
 

THE UNIVERSITY OF CHICAGO 

 

 

IDENTIFICATION OF UBIQUITIN LIGASE SUBSTRATES VIA ORTHOGONAL 

UBIQUITIN TRANSFER 

 

 

A DISSERTATION SUBMITTED TO 

THE FACULTY OF THE DIVISION OF THE PHYSICAL SCIENCES 

IN CANDIDACY FOR THE DEGREE OF 

DOCTOR OF PHILOSOPHY 

 

DEPARTMENT OF CHEMISTRY 

 

 

BY 

KARAN BHURIPANYO 

 

 

CHICAGO, ILLINOIS 

JUNE 2016 

 



 

 

 

 

 

 

 

 

 

 

 

Dedicated to all my beloved family and friends, but above all, 

to Him whose love has made me more than a conqueror. 

 

 

 

 

 

 

 

 

 

 

 

 



iii 
 

TABLE OF CONTENTS 

 

LIST OF FIGURES ……………………………………………………………………………xii 

LIST OF TABLES ……………………………………………………………………………..xvi 

PREFACE AND ACKNOWLEDGEMENT …………………………………………………xviii 

ABSTRACT …………………………………………………………………………………..xxii 

LIST OF PUBLICATIONS …………………………………………………………………..xxiii 

SUPPLEMENTAL FILES 

(E4B SCREENED, E4B SCREENED 2ND RUN, CHIP SCREENED, CHIP SCREENED 2ND 

RUN) ARE AVAILABLE ONLINE. 

 

CHAPTER 1 

INTRODUCTION: THE RATIONALE AND DEVELOPMENT 

OF ORTHOGONAL UBIQUITIN TRANSFER (OUT) ……………………………………..1 

1.1 The ubiquitin-proteasome pathway …………………………………………………………..1 

1.2 The challenge of substrate identification ……………………………………………………..2 

1.3 The rationale and past development of orthogonal ubiquitin transfer (OUT) ………………..7 

1.4 Discussion and future directions …………………………………………………………….13        



iv 
 

1.5 References …………………………………………………………………………………...14 

 

CHAPTER 2 

CONSTRUCTION OF xE3 THROUGH  

RATIONAL DESIGN MUTAGENESIS ……………………………………………………..20 

2.1 Background information ………………………………………………………...…………..20 

 2.1.1 Rationale ………………………………….……………………………………….20 

 2.1.2 The RING E3 family …………………………..…………………………………..21 

2.2 Results ……………………………………………………………………………………….24 

 2.2.1 Engineering xE2-xE3: general considerations ……………………………….……24 

 2.2.2 Alignment of RINGs and mutagenesis of key acidic residues …………….……...25 

 2.2.3 Similar mutagenesis of the U-box domain ………………………………………...28 

 2.2.4 Partial restoration of E2 mutations ………………………………………………..31 

2.3 Discussion …………………………….……………………………………………………..33  

2.4 Methods ………………………………….…………………………………………………..36 

 2.4.1 Construction of xE3 mutants ……………...………………………………………36 

2.4.2 Expression and purification of proteins ………………….………………………..37 



v 
 

 2.4.3 Ubiquitination assays …………...…………………………………………………38 

2.4.3.1 E3 autoubiquitination assays ……………………………………………38 

2.4.3.2 Hsc70 ubiquitination with CHIP assays ………………………………...38 

2.4.3.3 E2 ubiquitination assay ……………………………………………….....39 

2.5 References ……………………………………..…………………………………………….39 

 

CHAPTER 3  

IDENTIFICATION OF ACTIVE E3 MUTANTS 

VIA ACTIVITY-BASED PHAGE SELECTION ……………………………………………46  

3.1 Background information ………………...…………………………………………………..46 

3.1.1 Rationale ………………………………………………………….……………….46 

3.1.2 Directed evolution approach ……………………………………………..………..48 

3.1.3 M-13 phage display ……………………………………………..…………………51 

3.1.3.1 M-13 phage biology …………………………………….……………….51 

3.1.3.2 Phagemid vectors …………………………………………..……………52 

3.2 Results ……………………………………………………………………….………………56 

3.2.1 Past attempts at phage display of E3 ligases ……………………….……………...56 



vi 
 

3.2.2 Phage display of the U-box domain of E4B ……………………...……………….57 

3.2.2.1 E4B U-box activity autoubiquitination assays ………………………….57 

3.2.2.2 E4B U-box-displaying-phage model selection assays …………………..58 

3.2.3 E4B Phage library construction …………………………………………………...60 

3.2.3.1 General considerations for library mutagenesis …………….…………...60 

3.2.3.2 Library generation ……………………………………………………….61 

3.2.4 Selection of the library ………………………………………………………….…63 

3.2.5 Confirmation of OUT activity of selected mutants …………………………….….71 

3.3 Discussion …………………………………………………………………………………...72 

3.3.1 Success of E4B display ……………………………………………………………72 

3.3.2 Selection challenges and solutions ………………………………………………..73 

3.3.3 Sequences of selected clones ……………………………………………………...75 

3.4 Methods ……………………………………………………………………………………..80 

3.4.1 E4B U-box activity assays ………………………………………………………...81 

3.4.1.1 pET E4B U-box (FLAG) construction and protein expression …………81 

3.4.1.2 Autoubiquitination assay of recombinantly expressed E4B U-box ……..81 

3.4.2 Phage display of E4B ……………………………………………………………..81 



vii 
 

3.4.2.1 Construction of PJF E4B U-box ………………………………………..81 

3.4.2.2 E4B phage propagation …………………………………………………82 

3.4.2.3 Autoubiquitination assay of E4B phage ………………………………...83 

3.4.2.4 Biopanning of E4B phage and quantification by  

infection-titration and ELISA …………………………………………...83 

3.4.3 E4B library selection ………………………………………………………………84 

3.4.3.1 Model selection ………………………………………………………….84 

3.4.3.2 Construction of the library ………………………………………………84 

3.4.3.3 Library phage propagation ……………………………………………....85 

3.4.3.4 Biopanning and selection of library phage ……………………………...86 

3.4.3.5 Rescue of the library via PCR amplification and religation …………….87 

3.4.4 OUT activity assays of E4B U-box mutants ………………………………………88 

3.4.4.1 Biopanning assays of selected mutants ………………………………….88 

3.4.4.2 Construction PET-E4B U-box mutants and protein expression ………...88 

3.4.4.3 OUT ubiquitination assay of selected mutant U-box proteins …………..89 

3.5 References …………………………………………………………………………………...89 

 



viii 
 

 

 

CHAPTER 4  

OUT CASCADE THROUGH E3 MUTANTS AND  

IN VITRO VERIFICATION OF ACTIVITY ……………………………………………….96 

4.1 Background information …………………………………………………………………….96 

4.1.1 Rationale …………………………………………………………………………..96 

4.1.2 The U-box family of E3s ………………………………………………………….96 

4.1.2.1 The E4B full-length structure and known biological roles ……………..98 

4.1.2.2 CHIP structure and known biological functions ……………………….100 

4.2 Results ……………………………………………………………………………………...102 

4.2.1 Full-length E4B activity assays ………………………………………………….102 

4.2.1.1 Expression and reconstitution of wild-type activity …………………...102 

4.2.1.2 Testing of xfE4B OUT activity ………………………………………..103 

4.2.2 Construction and activity assays of xCHIP mutants ……………………………..105 

4.2.2.1 Engineering the CHIP U-box for OUT activity ………………………..105 

4.2.2.2 xCHIP OUT activity assays ……………………………………………106 



ix 
 

4.3 Discussion ………………………………………………………………………………….107 

4.3.1 Full-length E4B expression ………………………………………………………107 

4.3.2 Comparisons between E4B and CHIP U-box domains ………………………….108 

4.3.3 Possible applications to other E3 enzymes ………………………………………112 

4.4 Methods …………………………………………………………………………………….114 

4.4.1 Cloning and expression of full length E4B variants ……………………………..114 

4.4.2 Cloning and expression of xCHIP ……………………………………………….116 

4.4.3 Ubiquitination assays …………………………………………………………….117 

4.4.3.1 Autoubiquitination assays ……………………………………………...117 

4.4.3.2 Substrate (p53) ubiquitination assays ………………………………….117 

4.5 References ………………………………………………………………………………….118 

 

CHAPTER 5 

IN VIVO OUT SUBSTRATE IDENTIFICATION VIA PROTEOMICS ………………..125 

5.1 Background information …………………………………………………………………...125 

5.1.1 Rationale …………………………………………………………………………125 

5.1.2 Common strategies in ubiquitin proteomics ……………………………………..125 



x 
 

5.2 Results ……………………………………………………………………………………...128 

5.2.1 Reconstitution of OUT in vivo …………………………………………………...128 

5.2.2 Enrichment of x-ubiquitinated proteins ………………………………………….129 

5.2.3 Proteomics analysis results ………………………………………………………130 

5.2.4 Verification of potential substrates ………………………………………………132 

5.2.4.1 In vitro ubiquitination assays …………………………………………..132 

5.2.4.2 In vivo verification of potential substrates ……………………………..134 

5.3 Discussion ………………………………………………………………………………….136 

5.3.1 The OUT cascade successfully reconstituted in vivo……………………………..136 

5.3.2 Identified proteomics hits ………………………………………………………..137 

5.3.3 Verification of potential substrates ………………………………………………140 

5.3.4 Conclusion and future directions ………………………………………………...141 

5.4 Methods …………………………………………………………………………………….143 

5.4.1 Lentiviral constructs ……………………………………………………………...143 

5.4.2 Creation of stable cell lines/transient transfection ……………………………….144 

5.4.2.1 Production of lentiviral particles ……………………………………….145 

5.4.2.2 Lentiviral Transduction ………………………………………………...145 



xi 
 

5.4.3 Pulldown and purification/enrichment assays …………………………………...146 

5.4.3.1 Lysis of cells …………………………………………………………...146  

5.4.3.2 Generic pulldown of target proteins …………………………………...146 

5.4.3.3 Tandem purification for HBT tag ……………………………………...147 

5.4.4 Potential substrate verification …………………………………………………...148 

5.4.4.1 Procurement of potential substrates ……………………………………148 

5.4.4.2 Construction of expression constructs of potential substrates 

and protein expression …………………………………………………148 

5.4.4.3 In vitro ubiquitination assays of potential substrates …………………..149 

5.4.4.4 In vivo confirmation of activity ………………………………………..150 

5.5 References …………………………………………………………………………………151 

5.6 Supplementary information ………………………………………………………………..157 

5.6.1 Antibodies used in this study …………………………………………………….157 

5.6.2 Purchased shRNA constructs …………………………………………………….158 

5.6.3 Full proteomics analysis results ………………………………………………….158 

 

 



xii 
 

LIST OF FIGURES 

CHAPTER 1 

Figure 1-1 Brief overview of the ubiquitin (UB) transfer cascade ………………………………1 

Figure 1-2 Different modes of ubiquitination and different chain types and linkages …………..3 

Figure 1-3 The presently characterized ubiquitin cascade by the numbers ……………………...5 

Figure 1-4 The OUT (orthogonal ubiquitin transfer) cascade …………………………………...7 

Figure 1-5 The bump-and-hole strategy ………………………………………………………….8 

Figure 1-6 The ubiquitin-E1 interface …………………………………………………………...9 

Figure 1-7 The E1-E2 interface ………………………………………………………………...10 

Figure 1-8 Summary of E1 variants …………………………………………………………….11 

Figure 1-9 Sequence of selected E2 mutants …………………………………………………...12 

 

CHAPTER 2 

Figure 2-1 Rational design of xE3 ……………………………………………………………...20 

Figure 2-2 Example structures of RING dimers ………………………………………………..22 

Figure 2-3 E2-interacting regions in RING domains …………………………………………...23 

Figure 2-4 The ubch5b-cIAP RING complex …………………………………………………..24 



xiii 
 

Figure 2-5 Alignment of RING amino acid sequences …………………………………………25 

Figure 2-6 ICP0 RING mutants ………………………………………………………………...26 

Figure 2-7 Ubiquitination assay of ICP0 mutants ………………………………………………26 

Figure 2-8 Mdm2 RING mutants ……………………………………………………………….27 

Figure 2-9 Ubiquitination assay of Mdm2 RING mutants ……………………………………..28 

Figure 2-10 The Ubc13-CHIP U-box complex …………………………………………………29 

Figure 2-11 CHIP U-box mutants ………………………………………………………………29 

Figure 2-12 Ubiquitination assay of CHIP mutants …………………………………………….30 

Figure 2-13 E2 mutant alignment ………………………………………………………………31 

Figure 2-14 Ubiquitination assay of E2 mutants ……………………………………………….32 

Figure 2-15 OUT activity of E2 mutants on E3 and putative E3 substrate …………………….33 

 

