interactions with transcriptional 

co-regulators. This includes chromatin remodeling complexes SWI/SNF, as well as 

CREB-binding protein and its homolog (CBP/p300) which directly interact with β-

catenin to promote gene activation (75, 142).   

The expression of Wnt/β-catenin target genes is directly correlated with 

histone acetylation, which enhances the transcriptional response by modifying 

chromatin structure and allowing for more open and accessible DNA. This reaction is 
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catalyzed by the histone acetyltransferase proteins CBP/p300. CBP/p300 are large 

multi-domain proteins that connect transcription factors to the basal transcriptional 

machinery via direct interactions with general transcription factors and RNA 

polymerase II, acting as a scaffold for multi-protein transcriptional complexes (176, 

177). CBP/p300 interact with hundreds of known binding partners through several 

interaction domains, namely the nuclear receptor interaction domain (NRID), kinase 

inducible domain (KIX), and transcription adaptor zinc finger domains (TAZ1 and 

TAZ2) (Figure 3.1B). CBP/p300 is recruited through the TAZ1 and TAZ2 domains 

by the C-terminal transactivation domain of β-catenin where it has been shown to 

mediate Wnt-target gene expression (77, 178). However, the interactions between 

CBP/p300 and the N-terminal TAD1 of β-catenin have not yet been explored.  

In this study I characterize the interaction between the N-terminal β-catenin 

TAD1 and the TAZ2 domain of CBP/p300. I identify the molecular determinants of 

their interaction using protein pulldown assays, nuclear magnetic resonance 

spectroscopy (NMR) chemical shift mapping experiments, and isothermal titration 

calorimetry (ITC). Furthermore, I derive a peptide that displaces β-catenin TAD1 

from TAZ2 and abolishes β-catenin transcriptional activation of a luciferase reporter 

gene.  
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Figure 3.1. Schematic of β-catenin and CBP/p300. (A) β-catenin consists of a central 
armadillo repeat domain, and two transactivation domains (TAD1 and TAD2) located 
N-terminal and C-terminal to the armadillo repeat region, protein constructs used in 
this study are annotated according to native amino acid sequence, dashed areas 
indicate deleted regions in mutant constructs. (B) Domain architecture of CBP/p300 
including catalytic histone acetyltransferase domain (HAT), nuclear receptor 
interaction domain (NRID), IRF-3 binding domain (IBiD), kinase inducible domain 
(KIX), and transcription adaptor zinc finger domains (TAZ1/TAZ2), numbering 
corresponds to CBP amino acid sequence (above) and p300 (below).  
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3.4 Materials and Methods  

3.4.1 Plasmid Preparation   

 β-catenin plasmids for protein expression were derived from a pET28a 

plasmid containing full-length human β-catenin gifted by Randall Moon (Addgene 

plasmid # 17198). Regions comprising of residues 1-137 (N) and residues 58-103 

(TAD1), were cloned using restriction enzymes BamHI and SalI into a pET21b 

vector modified to contain an upstream His6 affinity tag, the B1 domain of protein G 

(GB1), and a TEV protease recognition sequence (pGB1-βCATN and pGB1-

βCATTAD1, respectively). To create pGB1-βCATNΔTAD1, mutagenesis was performed 

to remove residues 58-103 (TAD1) using a Q5 site-directed mutagenesis kit (New 

England BioLabs), with pGB1-βCATN as a template. Plasmids encoding for the 

protein-interacting domains of CBP/p300 (KIX, TAZ1, and TAZ2) and the conserved 

region 1 domain (CR1) of adenovirus early region 1 A (pGB1-E1ACR1) were the 

same as those previously used (58, 179). 

For expression in mammalian cells, the E1ACR1 sequence was cloned into a 

pcDNA3-GFP vector gifted by Doug Golenbock (Addgene plasmid # 13031) (pGFP-

E1ACR1), and full-length p300 (residues 1-2414) was cloned into pcDNA3.1(+) 

mammalian expression vector (pcDNA-p300). For transactivation assays, constructs 

consisted of βCATN and βCATNΔTAD1 subcloned into a pCMV-GAL4 vector gifted by 

Liqun Luo (Addgene plasmid # 24345) (pGAL4-βCATN), and full-length β-catenin in 

pcDNA3 gifted by Eric Fearon (Addgene plasmid # 16828) (pcDNA-βCAT). 

Constructs pcDNA-βCATΔTAD1, pcDNA-βCATΔTAD2, and pcDNA-βCATΔTAD1ΔTAD2, 
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removing residues 58-103 (TAD1) and/or residues 750-781 (TAD2) were produced 

using QuikChange site-directed mutagenesis kit (Stratagene), with pcDNA-βCAT 

used as template. All plasmid constructs were validated using DNA-sequencing.  

3.4.2 Cell Culture and Transcription Assays 

 Luciferase reporter assays were performed using a Dual Luciferase Reporter 

Assay System (Promega). HEK 293A cells were seeded into 24-well plates and 

transfected using JetPRIME reagent (Polyplus) according to manufacturer protocols. 

Each reaction contained 0.5 µg of plasmid including: 0.35 µg luciferase reporter 

(5xGAL4-Luc or M50 Super 8x TOPFlash), 0.10 µg (pGAL4-βCAT or pcDNA-

βCAT construct), and 0.05 µg internal control (pCMV-Renilla). Cell lysate was 

prepared and tested for luciferase activity 24 hr post transfection using a 

luminometer, all luciferase values are normalized to Renilla-luminescence and 

represent triplicate-transfections relative to negative controls. 

3.4.3 Protein Expression and Purification  

 Plasmids used for recombinant protein expression (pGB1-βCATN and pGB1-

E1ACR1) were introduced into E. coli (BL21 (DE3)) and grown to an optical density 

of 0.6-0.8 at 600 nm in Lysogeny broth, 15N- or 13C,15N -enriched M9 minimal media 

(149), at which point expression was induced with the addition of isopropyl β-d-1-

thiogalactopyranoside (final concentration 0.5 mM) and left to grow at 37°C for 4 hr. 

Cell pellets were then harvested and resuspended in lysis buffer (8M urea, 20 mM 

Tris-HCl pH 8, 250 mM NaCl, 10 mM βME), lysed by sonication, and after 

centrifugation, the supernatant was applied to a Ni2+ affinity-resin (Ni-NTA agarose, 
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GE healthcare). After washing with lysis buffer containing 10 mM imidazole, 

proteins were refolded with the addition of lysis buffer lacking urea and eluted from 

the column with the same buffer containing 300 mM imidazole. Proteins were then 

dialyzed overnight at 4°C into native buffer (20 mM Tris-HCl pH 8, 50 mM NaCl, 10 

mM βME) with 150 µg of TEV protease to remove the GB1 affinity-tag. Cleaved 

proteins were separated from their tag by Ni2+-affinity chromatography and Fast 

Flow Q Sepharose anion exchange chromatography (GE healthcare) using native 

buffer to wash, and native buffer containing 500 mM NaCl to elute. The KIX, TAZ1, 

and TAZ2 domains were expressed and purified as per previously described methods 

(58). All protein fractions were monitored throughout the purification using SDS-

PAGE.  

3.4.4 Pulldown Experiments  

 For pulldown assays, GB1-βCATN or GB1-βCATTAD1 were added to 20 µL 

IgG agarose beads (GE Healthcare) for 15 min in assay buffer (20 mM Tris-HCl pH 

8, 25 mM NaCl, 10 µM ZnCl2, 5 mM βME). Following two washes with assay 

buffer, 1 mL of prey protein consisting of 20 µM isolated KIX, TAZ1, or TAZ2 was 

added to the beads and incubated for 30 min with gentle spinning. Beads were then 

washed three times with assay buffer, or assay buffer containing 20 µM of purified 

E1ACR1 (for competition assays), to remove any unbound protein. The final protein 

bound beads were then analyzed by SDS-PAGE. 
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3.4.5 Isothermal Titration Calorimetry  

 ITC experiments were conducted at 30°C in buffer (20 mM MES pH 6, 25 

mM NaCl, 1 µM ZnCl2, and 5 mM βME) with 400 µM of βCAT construct (βCATN, 

βCATTAD1, or βCATNΔTAD1) in the syringe (total volume 400 µL) and 40 µM TAZ2 in 

the in the reaction cell (total volume 1400 µL). Experiments were carried out using a 

VP-ITC Microcalorimeter with the following specifications: 30 injections of 10 µL 

with 300 sec spacing, reference power of 20 µCal/sec, and a stirring speed 300.  

Experimental data was performed in duplicate and thermograms were fit to a single 

binding-site model using MicroCal Origin 7.0. 

3.4.6 NMR Spectroscopy  

  NMR experiments were performed in 20 mM MES pH 6, 25 mM NaCl, 1 µM 

ZnCl2, 5 mM DTT and 5% D2O at 25 °C on a 700 MHz Bruker Advance III 

spectrometer equipped with a cryogenic probe at the National Research Council 

(Halifax, NS). For backbone assignments, uniformly 13C,15N-labelled samples of 

βCATN (513 µM) and βCATTAD1 (500 µM) were prepared and resonances were 

assigned using standard heteronuclear multidimensional NMR experiments (1H-15N 

HSQC, HNCACB, CBCACONH, H(CCO)NH, (H)C(CO)NH, HNCO, and 

HN(CA)CO). Secondary structure propensity (SSP) was then calculated per residue 

based on the determined C⍺ and Cβ chemical shifts (157). NMR datasets were 

processed using NMRPipe and analyzed using the program CCPNMR Analysis (150, 

151).   
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To assess binding between β-catenin and TAZ2, 15N-labelled βCATN or 

βCATTAD1 (100 µM each) were prepared and titrated with up to 400 µM of unlabelled 

TAZ2 (for competition experiments, 100 µM of TAZ2 with or without 100 µM 

E1ACR1 was used). Heteronuclear NOE values and backbone assignments were 

obtained from the bound βCATTAD1: TAZ2 complex. Chemical shift perturbations 

(∆δ) of 1H-15N-HSQC resonances were quantified as ∆δ = [(0.17ΔδN)2+ (ΔδHN)2]1/2 

(153). To map the βCATTAD1 binding site onto TAZ2, 15N-labelled TAZ2 (100 µM) 

was prepared with up to 400 µM of unlabelled βCATTAD1 and the residues which 

underwent the largest chemical shift changes (> mean Δδ)  were mapped onto the 

surface structure of the TAZ2: E1A complex (PDBID:  2KJE) (180). 

 

3.5 Results  

3.5.1 β-catenin N-terminal binds promiscuously to CBP/p300 

To examine the role of N-terminal β-catenin in the regulation of gene 

transcription, I conducted a luciferase-based transcriptional assay where HEK 293A 

cells were transfected with βCATN fused to a GAL4 DNA-binding domain. 

Normalized luminescent values from triplicate experiments showed that the fusion of 

βCATN activated luciferase activity 60-fold more than GAL4 alone, highlighting the 

importance of this region for transactivation (Figure 3.2A). Since the presence of 

CBP/p300 is known in part to modulate β-catenin activity, I also tested its impact on 

βCATN transcription by co-transfecting an increasing amount of p300 (up to 50 ng). 

Here I found that the addition of p300 enhanced βCATN transcriptional activity up to 
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83-fold more than the GAL4 control suggesting a functional relationship between 

these two proteins, the difference of only 1.4-fold more activation than βCATN 

without p300 present may be attributed to the fact p300 is a chromatin modifying 

protein and luciferase assays were performed using plasmid DNA.  

 To gain better understanding of the observed functional interaction between 

βCATN and CBP/p300, I next investigated how they associate with one another. I 

first conducted a protein pulldown assay where immobilized GB1-tagged βCATN was 

used to pulldown candidate protein-interacting domains of CBP/p300: KIX, TAZ1, 

and TAZ2. βCATN was not observed to interact with the purified KIX domain, since 

no KIX was present in comparison to the input control (Figure 3.2B). Although 

βCATN demonstrated weak binding to the TAZ1 domain of CBP/p300, the most 

notable interaction occurred between βCATN and the TAZ2 domain where a 

significant amount of TAZ2 was retained by βCATN. To confirm a direct association 

between these domains, ITC analysis of these protein interactions was conducted and 

revealed that βCATN binds TAZ2 at one-site (N: 0.98) with a measured dissociation 

constant (Kd) of 312 ± 23 nM (Figure 3.2C).  
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Figure 3.2. N-terminal β-catenin mediates promiscuous CBP/p300 interactions. (A) 
Luciferase gene reporter assay of GAL4-βCATN co-transfected with increasing 
amount of p300. Data represents mean fold activation over negative control, error 
bars are standard error from three separate experiments. Statistical significance 
measured using one-way ANOVA and Dunnetts multiple comparison test (* p value 
< 0.05, n=3 technical replicates).  (B) SDS-PAGE analysis of protein pulldown assay 
of GB1-βCATN tested for its ability to pulldown and interact with purified KIX, 
TAZ1, or TAZ2 domains of CBP/p300. Lanes 2, 5, and 8 contain CBP/p300 domain 
only and represents 10% total pulldown input, protein constructs (GB1, GB1-βCATN) 
and immunoglobulin G antibody chains (IgG H/L) are labelled. (C) Isothermal 
titration calorimetry thermogram of βCATN titrated into cell containing TAZ2, the 
resulting curve is fit to a single binding-site with dissociation constant (Kd) 312 ± 23 
nM (n=2 biological replicates, error reported as SD).   
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3.5.2 Structural features of β-catenin N-terminal Region 

To assign the backbone resonances of the β-catenin N-terminal region a 1H-

15N-heteronuclear single quantum coherence (HSQC) spectrum was collected on a 

13C,15N-uniformly labelled sample of βCATN (Figure 3.3A). Using triple resonance 

NMR experiments and sequential assignment, nearly complete backbone assignment 

of βCATN was achieved, including 94% of backbone amide chemical shifts (129/137 

residues, 7 of which are proline). The limited dispersion of amide proton resonances 

indicates the N-terminal of β-catenin is disordered in its unbound state. These 

structural features were further investigated using secondary structure propensity 

(SSP) calculations based on the determined 13C⍺ and 13Cβ chemical shifts for each β-

catenin residue (Figure 3.3B). These values consider the propensity of any given 

amino acid in the polypeptide to form a secondary structure where consecutive 

positive values (+1) indicate fully formed ⍺-helix and negative values (-1) indicate β-

sheet. SSP analysis of βCATN showed little deviation from the random coil state, 

with all values falling within a range of -0.12-0.33. These findings suggest that the 

N-terminal region of β-catenin has some minor propensity to form ⍺-structure in its 

native form but still mostly exists in a disordered state.  
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Figure 3.3. The β-catenin N-terminal is structurally disordered. (A) 1H-15N-HSQC 
spectrum of βCATN, with assigned backbone amide resonances labelled based on 
their amino acid and sequence position. (B) Secondary structure propensity (SSP) 
values calculated per residue of βCATN based on assigned C⍺ and Cβ chemical shifts.  
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3.5.3 β-catenin TAD1: TAZ2 interaction is functionally important 

I next wanted to investigate the binding of N-terminal β-catenin to TAZ2. 1H-

15N-HSQC spectra were collected on a 15N-labelled sample of βCATN with and 

without the addition of unlabelled TAZ2 to the sample (1:4 ratio). While many 

resonances remain unperturbed, those corresponding to a region from D58-L103 

experience significant chemical shift perturbation upon addition of TAZ2, indicative 

of a potential molecular interaction (Figure 3.4). To corroborate these findings, a 

GB1-βCATN mutant was produced, removing D58-L103 (referred to as ΔTAD1), and 

tested for its ability to pulldown and interact with purified TAZ2. The GB1-

βCATNΔTAD1 mutant diminished binding between N-terminal β-catenin and TAZ2, 

this coincided with ITC measurements which revealed that the βCATNΔTAD1 mutant 

had no detectable affinity for TAZ2 (Figures 3.5A, 3.6). Furthermore, when tested in 

a luciferase assay, deletion of TAD1 ablated any transcriptional activity by GAL4-

βCATN, emphasizing the importance of this region to β-catenin function (Figure 3. 

