
UC San Diego
UC San Diego Electronic Theses and Dissertations

Title
Structural and Biochemical Studies of p73 and RelA Transcription Specificity

Permalink
https://escholarship.org/uc/item/7876c833

Author
Nguyen, Huong Thien

Publication Date
2016
 
Peer reviewed|Thesis/dissertation

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/7876c833
https://escholarship.org
http://www.cdlib.org/


 
 

UNIVERSITY OF CALIFORNIA, SAN DIEGO 

 

Structural and Biochemical Studies of p73 and RelA Transcription Specificity 

 

 

A dissertation submitted in partial satisfaction of the requirements  

for the degree Doctor of Philosophy 

 

in 

 

Chemistry 

 

by 

 

Huong Thien Nguyen 

 
Committee in charge: 
 

Professor Gourisankar Ghosh, Co-chair 
Professor Hector Viadiu, Co-chair 
Professor Simpson Joseph 
Professor William Trogler 
Professor Elizabeth Villa 
Professor Yang Xu 

 

 

2016 



 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Copyright 
 

Huong Thien Nguyen, 2016 
 

All rights reserved



 

iii 
 

The Dissertation of Huong Thien Nguyen is approved and it is acceptable in quality 

and form for publication on microfilm and electronically: 

 

 

 

 

 

 

 

 

 

 

 
 

 
 
 
 

University of California, San Diego 
 

2016 
 
  

Co-chair 

Co-chair 



 

iv 
 

DEDICATION 

 

To my parents, Van and Viet Nguyen,  

To my siblings, Huong, An and Duy, 

To the rest of my friends and family who supported me along the way, and 

To my first mentors, Linda Columbus and Cameron Mura 

  



 

v 
 

TABLE OF CONTENTS 
 

Signature Page  .................................................................................................................. iii 

Dedication .......................................................................................................................... iv  

Table of Contents ................................................................................................................ v 

List of Abbreviations ........................................................................................................ vii 

List of Figures .................................................................................................................. viii 

List of Tables ...................................................................................................................... x 

Acknowledgements ............................................................................................................ xi 

Vita ................................................................................................................................... xiii 

Abstract of the Dissertation ............................................................................................. xiv 

Chapter 1 Introduction ........................................................................................................ 1 

1.1 Transcription Specificity ........................................................................................... 2 

1.2 P73: A Model Paralog of the p53 Tumor Suppressor Family ................................... 5 

1.3 P65: A Model Paralog of the NFkappaB Family ...................................................... 8 

1.4 Works Cited............................................................................................................. 10  

Chapter 2 A Structural and Biochemical Investigation of the Altered Transactivation 
Specificity of p73DBD-S139F and the L1 Loop Switch .................................................. 13  

2.1 Introduction ............................................................................................................. 14  

2.2 Collaborative Data and Motivation of Investigation ............................................... 17  

2.3 Materials and Methods ............................................................................................ 21  

2.3.1 Fluorescence Polarization Binding Assay ........................................................ 21  

2.3.2 Crystallization and Structure Determination .................................................... 22  

2.4 Results ..................................................................................................................... 23  

2.4.1 The p73 DBD-S139F mutant binds DNA cooperatively.................................. 23  

2.4.2 Structure of p73DBD-S139F with GAACA Full-site RE ................................ 26  

2.5 Discussion ............................................................................................................... 31  

2.6 Acknowledgements ................................................................................................. 33  

2.7 Works Cited............................................................................................................. 34  

Chapter 3 Crystallization and structure determination of wild-type p73DBD with native 
response elements ............................................................................................................. 37  



 

vi 
 

3.1 Introduction ............................................................................................................. 38  

3.2 Supporting Preliminary Data and Motivation of Study .......................................... 42  

3.3 Materials and Methods ............................................................................................ 46  

3.3.1 Protein expression and purification .................................................................. 46  

3.3.2 Crystallization of p73DBD with p53 REs ........................................................ 47  

3.3.3 Data collection and structure determination ..................................................... 49  

3.3.4 Fluorescence polarization binding assay .......................................................... 50  

3.4 Results ..................................................................................................................... 50  

3.4.1 Initial attempts at crystallization and structure determination .......................... 50  

3.4.2 Solving the structure of p73DBD bound to BAX RE ...................................... 50  

3.4.3 Structural Analysis ........................................................................................... 56  

3.5 Discussion ............................................................................................................... 64  

3.6 Acknowledgements ................................................................................................. 65  

3.7 Works Cited............................................................................................................. 66  

Chapter 4 Biochemical studies of NF-kappaB DNA sequence specificity ....................... 69  

4.1 Introduction ............................................................................................................. 70  

4.2 Preliminary Data and Motivation of Investigation .................................................. 72  

4.3 Materials and Methods ............................................................................................ 76  

4.3.1 Mammalian luciferase reporter assay ............................................................... 76  

4.3.2 In vitro chromatin transcription assay .............................................................. 77  

4.3.3 Electrophoretic mobility shift assay (EMSA) ................................................... 78  

4.3.4 Crystallization of RelA:ESWAP 2bp ............................................................... 79  

4.4 Results ..................................................................................................................... 80  

4.4.1 Reproducing mammalian luciferase reporter assay .......................................... 80  

4.4.2 Testing E-selectin and mutant kB sites with in vitro chromatin transcription . 82  

4.4.3 EMSA with RelA RHD and RelA wild-type .................................................... 84  

4.4.4 Diffraction of preliminary crystals of RelA-RHD and ESWAP 2bp complex . 87  

4.5 Discussion ............................................................................................................... 88  

4.6 Acknowledgements ................................................................................................. 89  

4.7 Works Cited............................................................................................................. 90  



 

vii 
 

 
LIST OF ABBREVIATIONS 

 

 

ASU  asymmetric unit 
bp  base pair, nucleotide pair 
C-alpha alpha carbon of amino acid residue 
CD  carboxy-terminal (C-terminal) domain 
DBD  DNA-binding domain 
I/σI  average intensity of reflections divided by error of intensities 
κB  kappa B site 
NFκB  nuclear factor kappa B 
OD  oligomerization domain 
RE  response element 
Rfree  R factor for test data set 
RHD  Rel-homology domain 
RMSD  root mean square deviation 
Rsym  R factor for scaling data set 
Rwork  R factor for working data set 
WT  wild-type 

 

 

 

 

 

 

 

 

 

 

 



 

viii 
 

LIST OF FIGURES 

 
Figure 2.1 Altered transactivation levels are conserved in the p53 family ....................... 18  

Figure 2.2 Sequence logo diagrams of dinucleotide signatures for enhanced and reduced 
transactivation by p73 S139F ............................................................................................ 20  

Figure 2.3 Fluorescence polarization binding assays of p73DBD S139F mutant and  
ΔNp73δ isoform with GGGCA and GAACA sequences ................................................. 25  

Figure 2.4 Tetrameric complex of the p73DBD-S139F superimposed on the WT p73DBD 
bound to the same GAACA full-site RE........................................................................... 29  

Figure 2.5 Magnified images of the L1 loop regions of WT p73DBD and p73DBD S139F
........................................................................................................................................... 30  

Figure 3.1 Illustration of random crystal packing with non-palindromic RE sequences .. 41  

Figure 3.2 Position weight matrices of different portions of the transactivation table in 
Table 3.1 ........................................................................................................................... 45  

Figure 3.3 Examples of crystals from p73DBD RE screening. ........................................ 51  

Figure 3.4 Example image of p73 DBD BAX RE diffraction pattern with two different 
unit cell parameters during indexing ................................................................................. 52  

Figure 3.5 Omit maps of nucleotide bases at the ends of the BAX RE ............................ 55  

Figure 3.6 Asymmetric unit and structural alignment of the two p73DBD tetramers ...... 57  

Figure 3.7 Protein-DNA contacts of p73DBD with BAX RE and GGGCA RE .............. 59  

Figure 3.8 p73DBD-BAX protein-DNA contacts observed within 4.2 Å cutoff ............. 60  

Figure 3.9 Fluorescence polarization binding assay of p73DBD-BAX ........................... 63  

Figure 4.1 Mammalian luciferase reporter assay with RelA and E-selectin kB sites ....... 74  

Figure 4.2 Crystal structure of RelA homodimer bound to an optimized E-selectin kB site
........................................................................................................................................... 75  

Figure 4.3 Histogram of reproduced luciferase reporter assay with HIV and E-selectin kB 
sites in HeLa cells ............................................................................................................. 81  

Figure 4.4 Transcription assay and supercoiling assay results with E-selectin and mutant 
κB sites .............................................................................................................................. 83  



 

ix 
 

Figure 4.5 EMSA gels with RelA RHD and the E-selectin kB sites ................................ 85  

Figure 4.6 EMSA gels of wild-type RelA with E-selectin kB sites .................................. 86  

Figure 4.7 Diffraction image of RelA with ESWAP 2bp kB site with reflections to ~10 Å
........................................................................................................................................... 87  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

x 
 

LIST OF TABLES 

 
 
Table 2.1  Crystallographic data for p73DBD-S139F ...................................................... 28  

Table 3.1 Transactivation data of WT p73 with 30 p53 RE sequences reorganized from 
highest to lowest transcription and reanalyzed for consensus identity ............................. 44  

Table 3.2 List of tested p53 RE sequences with p73DBD ................................................ 48  

Table 3.3 Crystallographic statistics of diffraction data collection and refinement. ........ 54  

Table 3.4 Pair-wise alignment of the p73DBD-BAX monomers and their calculated 
RMSD ............................................................................................................................... 58  

Table 3.5 Calculated surface area and buried surface area for the p73DBD with various 
RE sequences .................................................................................................................... 62  

 

 
 
 
 
 
  



 

xi 
 

ACKNOWLEDGEMENTS  

I would like to thank Dr. Hector Viadiu and Dr. Gourisankar Ghosh for their 

guidance, patience and support throughout my graduate school career. I would like to 

acknowledge all of my colleagues who have helped my dissertation work, especially Dr. 

Abdul S. Ethayathulla for his work on refining the crystal structure of p73DBD-S139F, Dr. 

Tapan Biswas for consultation during the refinement of the p73DBD-BAX structure, Dr. 

Debin Huang for the preliminary structure of RelA RHD bound to the optimized E-selectin, 

Dr. Vivien Wang for the preliminary data of the mammalian luciferase assay, Dr. Daniel 

Donoghue for providing HeLa cells, Dr. James Kadonaga for providing the expression 

vectors of full-length RelA, p300, dNAP1, ACF/ISWI, and topoisomerase I, and Dr. Maria 

Mulero Roig for her purification of full-length RelA, p300, dNAP1, ACF/ISWI and her 

collaborative efforts in the in vitro chromatin transcription assay and EMSA binding assay. 

I would like to also acknowledge the Molecular Biophysics Training Grant (MBTG, San 

Diego Fellowship) program at UCSD for their support from 2011-2013, and the Cancer 

Training Grant program (NIH/NCI) at UCSD for their support from 2015-2016.   

Chapter 2, in part, contains material as it may appear in Ciribilli, Y., Monti, P., 

Bisio, A., Nguyen, H.T., Ethayathulla, A.S., Ramos, A., Foggetti, G., Menichini, P., 

Menendez, D., Resnick, M.A., Viadiu H., Fronza G., and Inga A. (2013). Transactivation 

specificity is conserved among p53 family proteins and depends on a response element 

sequence code. Nucleic Acids Res. 41, 8637–8653. The dissertation author and co-advisor 

were co-authors on this paper.  



 

xii 
 

Chapter 3, in part, is currently being prepared for submission in publication of the 

material presented here. Nguyen, H.T. and Viadiu, H. Structure of p73DBD in complex 

with transcriptionally active BAX response element. Unpublished. The dissertation author 

is the primary author and the dissertation co-advisor is the corresponding author.   

Chapter 4, in part, is currently being prepared for submission for publication of the 

material. Huang, D., Nguyen, H.T., Wang V., Roig M.M., Mukherjee, S., Biswas, T. and 

Ghosh, G. The role of DNA binding sites in transcriptional regulation by NF-kB RelA. 

Unpublished. The dissertation author is a co-author and the dissertation co-advisor is the 

corresponding author.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

xiii 
 

 
 

VITA 

2009 Bachelor of Science, University of Virginia 

2009 – 2010 Research Assistant, University of Virginia 

2010 – 2016 Graduate Research Assistant, University of California, San Diego 

2016 Doctor of Philosophy, University of California, San Diego 

 

PUBLICATIONS 

Ciribilli, Y., Monti, P., Bisio, A., Nguyen, H.T., Ethayathulla, A.S., Ramos, A., 
Foggetti, G., Menichini, P., Menendez, D., Resnick, M.A., Viadiu H., Fronza G., and 
Inga A. (2013). Transactivation specificity is conserved among p53 family proteins and 
depends on a response element sequence code. Nucleic Acids Res. 41, 8637–8653 

 

Ethayathulla, A.S., Nguyen, H.T., and Viadiu, H. (2013). Crystal Structures of the 
DNA-binding Domain Tetramer of the p53 Tumor Suppressor Family Member p73 
Bound to Different Full-site Response Elements. J. Biol. Chem. 288, 4744–4754. 