CHAPTER 3 

Figure 3-1 The closed conformation for ubiquitin transfer ……………………………………..47 

Figure 3-2 Directed evolution overview ……………………………………………………......49  

Figure 3-3 Structure of the M-13 phage ………………………………………………………...51 

Figure 3-4 Phagemid vector and propagation of recombinant phage …………………………..54 



xiv 
 

Figure 3-5 Comparison of phagemid systems ………………………………………………….55 

Figure 3-6 Ubiquitination assays of E4B U-box ……………………………………………….57 

Figure 3-7 Biopanning assay of E4B phage …………………………………………………....58 

Figure 3-8 Model selection of E4B phage ……………………………………………………...59 

Figure 3-9 The Ubch5c-E4B U-box complex ………………………………………………......61 

Figure 3-10 Construction of the library ..……………………………………………………….62 

Figure 3-11 General schematic overview of the library selection process ……………………..64 

Figure 3-12 Testing of U-box mutants from selection (first attempt) …………………………..67 

Figure 3-13. Testing of U-box mutants from selection (second attempt) ………………………71 

Figure 3-14 Analysis of effects of library mutations …………………………………………...76 

 

CHAPTER 4 

Figure 4-1 Domain compositions of U-box E3 ligases …………………………………………97 

Figure 4-2 Structure of the E4B homolog Ufd2 ………………………………………………..99 

Figure 4-3 Computer-generated model structure of the CHIP homodimer …………………...100 

Figure 4-4 Full length wild-type E4B expression and activity ………………………………..102 

Figure 4-5 Expression of full length E4B mutant variants ……………………………………103 



xv 
 

Figure 4-6 Activity assays of full length E4B mutant variants ………………………………..104 

Figure 4-7 Library selection-based CHIP mutants ……………………………………………105 

Figure 4-8 Activity assays of CHIP mutant variants ………………………………………….106 

Figure 4-9 Comparison between the E4B and CHIP U-box domains ………………………...108 

Figure 4-10 Alignment of U-box domains …………………………………………………….110 

Figure 4-11 Comparison of E2-interacting loop domains …………………………………….110 

 

CHAPTER 5 

Figure 5-1 Trypsin cleavage of ubiquitinated proteins ………………………………………..126 

Figure 5-2 Lentiviral constructs and expression ………………………………………………128 

Figure 5-3 Enrichment of x-ubiquitinated proteins ……………………………………………129 

Figure 5-4 In vitro verification of E4B substrates …………………………………………….133 

Figure 5-5 In vitro verification of CHIP substrates …………………………………………...133 

Figure 5-6 Probing the effects of cellular E3 levels on substrate ubiquitination ……………...134 

Figure 5-7 In vivo verification of E4B substrates ……………………………………………..135 

Figure 5-8 In vivo verification of CHIP substrates ……………………………………………136 

 



xvi 
 

LIST OF TABLES 

CHAPTER 2 

Table 2-1 Primers used in chapter 2 …………………………………………………………….36 

 

CHAPTER 3 

Table 3-1 Selection titers (first attempt) ………………………………………………………..65 

Table 3-2 Sequence alignment of mutants (1st attempt) ………………………………………...67 

Table 3-3 Selection titers (Second attempt) …………………………………………………….68 

Table 3-4 Sequence alignment of mutants (2nd attempt) ………………………………………69 

Table 3-5 Primers used in chapter 3 …………………………………………………………….80 

 

CHAPTER 4 

Table 4-1. Primers used in Chapter 4 ………………………………………………………….114 

\ 

CHAPTER 5 

Table 5-1 Potential substrates of E4B identified by proteomics ………………………………130 

Table 5-2 Potential substrates of CHIP identified by proteomics ……………………………..131 



xvii 
 

Table 5-3 Primers used in Chapter 5 …………………………………………………………..143 

Table 5-4 List of purchased constructs ………………………………………………………..148 

Table 5-5 Reaction conditions for in vitro ubiquitination of substrates ……………………….149 

Table 5-6 List of antibodies used ……………………………………………………………...157 

Table 5-7 List of shRNAs tested ………………………………………………………………158 

 

 

 

 

 

 

 

 

 

 

 

 



xviii 
 

PREFACE AND ACKNOWLEDGEMENT 

 I must confess, the format of this thesis, including the rough number of pages and 

references, as well as the number of chapters, was virtually copied in its entirety from the thesis 

of Keya Zhang, my senior graduate student and mentor, who is now a PhD graduate of our 

group. In the preface of his thesis, he mentioned “frantically trying to wrap up the writing of the 

thesis” on the very eve of his dissertation defense—that part brought a smile to my face the first 

time I read it; I have often consulted his thesis for specific procedures and protocols, but yet, for 

some reason, this part, this particular sentence of his thesis was the part that left the deepest 

impression on me.  

 And here I am, in my own turn, a few months short of four years afterwards, frantically—

perhaps not as frantically as my mentor had done, and yet frantically enough, putting together 

my own thesis three days before my dissertation defense—it is probably natural that one takes 

after his mentor in both the good things and the bad, but unfortunately, in my case it seems that I 

have somehow inherited the tendency to procrastinate—notwithstanding that I was probably 

already a procrastinator by nature at the very start. That said, looking back, I would very much 

like to say that the data contained in this thesis: our research, its challenges and setbacks, as well 

as its success and achievements, were very much the result of a so-called labor of love—but then 

I probably would be half lying. More accurately, it was more of a labor of a complicated 

juxtaposition of different seemingly contradictory things: love and hate, fulfillment and 

frustration, boredom and excitement, hope and disappointment: the things which normally make 

up everyday life. There were times I would be excited about my research and its results and work 

tirelessly into the wee hours of the morning to complete my experiments, and then on the other 

hand there were times I felt completely sick of my research—the mundane and routine repetition 



xix 
 

of the same old techniques and experiments and the frustration of getting confounding results—I 

felt as if I would vomit if I had stayed in the lab a moment longer; I wanted to get away from it 

all; there were such times as well. I have never known any PhD student who has always been 

enamored by his or her own research, and I believe I probably never will. However, I am sure 

that when the time of convocation comes, we would all agree that ultimately the fruits of our 

labors—the sense of fulfillment, and the feeling of conquest which comes from having fully 

exerted oneself and emerge triumphant in the end—are exceedingly sweet. It is with this feeling 

that I would like to thank all the people in my life who have made my success possible.  

 I am extremely, extremely grateful to my research advisor, Prof. Jun Yin, first and 

foremost for his patience in dealing with many of my shortcomings, and secondly for his support 

and advice in all sorts of circumstances. I would like to thank him especially for instilling a sense 

of discipline into my research in a manner which no one else would have done; while his hands-

on, detailed, micromanaging, and yet, realistic approach at times clashed with my tendency to 

want to be independent and explore new ideas and protocols, in the end, I feel that our tendencies 

offset each other to strike the perfect balance: I was able to learn how to think independently, 

how to obtain information and evaluate each piece of advice I received from various sources, and 

to ultimately solve research problems on my own judgment, while still staying focused and 

realistic, and getting the actual results expected of me. Again, thank you, Dr. Yin for putting up 

with me, and being patient and supportive throughout these five long years, even though we do 

not always see eye-to-eye, and I hope my stubbornness has not caused your hair to turn even 

more prematurely grey. I hope you realize that all my past and future success as a researcher is 

your success as well; it was a privilege to be your student and I will strive to make you proud in 

my future endeavors.     



xx 
 

 I would also like to thank my mentors, Keya Zhang, and Bo Zhao, a former postdoctoral 

fellow of our group, for allowing me to learn from them—even to the point of selflessly giving 

me hands-on experience during my earliest days as a member of our group, at the cost of 

sometimes ruining their experiments by my incompetence. In addition to the relevant laboratory 

techniques and knowledge, they have also taught me how to survive in the lab, how to negotiate 

with one’s research advisor, and how to manage one’s time to somehow have a fighting chance 

of retaining one’s sanity while on a working schedule of sixty to seventy hours per week. 

 I would like to thank all the people who had joined our group when we moved to Georgia 

State University; especially Dr. Yiyang Wang, a valued collaborator and good friend, who is also 

the hardest-working person I have ever known, and through whose Herculean efforts the 

completion of my main project was possible. I would also like to express my thanks to the rest of 

the group: Li, Han, Geng, Jessica, Archana, and others, for providing their friendships and 

interesting conversations, and making everyday life in the lab tolerable, if not sometimes 

downright enjoyable, and above all for being partakers in my misery, as well as in my happiness.  

 Of course, I’d like to thank the numerous professors at the University of Chicago for their 

instruction and advice in the classes I have taken, and especially Profs Chuan He and Joseph 

Piccirilli for serving as my committee members for my dissertation defense. I would also like to 

thank the chemistry department, as well as the university itself for giving me, whose credentials 

were, in my opinion quite far from being lackluster, the opportunity to study in the prestigious 

chemistry PhD program. I would like to thank the department of Chemistry at Georgia State 

University as well, for giving Prof. Yin the opportunity and resources to continue his research 

there. I also would like to thank our collaborators from other institutions, those who have been 

kind enough to provide us with certain materials, as well as practical advice when we ventured 



xxi 
 

into an unfamiliar field of work, especially Prof. Hiroaki Kiyokawa and his group at 

Northwestern University who proved to be tremendous help in familiarizing our group with the 

cellular biology side of things, and in providing valuable constructs for our research.           

 In my personal life, I am eternally grateful for my parents for their indescribable love and 

support, and for their encouragement and discipline, and for being there to convince me not to 

give up when I had at times felt like quitting. I am especially grateful for their instruction, their 

life experiences and their advice in all the matters of life. I am also grateful for the kindness and 

love from my extended family, which consists of my grandparents, twenty or so aunts and uncles 

on both sides, as well as several dozens of cousins, many of whom grew up with me and are as 

my brothers and sisters. I am also grateful for the friendship of those in my church, my pastors, 

my friends, my teachers, and my classmates, and I would also like to extend my gratitude for all 

the people who have been in my life—I am thankful for all of my experiences, both good and 

bad. Above all, my ultimate thanks are to my God, the Lord Jesus Christ, without whom I can do 

and have done nothing. Through this thesis, my five-and-a-half seemingly long years of research 

as a graduate student has been condensed and summarized into a volume consisting of a mere 

one hundred and fifty pages, but if I had to write of the things my God has done personally for 

me, and of His Grace in all the aspects of my utterly undeserving life, perhaps I should quote the 

words of the beloved Apostle: the world would not be enough to contain all the books which 

would be written.       

  



xxii 
 

ABSTRACT 

This Ph.D. dissertation describes the main project of my academic research at the 

University of Chicago as a graduate student: the identification of substrates of ubiquitin E3 

ligases using our lab’s unique system called orthogonal ubiquitin transfer (OUT). Each chapter 

describes different, sequential steps in how the goal was finally achieved; each chapter builds on 

the previous, akin to rungs in a ladder, and together they demonstrate a logical, sequential way of 

approaching and solving the problem in distinct steps.  Chapter 1 describes background 

information about the ubiquitin-proteasome system, as well as the Yin lab’s previous research 

and established information on OUT at the time of my joining the program, and also includes 

some parts of my work in the earliest year of my study. Chapter 2 describes my own part in the 

development of a ubiquitin ligase for OUT via rational design and specific point mutagenesis, as 

well as my work and analysis on the E2-E3 interface. Chapter 3 involves the construction of a 

phage display library displaying the U-box domain of the ubiquitin ligase E4B, as well as the 

screening for active mutants, and the analysis of the consensus of the sequences of the mutants 

selected. Chapter 4 involves the characterization of the selected mutants and the assaying of their 

activity with OUT, as well the application of the selected amino acid sequences onto 

corresponding residues on other U-box E3 ligases, namely, the yeast homolog Ufd2 and CHIP, 

and the activity of those mutant analogs on putative substrates. Chapter 5, the last chapter, 

describes the practical application of the whole OUT cascade in vivo, and the proteomics 

screening for substrates, and the verification of such substrates. The potential hits identified 

during our in vivo proteomics screens, which were run in duplicate, are as attached in the 

supplemental files available online. 
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Chapter 1 

Introduction: the rationale and development of orthogonal ubiquitin transfer (OUT) 

1.1 The ubiquitin-proteasome pathway 

Ubiquitination is known as one of the most common post-translational modification of 

proteins—second in abundance only to phosphorylation1; as the name implies, the ubiquitous 

nature of such a modification belies a vastly complicated network of checkpoints and regulations 

involving virtually all proteins in any eukaryotic cell. The most well-known function of 

ubiquitination is targeting proteins for proteasomal degradation 2-4; although various types of 

ubiquitination: different linkages or ubiquitination on different sites, can function to convey a 

myriad of other non-degradative signals 5-10. 