5B).  

β-catenin contains two transactivation domains, one located at the N-terminal 

(TAD1, residues 58-103) and the second at the C-terminal (TAD2, residues 750-781) 

(178), which can function either independently, cooperatively, or redundantly with 

one another. To test this, I generated three β-catenin mutants which deleted TAD1, 

TAD2, or both domains and assessed their potential to activate a β-catenin-specific 

TOPFlash luciferase gene reporter. In comparison to wild-type β-catenin, which 

measured 35-fold transcriptional activity, removal of either domain βCATΔTAD1 or 

βCATΔTAD2 diminished the ability of β-catenin to activate reporter gene transcription 
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and was equivalent to that of βCATΔTAD1ΔTAD2 which removed both domains, 

suggesting they are both essential to β-catenin function (Figure 3.5C).  
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Figure 3.4. NMR analysis of N-terminal β-catenin and TAZ2 interaction. (A) 1H-
15N-HSQC spectra of βCATN (100 µM) when unbound (black) and saturated with 
TAZ2 (400 µM) (red). (B) Summary of βCATN resonances that are perturbed (+1) or 
unperturbed (-1) upon addition of TAZ2, labels correspond to native amino acid 
sequence. 
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Figure 3.5. β-catenin TAD1 is critical to TAZ2 binding and transactivation. (A) 
SDS-PAGE of protein pulldown assay of GB1, GB1-βCATN, and GB1-βCATNΔTAD1 

tested to pulldown and interact with purified recombinant TAZ2 of CBP. Lanes 3 
contains purified TAZ2 only and represents 10% total pulldown input, protein 
constructs and antibody chains (IgG H/L) are labelled.  (B) Luciferase transactivation 
assay showing relative activity of GAL4, GAL4-βCATN and GAL4-βCATNΔTAD1. (C) 
TOPFlash luciferase reporter assay measured for full-length β-catenin (βCAT), 
βCATΔTAD1, βCATΔTAD2, and βCATΔTAD1ΔTAD2. Data represents mean fold activation 
over negative control, error bars are standard error from three separate experiments. 
Statistical significance was measured using one-way ANOVA and Dunnetts multiple 
comparison test (*** p value < 0.001, n=3 technical replicates).  
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Figure 3.6. ITC analysis of βCATNΔTAD1 and TAZ2. Isothermal titration calorimetry 
thermogram of 400 µM βCATNΔTAD1 titrated into 40 µM TAZ2. 
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3.5.4 Structural features of βCATTAD1: TAZ2 complex 

To identify the residues involved in the βCATTAD1: TAZ2 interaction, a 

13C,
15N-labelled sample of βCATTAD1 was prepared in complex with unlabelled 

TAZ2. Using multidimensional NMR experiments and sequential assignment, 97% of 

backbone proton and 15N-amide resonances (45/46 residues, 1 of which are proline) 

of βCATTAD1 were identified (Figure 3.7). SSP calculations were determined from 

assigned βCATTAD1 C⍺ and Cβ chemical shifts. Binding of TAZ2 to the βCATTAD1 

domain caused the largest increase in SSP values from residues T59-F74, suggesting 

this region is adopting more of a helical conformation. The highest SSP value being 

only 43% propensity for ⍺-structure suggests that flexibility is still retained by 

βCATTAD1 in the bound complex (Figure 3.8A). These findings are in accordance 

with heteronuclear {1H}-15N NOE values calculated per βCATTAD1 residue when 

bound to TAZ2. I observed the highest hetNOE values (~0.6) occur in the same 

region of βCATTAD1 from residues E65-S71, indicating that they become more 

ordered when bound. The average {1H}-15N NOE of ~0.43 is lower than that of well-

structured elements in proteins (typically >0.65), and further evidence of transient 

rigidity by βCATTAD1 when binding TAZ2 (Figure 3.8B). Interestingly, these 

βCATTAD1 residues also experienced the largest chemical shift perturbations of 

resonances in the 1H-15N-HSQC spectra upon titration of TAZ2 (Figure 3.8C, HSQC 

titration spectra Figure 3.9, Assignments unbound βCATTAD1 Figure 3.10).  
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Figure 3.7. Resonance assignments of βCATTAD1: TAZ2 complex. 1H-15N-HSQC of 
βCATTAD1 (red spectra) and in complex with TAZ2 (blue spectra), assigned 
resonances of backbone amide peaks for the βCATTAD1: TAZ2 complex are annotated 
with their corresponding sequence position and amino acid residue. 
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Figure 3.8. Structural features of βCATTAD1: TAZ2 complex. (A) Calculated 
secondary structure propensity (SSP) scores for each βCATTAD1 residue when 
unbound (red) and bound (blue) to TAZ2. (B) {1H}-15N NOE values and (C) 
chemical shift changes (∆δ = [(0.17ΔδN)2+ (ΔδHN)2]1/2) determined for each 
βCATTAD1 residue upon formation of the βCATTAD1:TAZ2 complex, dashed line 
represents average chemical shift change (∆δ).   
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Figure 3.9. HSQC spectra of N-terminal β-catenin TAD upon TAZ2 binding. 1H-15N-
HSQC spectra of 100 µM βCATTAD1 (red) overlayed with titration of up to 400 µM 
unlabeled TAZ2 (dark blue). 
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Figure 3.10. Resonance assignments of β-catenin TAD. 1H-15N-HSQC spectra of 
βCATTAD1 labelled with backbone resonance assignments according to their respective 
amino acid. 
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3.5.5 Defining the βCATTAD1: TAZ2 interaction site  

 To characterize the βCATTAD1 interaction site of the TAZ2 surface 15N-

labelled TAZ2 was titrated with unlabelled βCATTAD1 and analyzed by NMR 

spectroscopy (Figure 3.11A, Full spectra Figure 3.12). 1H-15N-HSQC spectra of 

TAZ2 has well dispersed peaks in both the free and bound states, suggesting that 

TAZ2 remains folded upon binding. Linear chemical shift perturbations of TAZ2 

resonances upon the addition of βCATTAD1 suggested 1:1 binding in a fast exchange 

regime (181), which agrees with our previous ITC findings of a one-site binding 

interaction (Figure 3.2C). The largest chemical shift perturbations affected only 

certain TAZ2 resonances around the βCATTAD1 binding site (Figure 3.11B), when 

quantified and mapped onto the structure of TAZ2 (PDBID: 2KJE), the largest 

perturbations localized to a hydrophobic groove formed by the ⍺-1, ⍺-2 and ⍺-3, 

helices (shaded pink) (Figure 3.11C) (180).  
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Figure 3.11. NMR chemical shift mapping of the βCATTAD1: TAZ2 binding site. (A) 
Portion of 1H-15N-HSQC spectra of 15N-labelled TAZ2 titrated with increasing 
amounts of unlabelled βCATTAD1, full spectra provided in Figure 3.12. (B) Changes 
in chemical shift were calculated for each TAZ2 residue (∆δ = [(0.17ΔδN)2+ 
(ΔδHN)2]1/2) upon binding βCATTAD1, dashed line represents average chemical shift 
change (∆δ). (C) A surface representation of TAZ2 (grey) in complex with the CR1 
domain of adenovirus E1A (blue) (PDBID: 2KJE; (180)) with residues that 
experienced the largest changes in chemical shift upon titration with  βCATTAD1 

coloured in pink (> mean ∆δ) and dark pink (> mean ∆δ + SD).  
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Figure 3.12. Full HSQC spectra of TAZ2 upon β-catenin TAD binding. 1H-15N-HSQC 
spectra of 100 µM TAZ2 (light purple) overlayed with titration of up to 400 µM 
unlabeled βCATTAD1 (royal blue). 
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3.5.6 E1A-derived peptide disrupts the βCATTAD1:TAZ2 interaction 

The adenoviral oncoprotein early region 1 A (E1A) has been shown to 

functionally impact β-catenin/TCF-regulated gene activity by interfering with its 

binding to CBP/p300 (182). E1A sequesters CBP/p300 through interactions between 

its conserved region 1 domain (CR1) which interact with the same TAZ2 binding site 

as β-catenin TAD1 (Figure 3. 6C). To test this mechanism of inhibition and see if 

E1ACR1 could directly block the association of β-catenin TAD1 with TAZ2 I 

performed NMR competition experiments on a 15N-labelled sampled of βCATTAD1. 

Addition of TAZ2 results in a shift of βCATTAD1 cross peaks in the 1H-15N HSQC 

spectrum to their characteristic positions of the βCATTAD1:TAZ2 complex (Figure 3. 

13A, Full spectra Figure 3.14). Subsequent addition of equimolar E1ACR1 (residues 

54-82) causes a shift of βCATTAD1 resonances back towards those of unbound 

protein, indicating that E1ACR1 displaces βCATTAD1 from TAZ2. These findings are 

in agreement with protein pulldown data, where E1ACR1 diminished nearly all ability 

of GB1-βCATTAD1 to pulldown and interact with TAZ2 (Figure 3.13B).  

Given that the βCATTAD1 and E1ACR1 domains compete for TAZ2 binding, 

and that CBP/p300 is required for β-catenin-dependent transactivation, I examined 

the effect of E1A on β-catenin transcriptional function. To do so, HEK 293A cells 

were transfected with full-length β-catenin and a TOPFlash luciferase gene reporter 

that contained multiple TCF-binding sites. Transfection of β-catenin activated 

luciferase gene activity 40-fold more than pcDNA3.1 controls (Figure 3.13C), while 

co-transfecting p300 enhanced β-catenin activity up to 55-fold, and co-transfection of 
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E1ACR1 peptide abolishes β-catenin-dependent transcription to only 7-fold more than 

controls, demonstrating the potential of this peptide in inhibiting β-catenin function. 
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Figure 3.13. E1ACR1 competes with βCATTAD1 for TAZ2. (A) Portion of overlayed 
1H-15N-HSQC spectra of 15N-labelled βCATTAD1 (green) with arrows indicating 
change in resonance position of indicated residues upon addition of unlabelled TAZ2 
(purple) or TAZ2 and E1ACR1 (teal), full spectra provided in Figure 3.14. (B) SDS-
PAGE analysis following protein pulldown with GB1 and GB1-βCATTAD1 with or 
without the presence of E1ACR1 in washes following addition of TAZ2. Lanes 2 
shows migration of TAZ2 only and represents 10% total input, protein constructs, 
IgG H and IgG L are annotated.   (C) Luciferase transactivation assay using 
TOPFlash TCF reporter plasmid to measure the activity of β-catenin with and 
without the cotransfection of p300 or p300 and E1ACR1. Mean fold activation relative 
to pcDNA3.1 is shown, bars represent standard error from three independent 
experiments. One-way analysis of variance and Dunnett's multiple comparison test 
were used to determine statistical significance (*** p < 0.001, n=3 technical 
replicates).     
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Figure 3.14. Full HSQC spectra of βCATTAD1 competing with E1A for TAZ2. 1H-
15N-HSQC spectra of βCATTAD1 (green) in the presence of unlabeled TAZ2 (purple) 
and TAZ2 with E1ACR1 (teal). 
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3.6 Discussion   

  Transduction of canonical Wnt-signaling pathway and its downstream gene 

expression is reliant on the nuclear effector β-catenin. The β-catenin ARM domain 

and its interactions with DNA-binding transcription factors have been the subject of 

many previous investigations, however the β-catenin transactivation domains have 

been studied far less extensively. The N-terminal and C-terminal of β-catenin provide 

an essential transactivating role by facilitating interactions with co-regulators 

including B-cell lymphoma 9 protein (BCL9), PCNA-associated factor (PAF), and 

CBP/p300, which help stimulate the transcriptional response (171, 183). Here I have 

provided one of the first investigations of the molecular mechanisms of CBP/p300 

recruitment by the N-terminal β-catenin TAD1.   

 I determine that N-terminal β-catenin TAD1 binds to both TAZ1 and TAZ2 of 

CBP/p300 with high affinity for TAZ2 (Kd ~312 nM) (Figure 3.2). In our previous 

work I have shown that C-terminal β-catenin TAD2 binds to these same CBP/300 

domains, albeit with higher affinity for TAZ1 (Kd ~380 nM) (178). The interactions 

that I describe raise the potential for a mechanism in which both β-catenin TADs 

could work together to enhance their affinity for CBP/p300, where TAD1 

preferentially binds TAZ2 and TAD2 binds to TAZ1, but both are essential for 

CBP/p300 recruitment. Our luciferase experiments corroborate this notion that both 

TADs are essential to β-catenin function, as removal of either one or both domains 

equally ablate β-catenin-mediated transcription of a TCF luciferase reporter gene 

(Figure 3.5). 
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CBP/p300 are critical to the assembly of transcriptional hubs and one of the 

most highly connected proteins in the interactome, binding to hundreds of different 

transcriptional regulators (40). Despite this, CBP/p300 are present in the cell in 

limiting concentrations. In the instance that CBP/p300 could be directed towards 

specific transcriptional regulators to the exclusion of others, I speculate that 

multivalent binding could further increase the ability of β-catenin to recruit 

CBP/p300 to its own transcriptional targets. It would also suggest why other TADs of 

transcription factors like p53, EKLF, and FOXO3a have been found to interact with 

multiple different CBP/p300 domains (45, 53, 184, 185). 

It is well accepted that abnormal activation of β-catenin signaling plays a 

significant role in the development and spread of several major types of cancer. 

Given the therapeutic value of modulating β-catenin function, I wanted to identify 

ways in which its interactions with CBP/p300 could be targeted. The adenovirus E1A 

directly effects β-catenin-regulated transcription by sequestering co-activator 

CBP/p300 from TCF gene promoters (182). Our NMR and protein pulldown studies 

provide a potential mechanism of this inhibition in which a region of E1A (consisting 

of residues 54-82 from the CR1 domain) can block β-catenin by direct competition 

for the TAZ2 domain of CBP (Figure 3.13A, B). This is further supported by our 

findings that the co-expression of E1ACR1 peptide in cells leads to functional 

inhibition of a β-catenin/ TCF luciferase reporter gene (Figure 3.13C).  