 
 
 

FIELDS OF STUDY 
 
Major Field: Biochemistry 
 

Studies in Biochemistry 
Professor Linda Columbus, University of Virginia 
 
Studies in Biochemistry 
Professor Cameron Mura, University of Virginia 
 
Studies in Biochemistry 
Professor Hector Viadiu, University of California, San Diego 
 
Studies in Biochemistry  
Professor Gourisankar Ghosh, University of California, San Diego 

 
  



 

xiv 
 

 

 

 

 

ABSTRACT OF THE DISSERTATION 

 

Structural and Biochemical Studies of p73 and RelA Transcription Specificity 

 

by 

 

Huong Thien Nguyen 

 

Doctor of Philosophy in Chemistry 

University of California, San Diego, 2016 

 

Professor Gourisankar Ghosh, Co-chair 

Professor Hector Viadiu, Co-chair 

 

 The biochemical mechanisms of transcription specificity in the p53 family and 

NFκB family of transcription factors in the context of DNA sequence recognition are  not 

well-defined. Given the loose consensus of the DNA binding sites recognized by the p53 

and NFκB family, we investigated the structural and biochemical contributions to DNA 

sequence recognition. In chapter 2, we show the effects of perturbing a loop feature in the 



 

xv 
 

DNA-binding domain of p73 on cooperative binding that is selective for different DNA 

sequences using x-ray crystallography and fluorescence polarization. This is the first 

structural evidence of a L1 loop-dependent mechanism of sequence recognition that 

implicates the role of L1 loop acetylation to selective activation of apoptotic genes. In 

chapter 3, we continued to investigate the structural mechanism of recognition by 

crystallizing wild-type p73 DNA-binding domain with a native p53 DNA response 

element, which showed conserved features of DNA recognition. In the final chapter 4, the 

effects of mutating a native NFκB DNA response element were investigated with  RelA 

using mammalian luciferase assay, electrophoretic mobility shift assay, and in vitro 

chromatin transcription assay to corroborate the “ruler” mechanism of recognition 

observed in crystal structures. The RelA transactivation domain was shown to contribute 

to sequence specificity that has not been shown before. Together, these studies show 

structural features that are important in sequence recognition and further refine 

mechanisms of transcription specificity based on cooperative, multi-domain interaction.
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Chapter 1 

 

Introduction 
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1.1  Transcription Specificity 

 Eukaryotic transcription is a highly regulated process by which genes are 

activated to convert DNA into mRNA, also known as gene expression, for subsequent 

production of proteins through translation. Transcription involves a multitude of 

proteins—activators, repressors, coregulators, chromatin remodellers, histone modifiers, 

and, of course, the entire assembly of the general transcription machinery. The specificity 

of gene activation, or how certain genes are transcriptionally activated while others are 

left inactive, can be broken down into multiple levels of regulation by transcription 

factors. Furthermore, the mechanism of activation at each level is dependent on specific 

protein-protein or protein-DNA interactions respectively between transcription factors 

and their binding partners or DNA target sites.  

 Some activating transcription factors (TFs) target the pre-initiation complex 

(PIC), the formation of which is the minimal requirement for gene activation. PIC 

formation involves recruitment of RNA polymerase II, mediator, TFIIA, TFIIB, TFIID, 

TFIIE, TFIIF, and TFIIH 1,2. Although there are over 100 polypeptides that are involved 

in the PIC and the subsequent transcription process, only a few may possibly serve as 

common targets for TFs.  While the PIC forms around the TATA box of the promoter 

region upstream of a target gene, regulatory TFs bind to small DNA sites in a more distal 

region known as the enhancer. Furthermore, multiple TFs may cooperatively work 

together through either sequential or simultaneous synergism to form broad enhancer 

regions known as enhanceosomes 2–4. 

 Other targets of TFs alter chromatin conformation, involving chromatin 
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remodelling complexes and histone modifiers. As chromatin is an inherently repressive 

structure, where DNA is wrapped by histone proteins to form nucleosomes, activation for 

some genes involves recruitment of histone acetyl transferases (HATs), which induces 

chromatin remodelling 5. Even direct TF interaction with chromatin remodelling 

complexes ejects histones and exposes the promoter region to PIC formation. However, 

expression studies in yeast have shown that chromatin-modifying activity is associated 

with a small percentage of expressing genes 6,7. Cases have been discovered where 

numerous genes are open and primed for expression by histone modifications without the 

need of chromatin remodelling 8. Although chromatin remodelling is an important form 

of gene regulation, genes are not always in the chromatin state, which is also dependent 

on cell type and environment. 

 The mechanism of TF recruitment of coregulators and general TFs requires 

multiple intermolecular interactions to key protein domains in its structure. TFs typically 

have an activation domain (AD) and at least one DNA binding domain (DBD). Protein-

protein interactions between TFs and coregulators usually occur through the AD, whereas 

protein-DNA interactions largely occur through the DBD, although there are cases where 

multiple domains cooperate in DNA binding 9. The specificity of DBD binding to DNA 

regulatory sites, or response elements (RE), in the promoter region can vary depending 

on the TF.  In prokaryotes, TFs typically bind long RE sites (~20  base pairs (bp)) which 

confer higher binding specificity based on statistical information theory    10. Eukaryotic 

TFs have inherently poor binding specificity to their cognate REs, which are typically 

short (ranging from 6-11 base pairs) and are highly degenerate, meaning statistically that 
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REs have too little information to recruit a TF specifically to any given site in the entire 

genome and is more likely to randomly bind 10,11. As a consequence, non-specific and 

non-functional binding is often observed in eukaryotic TFs such that functional 

regulatory regions are hall-marked by clusters of RE sites 10.     

 Given the high degeneracy of RE sequences of certain TF families, the 

mechanism of how TFs specifically recognize and bind to their cognate sites has been the 

subject of numerous investigations. Based on a wide range of studies, mechanisms of 

DNA-binding specificity have been classified by the dynamic conformations of the TF 

structure with respect to the cellular context 12. In one mechanism, coregulators 

allosterically bind first to the TF to induce a conformation that would favor binding to an 

RE that would otherwise be poorly bound (low-affinity) without the coregulator. 

Conversely in another mechanism of specificity, the DNA acts as the allosteric regulator 

and induces a conformation favoring binding to a coregulator, requiring initial high-

affinity binding to the RE. These two mechanisms are described in the context of an open 

promoter that is not tightly packed in the chromatin and is distinguished from a third 

mechanism describing the availability of REs within packed chromatin as the key 

component in TF binding for a subset of REs. In the latter mechanism, long-range cis-

acting elements (e.g. enhanceosome) have been shown to alter the chromatin structure in 

the regulation of transcription. TFs that recruit chromatin remodellers or histone 

modifiers may regulate the availability of REs of other TFs or their own REs. These 

general mechanisms provide the basis to understand how TFs interact with their REs to 

control regulation but do not explain regulation by highly degenerate REs. 
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 Beyond the recruitment of TFs to their binding sites, it has been hypothesized that 

sequence variation in REs can contribute to altering levels of transcriptional activation. 

The molecular mechanism of fine-tuning transcription levels remains unclear, but it is 

hypothesized that specific patterns of protein-DNA interactions affect binding-affinity 

which then affects transcription through the regulatory mechanisms described above. To 

explore this idea, two TFs from different families with high RE sequence variability, the 

p53 and NFκB families, have been the subject of the studies described in this work. 

 

1.2 p73: A Model Paralog of the p53 Tumor Suppressor Family 

 The p53 family is well known for their regulation of genes involved in multiple 

cell processes that guard the integrity of the genome. p53 is the most notable member 

because of its involvement in DNA repair, cell-cycle arrest, apoptosis, and developmental 

maintenance such as anti-angiogenesis 13. The function of p53 in genome maintenance is 

so crucial that mutations in p53 have been found in about half of cancer tumors 14. The 

other members of the family, p63 and p73, have larger roles in embryonic development, 

but do have over-lapping gene targets with p53 and each other in response to genotoxic 

stress, or cellular stress that can damage the genome 15,16. Some studies have implied that 

p73 could have a substitutive tumor suppressor role in place of mutated p53 as it is rarely 

mutated in cancers 17,18.  However, other studies have indicated that the N-terminally 

truncated isoform of p73 and its interaction with full-length p73 play a role in 

oncogenesis, which is the initiation of cancer 19,20. Activation of full-length p73 could be 
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a potential therapeutic target because of its tumor suppressor capabilities, while its 

oncogenic isoform could be antagonized for its role in tumor progression.  

 The regulation of p73 expression and activity is largely independent of the p53 

regulatory pathway 21,22.  Under stress-free conditions, the cell maintains a low level of 

p73 in the cytoplasm with ITCH ubiquitin ligase which leads to the proteasome 

degradation pathway. Interestingly, MDM2, the ubiquitin ligase and transcriptional 

inhibitor of p53, interacts with ITCH and p73 to inhibit pro-apoptotic transactivation. 

However, upon genotoxic stress or oncogene activation, ITCH activity decreases, and a 

series of phosphorylation events from ATM, ABL1, p38 and MAPK, in addition to 

several other side pathways, lead to stabilization of p73 and its eventual nuclear 

translocation. In the nucleus, p300 acetylates p73, and YAP, a transcriptional coactivator, 

promotes p73 transactivation. Upon cell-stress or DNA damage, p73 can transactivate the 

pro-apoptotic genes, Puma and Bax, and cell-cycle arrest genes, such as p21, which are 

all genes targeted by p53. However, p73 targets other genes involved in neuronal 

differentiation, neuronal stem cell maintenance, autophagy and metabolism 21. 

 The p53 family all share similar protein domain homology which allows them to 

share gene targets. The N-terminus starts with the activation domain (AD), which is 

linked to the core DNA-binding domain followed by the C-terminal oligomerization 

domain (OD).  In addition p73 and p63 have an additional sterile-alpha motif (SAM) 

domain at the C-terminus. p53 shares 29%, 63% and 38% identity with p73 in the AD, 

DBD and OD, respectively 23,24. While structures of each domain have been determined, 

the full-length structure of any p53 family member has not been elucidated because their 
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structures are too flexible for crystallographic structure determination. The domains are 

connected with proline-rich regions which confer high intrinsic disorder. While this 

flexibility may allow the p53 family to have high functional diversity within the cell, the 

intrinsic disorder is an obstacle to conventional biochemical and structural analysis. 

Therefore, the p73 DBD has been studied as the model for p73 in vitro DNA-binding.        

 The p53 family binds 20 bp RE sites comprising of two 10-bp motifs that loosely 

follow the consensus RRRCWWGYYY-n-RRRCWWGYYY (R = purine, Y= 

pyrimidine, W = A/T, and n = 0-13 bp spacer) 25,26. While the 20 bp length is typical for 

prokaryotic TFs, it is much longer than typical REs for eukarytoic TFs, and very few 10-

15 bp RE sites are associated with p53 . The overall consensus sequence is roughly 

palindromic with two-fold rotational symmetry which corresponds with the two-fold 

symmetry of the protein dimer subunit. Thus, a typical full-site RE would have two 

protein dimers (dimer of dimers) tandemly bound to form a tetramer complex. However, 

there are a few variations of the p73 RE with the minimum functional unit of the dimer 

bound to a half-site (10 bp). Furthermore, approximately 316 genes are putatively 

targeted by p73, about 185 of which overlap with either p53 or p63 or both 27. The gene 

targets that typically overlap are associated with genotoxic stress response. But, it 

remains unclear how p73 specifically targets genes with binding sites that are loosely 

conserved and whether there is any functional or biological significance to the loose 

conservation. 
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1.3 RelA: A Model Transcription Factor of the NFκB Family 
 
 The nuclear factor kappa B (NFκB) family is involved in multiple processes 

including inflammation, immunity, proliferation, anti-apoptosis, cell-survival and 

differentiation 28–30. However, when NFκB is mis-regulated and over-active, it can 

become oncogenic, causing tumor progression and proliferation, with numerous studies 

linking inflammation and cancer through NFκB 28.  

 NFκB is ubiquitously expressed in almost every cell type and is typically 

activated in response to bacterial or viral infection, TNF-α, and UV-irradiation 31.  The 

members of the NFκB family are RelA (p65), RelB, c-Rel, p100/p52 and p105/p50. 

While any member can form hetero- or homodimers, the p65/p50 is the most common 

dimer 32. The NFκB proteins remain inactive in the cytoplasm, either bound to the 

inhibitory IkB protein (p65, RelB, c-Rel) or self-inhibited (p100/p52 and p105/p50). 

Depending on the stimuli, an activating cascade can direct certain dimers to form and 

proceed down either the canonical or non-canonical pathway. The canonical pathway 

mainly activates p65:p50 and c-Rel: p50 dimerization by the IkB kinase (IKK) complex, 

while the non-canonical pathway activates the formation of RelB: p52 heterodimers in 

response to a different set of stimuli through a NIK-activated IKK-α 30. Furthermore, the 

NFκB family share an N-terminal Rel-homology domain (RHD) that is responsible for 

DNA binding, dimerization, interaction with IkBs and nuclear localization 29. Only RelA, 

RelB and c-Rel have C-terminal transactivation domains (AD), whereas p100 and p105 

have self-inhibitory C-terminal ankyrin repeats that, upon proteasomal processing, form 

p52 and p50, respectively. Furthermore, the cognate DNA binding site (κB site) has a 
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consensus sequence of GGRRNNYYCC (N = any nucleotide). Structural studies of the 

RHD have shown that there is a conserved recognition mode by various NFκB dimers. A set 

of conserved residues form base-specific contacts in the DNA major groove of the flanking 

(G)GG/(C)CC, while the variable inner bps have less conserved contacts 33.  