Figure 1-1 Brief overview of the ubiquitin (UB) transfer cascade 
Although proteasomal degradation is the most common fate for ubiquitinated substrates proteins, 
as shown here, this is not always necessarily so. 
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The eukaryotic cell utilizes a sequential cascade of enzymes to transfer ubiquitin (UB) 

onto the target substrate protein11 (Figure 1-1); the first step involves a class of enzymes termed 

ubiquitin activating enzymes (E1) which, upon self-catalyzed adenylation of the ubiquitin C-

terminal carboxyl group, which serves to activate the carbon for nucleophilic attack, 

subsequently transfers the ubiquitin terminal onto itself via a catalytic nucleophilic cysteine thiol. 

The second class of enzymes are known as ubiquitin conjugating enzymes (E2); an E2 receives 

the ubiquitin C-terminus from E1 enzymes through a similar mechanism involving its own 

catalytic nucleophilic cysteine through a transthioesterification reaction. The next step involves a 

class of enzymes which are called ubiquitin ligases (E3). These E3s are either of HECT-type, 

which receives ubiquitin onto its own catalytic cysteine residue from the E2-ub thioester 

conjugate, in a similar manner to E2s, or of the RING-type12. RING E3s, in the presence of a 

suitable substrate, do not directly load ubiquitin covalently onto themselves, but act as a bridge 

to bring the E2~UB conjugate and the final substrate into close proximity for ubiquitination to 

occur, forming a stable amide bond between, in the vast majority of cases, the ε-amino group of 

the substrate’s lysine residue (with the exception of the extremely rare N-terminal 

ubiquitination13-15, in which case it is with the amino group at the N-terminal of the target 

substrate protein) and the ubiquitin C-terminal carboxyl group. In the absence of substrates, both 

HECT16 and RING-type17 E3s are known to ubiquitinate themselves on their own lysine residues 

in a process termed autoubiquitination. 

 

1.2 The challenge of substrate identification 

 A very peculiar characteristic of ubiquitination is that ubiquitin molecules, whether those 

conjugated to particular substrates, or free unbound ubiquitin, can act as substrates of 
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ubiquitination themselves, forming what are usually referred to as ubiquitin chains; in addition to 

its N-terminal amino group, ubiquitin has seven internal lysine residues (usually referred to by 

their position as K6, K11, K27, K29, K33, K48 and K63) the amino groups of all of which have 

been reported to be involved in chain formation via amide bonds with the ubiquitin C-terminal 

carboxyl groups18-25. Ubiquitin chains may be homogenous, in which all of the linkages are on 

the same lysine of ubiquitin, or mixed26, where they are different; chains may also be straight or 

forked/branched27, and may be formed on various different internal lysine residues in a particular  

substrate28 (Figure 1-2). 

Figure 1-2 Different modes of ubiquitination and different chain types and linkages.  
Shown here are the three of the most common homotypic chains: K48, K63, and linear.  
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Different chain locations, linkages and topologies serve different functions as different 

signals inside the cell; K48 linked chains are by far the most well-known, and serve as a 

recognition site for the 26S proteasome, hence, proteins on which this of chain is attached is 

consigned to degradation29. Other types of chains may also function as proteasomal degradation 

signals as well, namely K1130 and K2922 chains. Indeed, a common indicator of the activity of 

E3s is the extent upon which their putative substrates are degraded31. Yet, other types of 

linkages, including mixed linkages, signify different things, from translocation32, to 

stabilization33 (by preventing degradation signals from being formed), to modulation of 

activity34,35. Additionally, substrates may only be labelled with a single ubiquitin residue—

monoubiquitinated; while in many cases a certain substrate monoubiquitinated by an E3 enzyme 

may simply have the initial ubiquitin residue further extended into a chain conferring the 

appropriate biological signal by a fourth class of enzymes, termed E4s (ubiquitin chain 

elongation factors) some of which are also E3s, monoubiquitination has been observed to be a 

unique biological signal in its own right, as observed particularly in the case of histones36-38. 

While there are only a handful of known E1 enzymes characterized, there are dozens of 

known E2 enzymes, and at the time of writing it is estimated that over a thousand of E3s have 

been reported39. Naturally, the enzymes in this cascade are promiscuous; a particular enzyme 

must logically ubiquitinate a set consisting of multiple distinct targets; it is also established that 

these enzymes are somewhat functionally redundant40, that is, these sets contain overlapping 

targets between different enzymes. Hence, the number of cascade of possible paths a ubiquitin 

molecule can travel along in order to reach a particular substrate is, conceivably, much greater 

than the even the number of proteins there are in the cell. Untangling this complicated web and 
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ascertaining which E1, E2, and E3s combinations are responsible for the ubiquitination of a 

particular substrate remains a daunting challenge (Figure 1-3). 

 

Figure 1-3. The presently characterized ubiquitin cascade by the numbers. 
The vast number of ubiquitin-related enzymes in the cascade makes for a virtually limitless 
number of different possible paths for a ubiquitin molecule. 
 

The sheer number of E3s in particular, have posed a challenge in ascertaining which E3s 

ubiquitinate a particular substrate. Also, while a particular substrate can be ubiquitinated by 

multiple E3s, and yet the different E3s may ubiquitinate that substrate on different residues 

and/or with different linkages; in other words, the specificity of ubiquitination sites and linkage 

types are determined by these manifold E3 enzymes41, although it has been proposed that E2 

enzymes may also play a part42. All in all, the identification of a particular E3’s repertoire of 

substrates remains a challenge. Many proposed methods are in circulation; a handful of them rely 

on overexpression of a particular E3 in vivo with subsequent quantification of the modulation of 

stability of cellular proteins43, making use of the fact that the majority of ubiquitination confers a 
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proteasomal degradation signal. Various other studies44-48 utilize the fact that ubiquitination 

leaves a unique isopeptide bond between the ubiquitin’s C-terminal carboxyl and the substrate’s 

lysine ε-amino group; by overexpression of particular ubiquitin enzymes of interest, and then 

from the trypsinized lysate pulling down ubiquitinated substrates using an antibody which 

detects for that particular region (also known as anti-GlyGly antibody, one of the fragments from 

trypsin cleavage from ubiquitin’s C-terminal would have two glycine residues, G75 and G76 

remaining), ubiquitinated peptide fragments are enriched and characterized via subsequent mass 

spectrometry and identity of the protein elucidated by proteomics49; this approach is more 

thoroughly discussed in the final chapter. Still, other methods exist which attempt to screen for 

potential targets which contain domains that have high affinity for particular E3s; the yeast two-

hybrid method is an example of such a screening technique50. The direct use of the ubiquitin 

transfer machinery in screening peptide libraries or microarrays in vitro has also been reported51-

53. All of these methods, while effective in their own scope, have their own particular 

shortcomings and problems; there are many relevant facts to be considered: for example 

ubiquitination does not always confer a degradative signal, and ubiquitin enzymes. As mentioned 

earlier, E3s are functionally redundant, and overexpression of one may downregulate the activity 

of other E3s which act in a similar manner such that there is no observable overall change in the 

extent of the substrate’s ubiquitination; affinity does not always translate to real biological 

activity; conditions in vitro may not always translate to actual activity in vivo, to name a few. 

The particular shortcomings of each method will not be discussed thoroughly in detail here; it 

suffices to say that there has been continuous interest and enthusiasm among researchers in the 

development of novel and effective strategies for E3 substrate identification.    
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1.3 The rationale and past development of orthogonal ubiquitin transfer (OUT) 

Our lab has proposed, as reported in our previous research, the concept and development 

of an engineered artificial cascade of mutant enzymes which we have termed orthogonal 

ubiquitin transfer (OUT)54 as a method of untangling the extremely complicated network of 

ubiquitin enzymes. Our goal was to construct a distinct and separate pathway in which an 

engineered variant of ubiquitin, travels through only one possible path consisting of engineered 

E1, E2, and E3 enzymes; all of the enzymes involved being engineered as such that they are 

exclusively active with only its engineered partner, and inactive to their wild-type partners 

(hence, orthogonal), save for the final substrate-binding domain of E3 enzymes, which are 

retained as such to identify native substrates of the whole cascade (Figure 1-4).  

 

Figure 1-4 The OUT (orthogonal ubiquitin transfer) cascade 
Engineered orthogonal enzymes reject their wild-type counterparts, hence forming an exclusive 
cascade through which an engineered ubiquitin variant travels to arrive at its destination. 
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Engineering the whole cascade basically comes down to (re)engineering three pairs of 

protein interface interactions, those between ubiquitin and E1, between E1 and E2, and between 

E2 and E3. In each case, we sought to come up with an interacting interface which abolishes the 

enzymes’ activity with their wild-type partners, while retaining exclusive activity of the two 

partners with each other. This has generally been accomplished by the so-called bump-and-hole 

strategy55 (Figure 1-5), which involves reversing the charge of crucial residues in the native 

interaction, such that a once-existing attractive electrostatic interaction is changed to a repulsive 

interaction instead. The successful engineering of a reversed-charge interface has previously 

been successfully demonstrated in several systems56-58, of particular note and relevance is the 

preexisting work on enzymes in the ubiquitin pathway reported by Winkler and Timmers59, 

involving the swap of critical charged residues between ubch5b (an E2 enzyme) and CNOT4 (a 

RING-type E3); when the charge of a critical lysine residue in ubch5b was reversed, its activity 

with wild-type CNOT4 was abrogated; however, the activity was restored by complementary 

reversal of the charges of crucial aspartate and glutamate residues in CNOT4.    

Figure 1-5 The bump-and-
hole strategy 
Creating charge reversal 
mutations of critical residues is 
one direct way of removing 
original wild-type activity by 
electrostatic repulsion, while 
simultaneously creating an 
orthogonal and analogous 
interaction by electrostatic 
attraction; similar results could 
conceivably also be achieved 
utilizing steric effects or 
hydrophobic and hydrophilic 
interactions instead. 
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In the same vein, our lab had attempted to engineer a charge-reversed ubiquitin and E1 

interaction as the first step of our cascade. We relied mainly on a crystal structure showing 

ubiquitin in complex with the E1 enzyme uba1 reported by Lee and Schindelin60, as the basis for 

our OUT engineering. Through rational-design mutagenesis in the E1 enzyme and phage-display 

screening for reactive ubiquitin partners, as well as further mutagenesis to enhance OUT activity 

as well as to abrogate any residual remaining wild-type cross reactivity, we ultimately succeeded 

in developing a completely orthogonal pair of UB-E1 which involves two charge reversal 

mutations of critical ubiquitin residues namely, R42E and R72E, and complementary mutations 

of negative or neutral residues, those located in what is called the adenylation domain of Uba1 

enzyme, to positive residues, specifically Q576R, S589R, and D591R54 (Figure 1-6).  

 
 
Figure 1-6 The ubiquitin-E1 interface. (A) A close-up view of the targeted residues in the 
adenylation domain of the Uba1 E1 enzyme (cyan), S589, D591 and Q594, which were mutated 
to arginine (blue text) in xE1; to match these mutations R72 and R42 of UB (yellow) were 
mutated to Glu (red text). The potential interactions between the residues (green line) are as 
shown with the distances between the appropriate atoms given in angstroms. (B) The UB-Uba1 
structure showing ubiquitin (yellow) with the various domains of Uba1 (cyan), the close-up view 
shown in (A) is that of the shaded area (grey rectangle).  
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When these mutations were made on analogous residues in the adenylation domain of 

other E1 enzymes, namely, Ube1, the homolog of the yeast Uba1, and Uba6, a fundamentally 

different enzyme altogether, the resulting mutant E1s also displayed orthogonal activity (data 

awaiting publication). These engineered proteins had been given the name and commonly 

referred to in our previous communications as xE1 (and the R42E R72E double mutant ubiquitin 

as xUB)—the symbol “x” consisting of two perpendicular lines being used to denote 

orthogonality; xUB is inactive against wild-type E1 enzymes, but is activated by xE1, and 

likewise xE1 is inactive with wild-type ubiquitin but can activate xUB.  

We employed a similar strategy in the engineering of an xE1-xE2 pair. At the time of our 

investigation, the negatively charged residues E1004, D1014 and E1016 in Uba1 had been 

previously reported to be crucial for interaction with E260. As expected, charge reversal 

mutations of these residues to Lys diminish activity with the native E2 class of enzymes.  

Figure 1-7 The E1-E2 interface. In contrast to the E1 adenylation domain (gray), and the 
catalytic cysteine domain (light blue), which interact with ubiquitin, interaction with E2 (lilac) 
involves the ubiquitin fold (UFD) domain (green) further to the C-terminal of the E1 enzyme, 
which is laced with acidic residues; these residues were mutated to Lys to disrupt the wild-type 
binding in our OUT system. 