 In this work I have also provided analysis of the structural features of N-

terminal β-catenin TAD1. This region exhibits the hallmarks of being intrinsically 

disordered, based on both 1H-15N-HSQC chemical shifts and calculated SSP scores 
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(Figure 3. 3). This is perhaps unsurprising since many well-characterized 

transcription factors (eg. Sp1, TFIID, c-Myb, and p53) interact with CBP/p300 

through unstructured transactivation domains (28, 57, 186). Our complete backbone 

resonance assignments of the N-terminal region of β-catenin offers an accurate and 

sensitive representation of conformational preferences of the protein in its native 

state, and the immediate capability to probe for changes in protein secondary 

structuring and backbone dynamics for future studies investigating protein-protein 

interactions with this key domain of β-catenin. 

When bound to a partner molecule, structurally disordered TADs can display 

a wide range of structural propensities. While some exhibit coupled folding and 

binding of the region, in other instances they can remain disordered and dynamic in 

what is known as a ‘fuzzy complex’ (187). I found that there is only minor proclivity 

for β-catenin TAD1 to form an ⍺-helical structure when interacting with TAZ2, 

illustrated by low heteronuclear NOE and SSP values calculated from chemical shifts 

of the bound complex (Figure 3.8). Maintaining some structural plasticity in its 

interactions might help in allowing β-catenin TAD1 to easily associate/dissociate 

from transient transcriptional complexes.  

Our study outlines the molecular determinants of a newly identified 

interaction between N-terminal β-catenin TAD1 and CBP/p300, in which β-catenin 

forms both promiscuous and dynamic interactions with the TAZ1 and TAZ2 

domains. Since β-catenin uses both TADS to bind the same CBP/p300 domains, and 

each individually are essential to β-catenin transcriptional function, this opens the 

possibility for cooperativity between β-catenin TAD1 and TAD2 to recruit CBP/p300 
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to TCF/LEF transcription factors at Wnt/ β-catenin target genes. These results 

provide critical insight on the specific mechanisms by which Wnt/ β-catenin gene 

activity is regulated by the sequestration of co-activator CBP/p300. 
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Chapter 4: Structural Basis of CBP/p300 Recruitment by the 

Microphthalmia-Associated Transcription Factor   

 

4.1 Contributions of Authors 

 This chapter contains the abstract, introduction, materials and methods, results 

and discussion sections of the manuscript accepted for publication in Biochimica et 

Biophysica Acta (BBA) Molecular Cell Research: Brown, A. D., Vergunst, K. L., 

Branch, M., Blair, C. M., Baillie, G. S., Dupré, D. J., & Langelaan, D. N. (2023). 

Structural basis of CBP/p300 recruitment by the microphthalmia-associated 

transcription factor. Previous honours students Kathleen Vergunst and Makenzie 

Branch prepared NMR samples and collected data found in Figures 4.7A & 4.9A. 

The peptide array in Figure 4.6A was conducted in the lab of Dr. George Baillie at 

Glasgow University by graduate student Connor Blair. Calculation of the NMR 

structure in Figures 4.10 & 4.11 was completed by Dr. David Langelaan. The 

execution and analysis of all other experiments were performed by me, as well as the 

written first draft of the manuscript. Resources, supervision, and editing of the 

manuscript were provided by Dr. Denis Dupré and Dr. David Langelaan.  

 

4.2 Abstract  

The microphthalmia-associated transcription factor (MITF) is a master 

regulator of the melanocyte cell lineage. Aberrant MITF activity can lead to multiple 

malignancies including skin cancer, where it modulates the progression and 
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invasiveness of melanoma. MITF-regulated gene expression requires recruitment of 

the transcriptional co-regulator CBP/p300, but details of this process are not fully 

defined. In this study, I investigate the structural and functional interaction between 

the MITF N-terminal transactivation domain (MITFTAD) and CBP/p300. Using 

pulldown assays and nuclear magnetic resonance spectroscopy I determined that 

MITFTAD is intrinsically disordered and binds to the TAZ1 and TAZ2 domains of 

CBP/p300 with moderate affinity. The solution-state structure of the MITFTAD:TAZ2 

complex reveals that MITF interacts with a hydrophobic surface of TAZ2, while 

remaining somewhat dynamic. Peptide array and mutagenesis experiments 

determined that an acidic motif is integral to the MITFTAD:TAZ2 interaction and is 

necessary for transcriptional activity of MITF. Peptides that bind to the same surface 

of TAZ2 as MITFTAD, such as the adenoviral protein E1A, are capable of displacing 

MITF from TAZ2 and inhibiting transactivation. These findings provide insight into 

co-activator recruitment by MITF that are fundamental to our understanding of MITF 

targeted gene regulation and melanoma biology. 

 

4.3 Introduction  

The microphthalmia family of transcription factors (MiT/TFE) is comprised of 

four closely related members, the microphthalmia-associated transcription factor 

(MITF), transcription factor EB (TFEB), TFE3, and TFEC (103). MITF is a master 

transcriptional regulator of melanocytes, the pigment producing cells of the skin (81), 

where it is essential for development and differentiation by controlling expression of 
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many genes involved in growth, metabolism, and cell survival (188). Mutation to MITF 

can cause the failure of melanocytes to form, resulting in genetic diseases such as 

Waardenburg Syndrome type 2 and Tietz syndrome, which are characterized by skin, 

eye, and hearing defects (85, 189). Aberrant MITF activity has also been linked to the 

melanocyte-derived skin cancer, melanoma, where MITF is critical in modulating the 

proliferation and invasiveness of the disease (97). MITF is a recognized lineage-

specific oncogene in melanoma where it has a pro-survival role. Overexpression of 

MITF drives melanoma progression while long-term suppression of MITF can lead to 

cellular senescence (91, 190). 

 MiT/TFE family members are similar in structure and composed of a 

characteristic set of domains. The central basic helix-loop-helix  (bHLH) leucine 

zipper domain is highly homologous and responsible for dimerization and DNA-

recognition of canonical E-box sequences (CANNTG) in gene promoter regions (191). 

MiT/TFE family members also share a transactivation domain (TAD) that is N-

terminal to the bHLH (Figure 4.1A). While divergent in sequence, these TADs allow 

MITF and other MiT/TFE members to recruit protein co-activators for enhanced 

transcription of targeted genes (192). Co-factor recruitment by activation domains is 

often facilitated by small recognition motifs, including the ΦXXΦΦ motif (with Φ 

representing a hydrophobic residue and X any amino acid), which is conserved in the 

MiT/TFE family (Figure 4.1B) and also present in numerous other transcription factors 

including E2A, p65, and FOXO3a (53, 58, 193).    
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Figure 4.1. Domain architecture of MITF and CBP/p300. (A) Schematic of MITF 
illustrating the acidic N-terminal transactivation domain (TAD) and basic helix-loop-
helix leucine zipper DNA binding domain (bHLH), numbered residues indicate domain 
boundaries. (B) Alignment of ΦXXΦΦ containing sequences conserved amongst 
activation domains of MITF, TFE3, TFEB, and TFEC, where Φ represents a 
hydrophobic amino acid and X any amino acid.  (C) Domains of CBP/p300 including 
the catalytic histone acetyltransferase domain (HAT), and protein-interacting domains 
KIX, TAZ1, and TAZ2, numbering is in accordance with native protein sequence of 
p300. 
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Interacting partners with the MITFTAD most notably includes the histone 

acetyltransferase cAMP-response element-binding protein (CREB)-binding protein 

(CBP), and its close homolog E1A-binding protein (p300), which share > 90% 

sequence identity in their structured domains (107, 194). CBP/p300 are functionally 

redundant histone acetyltransferases that interact with over 400 known binding 

partners (195) at the promotors of over 16,000 human genes, making them among the 

most heavily connected nodes in the mammalian interactome (16). CBP/p300 is a 

large multimodular protein, with multiple folded domains including a histone 

acetyltransferase (HAT) domain and several small protein-binding domains that are 

linked by long disordered regions (Figure 4.1C). The catalytic HAT domain promotes 

the pre-initiation complex of transcription through its acetylation of relevant 

histones, as a result chromatin becomes less compact, making DNA more accessible 

for transcription (196). The transcription adaptor zinc finger (TAZ1/2) and kinase 

inducible domains (KIX) form interaction sites for intrinsically disordered activation 

sites of transcription factors, and thus act as a conduit between a variety of 

transcription factors and transcriptional machinery (25, 197). Transcription factors 

compete for limited quantities of CBP/p300 (198), and some viral oncoproteins, such 

as adenovirus early region 1 A (E1A), deregulate the hosts’ cell cycle by 

sequestering CBP/p300 through tight binding interactions with the TAZ2 domain 

(199, 200). 

Despite the importance of MITF for melanocyte differentiation and melanoma 

biology, the mechanistic details of how MITF interacts with CBP/p300 to induce 

MITF-target gene expression are not fully understood.  Here, I characterize the 
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structure and function of the MITFTAD and its interactions with different domains of 

CBP/p300 using a combination of structural biology, pulldown, and transactivation 

assays. I then evaluate the ability of an E1A-derived peptide to inhibit TAZ2 

recruitment by MITF and impede MITF transcriptional activity.  

 

4.4 Materials and Methods 

 4.3.1 Plasmid Constructs 

Full length MITF isoform M cDNA was purchased from ThermoFisher Inc. 

(Genbank Accession no. BC065243.1). Residues 81-204, 110-161, and 110-141 

(TAD) of MITF-M were amplified by PCR and subcloned into a modified pET21 

vector containing upstream sequences coding for a hexahistidine tag (His6), the B1 

domain of Streptococcus protein G (GB1), and a tobacco etch virus protease cleavage 

site to create pGB1-MITF81-204, pGB1-MITF110-161, and pGB1-MITFTAD respectively.  

Residues 1-204, 81-204, 1-100, and 289-419 of MITF were cloned into pCMV-GAL4 

vector gifted by Liqun Luo (Addgene plasmid # 24345) for use in transcriptional 

activation assays (pGAL4-MITF) (201). Full-length human p300 (residues 1-2414) 

was subcloned into pcDNA3.1(+) mammalian expression vector (pcDNA-p300) for 

transfection. Plasmids coding for TAZ1 (residues 346–440 of CBP), TAZ2 (residues 

1723-1812 of p300 with four mutations to enhance stability C1738A, C1746A, 

C1789A, C1790A), and KIX (residues 586–673 of CBP) were provided by Dr. 

Steven Smith (Queens University, Kingston, ON) (58). A pET21 derived plasmid 

containing sequences encoding His6, GB1, TEV, and residues 54-82 (CR1) from 
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adenovirus early region 1 A (pGB1-E1ACR1) was synthesized by BioBasic Inc, and 

the E1ACR1 sequence was then subcloned into pcDNA3-GFP gifted by Doug 

Golenbock (Addgene plasmid # 13031) (pGFP-E1ACR1). MITF deletion mutants 

(ΔTAD, residues 110-141; ΔDDVIDDII, residues 117-124; ΔIISLE, residues 123-

127) were generated from pGB1-MITF81-204 and pGAL4-MITF1-204 using the Q5 site-

directed mutagenesis kit (New England Biolabs) according to the manufacturer’s 

protocol. All plasmids were validated by DNA sequencing.    

4.3.2 Protein Expression and Purification  

Recombinant proteins were expressed from the plasmids pGB1-MITF, pGB1-

TAZ2, and pGB1-E1ACR1 in chemically competent E. coli BL21 (DE3) cells. Protein 

expression was induced by adding 0.5 mM isopropyl 1-thio-β-D-galactopyranoside 

after cultures were grown to an optical density at 600 nm of 0.6-0.8 in LB or 15N- or 

15N/13C enriched M9 Minimal Media (149). Following incubation for 4 hours at 37°C 

or overnight at 20°C, cells were then collected by centrifugation. 

TAZ1 and KIX were purified as per previous methods (58). To isolate GB1-

TAZ2, 30 mL of denaturing lysis buffer (20 mM Tris-HCl pH 8, 250 mM NaCl, 8 M 

urea, 100 µM ZnCl2), was added to 1L of cell pellets, followed by sonication, 

centrifugation (14500 rpm, 20 min) and purification using Ni2+-affinity 

chromatography. GB1-TAZ2 protein refolding occurred on the column by adding 

lysis buffer without urea (IMAC Sepharose, Cytiva). After which the eluent was 

reduced with β-mercaptoethanol (βME) and diluted two-fold with lysis buffer 

containing 1 mM ZnCl2. For cleavage of GB1, 200 U of thrombin was added, and 
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samples were left overnight at 4°C. Cleaved TAZ2 was then diluted three-fold in a 

low-salt buffer (20 mM Tris-HCl pH 8, 5 mM βME, 10 µM ZnCl2) and purified by 

ion exchange chromatography (SP Sepharose, Cytiva). 

 For purification of GB1-MITF and GB1-E1ACR1, cell pellets were 

resuspended in native lysis buffer (20 mM Tris-HCl pH 8, 250 mM NaCl, 5 mM 

βME) and purified by Ni2+-affinity chromatography. The eluent was dialyzed 

overnight at 4°C (20 mM Tris pH 8, 5 mM βME), and if required 150 µg TEV 

protease was added to remove the affinity tag. Cleaved MITF and E1ACR1 were 

separated from His6-GB1 by Ni2+-affinity and ion exchange chromatography (Q 

Sepharose, Cytiva). All protein purifications were analyzed by SDS-PAGE. 

4.3.3 Protein Pulldown Assay 

In pulldown solution (20 mM Tris-HCl pH 8, 25 mM NaCl, 5 mM βME, and 

10 µM ZnCl2) GB1 and GB1-MITF proteins (20 nmoles) were immobilized onto 20 

μL of IgG agarose beads (Cytiva). After being washed two times to remove unbound 

protein, the beads were then treated with 20 nmoles of TAZ2 for 30 minutes. Samples 

were rinsed three times with pulldown buffer with or without 20 µM of E1ACR1 

present.  SDS-PAGE was used to analyze protein pulldown by resuspension of the 

IgG agarose beads in Laemmli buffer. 

4.3.4 Isothermal Titration Calorimetry 

ITC experiments were conducted using a VP-ITC microcalorimeter at 30°C in 

buffer containing 20 mM MES pH 6, 50 mM NaCl, 1 mM TCEP, and 10 µM ZnCl2. 

The syringe contained 500 μM of TAZ1 or TAZ2 which was injected into a 
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calorimetric reaction cell containing 50 μM of E1ACR1, MITF81-204 ΔIISLE, MITF81-204 

ΔDDVIDDII, or MITF81-204 with and without 150 μM TAZ1. A total of 30 injections of 

10 μL increments were taken at 300 sec equilibration intervals to obtain ITC data 

which was performed in duplicate. MicroCal Origin 7.0 software was then used to fit 

thermograms using a one-site binding model. 