 However, investigations studying the relationship between NFκB family 

transactivation and binding to κB site has resulted in perplexing observations.  The earliest 

evidence of NFκB sequence of specificity was the study of the κB sites in the enhancer 

region of the immunoglobin kappa light chain (Ig- κB) and in the interleukin-2 (IL-2) 

promoter 34. While the in vitro binding of the two κB sites showed similar affinities, despite 

differing in two nucleotides, the two κB sites were not interchangeable transcriptionally. The 

Ig kB site could not substitute the kB site in the IL-2 promoter region except under very 

specific conditions.  In addition, genomic analyses have shown that binding affinity towards 

κB sites is not correlated with transcriptional activity. While RelA/p50 binds to most sites 

tightly, RelA and cRel homodimers bind to the same sites loosely. Yet in knockout mice 

without the nkfb1 p105/p50 or the nfkb2 p100/52 genes, the expression of NFκB gene targets 

is not greatly affected, indicating that RelA and cRel homo- and heterodimers can 

supplement the transactivation of p50 or p52 33. These studies suggests that either binding in 

vitro does not accurately simulate the in vivo conditions of binding or that promoter context 

is a contributor to sequence specificity or that possibly both scenarios are true. The ambiguity 

between binding affinity and transcription provides the impetus to further consider the role of 

coregulators in the mechanism of transcriptional NFκB regulation. 
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2.1 Introduction 

 Because of the prevalence of hot spot mutations of the p53 DBD in cancers, 

various studies have analyzed random mutations in p53 to discover several that have 

conferred abnormal transcriptional activity. In the initial study that generated the random 

mutations, the S121F mutant of p53 was found to have a “change of spectrum” 

transactivation in yeast reporter assays, where activation by certain REs were enhanced 

while others were repressed in comparison to wild-type p53 1,2. Since the S121F mutation 

lies on the L1 loop  feature of the p53 DBD, further mutational analysis using alanine-

scanning of the L1 loop showed that Lys-120 was key to wild-type transactivation and 

apoptosis, or programmed cell death, which was further supported by protein-DNA base 

contacts in the crystal structure of p53 3,4. Further studies in human cells showed that 

p53-S121F preferentially enhanced apoptosis-associated genes, BAX and MSH2, in 

endogenous conditions and in luciferase reporter assays, while repressing other genes, 

p21 and MDM2 5. The same Menendez et al. study also showed that p53-S121F increased 

apoptosis while repressing colony formation in SaOS2 cells. This was the first series of 

evidence to show that the L1 loop could play a role in transcriptional regulation. 

 In addition to the association of the mutation of p53 L1 loop with apoptosis, Lys-

120 was found to be associated with apoptosis through an acetyl post-translational 

modification. While p53 has been shown to be acetylated by histone acetyltransferases 

(HAT) CBP/p300 and PCAF to regulate transcription, the Tip60 HAT was shown to 

acetylate specifically at Lys-120 6–9. Furthermore, Gu et al. showed that the acetylation of 

Lys-120 specifically affected apoptosis, which recapitulated the mutant phenotype of 
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K120R (Lys-120 to Arg) that is found in cancer. Interestingly, acetylated Lys-120 p53 

was found to also effect apoptosis in a transcription-independent manner by localizing at 

mitochondria, thereby having a more direct regulatory role in mitochondrial outer 

membrane perforation, one of the key initiation steps to apoptosis 10. An additional 

mutant study indicates a K120E mutation abrogates all transcriptional function, while 

other mutations (including S121F) in L1 loop cause abnormal transcriptional activity 2. 

While it is clear that Lys-120 and its acetylation is important for DNA-specific contacts 

in regulating apoptotic genes, it is unclear how neighboring residues in the L1 loop cause 

altered transactivation. 

 In the investigation discussed here to study the structural effect of an L1 loop 

mutation in p73DBD on DNA binding, one of the key techniques used was x-ray 

crystallography. In the crystalline state, the structure of biomolecules can be determined 

by diffraction of a very high energy x-ray beam which produces “reflections”, points of 

constructive interference of waves of x-ray energy, that are captured by CCD (charge-

coupled device) camera  11. A full data set would include all the reflections from a 

rotating diffracting crystal to capture the 3D space of the reflections (reciprocal lattice). 

The collective images sampled at small-angle wedges of the reciprocal lattice provide 

information about the unit cell, crystal lattice, and the intensities and positions of the 

reflections. Using Fourier transformation, the reflection information can be converted 

into electron density. However, this would also require phase information for each 

reflection. In this chapter, I present data that was phased using molecular replacement 

where the phase information of a known structure of an identical or similar protein is 



16 

used to approximate the phase of the unknown structure. In the refinement process, those 

initial phases were iteratively optimized to accurately reflect the true structure by 

modifying the model to better fit an optimizing electron density. A structure is considered 

properly refined when the molecular geometry of every residue is chemically reasonable 

and a control test set of data that is set aside from the refinement converges with the 

refined data to a degree that is comparable to literature values. 

 However, there are serious limitations to x-ray crystallography that make 

structure determination of any of the full-length p53 family members very difficult. The 

technique relies on the phenomena that, under controlled precipitating conditions, 

biomolecules can form crystalline lattices similar to many small molecules. In order for 

successful crystallization to occur, in this case, the protein-DNA complex should be 

structurally stable and tolerate relatively high protein concentrations (>100 µM). 

However, the full-length polypeptides of the p53 family have largely intrinsically 

disordered N-termini due to proline-rich regions 12.  The disorder makes it difficult to not 

only express and purify the protein at high concentrations but also to form homogeneous 

conformations that would form ideal crystal lattices to properly capture the electron 

density. Therefore, truncated polypeptides are typically used in these difficult cases. 

Here, we crystallized the p73DBD with a S139F mutation in the hope to obtain new 

structural information.   

 Another key technique used to study the mechanism of protein-DNA interactions 

is a binding assay based on measuring fluorescence polarization 13. The main concept 

behind the technique relies on measuring the intensity of polarized light emitted from 
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fluorescent molecules. When large molecules with fluorescent tags tumble slower (high 

anisotropy) in solution, the intensity of the polarized light emitted is much greater than 

when the molecule is smaller and tumbles quicker (low anisotropy). This difference in 

polarization allows one to measure the binding affinity of proteins to fluorescently-

labeled binding partners. In this chapter, I present binding affinity data of the p73DBD-

S139F bound to consensus DNA sequences in order to study the effect of L1 loop 

mutation on the binding mechanism.  

 

2.2 Collaborative Data and Motivation of Investigation 

 In collaboration with the Inga, Fronza and Resnick labs, the altered 

transactivation of the p53 family with various mutations was investigated using a 

luciferase reporter assay in yeast and human cells, binding assays and structural data 14. 

Our collaborators were able to show that there was a conservation of altered 

transactivation among various p53 family mutants using yeast luciferase reporter assay. 

By making a library of yeast strains containing the gene for bioluminescent luciferase 

with a promoter region each containing a different p53 RE sequence, they were able to 

show altered transcription when the yeast were also overexpressing a mutant or wild-type 

p53 family member by measuring the luciferase-catalyzed fluorescence of a substrate. 

One of the key mutations of interest, the p53-S121F (homologous to p63-S150F and p73-

S139F) located in the L1 loop, showed enhanced and repressed luciferase transcription 

controlled by different RE sequences when comparing the levels of transcription to the 

wild-type levels (Figure 2.1).  The luciferase assay demonstrated that L1 loop 
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perturbation by mutation affected transcriptional output which varied depending on the 

RE sequence. 

 

 

Figure 2.1 Altered transactivation levels are conserved in the p53 family. (A) The wild-
type (WT) p73, p63 and p53 were expressed under the ADH1 promoter with various REs 
in yeast-based functional assay. (B) The transactivation of mutant p73 S139F, p63 S150F 
and p53 S121F under the same promoter REs 14.  
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 To correlate the sequences of the p53 REs with the luciferase transcription levels, 

position weight matrices (sequence logos) were generated for the REs that enhanced 

transcription and the REs that repressed transcription when comparing transactivation by 

mutant p73-S139F to wild-type p73 (Figure 2.2)1. Based on the sequence logo (Figure 

2.2A), enhancing REs tended to have guanines in 2/3/12/13 positions and cytosines in the 

9/19 positions, while reduced REs had adenines in the 2/3/12/13 positions and thymines 

in the 8/18 positions. These positions are flanking positions that neighbor the core 

CWWG motif of 10 bp half-sites. When analyzing the prevalence of dinucleotide pairs in 

a normalized sequence logo (Figure 2.2B), GG motifs were more common in enhancing 

REs. This is the first evidence to show any sequence-dependence in p53 family 

transcription as a consequence of the L1 loop. 

  Because of the correlation between the S139F mutation in p73 and a sequence-

dependent altered transactivation, we were interested in investigating the mechanism 

behind the specificity. It was hypothesized that the L1 loop mutation caused a structural 

perturbation to effect differential binding to various RE sequences. This was the 

motivation to determine the structure of p73DBD-S139F and measure the binding affinity 

with consensus REs. The resulting structure and binding data confirm an L1 loop 

structural perturbation due to the S139F mutation and that there is a cooperative binding 

                                                 
1  The sequence logos represent the frequency of a nucleotide at a given position by 
representing the probabilities of each nucleotide by the height of the letter of the 
nucleotide and stacking the letters from lowest probability to highest.  Furthermore, the 
entire height of the stack of letters represent the certainty of the information (i.e. 
information content) such that higher stacks of letters indicate higher certainty of the 
frequencies when compared to a random sequence.  
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mechanism that differentiates between GG-containing REs and AA-containing REs. 

 
Figure 2.2 Sequence logo diagrams of dinucleotide signatures for enhanced and reduced 
transactivation by p73 S139F. (A) The conventional sequence logo summary shows 
alterations of the flanking sequences (next to CWWG core) around the highly conserved 
C and G bases that correlate with altered transactivation (WebLogo 3, 
http://weblogo.berkeley.edu/logo.cgi). (B) A modified web-logo that accounts for the 
frequency of occurrences of paired nucleotide sequences in the flanking 2/3/12/13 and the 
centric 5/6/15/16 positions 14.   
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2.3  Materials and Methods 

2.3.1  Fluorescence Polarization Binding Assay 

 The mutation S139F was introduced using site-directed mutagenesis 

(Quikchange, Agilent Technologies) into the wild-type human p73DBD gene (residues 

115–312) carried in the pET28 expression vector. Expression and purification were 

conducted as previously described 15. The binding affinities of the purified p73DBD-

S139F mutant with various consensus RE sequences was determined by measuring the 

polarized fluorescence at different concentrations of protein at a constant concentration of 

DNA. The DNA sequences that were used were two 12 bp half-site REs (5′-

tGGGCATGCCCa-3′ and 5′-cGAACATGTTCg-3′) and two 20 bp full-site REs (5′-

GGGCATGCCCGGGCATGCCC-3′ and 5′-GAACATGTTCGAACATGTTC-3′). The 

fluorescein-labelled DNAs were dissolved in double-distilled water, annealed by heating 

to 95°C for 10 min and slowly cooled to room temperature. The protein solution (18 

samples from 0 nM to 20 000 nM in 100 mM NaCl, 10 mM sodium citrate pH 6.1, 5 mM 

DTT and 5 μM ZnCl2) was gently mixed with 50 nM of fluorescein-DNA, incubated on 

ice for 30 minutes and warmed up to room temperature before measuring polarized 

fluorescence intensity with excitation and emission wavelengths of 494 and 521 nm, 

respectively (Hitachi F-2000 Fluorescence Spectrophotometer). The polarization was 

analyzed to determine the fraction of DNA in complex with protein 16. The data were 

plotted with the log of concentration [log(nM)] on the x-axis and the percentage fraction 

bound on the y-axis. The plot was fitted to a sigmoidal dose-response curve to calculate 
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the non-linear regression. The calculated EC50 (protein concentration at 50% binding) 

was considered to be equivalent to the Kd of the protein–DNA complex, with the 

assumption, supported by analytical ultracentrifugation data (not shown), that one dimer 

was bound per 12 bp DNA and one tetramer was bound per 20 bp DNA 17. 

 

2.3.2  Crystallization and Structure Determination 

 The p73DBD-S139F protein was screened for crystallization as a protein–DNA 

complex using the DNA sequences and conditions previously described for the WT 

p73DBD 15. The final crystals were obtained by mixing the protein at a 2:1 molar ratio 

with the annealed 20 bp oligonucleotide (5′-GAACATGTTCGAACATGTTC-3′). Using 

the hanging-drop method, 1 µl of the protein–DNA mixture was added to 1 µl of well 

solution. Diffracting crystals were formed in well solutions with 0.1 M Tris (pH 8.5), 50–

125 mM sodium acetate and 20–24% (w/v) PEG 3350. Thin needle-like crystals formed 

after 1 day at room temperature, with slightly thicker crystals growing at lower sodium 

acetate and PEG 3350 concentrations. The crystals were washed in a cryo-protectant 

solution (0.1 M Tris pH 8.5, 75 mM sodium acetate and 30% PEG 3350) and were frozen 

by plunging into liquid nitrogen. The p73DBD-S139F:DNA complex diffracted to 3.7 Å, 

and the diffraction data were collected in beamline 7.1 at the SSRL facilities. Indexing, 

integration and scaling of the diffraction data were done using HKL2000 18,19.  

 The structure was solved by Abdul Ethayathulla using molecular replacement 

with the WT p73DBD dimer in complex with the 12 bp DNA as the initial model using 

the program Phaser 20. The resulting solution was refined using rigid body refinement, 
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simulated annealing and energy minimization in Crystallography & NMR System (CNS) 

21. The 10 bp half-site forms a continuous 20 bp DNA with the symmetry related 

molecule in the crystal. Omit maps were used for manual and real space refinement of the 

protein, DNA and water molecules in the program Coot 0.6.1 22. Further refinement was 

carried out in CCP4 23 using translation, libration and screw-rotation (TLS) refinement 24 

with Non-crystallographic symmetry (NCS) constraints between the two protein chains to 

reduce the number of refined parameters. The PROCHECK program was used to validate 

the structure, and 98.7% of the residues were in the most favoured and additionally 

allowed regions of the Ramachandran plot 25. Calculation of the DNA structural 

parameters and analysis was carried out using the program 3DNA 26,27. 