 
 

11 
 

These mutated residues (Figure 1-7) are located in what is termed the ubiquitin fold 

domain (UFD) of E1 which lies further to the C-terminus than the first set of mutations in the 

adenylation domain (AD), hence, they are sometimes referred to as “back mutations”, whereas 

the mutations which interact with xUB are referred to as “front mutations”; hence, E1 variants 

containing their respective sets of mutations are referred to as  xE1(UFD) or (bE1), and xE1(AD) 

(fE1); combining the two sets of mutations together completes the full E1 variant which we 

intend to use in OUT, which is completely inactive against both wild-type ubiquitin and wild-

type E2; this combined mutant is what is referred sometimes as (3+3)E1, (f+b)E1, or xE1(full), 

but most regularly to as simply xE1 (see appendix for a complete list of mutants and their 

respective terminologies). The terms bE1, fE1, and xE1 shall be regularly used in future chapters 

of this communication (Figure 1-8).  

 

Figure 1-8 Summary of E1 variants. Charge reversals in the adenylation and ubiquitin fold 
domains of E1 (referred to as AD and UFD, respectively) abrogate preference for wild-type 
enzymes and establish activity with OUT variants of UB and E2.   
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The N-terminal helix of E2 enzymes have long been determined to be responsible for 

interaction with E1; this region comprises of a streak of positively charged residues as shown 

(Figure 1-7), which interact with the acidic residues in the E1 UFD domain mentioned 

previously; obviously the favorable electrostatic salt bridge interactions would be replaced by an 

unfavorable electrostatic repulsion when bE1 is used instead. Conceivably, one might imagine 

that reversing the charges of Lys and Arg residues in the E2 N-terminal helix would restore 

activity. In a similar manner as the development of xUB, we screened a library consisting of 

phage particles displaying N-terminal randomized variants of the E2 enzyme Ubc1 for mutants 

with activity with bE1, the methodology of which will be discussed in the third chapter where a 

similar approach was taken to engineer the E3 enzyme for OUT activity.  

 

Figure 1-9 

Sequence of selected E2 mutants 

Five residues, including K5, R6, K9, 
E10 and Q12 in the yeast E2 ubc1 N-
terminal helix were randomly mutated in 
a library pool of E2 variants displayed 
on phage particles; the mutants were 
then screened and enriched for activity 
with bE1. The sequences of the 
surviving mutants show a very strong 
consensus, with apparent charge reversal 
mutations being favored at positions 5, 
6, and 9 (red arrows), consistent with 
our initial predictions. 
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The consensus of selected Ubc1 N-terminal sequences from our phage library 

demonstrates a clear preference for the charge reversals of the positive residues K5, R6 and K9 

(Figure 1-9)—all consistent with what one would expect for favorable interaction with the now 

positively-charged UFD domain surface of bE1. The several selected mutants which were tested 

proved active both with bE1 and wild-type ubiquitin, per the selection conditions, and also with 

xE1 and xUB, as would be required in a complete OUT scenario—the overall activity of xE2 

variants were seemingly unaffected as a whole by mutations in the E1 adenylation domain. 

Additionally, since most E2s generally have very similar structures and amino acid sequences, 

making analogous mutations in the N-terminal helices of other E2 enzymes, namely ubch7 and 

ubch5, proved successful in creating active xE2 variants of those enzymes54. 

 

1.4 Discussion and future directions        

 Our investigation has yielded active and orthogonal xub, xE1, and xE2 variants, which 

may prove useful in the identification of particular E3 substrates once the complete OUT cascade 

is constructed. We have utilized a combination of both ration design mutagenesis and activity-

based screening of phage libraries to achieve our purpose. Moreover, we have shown that the 

mutations we designed and developed are not limited in their usefulness and applicability to 

merely the specific E1 and E2 we used in our studies, but are fully transferable to a variety of 

different E1 and E2 enzymes, as long as their general structures and modes of binding are 

somewhat similar; this theoretically allows us to target a much wider assortment of E3s, and 

consequently, potential substrates with OUT. Obviously, the next and final step was to develop 

an xE2-xE3 pair which would complete the OUT cascade and allow xUB to reach its final 

destination on the substrate lysine; this was the crux of my research with the Yin group. An 
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approach similar to the ones we had used for our work with the xub-xE1, and xE1-xE2 interfaces 

was initially adopted; however, throughout our whole endeavor, we discovered that the E2-E3 

interface possessed many particular idiosyncrasies and fundamental differences with the other 

two interfaces; this made our task a considerable challenge in its own right. The details of our 

efforts will be discussed in the following chapters.  
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Chapter 2 

Construction of xE3 through rational design mutagenesis 

2.1 Background information 

2.1.1 Rationale 

 As stated in the introductory chapter, the next step in the development of OUT was to 

develop the xE2-xE3 interface—to this end, we had initially considered using the same bump-

and-hole strategy as we had done earlier with the xUB-xE1 and xE1-xE2 interfaces1; the first 

step of which was to identify key residues involved in the binding, and hence we started by first 

examining existing studies and crystal structures (more details in 2.1.2). Upon examination of 

such published structures, we found that the N-terminal helix region of the E2 enzyme also plays 

a big role in the interaction with E3s—we had made several charge-reversal mutations of 

positive residues in this region to interact with the C-terminal mutations on xE1; indeed, the xE2 

enzyme variant developed through phage selection was found to be completely inactive with all 

the tested wild-type E3 enzymes (Figure 2-1). 

Figure 2-1 Rational design of xE3. The charge reversal mutations (A) in the N-terminal helix 
region of xE2 has arrested its activity with all tested wild-type E3 enzymes (B). Hence, our 
efforts centered on engineering a similarly charge-reversed xE3 to match those mutations.  
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 Hence, in other words, for the xE2-xE3 interface we needed not come up with a novel 

method of breaking up the wild-type interaction as we had needed to in the previous xub-xE1 

and xE1-xE2 steps—the mutations in E2 complementary to XE1 had already fulfilled that 

requirement; our challenge was simply this: to restore the already broken interface via 

complementary mutations in the E3 enzyme. Our initial efforts through rational design 

mutagenesis comprises the crux of this chapter.  

2.1.2 The RING E3 family 

For the development of xE3, we focused primarily on the RING (really interesting new 

gene) family of E3s, which comprises a vast majority, ~80-90% of all characterized E3 

enzymes2,3; its members are involved in regulation of numerous biological pathways4-12, and are 

involved in the pathogenesis or suppression of many different diseases13-22. These E3s are wildly 

divergent as to their amino acid sequences and domain compositions, but all members share the 

remarkably well-conserved RING domain which is responsible for E3 ligase activity23. 

 The general structure of RING domains are as given in the following examples provided 

by Brzovic et.al.24 (Figure 2-2). RING domains contain a pair of interleaved zinc finger 

domains—zinc ions being coordinated by certain Cys and His residues (and in extremely rare 

cases, Asp25)26; this is a central defining feature of the domain, upon which these enzymes can be 

categorized into various subfamilies—based on their zinc coordination patterns; it is this zinc 

coordination which is responsible for maintaining structural integrity and E3 function of RING 

domains. The vast majority of RINGs are known to be active as either heterodimers or 

homodimers27—examples of such are the breast-cancer related BRCA1/BARD1 heterodimer24, 

or the RAG1 homodimer28 (Figures 2-2 and 2-3) ; although RING domains which are believed 

to be active as monomers29 also exist. 
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Figure 2-2 Example structures of RING dimers.  
Shown here are structures of the BRCA1/BARD1 heterodimer and the RAG1 homodimer24; note 
the analogous helical domains responsible for dimerization, and the presence of a pair of zinc 
ions (black spheres) in each monomer, which comprises the core of the zinc fingers that confer 
structural stability. Site I represents the loop which plays a part in interacting with the E2 via the 
E2 N-terminal helix, and is critical to our mutagenesis (see further discussion). 
 

As stated earlier, RING E3s are generally thought to function as bridges which bring the 

E2~UB conjugate and the substrate into proximity, and to activate the E2~ub thioester for 

release30 onto the appropriate lysine residue. They typically do not load ubiquitin onto 

themselves, as in the case of HECT type E3s, but in the absence of substrate they are known to 

autoubiquitinate31-38—to put ubiquitin molecules on their own lysine residues. They also are 

believed to be responsible for the determination of the type and topology of the ubiquitin chains 

to be formed39; experimental evidence from kinetic studies supports the idea that the E3 transfers 

ubiquitin molecules in a one-by-one manner from the E2 enzyme onto the substrate40,41, 
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elongating the polyubiquitin chain residue by residue, each time involving the chain extension 

point being further and further away, (and hence it is held that the E2-E3 complex must possess 

an extraordinary amount of flexibility, as they have been known to successfully ubiquitinate 

lysine residues across distances up to over 100Å42; the source of such flexibility being still 

poorly understood) while other competing, less popular views have been proposed, such as one 

involving the formation of the whole chain while it is still tethered to the E2 cysteine, and then 

the whole chain being transferred to the substrate43 en bloc.  

Figure 2-3 E2-interacting regions in RING domains. The structures of the BRCA1 (as a 
heterodimer with BARD1, left) and the BIRC7 homodimer (right), with their analogous E2-
interacting regions highlighted in red. In general, in the case of heterodimers, only one dimer is 
active as a RING and interacts with E2 enzymes; however, in the case of homodimers, each of 
the dimers is autonomously capable of interacting with its own E2.   
 

The interaction between E2 enzymes and RING domains, as shown in the structure 

provided by Metzger et.al.27, involves a large interface comprised of two swaths of residues 

across the surface of the RINGs—the upper loop is the region which mainly interacts with the N-
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terminal helix of E2, while the larger, lower stretches of residues interacts with other portions of 

the E2 enzyme (Figure 2-3).   

2.2 Results 

2.2.1 Engineering xE2-xE3: general considerations 

It was clear that our focus had to be on the residues in E3 which interacted with the N-

terminal helix; we had not touched any residues in any other domains in xE2, and to this end, we 

turned to a published crystal structure between Ubch5, an E2 enzyme and the RING E3 cIAP44, 

which, at the time of investigation was to our knowledge the only one of its kind in circulation; 

many additional E2-E3 structures have been made available since then45-48. The Ubch5-cIAP 

structure, showing the residues most likely interacting with the basic residues, which were 

mutated to acidic residues in xE2, in the N-terminal helix, is as shown (Figure 2-4). 

Figure 2-4 The ubch5b-cIAP RING complex. The E2 enzyme (left, purple) with K4 and K8 in 
the N-terminal helix, which were charge-reversed in xE2 (red text), shown interacting with the 
acidic residues E553 and D562 in the cIAP RING (right). 
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The potential interactions between K4 and D562, and between K8 and E553 were 

immediately obvious; since both K4 and K8 were mutated to glutamate and aspartate residues, 

respectively, we hence focused our efforts on making complementary charge reversal mutations 

in these relevant acidic residues in the RING domains.  

2.2.2 Alignment of RINGs and mutagenesis of key acidic residues  

Given the structural similarity among the members of the RING family as far as the 

RING domain was concerned, we identified residues which would most likely be equivalent to 

E553 and D562 in cIAP; the consensus of the alignment was readily obvious; the zinc-

coordinating cysteine residues which were perfectly conserved among the RINGs served as an 

effective guide (Figure 2-5).  

  

Figure 2-5 Alignment of RING amino acid sequences 
The amino acid sequences of various RING domains were aligned, with many of the highly 
conserved residues (shaded in black) being zinc-coordinating cysteines. E553 and D562 (shaded 
in yellow, upper row) in cIAP being aligned with potentially analogous residues in the ICP0 
RING (yellow shaded, lower row), namely (from left to right): D20, E21, D23 and D30. In the 
same manner, albeit less convincingly, in the Mdm2 RING domain one of either E427, N433 or 
E436 would probably align with D553, while Q442 aligned with D562; the aligned Mdm2 
residues are boxed in orange. 
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From the alignment, we determined that ICP0 possessed the greatest level of sequence 

homology with the cIAP RING; D30 of the ICP0 RING most likely corresponded to D562, and 

that one of D20, E21 or D23 would most likely correspond to E553. We hence decided to try one 

single mutant and three double ICP0 RING mutants in which these acidic residues were mutated 

to lysine, as given below (Figure 2-6). 

Figure 2-6 ICP0 RING mutants 

Alignment of the wild-type ICP0 
amino acid sequence (blue text) with 
those of rationally-designed mutant 
RING domains, showing mutated 
positions (shaded in yellow), and 
mutated residues (red text). 

Figure 2-7 Ubiquitination assay of ICP0 mutants 
Wild-type ICP0 RING, and engineered variants were charged with OUT enzymes xE1, xE2 and 
xUB, and monitored for either xub-ICP0 autoubiquitination conjugate, or formation of unbound 
xUB chains—a known activity of ICP0. The ubiquitination reactions were blotted against the HA 
epitope tag on xUB. 
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We then expressed these ICP0 RING mutants, and tested them in a ubiquitination assay 

with xE1, xE2 and xUB; the ICP0 RING is generally observed to form mostly free ubiquitin 

chains49—unanchored chains which are not attached to any substrate proteins—though relatively 

poorly understood, the biological function and significance of such chains have been reported50-

55, although it has been observed that the ICP0 RING also possesses some detectable residual 

autoubiquitination activity56; hence, through Western immunoblotting, we probed these xE3 

reactions against the HA epitope tag fused to ubiquitin, with dubious results (Figure 2-7). 