4.3.5 NMR Spectroscopy  

NMR spectra of MITF81-204 (400 µM) were collected in 20 mM MES pH 6.0, 50 mM 

NaCl, and 5 mM DTT at 25 °C using a Varian INOVA 600 MHz spectrometer with a 

room temperature probe (Queen’s University, Kingston ON). Resonance assignments 

of MITF81-204 were determined by interpreting 1H-15N HSQC, HNCACB, 

CBCACONH, H(CCO)NH, (H)C(CO)NH, HNCO, and HN(CA)CO experiments. To 

assess binding between MITF and domains of CBP/p300, 10 µM ZnCl2 was added to 

the sample buffer and 1H-15N HSQC spectra were collected of 100 µM 15N-labelled 

MITF81-204 or MITF110-161 in the absence and presence of 200 µM TAZ1, or TAZ2.   

All other NMR samples were prepared in 20 mM MES pH 6.0, 5 mM βME, 10 μM 

ZnCl2, and 5% D2O and data was collected at 35 °C. For competition experiments, 

samples of 100 µM 15N-labelled MITF110-161 were prepared with or without 100 µM 

TAZ2 and 150 µM E1A. NMR spectra were acquired on a Bruker Avance III 700 

MHz spectrometer equipped with a cryogenically cooled probe at the National 

Research Council (Halifax, NS). To determine the structure of the MITFTAD:TAZ2 

complex, samples were prepared containing either 1 mM uniformly 13C/15N-labelled 

MITFTAD (residues 110-141) and 1.2 mM TAZ2, or 950 µM uniformly 13C/15N-
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labelled TAZ2 and 1150 µM MITFTAD. Resonance assignments were determined 

using standard triple resonance experiments and distance restraints for the 

MITFTAD:TAZ2 complex and distance restraints were obtained from 15N HSQC-

NOESY, aliphatic and aromatic 13C HSQC-NOESY, and 12C/14N-filtered 13C-edited 

NOESY experiments. All NOESY experiments were acquired with a 100 ms mixing 

time.  

Raw data were processed using NMRPipe (150) and analyzed using CcpNmr 

Analysis (151). After resonance assignment, secondary structure propensity (157) 

was calculated and chemical shift changes (∆δ) upon addition of MITFTAD, TAZ1 or 

TAZ2 were quantified as ∆δ = [(0.17ΔδN)2+ (ΔδHN)2]1/2 (153). For structure 

calculation NOESY peak lists and DANGLE-generated dihedral angle predictions 

(202) were provided to ARIA2 (203). After the initial fold of the MITFTAD:TAZ2 

complex became apparent, zinc coordination restraints were incorporated for known 

zinc-binding residues of TAZ2 (46) and hydrogen bond distance restraints (1.8 

≤ dOH ≤ 2.2 Å; 2.7 ≤ dON ≤ 3.2 Å) were applied to helical regions of the complex. In 

total 100 structures were generated over 8 iterations of automated NOE assignment, 

with the 20 lowest energy structures being selected for automated water refinement. 

The quality of the final ensemble of structures was assessed using the protein 

structure validation suite (204), and the Protein Data Bank validation tools. The 

MITFTAD:TAZ2 ensemble was deposited into the Protein Data Bank (accession no. 

8E1D), while the chemical shift assignments of MITF81-204 and the MITFTAD:TAZ2 

complex were deposited into the BMRB (accession nos. 51550 and 31038, 
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respectively).  PyMOL (Schrödinger Inc.) was used to interpret structures and 

generate figures. 

4.3.6 Peptide Array  

Peptide array experiments were performed as described previously (205). 

Briefly,  MITF peptides were generated via automatic SPOT synthesis (206, 207). 

Peptides were synthesised on continuous cellulose membrane supports using 9-

fluorenylmethyloxycarbonyl chemistry by the MultiPep RSi Robot (Intavis). Arrays 

were pre-activated in absolute ethanol, followed by blocking in 5% BSA in 1x Tris-

buffered saline with 0.1% tween-20 (TBS-T) for 4 hours at room temperature. GB1-

TAZ2 was diluted to 2 µM using 200 mM NaCl, 50 mM Tris Base, 5% glycerol, pH 

7.4, and overlaid onto the MITF array overnight at 4 °C. GB1-TAZ2 binding to MITF 

peptides was determined utilising a polyhistidine monoclonal mouse antibody 

(1:5000, Sigma, H1029), incubated on the array for 4 hours at 4 °C. Following this, a 

mouse horse radish peroxidase conjugated secondary antibody (1:5000) was 

incubated for 1 hour at room temperature. Antibodies were diluted into TBS-T with 

1% BSA. Finally, binding signal was determined by enhanced chemiluminescence 

detection. All protein and antibody incubation steps were carried out under gentle 

agitation, and arrays washed following protein and antibody incubation steps 3 times 

in TBS-T. 

4.3.7 Transactivation Assays  

HEK 293A cells were grown in DMEM containing 10% FBS and maintained 

at 37°C with 5% CO2. After being seeded into 24-well plates, cells were transfected 
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the next day using jetPRIME transfection reagent. The following amounts of plasmid 

were transfected into each well: 350 ng luciferase reporter (p5xGAL4-luc), 50 ng 

internal control (pCMV-Renilla), and 100 ng MITF plasmid (pGAL4-MITF). For co-

transfections, 50 ng pGAL4-MITF or pGAL4 was transfected with up to 50 ng of 

pcDNA-p300 or pGFP-E1ACR1. Luciferase activity was measured 24 hrs post-

transfection using a dual-luciferase reporter assay. All luciferase data are the mean of 

at least three separate transfections and are expressed as a ratio of Renilla normalized 

luminescence. One-way analysis of variance (ANOVA) and Dunnett's multiple 

comparison test was performed to determine statistical significance. 

 

4.5 Results and Discussion  

4.5.1 MITF Interacts with the TAZ1 and TAZ2 Domains of CBP/p300 

A combination of luciferase and pulldown experiments were used to 

investigate the MITF transactivation domain first characterized by Sato et al. (1997). 

Luciferase-based mammalian one-hybrid assays with MITF regions fused to the 

GAL4 DNA-binding domain demonstrated that transfection of plasmids containing 

the N-terminal of MITF, particularly pGAL4-MITF1-204 and pGAL4-MITF81-204, 

activated transcription 100-fold and 135-fold, respectively, compared to expression 

of pGAL4 alone (Figure 4.2A). In contrast pGAL4-MITF1-100 and pGAL4-MITF289-

419 were unable to activate transcription above levels observed for pGAL4. These 

results are consistent with MITF containing a transactivation domain in its N-

terminal sequence (107), and I do not observe evidence for transactivation from C-
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terminal fragments of MITF. Since transcriptional activation by MITF is partly 

mediated by CBP/p300 recruitment (116), I investigated the co-activation potential of 

p300 by transfecting pGAL4-MITF81-204 alone or with increasing amounts of pcDNA-

p300. I found co-transfection of pcDNA-p300 potentiated transactivation by pGAL4-

MITF81-204 up to 5-fold, indicating a functional interaction between MITF and p300, 

as this effect was not observed by titrating pcDNA-p300 with pGAL4 alone (Figures 

4.2B and 4.3).  
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Figure 4.2. MITF interacts with CBP/p300 through TAZ1 and TAZ2. (A) Luciferase-
based mammalian one-hybrid transactivation assays performed in HEK 293A cells 
using 100 ng of indicated pGAL4-MITF fusion proteins. (B) Luciferase-based 
mammalian one-hybrid transactivation assays performed for 50 ng of pGAL4-
MITF81-204 with co-transfection of up to 50 ng of p300. Asterisks indicate statistical 
significance by one-way ANOVA and Dunnetts multiple comparison test (** p ≤ 
0.01, *** p ≤ 0.005, n=3 technical replicates) compared to pGAL4 and variation is 
reported as SEM. (C) 15% SDS-PAGE analysis of the ability of immobilized GB1 or 
GB1-MITF81-204 to pulldown and interact with purified recombinant KIX, TAZ1, and 
TAZ2 stained with Coomassie brilliant blue. The input lane shows purified 
CBP/p300 domain only and represents 10% of pulldown input. Positions of MITF81-

204, the heavy and light immunoglobulin G chains (IgG H and IgG L, respectively), 
and the GB1 protein are annotated. ITC thermograms of 500 µM TAZ1 (D) or TAZ2 
(E) titrated into 50 µM MITF81-204 and fit to a one-site binding model with measured 
Kd indicated (n=2 biological replicates, error reported as SD). 
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Figure 4.3. Luciferase assay of GAL4 titrated with p300. Luciferase-based one-
hybrid assay performed for 50 ng of pGAL4 with co-transfection of up to 50 ng of 
p300. Asterisks indicate statistical significance by one-way ANOVA and Dunnetts 
multiple comparison test compared to pGAL4 alone, variation is reported as SEM 
(n=3 technical replicates). 
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CBP/p300 is a large protein with multiple protein-interaction domains, and 

outside of the histone acetyltransferase region, the TAZ1, TAZ2, and KIX domains 

are common binding sites for intrinsically disordered activation domains of cellular 

transcription factors including STAT1/2, p53 and c-Myb (208–211). To corroborate 

our transactivation assays and to determine the regions of CBP/p300 that interact 

with MITF, I completed pulldown assays using various fragments of MITF expressed 

in E. coli as fusion proteins with the B1 binding-domain of Streptococcus protein G 

(GB1). An equal amount of purified KIX, TAZ1, or TAZ2 was then combined with 

GB1-MITF bound to IgG Sepharose beads. SDS-PAGE analysis of bound protein 

indicates that GB1-MITF81-204 interacts significantly with both the TAZ1 (CBP) and 

TAZ2 (p300) domains, but very weakly with the KIX domain (CBP) (Figure 

4.2C). Using isothermal titration calorimetry, I measured dissociation constants 

(Kd)’s of 6.7 ± 0.5 µM and 1.24 ± 0.23 µM for the association of MITF81-204 with 

TAZ1 and TAZ2, respectively (Figure 4.2D, E). The association with TAZ2 of p300 

is consistent with pulldown studies between larger fragments of CBP/p300 and MITF 

(107); however, to our knowledge the association between TAZ1 and MITF has not 

been previously reported. Interestingly, the binding of MITF81-204 to these domains is 

mutually exclusive, where the presence of TAZ1 in the ITC cell impedes any 

observed interaction with TAZ2 (Figure 4.4).   

4.5.2 MITF Interacts with TAZ1 and TAZ2 via a Common Transactivation Domain 

Since MITF81-204 demonstrated both a functional interaction with p300 in 

HEK 293A cells and direct binding to TAZ1 and TAZ2 by pulldown assay and ITC, 

nuclear magnetic resonance (NMR) spectroscopy was used to further characterize the 
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molecular properties of MITF and its interaction with these domains. The 1H-15N 

HSQC spectrum of 15N-labelled MITF81-204 has the expected number of peaks with 

sharp linewidths and little chemical shift dispersion (Figure 4.5A), which is 

indicative of MITF being an intrinsically disordered protein (212).  Standard triple 

resonance experiments were used to assign 122/124 residues and 96% of the 

backbone resonances of MITF81-204. Secondary structure propensity analysis indicates 

that although disordered, MITF81-204 has some propensity to form an α-helix, with 

residues Met105-Gln115, Ile124-Met144, Gly152-Gly159, and Cys188-Ala198 

having the highest SSP scores (Figure 4.5B).  

I then used NMR-based chemical shift perturbation studies to clearly define 

which residues within MITF81-204 bind TAZ1 and TAZ2 (Figures 4.6A and 4.7A). 

When compared to free peptide, most resonances of MITF81-204 experienced minor 

chemical shift perturbations upon the addition of unlabelled TAZ1 or TAZ2 (Figures 

4.6B and 4.7B), with no obvious change in linewidth or peak intensity. However, 

residues Gln115-Ala141 of MITF undergo line broadening to the extent that peaks 

disappear from the 1H-15N HSQC spectrum upon addition of TAZ2, with similar 

changes observed for TAZ1. This may be due to slow tumbling of the MITF:TAZ 

complex or these resonances transitioning from fast to intermediate timescales of 

chemical exchange upon binding TAZ. This phenomenon has been observed for other 

transcription factors including p53, which undergoes line broadening when bound to 

its regulator MDM2 (213).   
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Figure 4.4. ITC of TAZ2 with MITF81-204 and TAZ1. Isothermal titration calorimetry 
thermogram of 500 µM TAZ2 titrated into a cell containing 50 µM MITF81-204 and 
150 µM TAZ1.  
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Figure 4.5. Backbone resonance assignments of MITF81-204. (A) 1H-15N HSQC of 
13C/15N-labelled MITF81-204, residue assignments for backbone resonance peaks are 
indicated. (B) Secondary structure propensity (SSP) values per residue of MITF81-204 
calculated from C⍺ and Cβ chemical shifts. 
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Figure 4.6. HSQC chemical shift analysis of MITF81-204 with TAZ2. (A) 1H-15N 
HSQC of 100 µM 15N-labelled MITF81-204 in the absence (black) and presence of 200 
µM of unlabelled TAZ1 (purple) or TAZ2 (red). Resonance assignments for a subset 
of peaks are indicated in the inset. (B) Chemical shift change (∆δ = [(0.17ΔδN)2+ 
(ΔδHN)2]1/2) plotted per residue of MITF81-204 upon addition of TAZ2.  
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Figure 4.7. MITF binds TAZ2 through MITFTAD. (A) 1H-15N HSQC of 100 µM 15N-
labelled MITF81-204 overlayed in the absence (black) and presence (red) of 200 µM 
unlabelled TAZ2. Residue assignments of a subset of peaks are indicated in the insert. 
(B) The chemical shift changes (∆δ = [(0.17ΔδN)2+ (ΔδHN)2]1/2) that each residue of 
MITF81-204 experienced upon addition of TAZ2 results are plotted, with peaks that 
disappear upon addition of TAZ2 indicated.  
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To improve spectral quality by reducing resonance overlap, I titrated 15N-

labelled MITF110-161 with TAZ1 and TAZ2. When free in solution MITF110-161 has 

low peak dispersion and sharp resonances, indicating that it is disordered (Figure 

4.8A). By utilizing this smaller construct more MITF resonances remained visible 

upon the addition of TAZ1 or TAZ2, this is likely due to faster tumbling rates and 

fast chemical exchange of the MITF:TAZ complex. Interestingly, resonances of 

MITF experience similar magnitude and direction of chemical shift changes upon the 

addition of either TAZ1 or TAZ2, suggesting that MITF adopts a similar structure 

when binding these proteins. Consistent with the peak disappearance observed for 

MITF81-204, residues Arg110-Ala141 of MITF (hereafter referred to as MITFTAD) 

underwent the most significant chemical shift changes, while the rest of the peptide 

experienced only minor chemical shift perturbations. Since all resonances of 

MITF110-161 are observable when bound to TAZ2 but not when bound to TAZ1 

(Figure 4.8), I next used NMR spectroscopy to characterize the structure of the 

MITFTAD:TAZ2 complex.  