 

2.4 Results 

2.4.1. The p73 DBD-S139F mutant binds DNA cooperatively 

 The binding affinities of p73DBD-S139F to consensus DNA sequences were 

determined by approximating the dissociation constant (Kd) using fluorescence 

polarization (Figure 2.3). The Kd for the GGGCA  half-site (short-hand sequence 

describing palindromic quarter-site) was 1540 nM and 230 nM for the 20-mer GGGCA 

full-site. The Hill coefficients were 1.5 and 1.9, respectively, with a coefficient greater 

than 1 indicating cooperativity. In comparison, the Kd of the 20 bp GGGCA sequence 

with p73DBD-S139F is ~10-fold lower than the Kd of the WT p73DBD bound to the 

same sequence (2387 nM), which also showed no cooperativity 15  The Kd for the 
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GAACA half-site was > 85 980 nM, while the Kd for the full-site was 4480 nM with a 

Hill coefficient of 1.7, which is comparable in affinity to the WT p73 DBD bound non-

cooperatively to the equivalent full-site (Kd = 3443 nM) 28. For comparison with a longer 

construct of p73 with the oligomerization domain (OD) and part of the C-terminal 

domain (CD), binding assay data were also obtained by Ana Ramos for the WT ΔNp73δ 

isoform using the same 20 bp consensus sequences. The Kd's of ΔNp73δ for GGGCA is 

160 nM for the GGGCA full-site and 940 nM for the GAACA full-site, and the Hill 

coefficients are 3.9 and 1.4, respectively. The binding assays indicate a cooperative 

binding mode caused by the S139F mutation that is dependent on the DNA sequence 

which suggests a L1 loop perturbation that is comparable to the effect of the OD and CD 

interactions in ΔNp73δ cooperative binding. 
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Figure 2.3 Fluorescence polarization binding assays of p73DBD S139F mutant and 
ΔNp73δ isoform with GGGCA and GAACA sequences. (A) The Kds of p73DBD S139F 
bound to the half-site of the GGGCA and (D) GAACA REs were determined. (B) The 
same procedure was done with the full-site GGGCA RE and (E) the GAACA RE, and (C 
and F) with the ΔNp73δ isoform 14.   
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2.4.2 Structure of p73DBD-S139F with GAACA Full-site RE 

 The structure of p73DBD-S139F bound to the 20 bp GAACA full-site was 

determined to 3.7 Å resolution (PDB ID: 4guq, Table 2.1). The molecular geometries, 

which were evaluated by RMSD of bond angles and lengths and the Ramachandran plot, 

are reasonable considering the relatively low resolution of the structure. Furthermore, the 

Rwork and Rfree are approximately ≤ 30% which is consistent with the majority of crystal 

structures accepted into the Protein Databank. The asymmetric unit consists of a dimer 

bound to one half-site, and the biological assembly of the tetrameric complex can be 

formed by observing the symmetry mates in neighboring unit cells (Figure 2.4). The 

dimer of dimers in the tetrameric complex would effectively be related by a translational 

operation and are identical in structure.  

 The p73DBD-S139F structure was compared to the WT p73 DBD bound to the 

same GAACA full-site (PDB ID: 4g82) 28. The two structures were superimposed with an 

overall RMSD of 1.15 Å in α carbon (C-α) alignment. The most significant structural 

change was in the L1 loop region which had a relatively high RMSD of 2.90 Å for chains 

A and 2.58 Å for chains B (Figure 2.5). Interestingly, the L1 regions were more distant 

from the DNA bases with the Phe-139 and Lys-138 residues directed away in comparison 

to the equivalent residues in the WT p73 DBD structure. Furthermore, the alternate L1 

loop conformation in p73DBD-S139F breaks DNA contacts that are normally present in 

the WT structure with Ser-139 and Lys-138. The S139F mutation most likely abrogated 

any DNA contacts and caused the loop flexibility due to the hydrophobicity and 

bulkiness of the Phe-139 residue. Furthermore, the buried tetramerization surface area is 
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increased in the p73DBD-S139F structure compared to the WT structure from 979  Å2 to 

1188  Å2 . The change in buried surface area is likely due to an allosteric effect of the 

S139F mutation acting on the loop of beta strands S3 and S4 and the loop of S7 and S8, 

which had minor structural perturbations (RMSD = 1.5 Å for both strands) where the 

loops moved towards the adjacent monomer.  
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Table 2.1 Crystallographic data for p73DBD-S139F. Rsym (Rmerge) = ΣhklΣj (Ihkl-<Ihkl>)/ 
ΣhklΣj Ihkl, I/σI = intensity/error of intensity, Rwork (Rfree) = Σhkl (Fobs- Fcalc)/ Σhkl Fobs, ASU 
= asymmetric unit, RMSD = root mean squared deviation. 
 
 
Protein P73DBD-S139F
DNA Sequence GAACATGTTCGAACATGTTC

Data Collection
1.23

Space group
Cell dimensions

172.49, 172.49, 34.09

50.0–3.7 (3.8–3.7) 

10.5 (39.5)
5.4 (1.9)

Completeness (%) 96.7 (95.6)
Redundancy 1.9 (1.8)

Refinement
Resolution (Å) 100.0–3.7
No. of reflections 6475

30.3 / 31.6
Molecules in ASU

Protein/dsDNA 2 / 1 (10bp)
No. of atoms 3547

Protein 3158
DNA 412
Water 0

2
B-factors 81.6

Protein 81.4
DNA 83.0
Water NA

85.9
RMSD

0.019
2.0
24.5

Ramachandran plot (%)
Most favored region 89.1
Additionally allowed region 10.9
Disallowed region 0

Wavelength (Å)
P6

1

a, b, c (Å)
α, β, γ (°) 90, 90, 120

Resolution (Å)
R

sym
 or R

merge
 (%)

I/σI

R
work

/R
free

 (%)

Zn2+

Zn2+

Bond lengths (Å)
Bond angles (°)
Dihedral angles (°)
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Figure 2.4 Tetrameric complex of the p73DBD-S139F superimposed on the WT 
p73DBD bound to the same GAACA full-site RE. Orange = WT p73DBD, blue = 
p73DBD-S139F, green = Lys-138 on WT p73DBD, magenta = Lys-138 on p73 DBD 
S139F, yellow = Phe-139 of p73DBD-S139F, and gray = DNA. Figure was generated by 
PyMOL using PDB ID: 4g82 and 4guq.  
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Figure 2.5 Magnified images of the loop 1 regions of WT p73DBD and p73DBD S139F. 
The same color scheme in Figure 2.4 applies. Top: monomers A and C. Bottom: 
monomers B and D.  
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2.5 Discussion 
  
 The binding assays and the structures of p73DBD-S139F indicate a cooperative 

mechanism of DNA recognition that affects transactivation due to an alternate L1 loop 

conformation. The enhanced binding affinity towards the GGGCA consensus site in 

comparison to the GAACA sites indicate that the guanines in the 2/3/12/13 (GG motif) or 

the cytosines in the 8/9/18/19 positions (CC motif) unexpectedly effected cooperativity in 

the p73DBD-S139F mutant, which could explain the enhanced transactivation in 

sequences with GG/CC motifs in those flanking positions. It is also worth noting that 

when examining the transactivation data of 42 other REs with p73-S139F the level of 

transactivation correlated with the number of GG or CC motifs in the 2/3/12/13 or 

8/9/18/19 positions, respectively. The REs that had more GG/CC motifs had higher 

transactivation in comparison to those that less GG/CC motifs. However, there are a few 

REs where the number of GG/CC motifs was high but the core sequences were not-

conserved, which decreased transcription. Therefore, a combination of conserved core 

sequences and high GG/CC motif frequency is an indicator of higher transactivation by 

p73DBD-S139F.   

 From the structural data, the perturbation of loop L1 suggests that an altered 

conformation is causing the varied binding affinity and cooperativity. This flexibility 

would increase the probability of breaking DNA contacts in the flanking region of the 

GAACA full-site and could explain the lack of observed cooperativity and poor 

transactivation. However, without the structure of the p73DBD-S139F bound to the 

GGGCA full-site, it is uncertain whether the flexibility of loop 1 enhances DNA base 
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contacts and, thus, enhances binding cooperativity and super-transactivation.     

 The perturbation of L1 loop by the S139F mutation correlates with the p53-K120 

homologous association with apoptosis. While mutations of p53 K120 abolish 

transactivation and apoptosis, the p73S139F mutant studies suggest that the flexibility of 

the L1 loop is affecting how the homologous Lys-138 interacts with the DNA bases. The 

structure of p53DBD with acetylated Lys-120 bound to a BAX RE was recently solved 

and confirmed the structural perturbation of the L1 loop by the acetyl-Lys-120 (AcK120) 

when compared to WT p53DBD bound to the same BAX RE 29. However, the L1 loop 

electron density was weaker and did not show AcK120 interaction with DNA, suggesting 

high loop flexibility. The effect of the acetylation on Lys-120 was similar structurally to 

the effect of the S139F mutation on L1 loop. However, the p53DBD-AcK120 structure 

also exhibited slight global changes in DNA structure and asymmetry of the tetrameric 

complex, whereas the global consequence of the S139F mutation on p73DBD was a 

slight movement in beta strand orientation and buried surface area. While the structures 

of the p73DBD-S139F and the p53DBD-AcK120 show changes in L1 loop conformation, 

it is still unclear if the resulting structural changes to the rest of the complex is evidence 

of cooperativity.  

 The structural and biochemical studies described here suggest a mechanism of 

sequence specificity that directly relates to a transactivation potential. However, given the 

inconsistency between the transactivation results in yeast-based reporter assays and 

mammalian cell-based assays, the L1 loop flexibility is only a part of the mechanism of 

sequence specific regulation 14. Other factors, such as coregulator interactions, multiple 
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post-translational modifications, and, possibly, interactions between different isoforms, 

could contribute to specific transcriptional regulation. The correlation of cooperative 

binding to enhanced transactivation suggests a model, in the case of  GGGCA RE-

associated genes, where p53 must bind tightly to DNA first and then recruit coregulators 

or general TFs to effect transcription, as described earlier in Chapter 1. Although the 

studies described here can partially explain the mechanism of transcriptional regulation, 

they have provided impetus to further investigate the functional contribution of the p53 

family DBD L1 loop in regulating transcription. 
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3.1 Introduction 

 The previous chapter presents studies that show varied transactivation when a 

mutation perturbs the p73DBD, yet it is not clear how transactivation varies with WT 

p73DBD. In this chapter, I present a structure of WT p73DBD bound to a native intronic 

RE that has been shown to be transcriptionally active in the apoptosis-associated BAX 

gene 1. In order to solve the structure, a few crystallographic problems had to be 

addressed using different strategies. Here, I will cover the theoretical background of the 

strategies approached in the structure determination of p73DBD bound to a BAX RE.  

 A common issue with the p53 family structure bound to DNA is the effect of 

crystallographic and non-crystallographic symmetry that reduces the observations of 

unique intermolecular contacts. Crystallographic symmetry is the crystal packing pattern 

of the minimal superimposable unit (asymmetric unit, ASU). Within the asymmetric unit, 

subunits of a complex can be further related by symmetry operations that are not related 

to the crystal symmetry (non-crystallographic symmetry, NCS)1. In modern 

crystallography, it is rather common to use crystallographic and non-crystallographic 

symmetry, if applicable, to reduce the automatic and manual refinement to a smaller 

structure with less atoms to save an enormous amount of computational time 3. For 

example, a complex with two subunits symmetrically related by a two-fold, 180° rotation 

can be easily refined by applying the calculations for one subunit with a 180° rotation to 

                                                 
1  The term “non-crystallographic symmetry” is considered a misnomer in the 
broader crystallographic field for the terms “partial symmetry” or “local symmetry”. 
However, “non-crystallographic symmetry” is still a common term used among 
biological crystallographers 2.  
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the other subunit. This application of NCS is justified with an assumption that the 

chemical environment of each subunit is identical with the obvious caveat that it is 

debatable whether two molecules can be truly identical. The advantages and drawbacks 

of solving symmetry-related structures of protein-DNA complexes, such as those in the 

p53 family, are serious considerations when approaching these problems with 

crystallography. 

 Various structures of the p53 family bound to DNA have been crystallized with 

palindromic and non-palindromic DNA sequences, resulting in varying types of 

intermolecular information. The earliest structure of p53DBD bound to DNA was 

crystallized with a non-palindromic half-site (without 180° rotational symmetry) 4. While 

this early structure showed specific and non-specific binding of three p53DBD 

monomers, it is one of the few examples where no NCS was applied. The specific 

p53DBD dimer displayed asymmetric binding where only one subunit of the dimer 

actually contacted the DNA. Numerous subsequent structures were crystallized with 

artificial RE sequences that were palindromic forms of the consensus binding site5–11. 