We also utilized this approach to make certain mutations in the RING domain of Mdm2 

as well; although the alignment between cIAP and Mdm2 was less convincing than that with 

ICP0; Mdm2 did not possess acidic residues which were in the exact same location as D562 of 

cIAP, while E553 probably would correspond to either E427, N433 or E436 in the Mdm2 RING 

(see Figure 2-5 above); nonetheless, using information from the standalone Mdm2 RING 

domain crystal structure57, spatially speaking, these selected residues lay in the loop region 

which would be poised to interact with the N-terminal helix of the E2 enzyme. The sequence of 

these mutants were as given below (Figure 2-8); however, upon testing they showed no 

observable autoubiquitination activity (Figure 2-9). 

Figure 2-8 Mdm2 RING mutants Alignment of the wild-type Mdm2 RING sequence (blue 
text) with those of rationally-designed mutants, showing mutated positions (shaded in yellow), 
and mutated residues (red text). 
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Figure 2-9 Ubiquitination assay of Mdm2 RING mutants. Wild-type Mdm2 RING, and 
engineered variants (Figure 2-8) were charged with OUT enzymes xE1, xE2 and xUB and 
activity was monitored by immunoblot against the HA epitope tag on xUB (A), with no 
significant ubiquitination observed. In comparison, the wild-type Mdm2 RING with wild-type 
E1, E2 and UB enzymes are also shown (B), compared to the control without the E3 enzyme. 
 
 
2.2.3 Similar mutagenesis of the U-box domain 

 We turned our attention to a similar class of E3s: the U-box family, which is closely 

related to the RING family58. U-box E3s function in a manner identical to RING E3s59 in that 

they act as bridges between the E2 and substrate; many U-box E3s also form dimers60,61 whose 

structures bear strong resemblance with known RING dimers, and the general 3-dimensional 

conformation of the U-box greatly resembles that of the RING domains62; the main difference 

between U-boxes and RINGs is that U-box domains do not contain zinc fingers; they rely on salt 

bridges and hydrogen bonding63 to achieve the similar structural stability conferred by the zinc-

coordinating residues of the RINGs. The U-box E3s will be discussed in deeper detail in chapters 

3 and 4.  
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 At the start of our investigation, there had been a relative dearth of published E2-E3 

crystal structures; hence, we also took great interest in a particular crystal structure published by 

Zhang et. al.60, between a U-box E3, CHIP, and the E2 enzyme ubc13. The structure, showing 

similar acidic residues in CHIP interacting with residues in the N-terminal helix of E2 is as 

shown below (Figure 2-10). 

 

  
Figure 2-10 
The Ubc13-CHIP U-box complex.  
The ubc13 E2 enzyme (left, purple) 
shown with four positively-charged 
residues in the N-terminal helix, which 
may potentially interact with the acidic 
residues D230 and E239 in the CHIP U-
box (right), D227 not being likely 
involved given its orientation and relative 
position. 
 

  

Naturally, we targeted D230 and E239 for mutagenesis; D227 being a bit further away and not in 

the proper orientation for E2 interaction; in an analogous manner to our work on ICP0, we 

constructed two single mutants and a double mutant of the CHIP U-box in which these residues 

were mutated to lysine. The sequences of which were as shown (Figure 2-11). 

Figure 2-11 CHIP U-box 
mutants. Alignment of the wild-
type CHIP U-box sequence (blue 
text) with designed mutants, 
showing mutated positions 
(shaded in yellow), and residues 
(red text). 
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Testing the activity of these mutants with XE1, xE2 and xUB, in both autoubiquitination 

and in ubiquitination of CHIP’s putative substrate Hsc7064 gave somewhat encouraging results. 

These immunoblots were detected for the HA epitope on ubiquitin; possible bands corresponding 

in size to the CHIP~Ub and Hsc70-Ub conjugates were observed (Figure 2-12).  

Figure 2-12 Ubiquitination assay of CHIP mutants. Wild-type CHIP and CHIP variants were 
charged with XE1, xE2 and xub, and tested for autoubiquitination, and putative substrate 
(Hsc70) ubiquitination. Blot was probed against HA epitope on xub. 

 

We also probed the results of this assay using antibodies directly against the substrate 

Hsc70; Hsc70 was purchased commercially in the biotinylated form; however, upon 

immunoblotting and subsequent probing with Streptavidin-HRP, we did not detect any 

significant ubiquitination on the substrate Hsc70 (data not shown)—suggesting that the ubiquitin 

conjugates assigned as Hsc70~UB (Figure 2-12) were most likely higher molecular weight 

CHIP~UB conjugates and that the presence of Hsc70 may have enhanced CHIP 

autoubiquitination. Indeed, probing the same assay with an antibody against CHIP revealed that 
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the xCHIP variants were indeed capable of autoubiquitination with the OUT cascade; however, 

overall the ubiquitination activity of OUT was much lower than that of the wild-type cascade. 

2.2.4 Partial restoration of E2 mutations 

 We had then observed that the creation of a RING or U-box domain which would be 

robustly active with the variant of xE2 (ubch5b 7-1 mutations from the previous ubc1 selection; 

see chapter 1) we had been using, was rather challenging at the least, and perhaps, although there 

was no way to be certain of this, theoretically impossible. We hence decided to partially restore 

some of the charge reversal mutations in the N-terminal helix back to the original wild-type 

sequence in hope of obtaining a more workable target for these E3 domains to accept, and to this 

end, we designed four different E2 variants given the names of 79-82, as shown (Figure 2-13). 

Figure 2-13 E2 mutant alignment. 
Shown is the alignment of the first nine 
residues in the N-terminal helix of the 
E2 enzyme ubch5b, with the wild type 
sequence (blue text), followed by 
mutant 7-1, which possesses four 
analogous mutations to the selected C1 
mutant (refer to Figure 2-5); some 
residues were restored to their wild 
type amino acids in mutants 79-82.  
  

A crucial requirement for these mutants to function as xE2 was that they could still 

accept ubiquitin from the E1 enzyme variants bearing the UFD fold mutations (namely, bE1 or 

xE1), and all four mutants proved to have retained that capability, as shown in the following 

ubiquitination assay (Figure 2-14). 
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Figure 2-14 Ubiquitination assay of E2 mutants 
The Ubch5b mutants 79-82 (Figure 2-13) were tested for ubiquitination activity against 
xE1/xUB (left set of reactions), and against bE1/wtUB. Immunoblot was probed for the HA 
epitope present on UB and any UB conjugates. 

 

While the activity levels of these four mutants were somewhat similar, we decided to 

focus on mutant 81—a mutant which still retained the critical charge-reversed mutations on K4 

and K8 of Ubch5, the two residues which seemed to be the most important in E2-E3 interaction 

shown in the crystal structures, and had all other residues reverted back to the wild-type E2 

sequence. The vast majority of our work in the OUT system in the following chapters mainly 

involved this 81 mutant acting as xE2, and hence it will be referred to from this point on as such. 

  Upon confirmation by testing, the 81 mutant of ubch5b proved to be more active than the 

original 7-1 mutant from phage selection with the previously-mentioned CHIP mutants, both in 

autoubiquitination, and in substrate ubiquitination, as shown below. The assay methods were 

similar to what was described in 2.2.2 and 2.2.3 (Figure 2-15); however, we were not able to 
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detect any significant activity on the engineered ICP0 and Mdm2 RING domains even with these 

new E2 mutants (data not shown). 

 

Figure 2-15 OUT activity of E2 mutants on E3 and putative E3 substrate 
E2 mutants 7-1 and 81 were charged with bE1 and wild-type ubiquitin and tested for activity on 
xCHIP21 (Figure 2-11) and the putative CHIP substrate Hsc70. Smears on the immunoblots 
indicate the presence of various high molecular weight ubiquitin conjugates.  
 

2.3 Discussion 

2.3.1 The xE2-xE3 mutations 

In reality, had the E2-E3 interface not intersected with the E1-E2 interface, a report 

involving the engineering of an orthogonal E2-E3 pair had already been previously published by 

Winkler and Timmers65; the charge reversal mutation site, K63E in E2, lay much further 

downstream of the N-terminal helix region—this mutation was complemented by a set of 

reciprocal charge reversal mutations D48K and E48K, in the RING E3 CNOT4, to create an 

orthogonal pair. Doubtless we would have taken their approach and used it for our platform, had 

it not been for the fact that we already had the broken interaction involving the E2 N-terminal 

helix to deal with. 
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It was not clear what the causes of the general lack of activity between the 7-1 xE2 and 

the engineered RING and U-box domains were. There were many possible reasons; perhaps the 

presence of four acidic residues in close proximity resulted in electrostatic repulsions which 

distorted the general conformation and recognition of the N-terminal helix, or that perhaps the 

presence of acidic residues in certain positions which in the wild-type enzyme did not interact 

with E3 generated non-native electrostatic interactions which prevented the E2 and E3 from 

coming into the proper orientation conducive to ubiquitin transfer.  

Also it might have been the case, as mentioned earlier, that the binding between the 7-1 

xE2 and the E3 mutants involved a greater number of possible electrostatic interactions, and in 

the end the binding was too strong for proper E2 dissociation—as mentioned previously, the E1-

E2 interface and the E2-E3 interface overlap in the N-terminal helix, and hence as far as the E2 

enzyme is concerned, E1 binding and E3 binding are believed to be mutually exclusive66; hence, 

formation of ubiquitin chains requires the E2 to periodically dissociate from the substrate 

complex to “recharge” by interaction with and ubiquitination by E1; in other words, tighter E2-

E3 binding may yet end up to be detrimental to the level of overall ubiquitination67. 

It was also possible that the charge reversal mutations in E3 might have disrupted its 

native conformation, or that we did not target all the correct residues in E3 which actually 

interact with E2—indeed, a study later published on ICP0’s interaction with the E2 enzyme68 

suggested that while we had correctly targeted D30 (numbered as D129 in the study), which 

supposedly interacts with K4 of E2, as well as E21 (numbered as E122) which interacts with 

both K4 and K8, we had not considered D16, which lay further upstream and was proposed to 

interact with K4; the software-modeled ICP0 structure given in the study differed slightly from 

the previously mentioned E2-cIAP structure we had used as a guide, hence our rational design 
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approach might very well have been intrinsically imperfect from the start (refer to Figures 2-5 

and 2-6).    

That said, for whatever reason, restoration of certain residues in xE2 back to their wild-

type amino acids restored the activity of CHIP to a certain degree (Figure 2-15); while we could 

not say that we were completely satisfied with the results of our attempts, we were pleased with 

the promise the 81 ubch5b-xCHIP 21 mutant pair had shown in activity both E3 

autoubiquitination and substrate ubiquitination assays, and that our rational design approach had 

yielded some degree of success; although we were unable to replicate the same results with the 

RING domain mutants. We hence concluded that significant differences probably existed 

between the RINGs and CHIP U-box domains, and that perhaps the RING domains tested had 

possessed greater selectivity.  

That said, our success with the CHIP U-box notwithstanding, it was clear that the xE2-

xE3 interface had not been and was far from optimized for activity; through rational design 

mutagenesis the best we could have aimed for was to develop an interface optimized for binding 

and interaction, but, as previously stated, tighter binding does not necessarily correlate to greater 

activity and our goal was to obtain an interface optimized for activity. Hence, this complicated 

our efforts in developing the xE2-xE3 interface through rational design; although in this chapter 

we were able to somewhat circumvent the problem through back-and-forth arbitrary mutations of 

residues in both the E2 and E3; nevertheless, we deemed that another approach which relies 

more heavily on actual observed activity than conjecture based on crystal structures was worth 

investigating. This approach will be discussed in Chapter 3. 
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2.4 Methods 

The primers involved in this chapter are as given below. (Table 2-1). 

Table 2-1 Primers used in chapter 2. Residues in red indicate restriction digest sites. 

 

2.4.1 Construction of xE3 mutants  pGEX wild-type ICP0 was a gift to our group. pET-

GST-Mdm2-RING (wild-type) and pET-CHIP (wild-type) were constructs made by Bo Zhao, a 

former member of our group; these constructs were used as the template DNA for their 

respective PCR reactions. 
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The mutations in ICP0 were introduced via an internal XhoI restriction site of the gene; 

primers used were one of either Kar49, Kar50, Kar51 or Kar52 (for mutants 11, 23, 22 and 21 

respectively) with the downstream primer Kar53. The PCR amplicon was double-digested and 

ligated into the original pGEX-ICP0 (wt) vector via XhoI/NotI. 

The D230K and E239K mutations were introduced via overlap extension PCR by Kar55 

and Kar56, respectively. The amplified fragment from the reaction with Kar54 (which binds to 

the upstream lac operator sequence in pET vectors) and either Kar55 or Kar56 was coupled with 

a complementary fragment from Kar57 and Kar58. The final PCR product was digested with, 

and ligated into pET-CHIP (wild-type) via NdeI/XhoI restriction sites.   