4.5.3 Structure of the MITFTAD:TAZ2 Complex 

To determine the structure of the MITFTAD:TAZ2 complex, resonance 

assignments were determined for 13C/15N-labelled TAZ2 in complex with MITFTAD 

(residues 110-141), as well as 13C15N-labelled MITFTAD saturated with TAZ2 

(saturation was determined based on the concentration of binding partner at which 

peaks no longer moved) (Figures 4.9A and 4.10).These spectra were high quality and 

allowed for assignment of 97%, 81%, and 56% of backbone, sidechain, and aromatic 

resonances, respectively. When bound to TAZ2, residues Asp118-Asp139 of MITF 
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have 15N{1H} NOE values > 0.25, with most of these values ranging from 0.5 to 0.6 

(Figure 4.9B). Many of these residues (Asp121, Asp122, and Ser125-Ser129) have 

chemical shift index (Figure 4.9C) values that suggest this region forms an α-helical 

turn upon binding TAZ2.  
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Figure 4.8. HSQC chemical shift analysis of MITF110-161 with TAZ1 or TAZ2. (A) 
1H-15N HSQC of 100 µM 15N-labelled MITF110-161 overlayed in the absence (black) 
and presence of 200 µM unlabelled TAZ1 (purple) or TAZ2 (red). Resonance 
assignments are indicated for non-overlapped peaks that shift upon addition of TAZ1 
or TAZ2. Plots of chemical shift changes (∆δ = [(0.17ΔδN)2+ (ΔδHN)2]1/2) that each 
residue of MITF110-161 experienced upon addition of (B) TAZ1 or (C) TAZ2. Regions 
of MITF where resonances disappear upon addition of TAZ1 are indicated. 
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Figure 4.9. Secondary structure and dynamics of MITFTAD bound to TAZ2. (A) 
Overlay of 1H-15N HSQC of 1 mM 13C/15N-labelled MITFTAD in the absence (black) 
and presence (red) of 1.2 mM unlabelled TAZ2 (red). Residue assignments of 
resonance peaks are indicated, and arrows indicate resonance shifts upon TAZ2 
addition. (B) Plot of 15N{1H} NOE values for reach residue of MITFTAD when bound 
to TAZ2. (C) Chemical Shift Index (CSI) values per residue of MITFTAD when bound 
to TAZ2. Negative values indicate α-helical and positive values indicate β-sheet 
propensity. 



 

129 

 

Figure 4.10. HSQC of labelled TAZ2 bound to MITFTAD.1H-15N HSQC of 950 µM 
13C/15N-labelled TAZ2 in the presence of 1150 µM unlabelled MITFTAD. Resonance 
assignments are indicated.  
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After resonance assignment of MITFTAD:TAZ2, 1783 NOE-derived distance 

restraints were obtained from 13C-NOESY-HSQC, 15N-NOESY-HSQC, and 12C/14N-

filtered 13C-edited NOESY spectra and with dihedral angle restraints were used to 

generate a 20-member structural ensemble of the MITFTAD:TAZ2 complex (Table 4.1 

and Figure 4.11A). The resulting ensemble was high quality with 91.1%, 6.8%, and 

2.1% of ordered residues having favoured, allowed, and disallowed dihedral angles, 

respectively. In this ensemble TAZ2 is well-converged while the structure of MITF is 

less defined. Analysis using protein data bank validation reports indicate that nearly 

all TAZ2 and a small region of MITF (residues Pro1727-Gln1811 and Leu126-

Ile134, respectively) can be considered the ordered core of this complex, with a root-

mean-square deviation (RMSD) of 0.7 Å and 1.1 Å for backbone and heavy atoms, 

respectively. This positioning of MITFTAD is supported by observed intermolecular 

NOE contacts between Leu126-Ala1787, Tyr130-Ile1735/Leu1788, and Ile134-

Pro1780/Ile1781/Gln1784 (Figure 4.11B). The structure of TAZ2 is consistent with 

previously determined structures of TAZ2 and consists of four alpha helices (α1- α4) 

spanning residues Gly1728-Gln1747, Cys1758-Thr1768, Pro1780-Ala1793, and 

Pro1804-Ile1809, respectively. MITFTAD has two α-helices spanning residues 

Asp118-Ser129 and Glu132-Gly136 that are supported by both cross peaks in 

NOESY spectra and the calculated CSI for MITFTAD. Although the presence of these 

α-helices is well-defined there are few intermolecular contacts with TAZ2 in these 

regions, making the positioning of these α-helices with respect to TAZ2 somewhat 

variable. MITFTAD binds a hydrophobic surface of TAZ2 created by the intersection 

of α1-α3 (Figure 4.11C), which is also targeted by other transcription factors, such as 
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p53 and viral E1A (214, 215). Consistent with the variable positioning of MITF α-

helices relative to TAZ2, the 15N{1H} NOE values of MITFTAD in complex with 

TAZ2 (most ranging from 0.5 to 0.6) are lower than for a well-ordered protein 

(typically 0.8). Intrinsically disordered proteins such as MITF often form a dynamic 

or fuzzy complex when interacting with binding partners, and recently this has been 

observed for the E7 protein binding to TAZ2 (216). 
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Table 4.1. Statistics of the NMR-derived ensemble of MITFTAD:TAZ2 
Completeness of resonance assignments (%)a  

Backbone 
Side Chain 
Aromatic 

97 
81 
56 

Number of conformational restraints  
Total NOE restraints 
Intra-residue (i = j) 
Sequential (|i−j| = 1) 
Medium range (1 < |i − j| < 5) 
Long range (|i − j| ≥ 5) 
Intermolecular 
Ambiguous 
Dihedral angle restraints 
Hydrogen bond restraints 
NOE restraints per residue 
Long range restraints per residue 

1783 
MITFTAD: 210  Taz2: 712 
MITFTAD: 89    Taz2: 313 
MITFTAD: 48    Taz2: 201 
MITFTAD: 2  Taz2:152 
41 
190 
90 
13.1 
1.1 

Residual restraint violationsb 
RMSD NOE restraints (Å) 
RMSD dihedral angle restraints (°) 
Mean distance violations per structure 

> 0.3 Å 
> 0.5 Å 

Mean dihedral angle violations per structure > 5° 

 
0.05 
0.34 
 
3.6 
0.15 
0.05 

Model qualityc 
RMSD backbone atoms (Å)d 
RMSD heavy atoms (Å)d 
RMSD bond lengths to ideal geometry (Å) 
RMSD bond angles to ideal geometry (°) 

 
0.7 
1.1 
0.006 
0.8 

Ramachandran plot statisticsde 
most favored regions (%) 
allowed regions (%) 
disallowed regions (%) 

 
91.1 
6.8 
2.1 

Global quality scores (Raw / Z-score)c 
Verify3D 
ProsaII 
ProCheck G-factor (phi-psi)d 
ProCheck G-factor (all)d 
MolProbity clash score 

 
0.07 / -6.26 
0.64 / -0.04 
-0.15 / -0.28 
-0.39 / -2.31 
45.41 / -6.27 

Model contents  
Ordered residue rangesf  

 
Total no. of residues 
BMRB accession no. 
PDB accession no. 

1727-1811 
126-134 
136 
31038 
8E1D 

aCalculated using RCSB validation server 
bCalculated using CNS version 1.21  
cCalculated using PSVS version 1.5 
dCalculated over ordered residue ranges 
eCalculated using Molprobity through PSVS version 1.5 
fBased on core residue ranges listed in RCSB validation report. 
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Figure 4.11. Structure of MITFTAD:TAZ2 complex. (A) Backbone ribbon illustration 
of the 20-member structural ensemble of  the MITFTAD:TAZ2 complex, with TAZ2 
coloured grey and MITFTAD shown in red. The disordered N-terminal residues of 
TAZ2 are omitted for clarity and zinc ions are shown as spheres. (B) Close-up view 
of the interaction interface between MITFTAD and TAZ2. Residues with observable 
intermolecular NOE contacts are shown as sticks and labelled. (C) Superposition of 
E1A (PDB accession no. 2KJE) with the MITFTAD:TAZ2 complex. The functionally 
important MITF motif (DDVIDDII, residues 117-124) is coloured light pink, TAZ2 
is shown as a transparent grey surface, and E1A is coloured blue. 
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4.5.4 An Acidic Motif Mediates Binding of MITFTAD to TAZ2 

To identify residues important for the MITFTAD:TAZ2 interaction in a high-

throughput manner, a peptide array was used to probe for variation in the ability of 

MITF to pull down TAZ2. Due to technical limitations a shorter MITF peptide, 

MITF117-135, was used for this assay, which corresponds to the region of MITF that 

associates directly with TAZ2 based on the NMR-derived structure and heteronuclear 

NOE measurements.  Each residue of MITF117-135 was sequentially mutated to 

alanine, probed with GB1-TAZ2, and visualized for GB1-TAZ2 binding using 

chemiluminescence. Although no point mutations completely ablated GB1-TAZ2 

binding, decreased interaction was observed when residues within Asp117-Asp122 

(DDVIDD) were mutated to alanine. This overlaps with the ΦXXΦΦ motif that is 

conserved in MiT/TFE members (Figure 4.1B) and suggests that this motif is 

necessary for association with TAZ2 (Figure 4.12A).  

The peptide array results were consistent with luciferase-based mammalian-

one hybrid assays and pulldown experiments (Figure 4.12B, C), where this acidic 

motif between Asp117-Ile124 (DDVIDDII) was found to be necessary for both 

transcriptional activation and pulldown of TAZ2 by MITF81-204. Supporting this, 

mutation of this motif significantly weakened the interaction between TAZ2 and 

MITF81-204 by isothermal titration calorimetry rendering a Kd of 37 ± 3.0 µM (Figure 

4.13). Conversely, mutation of individual residues between Ile123-Glu127 (IISLE) 

did not decrease the observed binding in the peptide array and complete removal of 

Ile123-Glu127 resulted in only partial disruption of theTAZ2 interaction by ITC (Kd 

= 9.0 ± 1.1 µM), pulldown, and transactivation by MITF81-204 (Figures 4.12 and 4.14). 
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This is consistent with studies finding deletion of IISLE significantly reduces the 

function of the MITF activation domain, but retains the ability to activate 

transcription above the GAL4 reporter alone (107).  

It is interesting that the acidic motif Asp117-Ile124 (DDVIDDII), which 

remains somewhat variable in its orientation when interacting with TAZ2, is a 

primary modulator of binding and transactivation potential. This may be partly 

explained by the observed dynamics and difficulties in identifying intermolecular 

NOE contacts to aspartate, which is a small amino acid without methyl groups. 

Overall, our NMR and mutagenesis results indicate MITF and TAZ2 utilize both 

hydrophobic and electrostatic interactions for molecular recognition. Given the 

negative charge of this acidic motif within MITFTAD and the highly positively 

charged surface of TAZ2, long-range electrostatic interactions could drive the initial 

contact between MITF and TAZ2, promoting the formation of additional 

hydrophobic interactions that enhance complex stability. Several oncogenic 

transcription factors (e.g., HPVE7, SV40, and E1A) also contain an acidic stretch 

within the structurally variable region adjacent to their binding motif. These residues 

participate in favourable electrostatic interactions with complementary charges on the 

surface surrounding the more ordered binding site (217–219). The presence of these 

charged motifs helps to maximize binding affinity, and the importance of this region 

for the MITFTAD is further supported by its conservation amongst other MiT/TFE 

family members (Figure 4.1B). 
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Figure 4.12. MITFTAD mutagenesis ablates TAZ2 binding. (A) Peptide microarray of 
MITF117-135 with each residue sequentially mutated to alanine, probed for its binding 
affinity with GB1-TAZ2 and visualized by chemiluminescence. * Annotates wildtype 
MITF117-141 to which all peak intensities were normalized. (B) Luciferase-based 
transcriptional activity after transfection of cells with 100 ng pGAL4-MITF81-204 
(either wildtype or containing the indicated deletion). Statistical significance by one-
way ANOVA and Dunnetts multiple comparison test compared to Gal4 is indicated 
(*** p ≤ 0.005, n=3 technical replicates) and variation is reported as SEM. (C) 
Protein pulldown assay of GB1 and GB1-MITF81-204 analyzed by SDS-PAGE and 
stained with Coomassie blue. The input lane shows TAZ2 domain only and 
represents 10% of total pulldown input. Reference bands are shown for TAZ2 and 
GB1, while pulldown of TAZ2 by the indicated GB1-MITF81-204 deletion mutants is 
shown. 

  

0 1 2

Control

D118A

I120A

D122A

I124A

L126A

S128A

Y130A

E132A

I134A

D
D

V
I
D
D
I
I
S

S

Y
N

E

E

I

L

L

S

E

*

MITF
117

135
11 kDa

In
pu
t

G
B1 G
B1

M
IT
F 8
1-
20
4

M
IT
F Δ
IIS
LE

M
IT
F Δ
DD
VI
DD
II

M
IT
F Δ
TA
D

TAZ2

C

BA

G
AL
4

M
IT
F 8
1-
20
4

M
IT
F Δ
IIS
LE

M
IT
F Δ
DD
VI
DD
II

M
IT
F Δ
TA
D

***

Fo
ld

Ac
tiv

at
io

n

10
0

20
30
40
50
60



 

137 

 

Figure 4.13. ITC of TAZ2 and MITF81-204 ΔDDVIDDII. Isothermal titration calorimetry 
thermogram of 500 µM TAZ2 titrated into 50 µM MITF81-204 ΔDDVIDDII. Data were fit 
to a one-site binding model yielding Kd = 37 ± 3.0 µM (n=2 biological replicates, 
error reported as SD).  
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Figure 4.14. ITC of TAZ2 and MITF81-204 ΔIISLE. Isothermal titration calorimetry 
thermogram of 500 µM TAZ2 titrated into 50 µM MITF81-204 ΔIISLE. Data were fit to a 
one-site binding model yielding Kd = 9.0 ± 1.1 µM (n=2 biological replicates, error 
reported as SD).  
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4.5.5 E1A-peptide competes with MITF for the TAZ2 binding surface  

Since MITF interacts with TAZ2 through a large interaction surface instead of 

a distinct binding pocket, the ability of a peptide to block the MITF:TAZ2 interaction 

was evaluated. The adenovirus early region 1 A (E1A) plays a critical role in viral 

infections by deregulating the hosts’ cell cycle through interactions with essential 

cellular proteins including CBP/p300 (199). The interaction between CBP/p300 and 

E1A is mediated by the TAZ2 domain and a region within conserved region 1 of E1A 

(residues 54-82; E1ACR1) binds the same surface of TAZ2 as MITFTAD (Figure 

4.11C), suggesting that E1A, MITF, and other transcription factors may potentially 

compete for the TAZ2 domain of CBP/p300 to mediate viral infection (107, 116, 180, 

220).  