Many of the structures resulted in complexes that displayed nearly identical monomer 

structures due to crystallographic symmetry or due to the application of NCS. In the case 

of the p73DBD-S139F structure, which was discussed in the previous chapter, the protein 

complex was bound to a 20 bp GAACA RE sequence but resulted in a dimer bound to 10 

bp half-site in the asymmetric unit due to crystallographic symmetry. That is indicative 

that structures of the two dimers in the tetramer are very similar, which is expected 

considering that the two half-sites are identical. What if the sequence is non-palindromic 
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as is the case for nearly all of the natural RE sequences? One p53 DBD structure bound 

to a transcriptionally inactive BAX RE was solved with the full tetramer in the 

asymmetric unit 12. However, NCS was applied to the structure which rendered every 

p53DBD monomer nearly identical in conformation with the exception of three amino 

acids in a loop in the tetramer interface. Theoretically, the chemical environment of each 

p53 DBD monomer bound to the BAX RE should be different. However, by applying 

NCS, the unique protein-DNA contacts in this structure were lost. One of the strategies to 

combat this issue that was used in the study presented here is to release the use of NCS 

restraints in the latter stages of refinement. The resulting structure from this strategy 

should display unique protein-DNA contacts from a structure with non-palindromic 

DNA.  

 Many structures of the p53 family bound to DNA were crystallized with 

palindromic DNA because crystallization with non-palindromic DNA faces the problem 

of random orientation. With two-fold symmetry, the orientation of the protein-DNA 

complex in the crystal is bidirectional, and the structure reduces down to the minimal 

symmetric unit, as previously mentioned. However, if the tetramer complex packs in a 

random orientation in the crystal lattice and there are no specific crystal contacts to 

impose unidirectionality, non-palindromic DNA would be randomly oriented (Figure 3.1 

A and B). Therefore, the correct orientation cannot be determined because electron 

density around the DNA would be averaged out. There are a handful of cases where this 

obstacle was overcome either with fortuitous crystallization conditions (p53DBD with 

purported BAX sequence, PDB ID: 4hje) 12 or by inducing unidirectionality with 
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complementary end-sequences (p53DBD with consensus sequences, PDB ID: 1tsr, 1tup, 

and 3kmd) 4,7. However, those structures used RE sequences that were either consensus 

sequences or were refined using NCS, as previously mentioned. In order to overcome this 

issue of random orientation, I attempted to crystallize the p73DBD structure with an 

alternate 40 bp BAX RE sequence comprised of two 20 bp full-sites that are related by 

two-fold symmetry (Figure 3.2 C).  

 

Figure 3.1 Illustration of random crystal packing with non-palindromic RE sequences. 
Blue ellipses are p53DBD monomers and yellow arrows indicate unidirectional (non-
palindromic) DNA.  (A) One possible way DNA can randomly orient in a particular 
crystal lattice while (B) shows a lattice where DNA pack end-to-end, which is the case 
for most of the structures of the p53 family bound to DNA. (C) is a RE sequence made 
palindromic by crystallizing with the reverse complement in tandem; the boxes indicate 
one asymmetric unit containing the 40-bp RE and two tetramers. 

A 

C 

B 
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 Other crystallographic issues that were addressed in this study were twinning and 

pseudosymmetry. Twinning is the occurrence of two different crystal lattices that form 

simultaneously in one crystal 13. While there are several different types of twinning, the 

type observed in the study presented here was twinning by merohedry, which is an exact 

overlap of the reciprocal lattices of the two twin domains such that the reflections display 

no obvious twinning. Merohedric twinning can be detected by tests that check for large 

off-center peaks in the Patterson map 14. Furthermore, the twin operator can be calculated 

to define the symmetry relationship between the two twin lattices which is then used to 

refine the structure and construct electron density maps using detwinned data. Analyzing 

the Patterson map also detects the presence of pseudosymmetry, which is when two 

complexes that appear to be related by crystallographic symmetry are actually related by 

NCS 15. Pseudosymmetry occurs when complexes related by crystallographic symmetry 

are not truly identical in structure but are in fact related by another type of symmetry 

operation. Typically solving the structure in a lower space group resolves the issue of 

pseudosymmetry by increasing the asymmetric unit to incorporate the NCS-related 

complex. 

 

3.2 Supporting Preliminary Data and Motivation of Study 

 In the continuation of the study investigating p73 sequence specificity, we 

attempted to validate the L1 loop switch by solving the structure of the WT p73DBD 

with a native BAX RE sequence because WT p73 also displayed altered transcription 

specificity. The same Ciribilli et al. publication that shows enhanced versus decreased 
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transactivation for the mutant p73 also reported the transactivation levels with the WT 

p73 using the same p53 REs (Chapter 2, Figure 2.1) 8. With the wild-type transactivation, 

no obvious sequence motif dependence can explain why certain REs activate more so 

than others (Table 3.1). For example, the highest transactivating reporter had a consensus 

RE with GAACA quarter-site and the second-highest reporter had two GG motifs but 

CAAG core sequences. The GG motif dependence, which was shown to be important in 

mutant p73-S139F specificity, does not appear to apply to the WT p73 in any consistent 

manner. Analyzing the same transactivation data using sequence logo (position weight 

matrices, Figure 3.2) reveals an unusually high occurrence of thymines in the 8th and 18th 

positions for the top 10 transactivating REs while the sequence logo of the middle and 

bottom 10 show merely decreasing identity towards the consensus. A non-consensus base 

in the core positions (CWWG), especially at the positions of the highly conserved 

cytosine and guanine, would be detrimental to transactivation as it has been shown to 

decrease DNA binding 16. Therefore, the sequence-dependence of WT p73 is much more 

complicated than the sequence specificity observed in the mutant p73-S139F since it 

appears to rely on sequence conservation of the core and flanking regions in addition to 

inexplicable preferences for thymine in the 8/18 positions. Given the complex 

transcription specificity for the WT p73, we were motivated to study the structure of 

p73DBD with various native RE sequences to determine if there is a structural 

explanation for the underlying mechanism of sequence specificity.  
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Table 3.1 Transactivation data of WT p73 with 30 p53 RE sequences reorganized from 
highest to lowest transcription and reanalyzed for consensus identity 8. WT/empty = 
transactivation from yeast luciferase assay, Consensus = number of bases that match with 
consensus, Function= cellular function (i.e. A = apoptosis, C = cell-cycle regulation, D = 
DNA-repair, G = angiogenesis, O = other functions, R = p53 regulation, and S = 
synthetic RE), RY = number of GG/CC dinucleotide motifs (i.e. GG in the 2/3 or 12/13 
positions or CC in the 8/9/ or 18/19 positions), WW-WW = the core A/T region for each 
half-site.  
 
R1 R2 R3 C4 W5 W6 G7 Y8 Y9 Y10 – R11 R12 R13 C14 W15 W16 G17 Y18 Y19 Y20 

p53-RE RE sequence WT/empty Consensus Function RY WW-WW
con-s GAACATGTTCGAACATGTTC 85.3 20 S 0 AT-AT
con-c GGGCAAGTCTGGGCAAGTCT 65.3 20 S 2 AA-AA
mfas GGGCATGTACAAACATGTCA 44.4 18 A 1 AT-AT
mmp2 AGACAAGCCTGAACTTGTCT 38.3 20 G 1 AA-TT
p21-5 CAACATGTTGGGACATGTTC 36.9 18 C 0 AT-AT
r2 TGACATGCCCAGGCATGTCT 36.1 19 D 2 AT-AT
pa26 GGACAAGTCTCAACAAGTTC 32.4 19 C 0 AA-AA
con-a GGGCATGTCCGGGCATGTCC 26.6 20 S 2 AT-AT
puma CTGCAAGTCCTGACTTGTCC 24.3 17 A 0 AA-TT
mir-34a-re1 GGGCTTGCCTGGGCTTGTTC 14.8 20 A 3 TT-TT
con-e GAGCATGTCCGAGCATGTCC 13.3 20 S 0 AT-AT
con-l GGGCATGCTCGGGCATGCTC 12.9 20 S 2 AT-AT
mir-202 GGGCATGTCCTGGCAAGCCT 8.7 19 O 3 AT-AA
hfas TGGCTTGTCAGGGCTTGTCC 7.6 18 A 2 TT-TT
p21-3 GAAGAAGACTGGGCATGTCT 7 18 C 1 AA-AT
gadd45 GAACATGTCTAAGCATGCTG 7 19 C 0 AT-AT
killer GGGCATGTCCGGGCAAGACG 6.4 18 A 2 AT-AA
p21-s2 GAACAGGTCCCAACAGGTTG 5.7 16 C 0 AG-AG
cyclin-g AGGCTTGCCCGGGCAGGTCT 3.6 19 A 3 TT-AG
rgc GGACTTGCCTGGCCTTGCCT 3.6 19 S 2 TT-TT
aip1 TCTCTTGCCCGGGCTTGTCG 2.7 16 A 2 TT-TT
noxa AGGCTTGCCCCGGCAAGTTG 2.2 18 A 3 TT-AA
mir-221 GAACATGCATGCACATGTTT 1.7 18 O 0 AT-AT
mir-198 AGGCAAGCTTCAACAAGCCG 1.6 18 O 2 AA-AA
xpc GGGCATGGTGGCACATGCCT 1.6 17 R 2 AT-AT
pai ACACATGCCTCAGCAAGTCC 1.6 18 G 1 AT-AA
mir-151 TGGCTTGTTTTGGCAAGTTC 1.2 18 O 2 TT-AA
pcna GAACAAGTCCGGGCATATGT 1.1 18 R 1 AA-AT
cathepsin-d AGGCAGGGCCGGGCTGACCC 1.1 16 G 3 AG-TG
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Figure 3.2 Position weight matrices of different portions of the transactivation table in 
Table 3.1. The top 10 Res are the top 10 highest transactivating sequences with WT p73, 
the middle 10 Res are the middle 10 transactivation sequences, and the bottom 10 Res are 
the lowest transactivating sequences. (https://weblogo.berkeley.edu) 
 

 

 

Top 10 REs 

Middle 10 REs 

Bottom 10 REs 
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3.3  Materials and Methods 

3.3.1  Protein expression and purification 

 The sequence of human p73 DBD (residues 115-312, NCBI Ref: NP_005418.1) 

was cloned into a pET28a vector including an N-terminal 8-histidine tag.  Purified 

plasmid with p73DBD was transformed into BL21 cells and plated onto LB kanamycin 

agar plates for selection.  Each one liter of LB kanamycin media was inoculated with pre-

cultures from glycerol stocks of single-colony cultures and incubated at 200 rpm and 

37°C until OD600 reached ~0.6.  Once the target OD was reached, each 1 L culture was 

induced to express with a final 0.5 mM of IPTG overnight at 150 rpm and 25°C. Cells 

were harvested by centrifugation at ~2,850xg and 4°C for 30 minutes. The remaining cell 

pellet was resuspended in ~50 mL of Lysis Buffer (0.5 M NaCl, 50 mM Tris pH 8.0) per 

liter of culture with 0.5 mM PMSF and 1 mg/mL of lysozyme.  The resuspended cells 

were then incubated at 4°C for at least one hour before homogenizing with a glass 

homogenizer and dounce.  The lysate was further homogenized using a microfluidizer 

until the lysate was more translucent and then centrifuged at ~70,400xg and 4°C for 30 

minutes.  

 Clarified supernatant was gently mixed with 2 mL bed volume of Ni-NTA 

Complete resin (Roche) that was pre-equilibrated with Lysis Buffer.  Imidazole was 

added 1:100 (v/v) to the supernatant-resin mixture to a final concentration of 10 mM.  

The slurry of lysate and resin was stirred gently at 4°C for at least 2 hours. The 

suspension was then passed through a gravity column to collect the resin, which was then 
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washed with 100 mL of buffer (0.5 M NaCl, 50 mM Tris pH 8.0, and 10mM imidazole). 

The p73 DBD was eluted by passing 20 mL of a high imidazole buffer (0.5 M NaCl, 50 

mM Tris -pH 8.0, and 100 mM imidazole).  Following Ni IMAC purification, the elutant 

was immediately desalted using G25 resin into a low-salt DNA binding buffer (0.1 M 

NaCl, 10 mM Citrate, 2 mM DTT, 10 μM ZnCl2, pH 6.1).  The eluted protein solution 

was concentrated to ~ 50-60 mg/mL, as determined by Bradford assay at A595.  Samples 

at each purification step were analyzed qualitatively for purity using SDS-PAGE and 

Western blot with anti-His antibody (Roche).   