 Mdm2 mutations were also introduced by overlap extension PCR; Kar69 which bore the 

Q442K mutation common in all of the mutants, was paired with Kar74; this was coupled with a 

fragment from one of either Kar70, Kar71, Kar72 or Kar73 for clones 23, 22, 21, and 11, 

respectively, with Kar54. The final PCR product was digested with, and ligated into pET-GST-

Mdm2 RING (wt) via NdeI/XhoI restriction sites.  

2.4.2 Expression and purification of proteins 

 Uba1, ubch5b, ICP0, Mdm2 and CHIP variants were expressed in BL21(DE3) cells, 

grown in Luria-Bertani (LB) broth at 37˚C, with 1mM IPTG induction at OD ~0.6-0.8; induction 

was done at 15˚C overnight. The cells were harvested by centrifugation at 5000 rpm for 30 

minutes, resuspended in 2-5 ml of lysis buffer (50 mM sodium phosphate pH 8.0, 300 mM NaCl, 

supplemented with 10 mM imidazole in the case of 6-His-affinity purification) per gram of wet 

pellet weight, and treated with 2 mg/ml lysozyme (Alfa Aesar) and incubated on ice for 30 

minutes, before lysis being completed by either French press or sonication.    
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Ubch5b, mdm2, and CHIP variants bearing 6-His tags, were affinity purified from 

cleared lysates using Ni-NTA agarose via a method developed by the manufacturer QIAGEN. 

GST-tagged ICP0 variants were purified using pre-packed columns containing glutathione resin 

(Pierce), according to the protocol given by the manufacturer. Eluted proteins were dialyzed 

overnight into 50 mM Tris pH 7.5-8.0, 50 mM NaCl and 0.5 mM DTT at 4˚C. Purified proteins 

were quantified using the Bradford assay, and the purity confirmed through Coomassie staining. 

 

2.4.3 Ubiquitination assays 

 All ubiquitination reactions described in this chapter were performed in 50 μL of 50 mM 

Tris pH 7.5, 10 mM MgCl2, 50 μM DTT, and 3 mM ATP. 

2.4.3.1 E3 autoubiquitination assays 

 2 μM of E3 enzyme (ICP0, Mdm2, or CHIP)  was charged with 0.5 μM XE1 (uba1), 2 

μM xE2 (7-1 or 81 mutant of ubch5b) and 14 μM HA-tagged xub. The reactions were allowed to 

proceed for 90 minutes at 30˚C. The reactions were quenched by boiling in Laemmli buffer and 

analyzed by Western immunoblotting with either mouse anti-HA, or rabbit anti-CHIP (both from 

Santa Cruz).  

 

2.4.3.2 Hsc70 ubiquitination with CHIP assays 

 0.1 μM of biotinylated Hsc70 (American Bio) was charged with 0.5 μM of xE1 (Uba1), 8 

μM of xE2 (7-1 or 81 mutant of Ubch5b), 4 μM of xCHIP (11, 12 or 21 mutant) and 14 μM of 

xUB. The reactions were allowed to proceed overnight at 30˚C, diluted 10 fold in reaction buffer, 
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quenched by boiling in Laemmli buffer supplemented with DTT, and analyzed by Western 

immunoblotting with Streptavidin-HRP (Pierce). 

2.4.3.3 E2 ubiquitination assay 

 2 μM of Ubch5b variant (7-1, or 79-82) was charged with either 0.1 μM of xE1 (Uba1) 

and 2 μM of HA-xUB or the same amounts of bE1 and HA-wild-type-UB. The reactions were 

allowed to proceed for 30 minutes at room temperature; immunoblotting and detection of HA-ub 

conjugates proceeded in an identical manner to that described in 2.4.3.1.    
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Chapter 3 

Identification of active E3 mutants via activity-based phage selection 

3.1 Background information 

3.1.1 Rationale 

 In the preceding chapter we have discussed our attempts at creating active xE3 RING/U-

box mutants through rational design; the endeavor of which, we have had admittedly limited, yet, 

somewhat encouraging success. We have good reason to continue to believe that crucial salt 

bridges between positive residues in the E2 N-terminal helix and negative ones in a conserved 

loop regions in RING and U-box type E3s significantly contribute towards the interaction 

between the enzymes—as evidenced by the virtually complete cessation of activity when the 

charges of crucial arginine and lysine residues were reversed in xE2 and that reversal of acidic 

residues in the interacting loop in E3s to some extent restored the activity, and that in rational 

design engineering of these proteins, known crystal structures have given us somewhat useful 

clues as to which region of the E3 to effectively target for mutagenesis. 

Yet, for all their usefulness, presently available crystal structures do not provide all the 

answers—at the time of writing, we have very good reason to believe that these crystal structures 

do not perfectly represent the E2-E3-UB complex in its active conformation, and that the whole 

complex most likely undergoes a transient, and yet drastic change to the so-called “closed 

conformation”1; it is in this closed conformation that the movement of the E2~UB thioester is 

restricted and coaxed into a favorable position for nucleophilic attack and in which actual 

ubiquitination takes place. In other words, a drastic, yet poorly-understood conformational 
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change of the whole E2-E3-UB complex which is not reflected in the present crystal structures is 

most likely required (Figure 3-1). 

 

Figure 3-1.  
The closed conformation 
for ubiquitin transfer. 
In the open conformation, 
the ubiquitin molecule is 
free to adopt a wide 
variety of conformations; 
however, upon the shift of 
the E2-E3-UB complex to 
the closed conformation, 
UB movement is much 
more restricted and hence 
the E2~UB thioester is 
more likely to be in the 
positions which are 
accessible to attack by 
nucleophiles. 

 
 
 

Hence, information from existing crystal structures being imperfect, from a purely 

rational design standpoint, even with powerful tools such as sophisticated 3-D molecular 

modeling software, it is difficult to pinpoint the exact optimal combination of mutations that are 

to be made. In other words, to use an analogy, no matter how skilled the locksmith, he cannot 

make a key that works effectively if he does not know the exact shape of the keyhole in the lock. 

Naturally, when structural information is imperfect or lacking, a different approach which relies 

less on precise knowledge is worth considering: directed evolution; to use another analogy, if 

one struggles to catch a fish using a spear because one does not know the precise position of the 

fish, one might be inclined to switch to using a wide net instead.   
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3.1.2 Directed evolution approach 

 In contrast to the rational design approach, which involves the testing of specific mutants 

bearing well-defined, precise, engineered mutations, the so-called directed evolution approach 

involves a diversified population of mutants bearing randomized or semi-randomized mutations2, 

generally referred to as a library—the library is subjected to an iterative selection process which 

is not altogether unlike artificial selection methods used in agriculture or animal husbandry, the 

end of which is an enriched population whose makeup consists of mutants with the desired 

characteristics.    

The effectiveness of this method relies on three things: firstly, that there be suitable 

variation among, and even distribution of, mutants in the library3—the greater the diversity of the 

library, the greater chance of it containing something useful or optimal, and the more evenly 

distributed it is, the less likely that certain mutants are favored over others in terms of 

representation, which reduces the odds of obtaining false positives; secondly, that there be a 

suitable method in which useful mutants are positively identified and enriched and/or useless 

mutants are rejected and eliminated4—an effective selection or screening assay, which generally 

relies on catalytic activity or binding affinity between interactors, is most commonly used to 

achieve this; lastly, if multiple rounds of selection are to be performed, that there be a suitable 

way for the enriched mutants to propagate, to pass on the genetic information encoding their 

desired phenotypes5, in other words, heredity—this is accomplished typically via a display 

system which makes use of already-existing natural machinery; a rough outline of one specific 

way this approach may to be taken is given in the figure below (Figure 3-2). 
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Figure 3-2 
Directed evolution overview 
Shown here is one possible way 
of conducting an experiment 
based on directed evolution; note 
the aforementioned three 
important factors: variation 
(mutagenesis), identification and 
enrichment (selection), and 
heredity (amplification of 
enriched clones). 
 

 

 

 

When structural information of the target protein to be evolved is scarce, and it is unclear 

which region of the target protein is to be mutated, or when one wishes to investigate the effects 

of mutations throughout the whole gene and not just a particular region or domain, a library is 

often constructed through error-prone PCR6, in which a non-proofreading polymerase, operating 

under certain non-optimal conditions, such as an unusually high divalent cation concentration in 

the buffer, or an unbalanced ratio of different dNTPs—conditions which can be adjusted to vary 

the rate of mutation frequency, sporadically incorporates mismatched nucleotides throughout the 

amplicon; this results in mutants consisting of mutations in different regions throughout the 

whole gene. The use of libraries generated by this method have been reported in numerous 

instances such those listed here. One drawback, however, is that the library, no matter what the 

display system, cannot possibly be large enough to accommodate the theoretical possible number 

of mutants—a number which would likely be astronomical; another drawback is the lack of 

evenness in the distribution of different mutants in the library: certain mismatches of base pairs 
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are more stabilized, and hence certain mutations are favored over others; this bias is inherent in 

the nature of the error-prone PCR reaction itself and can be affected by multiple variables in the 

reaction mixture7. On many occasions, however, critical residues or regions in the target protein 

have already been identified or proposed via existing mutagenesis studies or crystal structures, as 

was the case with our previous investigation involving the engineering of ubiquitin and E2, in 

which case mutations can be focused specifically at these residues or regions instead8; this is 

simply achieved by standard PCR using synthesized oligo nucleotide primers in which specific 

positions in the strand are randomized—this indeed, had been the main approach taken in our 

previous studies.  

 There have been virtually a countless number of published screening or selection 

assays—which will not be discussed thoroughly in detail here; generally, many assays rely on 

competition among mutants for “bait”, in which mutants showing affinity for a target of interest 

are “caught” and subsequently enriched. The bait may be in the form of a target immobilized on 

solid support which can easily be isolated9, such as on a polystyrene surface, or on agarose or 

magnetic beads, or in the form of a labelled or tagged target10: the bait, and whatever “prey” is 

caught by it, can be “reeled in” by the tag; while the selection assay is generally performed in 

vitro, it is possible to perform it in vivo, such as in the so-called two-hybrid method11,12. Also, 

“negative selections”, which focus on eliminating undesired mutants rather than enriching 

desired ones have been reported13; one way this may be accomplished is by using a “predator”, 

such as antibiotic, to cull away useless mutants, such as reported here14,15.  

A display system is essential for connecting the displayed mutant protein, which makes 

selection and screening possible, to its corresponding genetic information, which makes heredity 

and amplification possible5. Many systems involve the fusion of the target protein of interest to a 
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native protein on the surface or coat of a specific organism, where the target is exposed and can 

engage in substrate binding or enzymatic reactions. Phage display16, yeast surface display17, and 

bacterial surface display18 are three of the most commonly used display systems. We have dealt 

extensively with M-13 phage display in our reported findings—the specifics of which will be 

discussed in the following section. 

3.1.3 M-13 phage display 

Background information in 3.1.3 is mostly summarized from a laboratory manual on 

phage display by Barbas et. al.19 

3.1.3.1 M-13 phage biology 

M-13 is a member of the Ff class of filamentous bacteriophages (genus Inovirus) which 

utilizes the host bacteria’s F conjugative pilus as a receptor in infection (and hence, propagation 

must be done in E.coli strains containing the F factor, often referred to as “male” strains 

commercially, such as XL1-blue or NEBStable); these phages are lysogenic: they do not kill the 

host cell during productive infection20—cells that are infected merely exhibit slowed growth 

rates (the generation time of infected bacterial cells is around 50% longer than uninfected 

ones19), and are identifiable as plaques when plated. The general structure of the M-13 phage21 is 

as shown below (Figure 3-3).  

Figure 3-3. Structure of the M-13 
phage. 
Encapsulated within the protein 
coat comprised of 6 different 
proteins is the (+) single-stranded 
phage DNA. Phage display 
technology most commonly 
involves display on either pIII or 
pVIII. 
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The mature phage particle is approximately 6.5 nm in diameter and 930 nm in length19. 

Encapsulated within the cylinder-shaped protein coat is the circular single-stranded phage DNA; 

upon infection of the host bacteria, this single stranded DNA (referred to as the (+) strand) is 

translocated into the host cytoplasm, where host enzymes are employed to synthesize the 

complementary (-) strand—this (-) strand is the template for mRNA transcription of all of the 

phage proteins; however, only the (+) strand contains a hairpin region termed the “packaging 

signal”, which is in turn recognized by certain phage proteins, and is the only strand packed into 

the protein coat upon nascent phage assembly22.   