To test if E1A competes with MITF for TAZ2, an NMR-based displacement 

experiment was performed. Unlabelled TAZ2 was initially titrated into 15N-labelled 

MITF110-161 and HSQC spectra were collected. The presence of TAZ2 resulted in 

significant chemical shifts of many of the backbone 1H-15N resonances in the 

spectrum consistent with the formation of a TAZ2:MITF complex (Figure 4.15A). 

Upon the subsequent addition of unlabelled E1ACR1 to this sample, the chemical 

shifts of MITF110-161 became more like those of the unbound peptide, indicating that 

E1ACR1 can displace MITF110-161 from TAZ2. These findings are supported by 

pulldown experiments, where incorporating E1ACR1 into the washes was sufficient to 

abrogate the ability of MITF81-204 to pulldown TAZ2 (Figure 4.15B). This also 

reflects isothermal titration calorimetry data that shows E1ACR1 can bind TAZ2 of 

p300 (Kd 0.21 ± 0.02 µM) with ~6-fold higher affinity than MITF81-204 (Figure 4.16). 
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To assess whether MITF-dependent transcriptional activation could be 

suppressed by E1ACR1, I performed luciferase-based one-hybrid assays in which 

pGAL4-MITF81-204 was co-transfected with increasing amounts of pGFP-E1ACR1 in 

HEK 293A cells. The addition of E1ACR1 reduced luciferase activation by 5-fold, 

providing functional inhibition of MITF-dependent transcriptional activation (Figure 

4.15C) and indicating peptides that bind tightly to the ⍺1-⍺3 surface of TAZ2 can act 

as effective inhibitors of MITF function.   
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Figure 4.15. E1ACR1 competes with MITF for TAZ2. (A) Overlay of 1H-15N HSQC 
spectra of 100 µM 15N-labelled MITF110-161 (black), 100 µM MITF110-161 in the 
presence of 100 µM TAZ2 (red), and 100 µM MITF110-161 in the presence of both 100 
µM TAZ2 and 150 µM E1ACR1 (blue). (B) TAZ2 pulldown by immobilized GB1, 
GB1-E1ACR1 and GB1-MITF81-204 as visualized using SDS-PAGE and stained with 
Coomassie blue. The input lane shows purified TAZ2 alone and represents 10% of 
total pulldown input. Pulldown of TAZ2 by MITF81-204 when E1ACR1 is included in 
wash steps is shown in the righthand lane. (C) Luciferase-based transactivation assay 
of HEK 293A cells co-transfected with 50 ng pGAL4-MITF81-204 and up to 50 ng of 
pGFP-E1ACR1. Statistical significance by one-way ANOVA and Dunnetts multiple 
comparison test (*** p ≤ 0.005, n=3 technical replicates) is compared to activation 
from pGAL4, and variation is reported as SEM 
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Figure 4.16. ITC of TAZ2 and E1ACR1. Isothermal titration calorimetry thermogram 
of 500 µM TAZ2 titrated into 50 µM E1ACR1, fit to a one-site binding model yielding 
Kd = 0.21 ± 0.02 µM (n=2 biological replicates, error reported as SD).  
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4.5.6 Plasticity of transcriptional co-activator recruitment by MITF  

CBP/p300 is recruited to promoters where it may simultaneously bind 

different transcription factors at nearby binding sites. Long disordered regions 

linking the multiple domains of CBP/p300 provide conformational flexibility to 

interact with binding partners through several protein-interaction domains. The KIX, 

TAZ1, and TAZ2 domains particularly facilitate activation domain binding with a 

broad range of affinity and specificities. For example, the tumor suppressor p53 

activation domain binds promiscuously to CBP/p300 with affinity for KIX, TAZ1 

and TAZ2 (185). I have found that the MITF activation domain also recruits 

CBP/p300 by binding to multiple domains, with a moderate binding affinity for both 

TAZ1 (Kd 6.7 ± 0.5 µM) and TAZ2 (Kd 1.24 ± 0.23 µM) (Figure 4.17). Multivalent 

binding of CBP/p300 domains to MITF may be biologically relevant in facilitating 

cooperative interactions between MITF homodimers and/or and other transcriptional 

regulators that interact with TAZ1 or TAZ2. This promiscuous transcription factor 

binding by CBP/p300 provides a rationale for how the functional outcome of MITF 

overexpression/suppression depends in part on the cellular context and which 

transcription factors other than MITF are present (3).  

The disordered nature of activation domains within transcriptional complexes 

allows for recognition of a variety of different sequences, where a small number of 

residues can mediate interactions with a high specificity. This study identifies a small 

acidic motif (DDVIDDII) that overlaps with the ΦXXΦΦ motif within the MITF 

activation domain that facilitates TAZ2 binding and MITF transcription. Given the 

proximity of serine residues to this motif, and that phosphorylation occurs within the 
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activation domain promoting CBP/p300 interactions (221), it is possible that post-

translational modifications could further modulate MITF affinity for TAZ2 (through 

the addition of more negative charge), thereby modulating MITF activity. Binding to 

TAZ2 also brings MITF near the catalytic HAT domain, which may provide an 

additional method of regulation through post-translational mechanisms of 

acetylation, where CBP/p300 may directly regulate the affinity of MITF for DNA 

(222).  

In summary, I have determined that the MITF transactivation domain binds 

both TAZ1 of CBP and TAZ2 of p300 and interacts with TAZ2 via a hydrophobic 

surface that coincides with the adenoviral E1A binding site. The MITFTAD:TAZ2 

complex maintains some conformational flexibility and is modulated primarily by an 

acidic motif and hydrophobic contacts, which can be disrupted by peptides that bind 

TAZ2 with high affinity. This work provides a detailed characterization of how 

MITF binds to CBP/p300 and outlines how peptides that target TAZ2 can inhibit 

MITF function.   
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Figure 4.17. Schematic showing plasticity in CBP/p300 recognition by MITF. MITF 
can homo- or hetero-dimerize with other MiT/TFE proteins at gene promoters. The 
transactivation domains may then interact with both TAZ1 and TAZ2 domains to 
enhance recruitment of CBP/p300 to gene promotors. Binding affinities (Kd) 
determined in this study are annotated.  
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Chapter 5: The C-terminal transactivation domain of MITF interacts 

promiscuously with co-activator CBP/p300 

 

5.1 Contributions of Authors 

This chapter is composed of the abstract, introduction, materials and methods, 

results and discussion sections of a manuscript intended for submission to Scientific 

Reports: Brown, A. D., Lynch, K., Dupré, D. J., & Langelaan, D. N. The C-terminal 

transactivation domain of MITF interacts promiscuously with co-activator CBP/p300. 

The NMR data in Figures 5.2A and 5.4A were acquired by former honours student 

Kyle Lynch. All other experiments were performed and analyzed by me, as well as 

the first written draft of the manuscript. Dr. Denis Dupré and Dr. David Langelaan 

provided support in the forms of materials, guidance, and editing of this work.  

 

5.2 Abstract  

The microphthalmia-associated transcription factor (MITF) is one of four 

closely related members of the MiT/TFE family (TFEB, TFE3, TFEC) that regulate a 

wide range cellular processes. MITF is a key regulator of melanocyte-associated 

genes, and essential to proper development of the melanocyte cell lineage. Abnormal 

MITF activity can contribute to the onset of several diseases including melanoma, 

where MITF is an amplified oncogene. To enhance transcription, MITF recruits the 

co-activator CREB-binding protein (CBP) and its homolog p300 to gene promoters, 

however the molecular determinants of their interaction are not yet fully understood. 
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Here, I characterize the interactions between the C-terminal transactivation domain 

(TAD2) of MITF and CBP/p300. Using NMR spectroscopy, protein pulldown assays, 

and isothermal titration calorimetry I determine C-terminal MITF is intrinsically 

disordered and binds with moderate-affinity to both TAZ1 and TAZ2 of CBP/p300. 

Mutagenesis studies revealed two conserved motifs within MITF TAD2 that are 

necessary for TAZ2 binding and critical for MITF-dependent transcription of a 

reporter gene. Finally, I observe MITF TAD2 works together with TAD1 to activate 

transcription.  Taken together, our study helps elucidate the molecular details of how 

MITF interacts with CBP/p300 through multiple redundant interactions that lend 

insight into MITF function in melanocytes and melanoma.  

 

5.3 Introduction  

The microphthalmia transcription factor family (MiT/TFE) is comprised of 

four closely related DNA-binding proteins: transcription factor EB (TFEB), 

transcription factor E3 (TFE3), transcription factor EC (TFEC), and the 

microphthalmia-associated transcription factor (MITF) (223, 224). These 

transcription factors are highly evolutionarily conserved and homo/heterodimerize 

through a shared basic helix-loop-helix leucine zipper (bHLH) domain that 

recognizes and binds to E-box (CANNTG) and M-box (TCATGTG) binding sites in 

promoter regions of target genes (225). The structural similarities between MiT 

transcription factors allows them to control numerous cellular processes including 

organelle biogenesis, energy homeostasis, and cell fate determination (103, 226). 
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Despite their similarities, the expression patterns of MiT/TFE family members differ 

significantly, while TFEB and TFE3 are ubiquitously expressed in most cell types, 

TFEC is restricted to myeloid cells, and MITF is predominantly found in 

melanocytes where it is widely regarded as the master regulator of the melanocytic 

cell-lineage (192, 227).  

Mutation to the MITF gene results in the failure of melanocytes to form, and 

is found in conditions including Waardenburg Type 2 and Tietz syndrome, which 

cause varying degrees of hearing loss and pigmentation deficiencies (189, 228). In 

melanocytes, MITF plays a critical role in regulating melanogenesis by directly 

controlling the expression of pigmentation enzymes including tyrosinase which in 

turn initiates melanin production (229). Aside from this function, MITF also 

regulates the expression of almost one hundred genes involved in melanocyte growth, 

migration, and cell survival (188, 230). For these reasons, MITF activity is also 

utilized by malignant cells  and MITF has been identified as a lineage-specific 

oncogene for melanoma (81). 

The ability of MITF to activate gene expression is in part attributed to its 

interactions with co-regulating proteins within transcriptional complexes. This 

includes the histone acetyltransferases CREB-binding protein and its homolog p300 

(CBP/p300), which potentiate MITF transactivation by remodeling chromatin 

structure and making DNA more accessible to transcriptional machinery (107, 143). 

MITF recruits CBP/p300 through interactions facilitated by its N-terminal 

transactivation domain (TAD1) (179). While many studies have focused on the 

importance of MITF TAD1, evidence has suggested that the C-terminal region of 
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MITF also contains a transcriptionally competent domain, which when removed 

significantly impacts MITF-regulated transcription (Figure 5.1) (231). Despite the 

potential importance of the MITF C-terminal TAD2 for gene transcription, the 

molecular details defining this domain or how it might interact with CBP/p300 

remain unknown.  

In this study, I utilize a combination of nuclear magnetic spectroscopy 

(NMR), isothermal titration calorimetry (ITC), and protein pulldown assays to 

determine the structural features of the C-terminal MITF TAD2 and define its 

interactions CBP/p300. I determine that the disordered MITF C-terminal interacts 

promiscuously with both transcriptional adaptor zinc finger domains (TAZ1 and 

TAZ2) of CBP/p300. Furthermore, I identify acidic and serine-rich motifs within the 

MITF TAD2 that are essential to maintain its interaction with TAZ2, and when 

removed significantly reduce the ability of MITF to activate reporter gene 

transcription. Finally, I remark that the MITF TAD2 appears to work in cooperation 

with the MITF TAD1 to activate gene transcription.   
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Figure 5.1. Schematic of MITF and CBP/p300 domains. MITF contains a basic 
helix-loop-helix DNA-binding domain (bHLH), N-terminal (NTERM) and C-
terminal (CTERM) regions, and transactivation domains (TAD1 and TAD2). 
CBP/p300 has a catalytic histone acetyltransferase domain (HAT) and several 
protein-binding domains: nuclear receptor interaction domain (NRID), kinase 
inducible domain (KIX), IRF-3 binding domain (IBiD), and transcription adapter zinc 
finger domains (TAZ1 and TAZ2), domain boundaries are numbered according to 
native amino acid sequence.  
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5.4 Materials and Methods  

5.4.1 Plasmid Constructs 

The cDNA of MITF isoform M (Genbank: Accession no. BC065243.1) was 

purchased from ThermoFisher Inc. and a region encoding for C-terminal MITF 

(residues 289-419, CTERM) was cloned into restriction sites BglII/SalI of a pET21b 

derived vector modified to include a hexahistidine tag, the B1 domain of 

Streptococcal protein G (GB1), and a tobacco-etch virus recognition site, to derive 

pGB1-MITFCTERM. MITF variants (MITFΔThr-rich (Δ334-354), MITFΔAcidic (Δ372-

381), MITFΔSer-rich (Δ394-411)) were produced by site-directed mutagenesis of pGB1-

MITFCTERM using in vivo assembly cloning where deletions were incorporated into 

primers(232). Expression constructs for the domains of CBP/p300 (TAZ1, TAZ2, and 

KIX) were as previously described(58). For transcriptional assays, a pGL3 luciferase 

reporter plasmid was purchased from BioBasic Inc. and modified to include 7 E-box 

(CACGTG) binding sites upstream a luciferase reporter gene (p7xE-box). Constructs 

for mammalian expression of full-length MITF were provided by Yardena Samuels 

(Addgene plasmid #31151; pCMV-MITF-WT), and mutant constructs were produced 

from full-length pCMV-MITF-WT using Q5 site-directed mutagenesis (New England 

Biolabs). The validity of all constructs was confirmed using DNA sequencing. 

5.4.2 Protein Expression and Purification  

 MITF constructs (GB1-MITFCTERM, GB1-MITFΔThr-rich, GB1-MITFΔAcidic, 

GB1-MITFΔSer-rich) were expressed in Escherichia coli BL21 (DE3). Cells were 

grown in Lysogeny Broth under ampicillin selection until a mid-log phase and optical 
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density of 0.6-0.8 was reached and then expression was induced with the addition of 

0.5 mM isopropyl-β-d-thiogalactopyranoside at 37°C for 4 hrs. Isotopically labelled 

samples were produced by cells grown in 15N- or 13C,15N enriched M9 minimal 

media(149). Cells (1 L) were harvested by centrifugation and resuspended in 30 mL 

lysis buffer (20 mM Tris-HCl pH 8, 250 mM NaCl, 8 M urea), sonicated for 3 min, 

centrifuged in SS-34 rotor (Sorvall) at 14500 rpm to clarify lysate which was then 

applied to a Ni-NTA affinity column (Cytiva) and washed with lysis buffer 

containing 10 mM imidazole. Proteins were refolded on column with the addition of 

native buffer (20 mM Tris-HCL pH 8, 250 mM NaCl, 5 mM βME) and eluted with 

native buffer containing 300 mM imidazole.  Refolded protein was then dialyzed 

overnight at 4°C into dialysis buffer (20 mM Tris-HCl pH 8, 50 mM NaCl, 5 mM 

βME) in the presence of TEV protease (150 µg). The GB1 affinity tag was removed 

using another round of Ni-NTA chromatography, and the flowthrough containing 

cleaved MITF constructs was further purified using Q-Sepharose anion exchange 

column (Cytiva) equilibrated with IEC buffer (20 mM Tris-HCl pH 8, 5 mM βME). 