 

3.3.2 Crystallization of p73DBD with p53 REs 

 Various p53 RE sequences were synthesized (Valuegene) to screen for p73DBD 

crystallization (Table 3.2). The lyophilized pellet of DNA was dissolved in sterile ddH2O 

to a final concentration of 1 mM.  The RE DNA strands were hybridized by slow-cooling 

annealing from 95°C to 25°C and stored at -20°C until thawed for use at 4°C. To form 

the p73DBD-DNA complex, a solution with final concentrations of 850 μM of protein 

and 212.5 μM of DNA (4:1 molar ratio of protein monomer to DNA) was mixed with 

DNA binding buffer to a final volume of 25 μL. The protein-DNA mixture would be 

cloudy from aggregation but would clarify upon mixing 1 μL of protein-DNA mixture 

and 1 μL of well solution in 24-well trays with 0.5 mL of well solution. The crystals were 

grown by hanging-drop vapor diffusion. Crystallization conditions were 16% (w/v) PEG 

3350, 50 mM Sodium Acetate, and 0.1 M Tris at pH 9.0.  Hexagonal rod-like crystals 50-

200 μm X 50 μm X ~10-20 μm would form after a few days of vapor diffusion.  
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Table 3.2 List of tested p53 RE sequences with p73DBD. The dash in the sequence 
delineates between the half-sites in the 20-mer sequences and the full-sites in the 40-mer 
sequences. *Sequences were not chosen from the Ciribilli et al. study but from other 
experimentally verified sources.  
 
p53 RE Sequence Bp Function 
p21-5’ CAACATGTTG-GGACATGTTC 20 Cell-cycle 
p21 3’ GAAGAAGACT-GGGCATGTCT  20 Cell-cycle 
p21 S2 GAACAGGTCC-CAACAGGTTG  20 Cell-cycle 
PA26 GGACAAGTCT-CAACAAGTTC 20 Cell-cycle 
GADD45 GAACATGTCT-AAGCATGCTG 20 Cell-cycle 
KILLER GGGCATGTCC-GGGCAAGACG  20 Apoptosis 
NOXA AGGCTTGCCC-CGGCAAGTTG 20 Apoptosis 
mFAS GGGCATGTAC-AAACATGTCA 20 Apoptosis 
hFAS TGGCTTGTCA-GGGCTTGTCC  20 Apoptosis 
PUMA CTGCAAGTCC-TGACTTGTCC 20 Apoptosis 
miR 34a RE1 GGGCTTGCCT-GGGCTTGTTC  20 Apoptosis 
BAXb AGACAAGCCT-GGGCGTGGGC  20 Apoptosis 
PCNA GAACAAGTCC-GGGCATATGT 20 DNA Repair 
XPC GGGCATGGTG-GCACATGCCT  20 DNA Repair 
p21 5' CAACATGTTGGGACATGTTC-GAACATGTCCCAACATGTTG 40 Cell-cycle 
PA26* GGACAAGTCTCCACAAGTCA-TGACTTGTGGAGACTTGTCC 40 Cell-cycle 
GADD45A GAACATGTCTAAGCATGCTG-CAGCATGCTTAGACATGTTC 40 Cell-cycle 
PUMA CTGCAAGTCCTGACTTGTCC-GGACAAGTCAGGACTTGCAG 40 Apoptosis 
BAX * GGGCAGGCCCGGGCTTGTCG-CGACAAGCCCGGGCCTGCCC 40 Apoptosis 
FAS * GGACAAGCCCTGACAAGCCA-TGGCTTGTCAGGGCTTGTCC 40 Apoptosis 
PCNA GAACAAGTCCGGGCATATGT-ACATATGCCCGGACTTGTTC 40 DNA Repair 
TSC2 * GGGCATGGTGGCACATGCCT-AGGCATGTGCCACCATGCCC 40 Metabolism
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3.3.3  Data collection and structure determination 

 Single crystals were flash-frozen in liquid nitrogen with cryoprotectant (10% 

glycerol, 20% PEG 3350, 50 mM Sodium Acetate, 0.1 M Tris pH 9.0) and sent to 

Stanford Synchrotron Radiation Light-source for data collection. Beamline 7.1 was used 

with a Q315R detector.  The reflection data was indexed, integrated and scaled using 

HKL2000 while forcing twice the c-axis length of the unit cell to detect weak 

intermediate reflections in between rows of strong reflections for BAX RE structure 17.  

 Phasing was done by molecular replacement using PDB ID: 4g82 as the initial 

model (PHENIX, Phaser) 18. For the BAX structure, twinning was detected using xtriage, 

with a twinning operator determined to be -h,-k,l (PHENIX, phenix.xtriage) 14. 

Automated refinement was initially done applying the twin operator, using cycles of 

rigid-body refinement, and then mostly finishing by TLS, Cartesian coordinate and 

atomic B-factor refinement (PHENIX, phenix.refine) 19. In between cycles of automated 

refinement, manual refinement and intermediate structure validation was done using Coot 

20. To determine DNA directionality, an omit map was calculated using an intermediate 

model of the tetramer with the first and last residues of the GAACA 20-bp sequence 

(from model 4g82) deleted. Final structure validation was performed using MolProbity 21. 

CNS 1.3, Swiss PDB Viewer, and PyMol were also used for subsequent analysis of 

structural alignment, intermolecular contacts and buried surface area.  
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3.3.4  Fluorescence polarization binding assay 
 

 The binding assay with p73DBD and the BAX 20-mer RE was performed as 

described previously using fluorescence polarization 8. 

 

3.4 Results 

3.4.1 Initial attempts at crystallization and structure determination 

 The 20 bp native RE sequences from Table 3.2 were initially screened with 13 

hits (Figure 3.3). Of the complexes with 20-bp DNA, PA26 was the most promising with 

diffraction out to 2.5 Å in the spacegroup p61. However upon phasing through molecular 

replacement, the structure reduced down to the dimeric unit bound to a 10-bp half-site. 

Despite the full-length non-palindromic sequence, the unit cell dimensions and the 

spacegroup indicated that only a dimer can fit in the asymmetric unit. Therefore, the full-

length 20-bp sequence could not be visualized, and it was ambiguous which half-site was 

actually present in the structure.  

3.4.2 Solving the structure of p73DBD bound to BAX RE 

 Using the experimentally validated sequences of p53 REs, several of the REs 

were made palindromic by repeating the full-length sequence with the reverse 

complement (Table 3.2 and Figure 3.2C) in order to force a homogeneous crystal lattice.   

However, the diffraction data had rows of strong reflections with weak, smeared 

reflections in between (Figure 3.4 A).  
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Figure 3.4 Example image of p73 DBD BAX RE diffraction pattern with two different 
unit cell parameters during indexing. (A) The automated indexing results in a c-axis 
length of 34 Å and (B) manually forcing a c-axis length of 68 Å results in detection of 
weaker reflections.  
 

A. 

B. 
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The strong reflections that are automatically selected would fit in the unit cell dimensions 

that belonged to the dimeric unit (a = b = 179 Å, c = 34 Å) while selecting the weak 

reflections would require double the c-axis length, thus accommodating a full tetrameric 

unit. Therefore, the double c-axis cell dimension (c = 68 Å) was forced in the program 

HKL2000 during indexing, and the software was able to select the weak reflections 

(Figure 3.5 B). The data was scaled and the resolution of the data set was 2.8 Å (Table 

3.3).   

 While the program Phaser MR indicated that the spacegroup was p61, initial 

rounds of refinement resulted in large Rwork/Rfree values that indicated the spacegroup was 

incorrect (~0.4-0.5). Furthermore, the program xtriage detected large off-center peaks in 

the Patterson map that indicated twinning and pseudosymmetry. In combination with 

testing different spacegroups and running xtriage to analyze for twinning, a twinning 

fraction of 0.49 and an operator (-h,-k, l) for merohedral twinning was calculated for the 

spacegroup p32, which is a lower symmetry spacegroup to account for pseudosymmetry. 

When initial refinements indicated that the Rwork/Rfree was in an acceptable range (~≤ 

30%), refinement was continued using iterative cycles of automated and manual 

refinement.  

 Because of the p32 spacegroup, two tetrameric complexes bound to 20bp DNA 

were in the asymmetric unit (ASU). To assign the DNA direction for each tetramer, omit 

maps were calculated using the initial model without the DNA bases at either end of the 

RE sequence (Figure 3.5). The composite omit maps with either the full GAACA RE or 

the BAX RE were calculated for comparison to ensure no model bias. The directionality 
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of the DNA indicates that the two tetramers in the ASU are related by a 180° rotational 

non-crystallographic symmetry orthogonal to the DNA axis.   

 

Table 3.3 Crystallographic statistics of diffraction data collection and refinement. 

Protein WT p73DBD
DNA Sequence GGGCAGGCCCGGGCTTGTCG
Data Collection

0.99

Space group
Cell dimensions

179.22, 179.22, 68.66
90, 90, 120
50.0–2.8 (2.85–2.80)

Rsym or Rmerge (%) 11.1 (44.9)
15.5 (1.4)

Completeness (%) 98.0 (91.2)
Redundancy 3.7 (2.2)
Refinement
Resolution (Å) 44.6–2.8
No. of reflections 59576

25.5 / 29.7
Molecules in ASU

Protein/dsDNA 8 / 2 (20 bp)
No. of atoms 14424

Protein 12583
DNA 1640
Water 193

8
B-factors 69.8

Protein 69.8
DNA 68.8
Water 82.7

59.7
RMSD

0.004
0.69
20.1

Ramachandran plot (%)
Most favored region 90.9
Additionally allowed region 8.6
Disallowed region 0.5

Wavelength (Å)
P3

2

a, b, c (Å)
α, β, γ (°)

Resolution (Å)

I/σI

R
work

/R
free

 (%)

Zn2+

Zn2+

Bond lengths (Å)
Bond angles (°)
Dihedral angles (°)
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Figure 3.5 Omit maps of nucleotide bases at the ends of the BAX RE. Panels in columns 
A and B show the end bases for the 1st  and 20th position G/C pair, respectively, for chain 
E in the first tetramer, and columns C and D show 20th and 1st  position G/C pair, 
respectively, for chain E in the first tetramer. (A-D)The Fo-Fc maps from refinement with 
the GAACA full-length RE without the end bps is in green , (E-H) the 2Fo-Fc composite 
omit maps of the tetramer with the BAX RE is in blue, (I-L) the 2Fo-Fc composite omit 
maps of the tetramer with the entire GAACA full-length RE is in yellow. 
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3.4.3 Structural analysis 
 
 A structural alignment of the two tetramers in the ASU show the conserved 

conformation of p73DBD bound to DNA (Figure 3.6). After aligning the DNA structures, 

the rmsd of the corresponding protein monomers of each tetramer was calculated and 

ranged from 1.22-1.64 Å (Table 3.3). Analyzing the key secondary structures involved in 

DNA binding (L1 and L3 loops, H2 helix), the highest rmsd was within the L1 loop 

(0.95-2.22 Å). Considering the pair-wise rmsd of monomers that are related by 

translational symmetry (i.e. AC, BD, GI, and HJ), the low rmsd indicates that the effects 

of the NCS restraints in early refinement remained even after releasing NCS restraints in 

the final cycles of refinement. However, the loop L1 was carefully modelled by omitting 

residues in between cycles of refinement, which revealed poor electron density. It is 

likely that the L1 loop is too flexible as side chains and even some residues had to be 

removed to fit the loop into the map.  

 Inter-protein and protein-DNA contacts were detected and verified within 4.2 Å. 

While several conserved tetramerization contacts were found, very few inter-dimer 

contacts were observed (Figure 3.7). Furthermore, only highly conserved protein-DNA 

contacts were detected interacting with the 4th/14th position C and 7th/17th position G, 

while there were very few base-specific contacts in the flanking regions of the RE 

sequence (Figure 3.8). With regards to the L1 loop, the only observable contacts were 

between lys138 in chains B and D and the phosphate backbone. Since, the variation of 

contacts was due to NCS more than RE sequence variation, further analysis was needed 
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to determine the effects of sequence on intermolecular interactions. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3.6 Asymmetric unit and structural alignment of the two p73DBD tetramers. Top: 
The asymmetric unit consisting of two p73DBD tetramers that are related rotational, two-
fold symmetry. The polypeptide chains of each tetramer are indicated. Bottom: The 
cealign function in PyMol was used for alignment of the DNA sequences of the two 
tetramers.  
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Table 3.4 Pair-wise alignment of the p73DBD-BAX monomers and their calculated 
RMSD. The c-alpha rmsd (Å) for residues in loop L1 (131-141), loop L3 (257-270) and 
helix H2 (298-312) were calculated.  
 

Monomers Overall L1 (131-141) L3 (257-270) H2 (298-312)
AB 1.11 1.91 0.76 1.28
AC 0.76 2.21 0.75 0.49
AD 1.14 1.86 0.89 1.33
BC 1.15 2.16 1.06 1.17
BD 0.56 0.95 0.79 0.41
CD 1.20 2.22 1.09 1.23
GH 0.96 1.30 0.85 1.09
GI 0.53 1.07 0.40 0.54
GJ 1.05 1.39 0.78 1.59
HI 0.94 1.61 0.80 0.97
HJ 0.74 1.11 0.59 0.76
IJ 1.02 1.53 0.72 1.45  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



59 

 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 3.7 Protein-DNA contacts of p73DBD with BAX RE and GGGCA RE. The 
secondary structures are denoted: S = beta-strand, H = alpha-helix, L = loop. Observed 
contacts with residues involved in tetramerization are in grey, and residues in DNA-
binding are in cyan.   
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Figure 3.8 p73DBD-BAX protein-DNA contacts observed within 4.2 Å cutoff. Top: 
Protein-DNA contacts of polypeptide chains A-D. Bottom: Protein-DNA contacts of 
polypeptide chains G-J. Amino acid residues with phosphate-backbone contacts are in 
grey, and residues with nucleotide base contacts are in blue.  
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 The total surface areas and buried surface areas were calculated for the p73DBD-

BAX complex and were compared to other complexes with different RE sequences 

(Table 3.4). The buried protein-DNA surface area between the two tetramers of the 

p73DBD-BAX complex differs by 370 Å2. Although the two tetramers should be 

identical in structure as they are related by a 2-fold symmetry, the overall variation 

indicates heterogeneity in the crystal structure. Compared to other p73DBD complexes, it 

appears that the complex with GAACA RE has approximately 300 Å2 more buried 

protein-DNA surface area than the BAX or GGGCA REs. However, the p53DBD in 

complex with the alternative BAX sequence has approximately 3000 Å2 more buried 

protein-DNA surface area than the p73 structures despite having less overall total protein 

surface area. Furthermore, there is nearly double the buried inter-dimer surface area in 

the p53 structure compared to the p73 structures. There is a clear difference in 

compaction between the different complexes but it is not clear whether the protein 

sequence or the DNA sequence increases buried surface area.   
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Table 3.5 Calculated surface area and buried surface area for the p73DBD with various 
RE sequences. Surface area and buried surface area (Å2) were calculated using CNS 1.3. 
*Inactive RE sequence.   
 