The M-13 phage genome has been fully sequenced, and is found to encode for 11 

proteins termed pI through pXI23-25. Out of these, the major capsid protein pVIII, and more often, 

the tail capsid protein pIII, have been commonly utilized in display proteins of interest on the 

phage surface26; although pVII27 and pIX28 display systems have also been reported, it is pIII 

display on M-13 phages which our research has been centered on: proteins of interest may be 

fused to the N-terminal portion of pIII, as first demonstrated by George Smith in 198516, and the 

resulting fusion protein is able to be packed and displayed on the phage tail, albeit at the cost of 

reduced infectivity—pIII plays a central role in host infection; however, they are still able to be 

propagated in a similar manner as wild-type phage29.  

 

3.1.3.2 Phagemid vectors 

In the earlier days of the technology, the phage display vector in usage was simply the 

single (+) strand phage genomic DNA—with certain modifications such as the insertion of 

restriction sites for ease of cloning in genes of interest, or including a lacZ gene for blue-white 
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colony screening, such as in the case of the M13KE vector30,31 widely used. Later on, advances 

in the technology led to the development of what is called the “phagemid”32, which is basically a 

modified version of the typical bacterial plasmid used in routine research, containing things such 

as a bacterial origin of replication, transcription promoter, antibiotic resistance gene for 

selection, as well as certain affinity tags, and can be amplified and propagated as any typical 

plasmid33. The phagemid, however, does not contain the genes of all of the 11 phage proteins 

necessary for phage assembly—typically it only contains the display gene of interest a.k.a. pIII 

and whatever gene of interest fused to its N-terminal; the pIII fusion is also put under control of a 

lac promoter, making it possible to induce overexpression of the protein via galactose or its 

derivatives. Although the phagemid contains a packaging signal and can be packed in a single-

stranded form into phage particles, a bacterial cell simply transformed with the phagemid cannot 

autonomously assemble phage particles, lacking most of the genes encoding the proteins 

necessary to do so; phage propagation must be initiated by the introduction of a “helper phage”, 

which provides the cell with the rest of the necessary genetic information for phage assembly34 

(Figure 3-4)—the helper phage is essentially a wild-type phage whose genomic DNA bears a 

defective origin of replication which greatly diminishes the rate in which it is replicated by the 

host bacterial DNA polymerases19, to ensure that the majority of the phages assembled contains 

the (+) strand of the phagemid, and not the helper phage DNA. The advantages of using a 

phagemid vector over a simple phage vector are numerous, among them greater ease of 

manipulation—the phagemid being in all aspects similar to a bacterial plasmid, greater control 

over the timing of which the phages are assembled, and the ability to either induce or inhibit 

expression of the fusion protein of interest. 
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Figure 3-4 Phagemid vector and propagation of recombinant phage. 
Shown is the general structure and composition of a generic pIII display phagemid; the double-
stranded phagemid is transformed into a bacterial cell, upon which transcription and translation 
of the protein of interest can be regulated; the recombinant pIII fusion protein molecules 
produced are then translocated via a signal peptide sequence encoded in the phagemid to the 
periplasm of the cell, where in awaits incorporation into phage particles. Upon infection with 
helper phage, the (+) strand of the phagemid is packed into new phage particles, upon which the 
recombinant pIII is assembled onto, and which is secreted out of the cell through a protein pore 
comprised mostly of the phage protein pIV. 
 
 

Of all the pIII display vectors, the pComb vectors are most well-known; the first of which 

was developed was pComb332, followed by pComb3X and pComb3H35,36—which was the 

backbone vector used in our previous E2 selection. Phages propagated from cells transformed 

with pComb vectors display the gene of interest as a direct N-terminal fusion to the pIII protein. 

However, in some cases it becomes necessary for certain proteins to have free unhindered C-

terminal regions—in which cases pJuFo (pJF) vectors should be utilized instead. pJuFo vectors 

are derivatives of the original pComb3, and contain the leucine zipper protein Jun fused to the N-
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terminal portion of pIII37. Under a separate ribosome binding site, the gene of interest to be 

displayed is fused to the C-terminal of the leucine zipper protein Fos—which is known to form a 

stable heterodimeric complex with Jun38, being linked covalently through the spontaneous 

formation of a pair of disulfide bridges; the Jun-pIII fusion and the Fos-gene of interest fusion 

associate with each other inside the bacterial periplasm into which they are secreted, and the 

whole fusion is recognized and assembled onto nascent phage particles in the same manner as 

wild-type pIII; the compositions of the different phagemids are as given (Figure 3-5).  

 
Figure 3-5 Comparison of phagemid systems. Partial vector maps for the pComb (A) and pJF 
(B) phagemids are as shown, along with the corresponding recombinant pIII proteins.   

 

We indeed had utilized pJF3H in our ubiquitin selection as reported previously39; in 

which the phage involved would look somewhat similar to that shown above (Figure 3-5), with 
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the Fos-ubiquitin fusion protein’s C-terminal carboxyl being free to react with E1 enzymes, 

which would not have been possible under the pComb system. As also will be shown in this 

chapter, our library selection of the E4B U-box also utilized a pJF3H phagemid as the backbone.   

 

3.2 Results 

3.2.1 Past attempts at phage display of E3 ligases  

 We initially had many different E3 ligases as candidates for phage display; a successful 

display of a particular E3 ligase requires that the enzyme is able to be properly expressed, and 

tolerated by the host cell, and that the enzyme can survive the secreting process and be displayed 

in its active form upon the phage surface. While we have had past success in reconstituting the 

ubiquitin ligase activities of a variety of E3 enzymes when they were expressed as free 

proteins—E3s tested included HECT E3s, such as E6AP, Rsp5, and smurfs 1&2, and RING E3s, 

such as mdm2, ICP0, as well as the U-box E3 CHIP—when we tried testing the display of these 

ligases on the phage particles (data not shown), utilizing both pComb and pJF vectors, we were 

met with very little success—generally we found that one of the following problems occurred: 

either the E3 protein in the phagemid seems to be toxic to the host bacterial cell, resulting 

abrogated or greatly diminished proper culture growth (specifically in the case of Rsp5) and poor 

to non-existent phage yields, or the protein was not properly displayed on the phage surface, as 

evidenced by the lack of signal when probed either by Western immunoblotting and/or ELISA 

assays for the inserted affinity tag fused typically to the C-terminal end of the E3, or that the E3, 

although successfully displayed, had no detectable activity in ubiquitination assays (data not 

shown). 
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3.2.2 Phage display of the U-box domain of E4B 

3.2.2.1 E4B U-box activity autoubiquitination assays 

In a typical manner similar to our previous attempts with other E3 ligases, we cloned the 

U-box domain of the E3 ligase E4B40 (the known biological roles and specifics of which will be 

discussed in the following chapter), into the phagemid display vector pJF3H, with FLAG epitope 

tag fused to the C-terminal of the protein. The resulting recombinant phage showed clear signal 

when probed for the FLAG epitope in western immunoblotting assays. More importantly, the 

displayed wild-type E4B U-box was also found to be active in a typical in vitro 

autoubiquitination assay with wild type ubiquitin, E1, and E2 enzymes. The level of activity of 

the phage-displayed U-box is similar to the level we observed when the free E4B U-box protein 

(expressed from a generic pET vector system) was used in a similar assay (Figure 3-6). 

Figure 3-6 Ubiquitination assays of E4B U-box. Recombinantly expressed free E4B U-box 
protein (left) and phage surface-displayed E4B U-box with FLAG epitope, fused to the Fos 
protein in the pJF display system, were tested for autoubiquitination activity with wild-type 
ubiquitin, E1, and E2 enzymes. The presence of ubiquitin conjugates was immediately obvious. 
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3.2.2.2 E4B U-box-displaying-phage model selection assays 

 We next tested the pJF E4B phage for activity in a standard biopanning assay we 

previously used for our UB and E2 phage selections, as shown in the figure below. Biopanning 

usually has been carried out by our group on commercially-available polystyrene plates coated 

with streptavidin (Thermo); the phage undergoes a standard ubiquitination assay via E1 and E2 

with commercial ubiquitin protein which has been labelled at the N-terminal amine group with 

biotin—any ubiquitinated phages are bound to the plate and their numbers can be quantified 

either directly by ELISA (Figure 3-7A), or by elution via disulfide reduction with DTT (which 

disrupts the Jun-Fos interaction) and direct titration of the phage number by infection of male 

bacterial cells. (Figure 3-7B).  

 
Figure 3-7 Biopanning assay of E4B phage. Phage particles derived from the pJF system 
displaying the E4B U-box were ubiquitinated in a similar manner as before (Scheme 3-1). 
Ubiquitinated phages were captured and quantified by ELISA (A) or direct titration (B).   
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 We also tested the phage in another assay which more mimics the conditions of a library 

selection—a library is generally comprised of a very vast majority of inactive mutants which 

nonetheless compete via non-specific binding with the desirable, active mutants for binding of 

the bait molecule, which in this case, is biotin. In this assay we mixed varying ratios of E4B-

displaying pJF-derived phage with another pJF-derived phage displaying the unrelated SV5V 

protein41, which acts to simulate noise from inactive mutants in a real selection (Figure 3-8).  

 
Figure 3-8 Model selection of E4B phage. The phage mixtures were subjected to a standard 
ubiquitination and biopanning assay, and bound phages were eluted with DTT (Figure 3-7B). 
Identity of the phages were confirmed by colony PCR of infected bacterial colonies.  
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We subjected the phage mixture to a standard biopanning assay as described above, after 

suitable washing to remove unbound phages, bound phages were eluted and used to infect male 

E.coli cells—upon infection the packed single-stranded form of the phagemid is translocated into 

the cell, conferring to it ampicillin resistance. Upon streaking on selective solid media, single 

colonies were screened via colony PCR using primers specific for the pJF vector—the E4B gene 

insert being noticeably smaller than SV5V (respective bands indicated by the arrows in Scheme 

3-3). We discovered that within a single biopanning round of our assay we were able to enrich 

the active E4B phage over the SV5V phage by at least 100-1000 fold; in a 1:1 mixture all 

sampled output clones were E4B; in a 1:100 mixture the sampled output was 13 E4B clones and 

3 SV5V clones; even when the E4B phage was outnumbered 1:1000, we still were able to detect 

one clone bearing the E4B insert out of sixteen. Hence, we then decided to proceed to the actual 

library selection to engineer the OUT variation of the E4B U-box, the first step of which, 

naturally would be to obtain the library containing randomized mutants, as will be discussed in 

the following section.      

 

3.2.3 E4B Phage library construction 

3.2.3.1 General considerations for library mutagenesis 

 A crystal structure previously reported of the U-box domain of the E3 ligase E4B in 

complex with the E2 enzyme Ubch542 (Figure 3-9) bears uncanny resemblance to other known 

E2-E3 structures mentioned in the previous chapter43,44 (Figures 2-4 and 2-10). Since the 

mutations in xE2 are charge reversals in the N-terminal helix of E2, we were particularly 

interested in residues which interact with that region; from their findings, it appears that the side 
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chain carboxyl group of D1238 of E4B is possibly involved in electrostatic interactions with the 

side chain amino groups of K4 and K8 of E2—charge reversal of these residues completely 

abrogated activity with wild-type RINGs and U-boxes, as was shown in the previous chapter. 

Figure 3-9 
The Ubch5c-E4B U-box complex. 
Shown is the E2 enzyme ubch5c 
(left, purple) with crucial N-
terminal basic residues as shown 
(black text) and their respective 
mutations in the 81 mutant (refer to 
Figure 2-13) of xE2 (red text), 
interacting with the E4B U-box 
(right, multicolored) residues (blue 
text) D1238 via likely salt bridges 
(light blue circle) through K4 and 
K8, and possibly, M1237 which is 
also in close proximity to R5. 

 

 

With this in mind we ultimately decided to focus on a stretch of residues spanning a loop 

structure which seemed to be in closest proximity to the E2 N-terminus; R1234, L1236, M1237, 

D1238 and T1239 were targeted for randomized mutagenesis in library construction. 

 

3.2.3.2 Library generation 

 We constructed our E4B phage library via generic restriction enzyme digestion and 

ligation in the pJF3H phagemid; the original insert of the vector was SV5V, which has proven to 

be inactive in our ubiquitination assays and should be eliminated from our selection should they 

somehow be overrepresented in the starting library due to incomplete digestion. We found 

dephosphorylation of the digested vector to be unnecessary—test ligations showed very little 
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background transformants. The approximately 300 bp U-box domain was inserted as a PCR 

product with digested sticky ends; the five point mutations on the target loop discussed in the 

previous section were introduced via standard overlap extension PCR utilizing primers which 

have the target positions randomized in primer synthesis as NNK codons19—this is to eliminate 

codon bias as much as possible, since using standard NNN codons leads to overrepresentation of 

certain amino acids. The template DNA for the PCR reaction was a mutant of the E4B U-box in 

which the five target residues were all mutated to alanine—a mutant which is sure to be inactive 

to minimize the effects of starting bias introduced by PCR as much as possible. We also 

introduced a FLAG tag at the C-terminal of the U-box sequence—this tag may be used as a way 

to identify and eliminate frameshift or truncated mutants later on in the selection.    