The column was washed with IEC buffer containing 50 mM NaCl, and the final 

protein was eluted using IEC buffer containing 500 mM NaCl. Protein fractions were 

analyzed by SDS-PAGE and quantified using UV-Vis spectroscopy.  

5.4.3 NMR Spectroscopy  

A 13C,15N-labelled sample of MITFCTERM (700 μM) was prepared in NMR 

buffer (20 mM MES pH 6, 25 mM NaCl, 5 mM DTT, 5% D2O). Backbone 

resonances were then assigned using 1H-15N HSQC, HNCO, HN(CA)CO, 

CBCACONH, and HNCACB spectra, and following resonance assignment secondary 
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structure propensity (SSP) was calculated based on C⍺ and Cβ chemical shifts (157). 

All NMR experiments were collected at 35°C on a Bruker Avance III 700 MHz 

spectrometer at the National Research Council (Halifax, NS). Data was processed 

using NMRPipe and assigned using CcpNmr Analysis (150, 151).  

Chemical shift assignments for MITFCTERM have been deposited at the 

Biological Magnetic Resonance Data Bank under accession no. 51763. To assess 

binding between MITF CTERM and TAZ2, a sample of 15N-labelled MITFCTERM (100 

μM) was prepared in NMR buffer and 1H-15N HSQC spectra were collected in the 

absence or presence of increasing amounts of unlabelled TAZ2 (up to 300 μM). 

Chemical shift perturbations (∆δ) of MITF resonances were then measured upon 

addition of TAZ2 (∆δ = [(0.17ΔδN)2+ (ΔδHN)2]1/2) (153).  

5.4.4 Pulldown Assays 

 Indicated GB1-tagged fusion proteins or GB1 as a control (20 nmoles), were 

incubated with 20 µL IgG agarose beads (Cytiva) in binding buffer (20 mM Tris-HCl 

pH 8, 50 mM NaCl, 5 mM βME, 10 μM ZnCl2) and rotated end-over-end at room 

temperature for 15 min. Beads were then collected by microcentrifugation (1 min at 

2000 rpm), washed two times with binding buffer, before an equimolar amount of 

TAZ1 or TAZ2 was added and rotated for 30 min. The protein complexes bound to 

the beads were washed three more times with binding buffer, and the total protein 

present was then analyzed by SDS-PAGE.  

5.4.5 Isothermal Titration Calorimetry  
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All ITC experiments were performed in buffer containing 20 mM TRIS pH 8, 

25 mM NaCl, 5 mM βME, 10 µM ZnCl2. A total concentration of 400 µM TAZ1 or 

TAZ2 was loaded into the ITC syringe and incrementally injected into the sample 

cell containing 16-30 µM of purified MITF construct. Experiments were carried out 

using a VP-ITC Microcalorimeter with the following parameters: 30 injections of 10 

µL with 300 sec equilibration intervals, reference power 20 µCal/sec, and stirring 

speed of 300 at 30°C. Thermograms were fit assuming a single-binding site using 

MicroCal Origin 7.0 software and each experiment was performed in duplicate.  

5.4.6 Transcriptional Assays 

 For all luciferase-based transcriptional assays, HEK 293A cells were cultured 

in DMEM supplemented with 10% FBS and incubated at 37°C with 5% CO2. Cells 

were seeded 24-hours prior to transfection into 24-well plates and transfected with 

jetPRIME reagent. To each well, 0.5 µg of plasmid was added including: 0.35 µg 

p7xE-box reporter, 0.05 µg pCMV-Renilla, and 0.1 µg of pCMV-MITF expression 

plasmid. Cells were harvested 24 hrs after transfection at which point luminescence 

was measured from cell lysate using a Dual-Luciferase Reporter Assay System 

(Promega). Each experiment is a representation of Renilla-normalized luminescence 

from triplicate experiments and shown as fold activation relative to pcDNA3.1 

negative control. Statistical significance was measured using one-way AVONA and 

Dunnett’s multiple comparison test compared to pCMV-MITF-WT.  
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5.5 Results and Discussion  

5.5.1. The MITF C-terminal is intrinsically disordered  

 To analyze the structural features of the MITF C-terminal region, NMR 

experiments were collected on a 13C,15N-labelled sample of MITFCTERM. The 

resulting 1H-15N HSQC spectrum was of high-quality with strong signal-to-noise 

intensities and the expected number of cross-peaks based on the number of non-

proline MITF residues and (Figure 5.2A). Utilizing standard triple resonance 

experiments, I achieved unambiguous assignment of 91% of backbone amide 1H and 

15N resonances for MITFCTERM (119/131 residues). This nearly complete assignment 

provided an excellent basis for both this study and future investigations of protein-

protein interactions involving the MITF C-terminal.  

The proton chemical shifts of the 1H-15N HSQC spectrum of MITFCTERM fell 

within a narrow range of 0.6 ppm, a hallmark feature of intrinsically disordered 

proteins, where both sequence biases and conformational plasticity contribute to this 

limited chemical shift dispersion (233, 234). I also calculated residue-specific 

secondary-structure propensity scores (SSP) based on the assigned backbone C⍺ and 

Cβ chemical shifts, where a score of +1 indicates the formation of a fully-formed ⍺-

helix, -1 a β-sheet, and values in between roughly corresponding to the fraction or 

propensity to adopt secondary structure at that position (157). Along the entire 

sequence of MITFCTERM residues had SSP scores ranging from -0.2 to +0.25, I 

calculated an overall total of 11.6% proclivity for forming ⍺-structure and 5.3% β-

structure (Figure 5.2B). This suggests that this region of MITF has significant 
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random-coil propensity, with minor tendency to form secondary structure, consistent 

with the narrow peak dispersion observed in the 1H-15N HSQC spectrum.  

Intrinsically disordered proteins are abundant in the eukaryotic proteome, and 

particularly important to processes like signaling and regulation (6, 235). Disordered 

regions are prevalent amongst transactivation domains including those of the well-

characterized p53 and c-Myc transcription factors (236, 237). Their conformational 

flexibility helps to facilitate binding of these transactivation domains to a variety of 

structurally diverse co-regulators within transcriptional complexes. These regions can 

undergo a disorder-to-order transition to fine-time their affinity for a particular 

binding partner, but many retain some structural ambiguity in their molecular 

recognition, termed ‘fuzzy’ complexes which can mediate highly specific but 

transient interactions (187, 238). 
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Figure 5.2. Structural Analysis of MITFCTERM. (A) 1H-15N-HSQC of 13C,15N-labelled 
MITFCTERM, backbone amide resonance peaks are labelled based on their assigned 
residue. (B) Secondary structure propensity (SSP) values per residue of MITFCTERM 

calculated from C⍺ and Cβ chemical shifts.  
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5.5.2 The C-terminal of MITF binds both TAZ domains of CBP/p300  

CBP/p300 are large multi-domain proteins that play an important role 

connecting numerous independent cell-signaling pathways through interactions with 

hundreds of regulators from all major transcription factor families (34, 239). Within 

transcriptional complexes, CBP/p300 provide a scaffold to coordinate various 

sequence-specific transcription factors through interactions with their multiple 

conserved protein-binding domains. These include the kinase inducible domain 

(KIX) and transcriptional adaptor zinc finger domains (TAZ1 and TAZ2) (Figure 

5.1B), which facilitate binding of CBP/p300 to transcription factors including p53, 

E2A, and STAT1/2 (31, 40, 58, 210). To test if any of these domains interact with the 

MITF C-terminal, I performed a protein pulldown assay where GB1-MITFCTERM was 

immobilized and incubated with purified KIX, TAZ1, or TAZ2. SDS-PAGE analysis 

of total protein following these experiments indicated that GB1-MITFCTERM did not 

interact with the KIX domain of CBP/p300 but did interact with both the TAZ1 and 

TAZ2 domains (Figure 5.3A).  

To quantitatively assess these interactions, I next performed isothermal 

titration calorimetry, where isolated TAZ1 or TAZ2 was injected into a reaction cell 

containing purified MITFCTERM. The resulting thermograms indicated that MITFCTERM 

interacts with TAZ1 with a binding affinity (Kd) of 5.0 ± 0.31 µM, and with TAZ2 

with a ~6x higher affinity (Kd = 0.76 ± 0.05 µM) (Figure 5.3B, C). These findings 

correlate with our protein pulldown data which suggested that MITF binds 

promiscuously to both domains. They are also comparable to the MITF N-terminal 

TAD1 which binds TAZ1 with a Kd ~6.7 µM and TAZ2 with a Kd ~1.2 µM, and to 
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the p53 transactivation domain which similarly binds TAZ1 with a Kd ~ 0.9 µM and 

TAZ2 with a Kd ~ 26 nM (160, 179). Given that the availability of transcriptional co-

regulators can directly influence MITF activity, and that CBP/p300 is a hub for a 

multitude of transcription factor interactions across many different signaling 

cascades, the ability of MITF to bind multiple CBP/p300 domains may help with its 

potential to re-direct the co-activator from other signaling pathways to enhance its 

own function. 
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Figure 5.3. MITFCTERM binds TAZ1 and TAZ2 of CBP/p300 (A) SDS-PAGE 
analysis of the total amount of KIX, TAZ1, or TAZ2 pulled down by immobilized 
GB1 or GB1-MITFCTERM. Lanes 2, 5, and 8 show migration of each isolated 
CBP/p300 domain and represents 10% of total pulldown input, the immunoglobulin 
heavy and light chains (IgG H and IgG L) are also denoted. (B) ITC thermogram 
following titration of TAZ1 (400 µM) or (C) TAZ2 (400 µM) into MITFCTERM (30 
µM). Data were fit to one-site binding curves, determining dissociation constants 
(Kd) of 5.0 ± 0.31 µM and 0.76 ± 0.05 µM for the interaction of MITFCTERM with 
TAZ1 and TAZ2, respectively) (n=2 biological replicates, error reported as SD).  

-+

+-

GB1            

GB1-MITFCTERM

-+

+-

-+

+-

KIXkDa 

11 

17 

20 
25 

35 
48 
75 

245 
TAZ1 TAZ2L

IgG H

IgG L

A

B C

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5

0.0

0.5

1.0

0.0

0.1

0.2

0 20 40 60 80 100 120 140 160

Time (min)

!"
#$
%&
'"

Molar Ratio

("
#$
%)

*$
'+
*,
+-.

/'
"0
#.

0 Kd: 5.0 ± 0.31 µM 

MITFCTERM
+ TAZ1

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5

0

1

2

0.0

0.1

0.2

0.3

0 20 40 60 80 100 120 140 160

Time (min)

!"
#$
%&
'"

Molar Ratio

("
#$
%)

*$
'+
*,
+-.

/'
"0
#.

0 Kd: 0.76 ± 0.05 µM 

MITFCTERM
+ TAZ2

GB1

Inp
ut

Inp
ut

Inp
ut



 

161 

5.5.3 Identification of functionally important MITFTAD2 residues 

I decided to further characterize how TAZ2 binds MITFCTERM, given its higher 

affinity to MITFCTERM than TAZ1. To determine which residues of the MITF C-

terminal were involved in binding TAZ2, a 15N-labelled MITFCTERM sample was 

prepared, and sequential 1H-15N-HSQC spectra were collected upon titration with 

unlabelled TAZ2 (Figure 5.4A). Once saturated with TAZ2, chemical shift changes 

(Δδ) experienced by MITFCTERM backbone resonance peaks were then calculated 

(Figure 5.4B). From these calculations it was determined that most MITFCTERM 

residues experienced only minor changes in chemical shift (<0.15 ppm). While there 

appears to be a larger number of chemical shift perturbations located between the 

regions L329-I348 and K369-T389, other resonances throughout the protein sequence 

disappeared entirely. This disappearance of resonance peaks can be caused by 

intermediate chemical exchange leading to line broadening and signifies that these 

residues could be involved in the intermolecular interaction with TAZ2 (240, 241).  

The transactivation domain architecture of MiT/TFE transcription factors 

include either acidic or serine/threonine/proline-rich regions which can work 

synergistically with one another (242). For example, TFE3 the closest relative to 

MITF, contains two activation domains, a C-terminal proline-rich TAD2 that both 

contributes to transactivation and potentiates the function of its N-terminal acidic 

TAD1 (243, 244). Given the homology between MITF and TFE3 (58% sequence 

identity), it is reasonable to believe the MITF C-terminal TAD2 may function in a 

similar synergistic fashion to enhance the activity of the MITF N-terminal TAD1. 

Taking into consideration sequence homology and our NMR perturbation studies, 
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three mutants of MITFCTERM were generated to remove a threonine-rich region from 

residues D334-D345, an acidic region from residues S372-D381, and a serine-rich 

region from residues S394-S411 (Figures 5.4B). To determine if any of these regions 

are important for transactivation, a luciferase-based transcriptional assay was 

performed where HEK 293A cells were transfected with wildtype or deletion mutants 

of MITF and a reporter containing 7 E-box binding sites upstream a luciferase gene. 

Normalized luminescence values were determined, and MITF was seen to activate 

transcription 40-fold higher than negative controls. Comparatively, deletion of the 

threonine-rich region (Δ334-345) reduced the transcriptional ability of MITF by half 

while deletion of the acidic (Δ372-381) or serine-rich (Δ394-411) regions diminished 

activation eight-times less than wild-type (Figure 5.5A). These findings coincide 

with previous studies which have shown that removal of the entire MITF TAD2 

(residues 324-419) notably decreases MITFs ability to activate transcription of the 

tyrosinase gene, but a region containing only the threonine-rich motif (residues 324-

369) still retains modest activation potential when fused to a GAL4 DNA-binding 

domain (108). 