Total Surface Area Buried Surface Area

Protein DNA Dimer 1 Dimer 2 Tetramer Total Protein Protein:DNA

BAX 1 40542 7414 398 401 1860 2713 3367

BAX 2 40083 7497 428 376 1948 2842 2997

GAACA (4g82) 39624 7539 448 448 1987 2925 3657

GGGCA (4g83) 39964 7356 448 448 1627 2633 3350

BAX* p53 (4hje) 36301 8576 901 890 2624 4409 6610
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 The binding affinity of the p73DBD towards the BAX RE was determined using 

fluorescence polarization. A Kd of 1406 nM was determined and is in the same order of 

magnitude as other Kd's determined with full-length consensus RE sequences 9,10. A Hill 

slope of 1.658 indicates there is slight cooperativity but not nearly as strong as with the 

ΔNp73δ construct bound to the GGGCA full-site RE (Hill slope = 3.9) 8.  

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3.9 Fluorescence polarization binding assay of p73DBD-BAX. The logKd = 3.148  
± 0.018, Kd = 1406 nM, Hill slope = 1.658 ± 0.104.   
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3.5 Discussion 
 
 The crystal structure of the full-length BAX RE with p73DBD shows little change 

in conserved protein-DNA contacts and buried surface area that can be explained by RE 

sequence variation. With the lack of base-specific contacts (i.e. mostly phosphate 

backbone contacts), it is difficult to justify sequence recognition based on the p73DBD 

alone. Other structures of the p53DBD with the alternative BAX sequence (PDB ID: 

4hje) also show minor effects of sequence on protein-DNA interactions even with an 

acetylated Lys120 (PDB ID: 5lgy) 12,22. Analysis of the p73DBD BAX dimerization and 

tetramerization contacts further show little interaction between the monomers which 

could explain the weak cooperativity from the binding assay. Furthermore, the variance 

in protein-protein or protein-DNA buried surface area appears to depend on the p53 

family member more than the RE sequence which may also explain the relatively weak 

binding. 

 Given the lack of sequence specific recognition by the p53DBD or p73DBD 

alone, one can argue that other domains are required. Strong cooperativity and tighter 

binding affinity in the nanomolar range has been demonstrated with the physiologically 

relevant ΔNp73δ (splice variant with DBD, oligomerization domain (OD) and part of C-

terminal domain (CD)) in a sequence dependent manner (Chapter 2, Figure 2.3) 8. Other 

studies using p53DBD with the OD and parts of the CD also show Kd values typically in 

the nanomolar range (Kd = 4.9 – 260 nM) with intermediate cooperativity (Hill slope = 

1.7 – 1.8) 23,24. The binding data of the ΔNp73δ isoform suggests that, even without 

perturbing the L1 loop, the other domains (OD and CD) can contribute to a strong 
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cooperative mechanism that distinguishes between different RE sequences. Furthermore, 

there are six different isoforms of the p53 DBD-OD-CD region, three splice variants of 

the p63 DBD-OD-CD region and seven splice variants of the p73 DBD-OD-CD region, it 

is very likely that different isoforms bind to different REs to regulate transcription 25. 

This is highly suggestive that in order to fully understand the mechanism of the 

specificity observed in the yeast luciferase assays the structure-function relationship of 

the p53 family proteins should be studied with at least the OD and CD. Given the 

difficult nature of working with the intrinsically disordered isoforms of the p53 family, 

other methods that analyze protein structure at low concentrations would be needed. 

Since higher-order complex formation is part of the model of cooperative binding, at 

minimum, the OD should be included in studies to understand how tetramerization 

affects cooperativity and how it plays a role in sequence recognition.  
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Biochemical studies of NF-κB DNA 

sequence specificity 
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4.1 Introduction 

 As transcription factors, the NF-κB family evolved similar fundamental 

mechanisms of transcriptional regulation as in any other family of transcription factors. 

However, the uniquely evolved mechanisms of transcriptional specificity, either 

dependent or independent of regulation outside of the nucleus, is what makes NF-κB 

uniquely functional.  As an activator of genes involved in multiple cell processes, such as 

inflammation, immune response and cell differentiation, the mechanism of regulation is 

multi-tiered and complex within each level.  

 There are several distinct features of NF-κB transcriptional regulation, one of 

which is the response element, known as the κB site. The sequence of the κB site is 

typically comprised of a 10-11 bp consensus sequence GGGRNNYYCC that 

accommodates one dimer complex. Crystal structures of NF-κB bound to DNA show that 

p50 homodimer prefers 11 bp sequences where each monomer binds to a 5 bp half-site, while 

p50:RelA heterodimer prefers 10 bp sequences because the RelA subunit binds to a 4 bp half-

site (refs). Furthermore, single-nucleotide differences at the 6th position of κB sites have been 

shown to differentiate transcriptional regulation by RelA (p65) homodimer or p50:p52 

heterodimer 1. The same core 6th position nucleotide has also been shown to be crucial in 

determining binding and transactivation between RelA homodimer and the p52 

homodimer in complex with Bcl3 2. However, given the short sequence and high 

degeneracy, κB sites often function in clusters in enhancer regions, and NF-κB is often found 

binding to functional non-canonical sites and even non-functional canonical sites 3,4. 

Furthermore, binding alone is not sufficient for gene activation nor do the number of κB sites 
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in an enhancer correlate with enhanced gene expression 4. Although, the sequence of the κB 

site is crucial to NF-κB recruitment, there is more to NF-κB-mediated transcription than the 

κB site.  

 Several coregulators have been implicated in NF-κB transactivation but which 

coregulator enhances transactivation depends on the context. The CBP/p300 histone acetyl 

transferases have been shown to interact with RelA 5,6 and phosphorylation of RelA by PKA 

enhances the interaction 6. CBP/p300 can recruit NF-κB after acetylating or priming the 

histones within an enhancer region 5,7. Furthermore, a bromodomain and extra-terminal 

(BET) family member, BRD4, has been shown to co-localize with NF-κB upon TNF-

alpha induction in hyperacetylated enhancer regions 7. BRD4 recruits the positive 

transcription elongation factor complex (P-TEFb) and chromatin remodeling factors, such 

as SWI/SNF, which would open up the promoter region for general transcription 

machinery and recruit RNA polymerase II 8,9.  

 Non-interacting coregulators, such as SP1, ETS, LEF and TFE, which have 

binding sites in the same enhancer region of the HIV κB site, have also been shown to 

enhance NF-κB transactivation using in vitro chromatin  10. Furthermore, the same milieu 

is dependent on acetylation by p300 when using an in vitro chromatin assay without 

chromatin assembled by nuclear extract 11,12. How the interaction of NF-κB with 

coregulators, the context of the enhancer region, and the sequence of the κB site(s) 

combine to regulate transcription remains poorly understood. 

 

 



72 

  

4.2 Preliminary Data and Motivation of Investigation 

 In this chapter, I present the work I did in the Gourisankar Ghosh lab exploring 

the synergism between the different levels of NF-κB transactivation. The sequence-

dependent interaction between RelA and the E-selectin κB sites was the subject of study 

because part of the binding site is comprised of two tandem κB sites 13. While there are 

few known tandem κB sites, the goal was to recapitulate the David Baltimore study 

showing differential transactivation based on a single nucleotide difference when two 

pairs of independent κB sites were swapped 1. While the promoters in the Baltimore 

study used had 26 bps between each κB site 2, we used a natively tandem κB site (E-

selectin) and mutated the sequence by adding a 2bp spacer, swapping the positions of the 

κB sites, or applying both mutations simultaneously (Figure 4.1A). With the mutated E-

selectin sites, preliminary data from a mammalian cell luciferase reporter assay 

performed by Vivien Wang showed differential transcription output dependent on the 

mutation upon RelA overexpression (Figure 4.1B). While the 2 bp spacer or swapping 

the κB sites abolished RelA-dependent transactivation, the combination of both mutations 

restored enhanced transactivation. Furthermore, it was hypothesized that the κB site 

affected the interaction between RelA and p300 by differential RelA homodimer binding. 

Using electrophoretic mobility shift assay (EMSA) and in vitro chromatin transcription 

assay, I attempted to show the connection between κB site sequence and p300-dependent 

transactivation with RelA.  

 The crystal structure of RelA homodimer bound to an optimized E-selectin κB 

site was determined by Debin Huang and suggests a ruler mechanism of sequence 
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recognition.  The key contacts in the GG/CC-rich regions cause RelA to bind to 4 bp 

motifs with a central bp (0 position) that has no contacts (Figure 4.2). We hypothesized 

that the 11 bp spacing between the core bps may be the “ruler” mechanism of recognition 

and transcriptional specificity as the same spacing is conserved in the native E-selectin 

and ESWAP 2bp (Figure 4.1A). To test the 11 bp ruler hypothesis, I attempted to solve 

the x-ray crystal structure of the RelA homodimer in complex with the ESWAP 2bp κB 

site. By combining structural and biochemical analysis of RelA binding of and 

transactivation by the E-selectin mutations, our goal was to develop a model showing 

how structure and mechanism directly affects function.  
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Figure 4.1 Mammalian luciferase reporter assay with RelA and E-selectin κB sites. (A) 
Sequences of the E-selectin and mutant κB sites indicating differences of spacing 
between core nucleotide positions. (B) Histogram of mammalian luciferase expression 
induced by an HSV-tk promoter with an E-selectin κB site and various mutant κB sites.  
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Figure 4.2 Crystal structure of RelA homodimer bound to an optimized E-selectin κB 
site. Top: The tetrameric complex of RelA observed orthogonal to the DNA axis and 
along the DNA axis. The lined portions of the sequence are the consensus κB sites. 
Bottom: The key protein-DNA contacts for the four polypeptide RelA chains are 
depicted. The residues that contact the bases in the κB site sequence are colored 
accordingly to their chain. 
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4.3 Materials and Methods 

 
4.3.1 Mammalian luciferase reporter assay 

 HeLa cells (passage 3) were kindly provided by Dr. Daniel Donoghue (University 

of California San Diego), and the luciferase reporter plasmid (tk-LUC, pBLCAT2) was 

kindly provided by Dr. D. Chakravarti (Northwestern University Feinberg School of 

Medicine). The different E-selectin κB site sequences were 5'-

GGATATTCCCGGGAAAGTTT-3' (wild-type), 5'-

GGATATTCCCCTGGGAAAGTTT-3' (E-selectin with 2bp spacer),  5'-

GGGAAAGTTTGGATATTCCC-3' (E-selectin swapped κB sites), and 5'-

GGGAAAGTTTCTGGATATTCCC (E-selectin swapped sites with 2bp spacer). Each 

κB site was cloned into the tk-LUC vector using SalI and BamHI by Vivien Wang. All 

plasmids were amplified in DH5alpha E. coli cells and were purified using a midiprep kit 

according to the manufacturer's protocol (Wizard Plus Midipreps DNA Purification 

System, Promega).  

 HeLa cells were grown in Dulbecco's modified eagle medium (DMEM) 

supplemented with fetal bovine serum (FBS) (1:10) and 

penicillin/streptomycin/glutamine (PSG) (1:100). 12-well culture plates were seeded with 

0.1x106 cells per well and grown to ~50-60% confluence. Cells were transiently 

transfected with HA-tagged full-length RelA (150 ng/well), the firefly luciferase reporter 

(50 ng/well), plasmid expressing viral protein 35 which is a protein expression enhancer 

(250 ng/well), Renilla luciferase as a transfection control (5 ng/well), pEYFP plasmid as 
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carrier DNA (to final 1ug DNA/well), and polyethylenimine (4 ug/well) for 24 hours in 

DMEM without FBS or PSG. After 24 hours, media was changed with DMEM with 

FBS/PSG and cultured for an additional 24 hrs. Cells were then lysed and luciferase 

expression was assayed using the Dual Luciferase Reporter according to the 

manufacturer's protocol (Promega). Luciferase expression levels were analyzed by 

comparing the ratios of firefly luciferase over Renilla luciferase with and without RelA 

transfection.    

 

4.3.2 In vitro chromatin transcription assay 

 Baculovirus constructs to express full-length RelA, dNap1, ACF/ISWI, and p300 

and a bacterial construct to express topoisomerase I were kindly provided by Dr. James 

Kadonaga (University of California San Diego). RelA, dNAP1 and p300 were expressed 

in Sf9 cells by Maria Mulero as previously described 14. The ACF/ISWI complex was 

expressed in Sf9 cells and the topoisomerase I was expressed in E. coli cells by me. The 

core histones were purified from harvested drosophila embryos as previously described 

15. DNA plasmid was purified twice using CsCl gradient ultracentrifugation. Chromatin 

assembly for the in vitro transcription assay was performed as previously described using 

pGIE0 plasmid with the E-selectin and mutant κB sites 14. At a concentration of 175 

ng/µL, the plasmid DNA was relaxed using topoisomerase I before chromatin assembly. 

The drosophila core histones were mixed with dNap1 in a 1:4 mass ratio (2.65:10.57 μg) 

with 140 mM KCl, 1.4% (w/v) polyvinyl alcohol, 1.4% (w/v) PEG compound, 0.028 
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mg/mL BSA (Thermo Scientific) in a final volume of 75 μL. To that mixture an ATP-

regeneration system was added to a final concentration of 5 mM MgCl2, 3 mM ATP, 30 

mM phosphocreatine, and 0.2 mg/mL creatine kinase. Subsequently, 1.31 ug of plasmid 

DNA was added with a final mass ratio of 1:2 to histones, and the ACF/ISWI complex 

was added last at 10 nM in a final volume of 105 μL. The mixture was incubated at 27°C 

for 2 hours before testing a portion for supercoiling, an indication of chromatin assembly, 

using an agarose shift assay (0.9 %).  