To identify if the MITF C-terminal transactivation domain functions 

independently, redundantly, or cooperatively with the MITF N-terminal TAD1, two 

ΔTAD1 mutants (removing residues 110-141) were generated from MITF and 

MITFΔThr-rich upon which any transcriptional activity occurred by either construct was 

ablated (Figure 5.5A). Given that the removal of either transactivation domain 

disrupts MITF-dependent transcription, this suggests a cooperative mechanism 
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similar to TFE3 where both domains are required for MITF to be fully functional 

(243).   
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Figure 5.4. NMR Analysis of MITFCTERM: TAZ2 Interaction. (A) 1H-15N HSQC of 
100 µM 15N-labelledMITFCTERM in the absence (black) and presence (blue) of 300 
µM unlabeled TAZ1. (B) Chemical shift perturbations (∆δ = [(0.17ΔδN)2+ 
(ΔδHN)2]1/2) of backbone resonances per residue of 15N-labelled MITFCTERM (100 µM) 
upon the addition of TAZ2 (300 μM). Negative values indicate disappearance of a 
resonance peak, and * denotes a proline or unassigned resonance. Average chemical 
shift change (0.04 ppm) is shown as dashed line, boxes denote regions chosen for 
mutation. 
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Figure 5.5. MITF mutagenesis studies. (A) Average luciferase activation of MITF 
constructs, reported as fold activation of pcDNA3.1 negative control. Error bars 
represent standard error, statistical analysis performed using one-way ANOVA 
followed by Dunnett’s multiple comparison test (*** p ≤ 0.001, n=3 technical 
replicates). (B) SDS-PAGE analysis of total TAZ2 pulled down by immobilized 
GB1-MITFCTERM or GB1-tagged MITF mutant constructs MITFΔThr-rich (Δ334-345), 

MITFΔAcidic (Δ372-381), and MITFΔSer-rich (Δ394-411). Lane 2 shows migration of 
isolated TAZ2 domain and represents 10% total pulldown input, immunoglobulin 
heavy and light chains (IgG H and IgG L) are also labelled. (C-E) ITC thermograms 
of MITFΔThr-rich (16 µM), MITFΔAcidic (17 µM), and MITFΔSer-rich (22 µM), following 
titration with TAZ2 (400 µM) each fit to a one-site binding curve (Kd = 0.41 ± 0.02 
µM, 7.24 ± 0.70 µM, and 2.26 ± 0.09 µM, respectively) (n=2 biological replicates, 
error reported as SD). 
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Figure 5.6. Sequence Alignment of MiT/TFE Family. Multiple protein sequence 
alignment of MITF Isoform M and other MiT family members (TFE3, TFEB, TFEC) 
showing conservation of the C-terminal region. Residues with amino acid similarity 
(≥75%) are indicated by coloured shading, hydrophobic (yellow), positive (blue), 
negative (red), or polar uncharged (green). Boxes denote mutants used in this study 
labels correspond to positions in native amino acid sequences.  
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5.5.4 MITF TAD2 function correlates to TAZ2 binding 

To test which regions of the MITFCTERM are involved in mediating the 

interaction with TAZ2 of CBP/p300, I performed a protein pulldown assay where 

GB1-tagged MITFCTERM or deletion mutants were tested for their ability to interact 

with purified TAZ2 (Figure 5.5B). While all mutants showed some ability to interact 

with TAZ2, mutants which removed either the acidic (Δ372-381), or serine-rich 

(Δ394-411) regions greatly reduced the amount of TAZ2 that was bound in 

comparison to the wild-type domain. Consistent with these results, ITC studies 

revealed that deletion of the threonine-rich region (Δ334-345) did not have any 

significant impact on the affinity of the MITFCTERM for TAZ2 (Kd 0.41 ± 0.02 µM; 

Figure 5.5C), whereas deletion of the acidic region, or serine-rich region impacted 

TAZ2 binding by 10-fold and 3-fold, respectively (Kd = 7.24 ± 0.70 µM and 2.26 ± 

0.09 µM; Figure 5.5D, E). Interestingly, the shape of the ITC curves upon deletion of 

the threonine-rich region or serine-rich region were characteristic of an endothermic 

interaction, whereas in contrast deletion of the acidic region was typical of an 

exothermic interaction. These differences may be attributed to the disruption or 

formation of favourable non-covalent bonds between the MITFCTERM and TAZ2 or 

between protein and solvent during the titration.  

Interestingly, removal of the threonine-rich region, which had the smallest 

impact on MITF transcription activity and TAZ2 binding, is the least conserved 

amongst all MiT family members (Figure 5.6). On the other hand, the acidic region 

shares considerable homology with conserved aspartic acid and glutamic acid 

residues at positions E375, D380, and D381. Removal of this region from 
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MITFCTERM caused the greatest disruption TAZ2 binding, likely due to the loss of 

these negatively charged residues which would mediate interactions with the highly 

electropositive surface of TAZ2. The serine-rich region contains eight evolutionarily 

conserved serine residues present in all other MiT family members including S397, 

S401, S405, which are known phosphorylation targets of glycogen synthase kinase 3, 

and S409 a previously identified target of AKT and RSK mediated phosphorylation 

(118, 221, 245).  Evidence for such post-translational modifications may influence 

the charge of this motif and directly impact the electrostatic interactions between 

MITF and CBP/p300, though further studies will need to be conducted to test the role 

of post-translational modifications on MITF: CBP/p300 interactions.  

I have determined that the MITFCTERM is intrinsically disordered and interacts 

with both the TAZ1 and TAZ2 domains of CBP/p300. I have identified an acidic and 

a serine-rich motif of MITF TAD2 that are essential to both MITF transcriptional 

function and TAZ2-recruitment of CBP/p300. Finally, I observe that the MITF TAD1 

and TAD2 cooperate to activate gene transcription. These finding advance overall 

understanding of MITF-mediated transcription and are fundamental to our knowledge 

of co-activator recruitment in gene regulation.  
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Chapter 6: Conclusion  

6.1 Models of CBP/p300 Recruitment by MITF and β-catenin  

The results I have presented in this work indicate that CBP/p300 engages in 

promiscuous binding interactions with the activation domains of MITF and β-catenin 

via its TAZ1 and TAZ2 domains. The interactions I have observed between these 

transcription regulators are variable and dynamic, and the possibility for numerous 

points of contact with CBP/p300 has implications for how these proteins may operate 

in vivo. My findings, taken into context with previous investigations (70), allow me 

to propose three potential scenarios of CBP/p300 recruitment by MITF and β-catenin 

that may occur at gene promoters.  

Considering that MITF binds DNA as a dimer, this raises the possibility that 

multiple interactions may be occurring between the MITF activation domains and 

CBP/p300 at the same time (Figure 6.1A). Similar mechanisms have been proposed 

for transcription factor p53, which interacts with all four CBP/p300 domains (TAZ1, 

TAZ2, KIX, and IBiD) via its activation domain, and binds DNA as a tetramer (185). 

The affinity of the p53 tetramer for CBP/p300 is synergistically enhanced by 

cooperative binding of each monomer to an individual CBP/p300 domain (185). Like 

MITF, p53 displays variable affinities for each domain, with the predominant 

interaction occurring via TAZ2 and the others playing a more supportive role. As a 

result, additional co-regulators are then able to outcompete these lower-affinity 

contacts to assemble larger multi-protein transcriptional complexes.  
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Indeed, I have found the MITF transcriptional co-regulator β-catenin binds to 

the same TAZ1 and TAZ2 domains of CBP/p300 with even tighter binding affinities 

(Figure 6.1B). Where low levels of CBP/p300 are competed for in the cell, MITF 

binding to β-catenin could promote a more stable ternary complex and/or facilitate 

the recruitment of even more CBP/p300 molecules via multi-site interactions. This is 

substantiated by my findings that the C-terminal β-catenin activation domain has two 

TAZ2 binding sites and can interact with multiple molecules of CBP/p300. Finally, 

my findings can be extended to provide a representation of how β-catenin might act 

as a transcriptional co-regulator to other transcription factors like TCF/LEF by 

recruiting CBP/p300 to activate the expression of Wnt-related genes (Figure 6.1C). 
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Figure 6.1. Various models of CBP/p300 recruitment by MITF and β-catenin. (A) 
MITF dimers bind to specific DNA recognition sequences (E-box/M-box) through a 
basic helix-loop-helix domain (bHLH). The MITF transactivation domains (TAD) 
then interact with CBP/p300 via simultaneous interactions with TAZ1 and TAZ2. (B) 
The MITF bHLH domain facilitates binding to the armadillo domain (ARM) of co-
regulator β-catenin (as previously described) (70), β-catenin transactivation domains 
then form promiscuous interactions with TAZ1 and TAZ2, and may promote further 
CBP/p300 recruitment through multivalent interactions with TAZ2. Binding affinities 
(Kd) calculated in previous chapters are annotated. (C) β-catenin also recruits 
CBP/p300 to other transcription factors including T-cell factor and lymphoid 
enhancer factor (TCF/LEF). TCF/LEF target Wnt-response elements in promoters 
using a high mobility group DNA-binding domain (HMG) and interact with β-catenin 
through an N-terminal β-catenin binding domain (BCBD) (136).   
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6.2 Therapeutic Potential and Impact  

Approximately twenty percent of all identified oncogenes are transcription 

factors, making these proteins direct targets for anticancer drugs (246, 247). Despite 

the therapeutic potential of controlling transcriptional function, transcription factors 

and their co-regulators are one of the most underutilized families of pharmaceutical 

targets and have historically been described as an ‘undruggable’ protein class (247). 

One of the most significant difficulties to overcome in terms of drug design is the 

large degree of inherent disorder and structural variation that is maintained in 'fuzzy' 

transcriptional complexes (248). These interaction surfaces are broad and shallow, 

without a particularly deep binding pocket or ‘druggable’ site for the effective use of 

small-molecule inhibitors. Although the implementation of effective and widely 

utilized medications targeting transcriptional complexes requires further 

advancements in the field, this outlook has changed dramatically in recent years due 

to improvement in their structural characterization paving the way for the emergence 

of new therapeutic techniques.    

The results presented in this thesis outline the necessary atomic-resolution 

structural information that will be required for the rational design of targeted 

compounds to disrupt CBP/p300 interactions with MITF and β-catenin, including the 

first ever solution-state NMR structure of the MITF activation domain in complex 

with TAZ2. Designing ligands that bind to transcription factors directly is likely less 

feasible than targeting their binding partners. DNA-binding domains are typically 

avoided as pharmaceutical targets due to their convex shape and highly positive 

charge, lending to the severe lack of inhibitors targeted towards protein-DNA binding 
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interfaces (249). Targeting activation domains also provides a unique set of 

challenges, and further research is still needed in the area of targeting disordered 

proteins, where current well-characterized IDP-binding molecules are either too 

reactive or too non-specific to produce a desirable drug (249).  

Over the past decade, efforts have been made to instead target transcription 

factor co-regulators, including CBP/p300. Small-molecule inhibitors have been 

developed against the bromodomain and catalytic HAT domains, with one compound 

(Inobrodib) currently undergoing clinical testing in some applications for patients 

with advanced forms of hematologic cancers (250). While targeting and completely 

inhibiting all CBP/p300 activity via the active site is one method of pharmaceutical 

intervention, it might also be beneficial to target and block CBP/p300 protein 

interactions to fine tune CBP/p300 function.  

A feasible strategy to disrupt CBP/p300 protein interactions would be 

orthosteric inhibition, where peptide inhibitors designed to mimic critical binding 

residues of transactivation domains target and block the CBP/p300 interface. This 

approach has been proven successful for transcription factor c-Myb which binds the 

KIX domain of CBP/p300. Peptide mimics of the c-Myb TAD binding region 

effectively dissociate the transcription factor/co-activator complex, downregulating 

oncogenes involved in the growth and angiogenesis of solid tumors (251). Further 

peptidomimetics have been designed based on the transcription factor HIF1-⍺ TAD, 

successfully disrupting its interactions with TAZ1 of CBP/p300 leading to apoptosis 

of acute myeloid leukemia cells and increasing survival in preclinical mouse models 

with mixed-lineage leukemia (252). The mutagenesis studies outlined in previous 
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chapters uncovered regions of the MITF and β-catenin TADs that are necessary for 

CBP/p300 binding and would be instrumental for the structure-guided design of these 

types of inhibitors.  

Regarding clinical applications, the potency and delivery of therapeutic 

peptides are fundamental issues to overcome. The moderate micromolar affinity of 

native activation domains (or their analogs) for their targets continues to be a major 

challenge for this pharmacological strategy. The work I have presented in chapters 3 

and 4 provides valuable insight into how this issue may be remedied. By designing a 

peptide based on the adenoviral protein E1A, which directly targets the same TAZ2 

binding region as MITF and β-catenin with inherent nanomolar affinity, I was able to 

effectively inhibit TAZ2 binding interactions and functionally impede MITF and 

Wnt/β-catenin regulated transcription. Should no other biologically related inhibitor 

exist, an alternative method would include the use of high-throughput molecular 

screening techniques to better refine the binding of these peptide analogs to their 

target molecules (253).  

The use of peptides as therapeutics has been shown to have higher 

efficacy and lower toxicity than other chemically based drugs, but they present 

unique challenges in terms of drug delivery (254). Peptides typically cannot penetrate 

cell membranes because of their size and chemical composition.  Several different 

methods have been developed to help circumvent this issue, including the use of cell 

penetrating tags, absorption enhancers, nanoparticle carriers, and chemical 

modifications to the peptide structure, improving their stability and penetration (255, 

256). All things considered, the development of a final efficacious drug goes beyond 



 

175 

the discovery of a ligand producing a desirable outcome in vitro or in cells but must 

also take into account further methods of validation that phenotypic effects are 

generated based on their target mechanisms. Whether the presented findings in this 

thesis provide a framework for future therapeutic design or not, they do provide a 

fundamental understanding of gene regulation by MITF and β-catenin via the 

recruitment of CBP/p300.   

 

6.3 Future Directions   

The results of my research raise several new and compelling questions that 

can help to direct future studies. Given the importance of post-translational 

modifications in regulating protein function, and that both MITF and β-catenin are 

phosphorylated by numerous different kinases, it is critical to investigate how 

phosphorylation of certain residues may impact these proteins' affinity for the 

domains of CBP/p300. Additionally, the role of electrostatics and the impact of salt 

in disrupting/driving these interactions could be further investigated.  

While this work provides extensive biophysical information on individual 

protein domains and their interactions, it would also be beneficial to confirm these 

findings in the context of full-length molecules. In this case, I continue to work 

towards using co-immunoprecipitation to verify the impact of the identified MITF 

and β-catenin activation domains on CBP/p300 interactions in cells. These studies 

can also help determine whether these activation domains function independently or 

cooperatively of one another when recruiting CBP/p300 in cells.  
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A long-term goal would be the structural characterization of the CBP/p300: 

MITF: β-catenin transcriptional complex. Considering the relative sizes of all 

proteins, this could be an excellent candidate for cryo-EM which can provide global 

structural details of the overall complex. This information could then be used in 

conjunction with complementary NMR-derived structures to yield local high-

resolution information regarding the individual domains. Further NMR cross 

saturation experiments could also be conducted to directly discern interaction sites 

from binding induced conformational changes. Finally, methods such as chromatin 

immunoprecipitation sequencing (ChIP-Seq) can also be used to supplement these 

findings and give further biological context as to where and in what various 

combinations these transcription regulators co-localize in the genome.   

Having designed a peptide that significantly effects the transcriptional ability 

of MITF and β-catenin and inhibits their binding to TAZ2 of CBP/p300 in vitro, a 

logical next step would be to test the biological effects of the peptide inhibitor in 

cancer cell lines. This inhibitor could be delivered to cells via plasmid coding the 

peptide or by recombinantly producing it with a cell penetrating tag, to then measure 

the physiological effects of blocking these interactions. These studies can then be 

extended to in vivo testing using preclinical animal models to work towards 

therapeutics targeting these interactions in the future.  
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