 Chromatinized templates were tested for transcriptional activation alongside 

naked plasmid DNA as described previously 10,12,16. Dignam nuclear extract was prepared 

from HeLa cells 17. Naked and chromatinized DNA (100 ng) were pre-incubated with 300 

nM of RelA at 30°C for 30 minutes, 75 nM of p300 was added with incubation for an 

additional 5 minutes, 10 μM of acetyl CoA was added with incubation for an additional 

25 minutes, 46 μg of Dignam nuclear extract was added with incubation for an additional 

90 minutes, and 0.4 mM rNTP mix was added with incubation for an additional 30 

minutes. The reaction was stopped and RS2 mRNA was added as a loading control. The 

mRNA transcripts were phenol-chloroform extracted and reverse-transcribed (reverse 

transcriptase, Promega) with P32 γ-ATP (Perkins Elmer) radio-labeled primer E4 and 

primer RS2. Reverse transcripts were then visualized by sequencing gel (8% acrylamide, 

8.3  M urea, 1 x TBE) followed by autoradiography. 

 

4.3.3 Electrophoretic mobility shift assay (EMSA) 

 The mouse RelA Rel-homology domain (RHD) (19-304) was expressed as 
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described below (see 4.2.4). The full-length RelA was expressed and purified by Maria 

Mulero. The E-selectin sequences with flanking nucleotides (5'-ATCGT and TTGGA-3') 

were radio-labeled with P32 γ-ATP at final concentration of 13 nM. Various 

concentrations of protein were diluted serially in a Dilution buffer (10% (v/v) glycerol, 

0.2 mg/mL BSA (Thermo Scientific), 1 mM DTT, 20 mM Tris pH 7.5, and 50 mM NaCl 

[final 65 mM NaCl]). The DNA probe (final 2 nM) and RelA binding reaction was 

further supplemented with Binding buffer to provide a final concentration of 10% (v/v) 

glycerol, 10 mM Tris pH 7.5, 50 mM NaCl, 1% (v/v) NP-40, 1 mM EDTA and 0.1 

mg/mL PolydIdC in a 6 uL reaction volume. The reaction was incubated at room 

temperature for 30 minutes before running the sample in a gel (5% acrylamide, 5% 

glycerol, 1 X TGE) at 200 V for 45 minutes at room temperature. For the full-length 

RelA complexes, 4% acrylamide gels were used and were run at 200V for 90 minutes at 

room temperature and at 150 V for 3.5 hours at 10°C. The gels were dried and visualized 

using autoradiography.  

     

4.3.4 Crystallization of RelA:ESWAP 2bp 

 The mouse RelARHD was expressed, purified, and crystallized as previously 

described 18.  The RelARHD plasmid was transformed into Rosetta E. coli cells and were 

induced with 0.1 mM IPTG at an OD = 0.1 and with shaking overnight at room 

temperature. Following lysis of cells and centrifugation of lysate, 10% (w/v) 

streptomycin was added slowly at 4°C to the lysate with a final concentration of 0.3% to 

partially precipitate genomic DNA. After centrifugation to remove the precipitate, the 
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lysate was subjected to cation exchange chromatography (SP sepharose fast flow, GE 

Healthcare) and size-exclusion chromatography (Superdex 75 10/300, GE Healthcare) 

with a final buffer of 50 mM NaCl, 25 mM Tris pH 7.5, and 1 mM DTT.  The purified 

protein was concentrated to a final concentration of 25-39 mg/mL (768-1196 µM). The 

sequence of the ESWAP 2bp κB site was 5'-ATGGGAAAGTTTCTGGATATTCCCT-3' 

(IDT DNA Technologies) and was annealed by slow-cooling after boiling 5 minutes at 

95°C. The protein (200-400 μM) was added to DNA in a 4:1 molar ratio and was 

incubated for 30 minutes on ice before mixing 1:1 with well solution in a 2 μL drop. 

Crystals were grown by hanging-drop vapor diffusion in 24-well plates with 1mL well 

volume. Crystallization conditions were 5-6.5% (w/v) PEG 4000, 10-25 mM CaCl2, 0-

0.1% (w/v) BOG, 1 mM spermine, 10 mM DTT, and 100 mM sodium citrate pH 5.7. 

Crystals ~50 μm x 10 μm x 10 μm were frozen by gradually incubating with 20% (v/v) 

ethylene glycol in well solution and then flash freezing in liquid nitrogen. Crystals were 

sent to ALS (beamline 8.2.1) for data collection using the ADSC Q315R detector.  

 

4.4 Results 

4.4.1 Reproducing mammalian luciferase reporter assay 
 

 The preliminary experiment that was done by Vivien Wang was repeated with 

modifications to the amount of RelA and luciferase reporter. Less RelA and reporter 

plasmid was used, but the general transcription trend persists. The wild-type E-selectin 

activity levels were decreased by the 2bp spacer or the swapped κB site mutants but was 
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rescued to nearly the wild-type level when the two mutations were combined (Figure 

4.2). This result indicates that there is sequence specificity that is dependent on κB site 

position and spacing.  

 

 

 

 
Figure 4.3 Histogram of reproduced luciferase reporter assay with HIV and E-selectin 
κB sites in HeLa cells. Bars with hatching indicate transfection of luciferase reporter 
without RelA. Transfection was done in triplicate and error bars indicate one standard 
deviation. The luciferase reporter containing the HIV κB sites were positive controls for 
transfection.   
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4.4.2 Testing E-selectin and mutant κB sites with in vitro 
chromatin transcription 
 
 To test our hypothesis that the mutant κB sites affected transcription by altering 

the interaction between RelA homodimer and p300, transcription was tested using an in 

vitro chromatin assay. DNA plasmids containing the E-selectin and mutant κB sites were 

assembled into chromatin using drosophila core histones (Figure 4.3A). Transcription 

was tested using nuclear extracts from HeLa cells to provide general transcription 

machinery and was supplemented with RelA, p300 and acetyl CoA (Figure 4.3B). Naked 

DNA, which is supercoiled but does not have histones, was also transcribed in parallel 

conditions as a control. The DNA reverse transcripts migrated as two bands in the gel 

because of the likelihood of two transcription start sites in the promoter region of the 

template DNA. While naked DNA appears to have modest transcription, chromatinized 

template had very little output.  Furthermore, the difference in transcript level between 

the E-selectin κB site variants did not appear to correlate with the results from the 

luciferase reporter assay. The quality of the chromatin may not be sufficient for proper 

RelA:p300-mediated chromatin remodeling as the spacing of the nucleosomes may be 

irregular according to previous micrococcal nuclease assays (data not shown). Even so, 

the presence of RelA alone enhances transcription in naked DNA (Figure 4.3C). The 

disparity between the transcription assay and luciferase assay may be due to unknown 

cofactors or promoter context that assist in regulating transcription in vivo that cannot be 

reproduced using in vitro chromatin conditions.  
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Figure 4.4 Transcription assay and supercoiling assay results with E-selectin and mutant 
κB sites.  (A) Chromatin with the pGIE0 plasmid was assembled with core histones and 
analyzed by agarose gel for supercoiling. The slower migrating band indicates either 
single-stranded or double-stranded nicked DNA. (B)  Naked and chromatinized DNA 
was transcribed in the presence of RelA, p300 and acetyl CoA. (C ) The E-selectin naked 
DNA was transcribed with different concentrations of RelA.  
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4.4.3 EMSA with RelA RHD and RelA wild-type 
 

 To investigate the effect of E-selectin κB site mutations on RelA homodimer 

binding, complexes of RelA and E-selectin sites were analyzed by EMSA. RelA RHD 

with DNA probes containing the E-selectin sites formed as dimers in lower 

concentrations of protein and increased in tetramer formation as the concentration 

increased (Figure 4.4). However, the ESWAP probe mostly formed dimers indicating that 

RelA RHD was unable to bind to one of the κB sites because the position was swapped. 

Furthermore, the bands migrations with E-selectin 2bp probe appeared to be similar to the 

bands with WT E-selectin and ESWAP 2bp even though the E-selectin 2bp sequence did 

not enhance transcription in the luciferase assay. Comparing wild-type E-selectin, E-

selectin with 2bp spacer, and ESWAP with 2bp spacer, there were no obvious differences 

in binding that would correlate with the results from the luciferase assay. 

 Since binding with the RelA RHD alone could not recapitulate differences 

between the E-selectin κB sites in vivo, the full-length RelA was also tested for binding 

(Figure 4.5). At room temperature conditions, the E-selectin and ESWAP 2bp assays 

show complex formation at much lower concentrations compared to E-selectin 2bp and 

ESWAP (Figure 4.5A). In an attempt to improve band appearance in the gels, the same 

assay was performed at 10°C (Figure 4.5B). The complex appears to be less stable at 

lower temperatures (upper arrow) and is accompanied by other non-specific protein:DNA 

complexes as indicated by bands that did not migrate in the antibody-mediated supershift. 

The lower band indicated by the second arrow may be the dimer complex as it is 



85 

  

supershifted in the presence of the antibody. Even in the colder conditions, the E-selectin 

and ESWAP 2bp binding profiles show stronger high molecular weight complex 

formation than the other mutant variants. The differential binding observed with full-

length RelA, while very subtle, suggests that the C-terminal transactivation domain has a 

role in the mechanism of sequence specificity.  

  

 
Figure 4.5 EMSA gels with RelA RHD and the E-selectin κB sites. While the E-selectin, 
E-selectin 2bp and ESWAP 2bp sequences can form tetramers at lower concentrations, 
the ESWAP sequence predominantly forms dimer complexes.  
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Figure 4.6 EMSA gels of wild-type RelA with E-selectin κB sites. (A) RelA shows 
differential binding when run at room temperature. The antibodies against the N-terminal 
His tag or the C-terminal region were incubated with RelA and probe to show a 
supershift. The arrows indicate the positions of (B) The RelA:DNA complexes (top 
arrow) are less stable when the gel is run at 10°C. 

B 

A 
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4.4.4 Diffraction of preliminary crystals of RelA-RHD and 
ESWAP 2bp complex 
 
 In order to test the 11 bp ruler hypothesis of sequence recognition, the RelA-

RHD:ESWAP 2bp complex was crystallized for structure determination and analysis of 

intermolecular contacts. Numerous crystals were formed in ~4-8days but none were 

larger than 50 μM in any dimension. However, the diffraction data collected from several 

of the crystals was weak and diffracted out to ~10 Å. While the frozen crystals appeared 

to be transparent, ice rings in the diffraction pattern indicated that the freezing conditions 

were not ideal and would need to be further optimized. Furthermore, crystal growth 

should be slowed down to increase the size of the crystals while decreasing the number of 

nucleation. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.7 Diffraction image of RelA with ESWAP 2bp κB site with reflections to ~10 
Å. 
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4.5 Discussion 

 In order to address the mechanism of sequence specificity observed with RelA 

and the E-selectin and mutant κB sites, we attempted to correlate in vivo transcriptional 

data with biochemical and structural data from investigating the binding mechanism, 

protein:DNA contacts and in vitro p300-mediated RelA transactivation. While the 

mechanism of sequence specificity remains unclear, in the attempt to understand how 

RelA distinguishes between the E-selectin and mutant κB sites, a possible new role of the 

transactivation domain was uncovered. The binding assays with full-length RelA show 

differential binding to the E-selectin and mutant κB sites which suggests that the 

transactivation domain may interact with the RHD or DNA to form more stable 

complexes with the E-selectin and ESWAP 2bp κB sites. Given the transcription pattern 

in the luciferase reporter assay, the transactivation domain may contribute to sequence 

recognition and enhanced transactivation beyond its interactions with coregulators. 

 However, the lack of transcriptional variation in the in vitro chromatin assay 

suggests that either an additional component is required for regulation or that chromatin-

dependent regulation requires well-ordered nucleosomes. Since plasmids that are 

transfected into cells can form nucleosomes similar to chromatin 19, the transcription 

observed from in vivo luciferase reporter may be in the context of chromatin-like 

structures. Therefore, the disordered nucleosome array in the in vitro chromatin assembly 

may have blocked p300-dependent RelA transactivation. The other possibility is that an 

unknown transcription factor is required to coregulate the transactivation seen in the 

luciferase reporter, which would have to be exogenously added to the in vitro chromatin 
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assay. Furthermore, promoter-specific context may be important in regulation. The 

luciferase reporter assay is controlled by the HSV-TK promoter while the chromatin 

assay was controlled by the AdE4 promoter. We attempted to chromatinize and transcribe 

the E-selectin and mutant luciferase reporter plasmids but little transcriptional difference 

was observed (data not shown). However, the requirement of another coregulator may 

depend on the type of promoter used.      

 The 11 bp ruler hypothesis remains untested but is currently the most logical 

mechanism of specificity since spatial recognition has been observed before in other 

transcription factors. For example, different spacers between two tandem thyroid 

hormone response elements can enhance discriminatory binding by the vitamin D 

receptor (3 bp), thyroid hormone receptor (4 bp) and retinoic acid receptor (5 bp)20. 

However, it may be difficult to address if the 11 bp ruler applies to full-length RelA as it 

is currently not possible to crystallize full-length RelA due to solubility issues. Further 

experimentation of the RelA RHD with separate RelA activation domain may illucidate 

the interactions between the domains that contribute to sequence specificity.      
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