Figure 3-10 Construction of the library. A rough scheme describing the major steps in library 
construction. The number of transformants were titrated, and screened by colony PCR (step 3) 
similar to Scheme 3-3; the size of the amplicons were compared against control PCR reactions 
on known DNA templates (from left, first two); all 17 screened clones encoded for E4B.   



 
 

63 
 

After some test ligations, according to our titrations, we obtained a number of around 

3.43-5.72 x 107 independent transformants from our large scale ligation—a number well above 

the theoretical maximum diversity of our library, which is the number of all possible 

combinations of five randomized amino acids, (205) which is 3.2 x 106—on the DNA level, the 

number of all possible NNK codon combinations was (4x4x2)5 or ~3.3 x 107, or roughly the low-

end of the likely number of transformants we had achieved. Hence, we had good reason to 

believe that every possible mutant had at least some level of representation in our constructed 

library. The mutants were confirmed via colony PCR and subsequent DNA sequencing. No 

transformants bearing the original SV5V insert were detected in either case (Figure 3-10). 

 

3.2.4 Selection of the library 

 Selection of the library was done through ubiquitination and biopanning assays similar to 

our model selection assay; in our first attempt, we subjected our library through rounds of 

iterative selection; library phages were charged with N-terminal-labelled biotin-wtUB (Boston 

Biochem), bE1 (E1 with the C-terminal mutations for xE2), and xE2 (specifically mutant 81, 

which was discussed in the previous chapter); this combination was chosen over the full OUT 

cascade which would involve xUB and the xE1 with the full set of AD and UFD mutations (refer 

to Figure 1-8); our focus had been solely on the E2-E3 interface, and hence we deemed 

involving the R42E and R72E mutations in xUB with the selection process to be unnecessary; 

furthermore, this allowed the use of wild-type biotinylated UB which was commonly available 

commercially, whereas using xUB would have required us to synthesize and purify our own 

biotin-conjugated xUB—(although our group had previously developed a method to achieve 

this39 involving fusion of a peptidyl carrier protein (PCP) onto the target, followed by enzymatic 
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conjugation of biotinylated Coenzyme A onto the PCP domain via Sfp phosphopantetheinyl 

transferase45,46). To distinguish genuine activity from background binding, we included three 

controls in which one component crucial to the ubiquitination of the U-box, namely E1, E2 or 

UB, was missing; after allowing the reaction to proceed, we incubated the reaction mixture 

containing the phages in commercially-available pre-blocked polystyrene wells coated with 

either streptavidin or neutravidin. After thorough washing, the phages were eluted from the wells 

by the addition of a DTT solution which serves to cleave the Jun-Fos disulfide bonds; eluted 

phages were subsequently titrated and amplified for the next round of selection via infection of a 

culture of XL1-blue (a popular male strain of E.coli) cells (Figure 3-11).   

 Figure 3-11 General schematic overview of the library selection process.While it was 
possible to propagate the next round of phage directly from the infected cells right after the 
biopanning stage (by adding helper phage), the method we chose better minimizes the effects of 
clones with growth and other non-activity-related advantages.    
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Table 3-1 
Selection titers 
(first attempt) 

The selection 
conditions and 
titer numbers were 
as given in (A) for 
the six rounds of 
selection; the 
approximate 
enrichment values 
were given in (B). 

*The particular 
control was done 
in the absence of 
both E1 and E2 
enzymes. 
 

 

 

 

 

 

 

 

 

 

 

 

We constantly monitored the enrichment of the library (defined as the number of eluted 

phage particles from the ubiquitination reaction divided by the number of eluted phage particles 

from each of the controls) from round to round, and we either maintained or increased the 
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stringency of the selection conditions (by either decreasing the input phage number, or 

decreasing ubiquitin, E1, E2 enzyme concentrations) as the selection entered its latter rounds, for 

up to six rounds (Table 3-1A). 

While the enrichment seemed to be steadily increasingly in the first few rounds, reaching 

the peak numbers in the fourth—which was probably our most productive round, towards the 

end of the selection the enrichment numbers seemed to have sharply decreased (Table 3-1B).To 

investigate why this was so, the DNA of remaining mutants in the last round were then sent for 

sequencing. Much to our chagrin, our sequencing results indicated that the surviving mutants 

were “junk”, meaning they were either frameshift or truncated mutants, mutants which have lost 

the insert altogether, or mutants with recombination of sequences from bacterial genomic DNA 

(data not shown), in other words clones which had no activity, but might possess certain 

advantages in the form of faster growth and/or more efficient infection47. To ascertain whether or 

not there were still any “useful” surviving mutants, we PCR-amplified the E4B U-box sequence 

from the library DNA of the fourth, fifth and final rounds using primers specific for the E4B 

gene. The PCR product was then digested and religated into the original library backbone, and 

the resulting clones were sent for sequencing using phagemid-specific primers. The results 

indicate that among the “surviving” mutants, one particular clone, which we have given the name 

KB1, dominated, comprising up to 70% of all sequenced mutants in the final round. Four other 

mutants of note which were identified among these three rounds, named KB2-KB5, showed 

remarkable sequence similarity to each other and to KB1 (Table 3-2). Testing of these mutants, 

both on phage particles in similar biopanning assays as previous (Figure 3-7B), and as free 

expressed U-box protein from generic pET expression protocols, in ubiquitination assays 

confirmed that indeed they were ubiquitinated under selection conditions (Figure 3-12 A&B).  
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Table 3-2 
Sequence alignment of mutants 
(1st attempt) 
Shown here are the amino acid 
sequences of remaining clones in 
the randomized positions 1233, and 
1236-1239; Note the wild-type 
sequence (blue text), and the strong 
consensuses on certain notable 
residues (red text). Mutants of 
particular interest were given the 
names of KB1-KB5 (rightmost 
column); these were further 
characterized. 

 

 

 
Figure 3-12. Testing of U-box mutants from selection (first attempt). Selected library 
mutants were tested in a biopanning assay similar to selection conditions (B), and recombinantly 
expressed as free proteins via generic pET systems with FLAG epitope tags; ubiquitination with 
bE1, xE2 and wild-type ubiquitin was tested by Western immunoblotting against FLAG, 
alongside with the wild-type U-box which showed virtually nonexistent activity (A).  
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We hence concluded that we had successfully converged the library through our selection 

and that these mutants were retained in the library because they were genuinely active; however, 

we decided to restart our selection from the beginning to determine if the library would also 

converge to similar sequences in our second run. Our second attempt very much mirrored our 

first attempt in protocol and strategy (Table 3-3).  

 

 
 
 
Table 3-3 
Selection titers  
(Second attempt) 
The selection conditions 
and titer numbers were as 
given in (A) for the six 
rounds of selection; the 
approximate enrichment 
values were given in (B). 
The library was purged 
of junk clones at the end 
of the 3rd round (hence, 
the selection conditions 
immediately afterwards 
became less stringent; 
note the drastically 
improved enrichment 
numbers after restoration 
of the library.) 
 
*We did not expect any 
enrichment in the first 
round; output titer was 
not available. 

 
 
 
 
 
 



 
 

69 
 

In this attempt however, we were particularly watchful for the emergence of “junk” 

clones, which took over our library in our previous attempt; we screened the library phage in 

each round by western blotting for the signal of the C-terminal fused flag tag, which would only 

be displayed in clones which bore the full insert. When the signal began to fade after around 

three rounds of selection, we “purged” the library of junk clones by PCR amplification and 

religation, in a similar manner as was in our first attempt. Afterwards, we then continued the 

selection for three more rounds, making six rounds in total; the enrichment numbers from after 

library restoration were greatly improved, and the input/output ratio was much lower than our 

first attempt—which signified that a much greater percentage of phage particles were active. 

Clones from the fourth, fifth, and final rounds of selection were sequenced, and the results were 

as shown below (Table 3-4 A-C). 

Table 3-4 
Sequence alignment 
of mutants (2nd 
attempt) 
Shown here are the 
amino acid sequences 
of clones in the 4th 
(A), 5th (B) and the 
final 6th (C) rounds; 
the wild-type 
sequence (blue text), 
and the consensus in 
certain positions (red 
text) are as given. 
The KB2 and KB5 
mutants from the first 
attempt were also 
selected; other 
mutants of interest 
were given the names 
of KB6-KB12 
(rightmost column.) 
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Table 3-4 
(Continued) 

 

 

 

 

 

 

We were delighted to discover that the sequences show remarkable convergence; this is 

especially true after the fifth and sixth rounds of selection; this was also reflected in our 

enrichment numbers which showed drastic improvement in the last two rounds, and was 

exceedingly superior to the numbers in our first attempt. Also, we were able to identify two 

mutants recovered our first selection: KB2 and KB5 as the two most abundant clones in the final 

round; this constituted strong evidence that our second attempt at selection was very successful, 

to a much greater extent than the first—the gradual, plainly-apparent convergence of the library 

from the fourth to sixth round is obvious, the general consensus among the surviving mutants in 

the last round is very strong—the unanimous consensus on the L1236I mutation—an activity 

enhancing mutation in general also reported by Starita et.al.48 (to be discussed in the discussion 

section) at around the same time our selection was finished, and the virtually unanimous 

consensus to retain T1239 were especially convincing. The specific amino acids selected and 

how they most likely made an impact on the E2-E3 interface will be discussed in greater detail in 

the discussion section of this chapter.  
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3.2.5 Confirmation of OUT activity of selected mutants 

Certain selected mutants which were tested, exhibited activity in a standard ubiquitination 

assay involving bE1, wtUB and xE2, which mimics the selection conditions (same as KB1-KB5 

in Scheme 3-6), as well as with the completely orthogonal cascade comprising of full xE1 

(AD+UFD), xUB and xE2; in contrast the wild-type E4B U-box had previously shown no 

appreciable activity with bE1, wtUB and xE2 (Figure 3-12) and it also did not show any 

detectable activity when charged with xE1, xUB and xE2. (Figure 3-13).  

Figure 3-13. Testing of U-box mutants from selection (second attempt). 
Certain selected mutants were tested for ubiquitination under conditions mimicking that in the 
library selection (see Scheme 3-6), with bE1, xE2 and wt-ubiquitin (A), and for ubiquitination 
with the full OUT cascade involving xub through XE1 and xE2, with controls each skipping one 
crucial component of the cascade, namely, from left to right, xE2, XE1, and x-ubiquitin (B); All 
the immunoblots were probed for the FLAG epitope, which was fused to the C-termini of the U-
box proteins. 
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3.3 Discussion 

3.3.1 Success of E4B display  

The fact that the U-box of the ubiquitin ligase E4B was able to be successfully displayed 

on the phage particle and that the displayed protein is active in in vitro autoubiquitination assays 

on the phage particle implied that the enzyme was especially unique among the E3 tested, and 

this might have been for a handful of reasons—firstly, the U-box domain is relatively small, and 

possesses standalone activity in autoubiquitination assays; the active E4B U-box is around 75 

amino acid residues in length49, in contrast to the much larger HECT domains (which are 

typically ~350 residues)50 which approach the general upper size limit of proteins which can be 

efficiently displayed by pIII—although there are some known exceptions to the rule19.  

Secondly, E4B is one of the handful of E3s known to efficiently function as monomers40 

(examples of other such E3s are the RING-type Cbl ligases51); the majority of RING-type E3s, as 

well as the U-box CHIP, have been known to function either as heterodimers or homodimers in 

their active forms—the interaction of the dimeric ligase with E2 is believed to be asymmetric: in 

general one of the monomers interacts with the E2 enzyme, while the other monomer serves to 

stimulate ubiquitin release51, examples of such are the MDM2/MDMX52, BRCA1/BARD153 

heterodimers, as well as the CHIP homodimer54—all of our previous attempts displayed these 

ligases as monomers on the phage particle for various reasons including the generally accepted 

display size limit.  

Lastly, the E4B U-box protein had been shown to be efficiently expressed in active form 

using generic recombinant E.coli protein expression systems—that the protein is compatible with 

being expressed through a bacterial system, the same system which is required for phage display; 
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in contrast, we have anecdotal as well as our own experimental evidence that many E3 ligases, 

especially RING-types, which contain zinc fingers, are not well-expressed in generic bacterial 

systems.  

3.3.2 Selection challenges and solutions 

 Both attempts at our selection encountered the same problem: the emergence of “junk” 

clones—clones which have lost the U-box gene altogether or contain frameshifts or internal stop 

codons and hence show no signal when probed against the C-terminal affinity tag; theoretically 

these clones could arise through many different possibilities including recombination and DNA 

instability of the phagemid due to multiple rounds of amplification. Also, outside contamination 

from wild-type phage was possible; generally, such contamination is undetectable until the 

contaminants comprise a significant proportion of the library.  

According to our protocol, the library was amplified in the presence of high concentration 

IPTG to induce overexpression of the U-box, with the intention of enhancing the level of display 

for more effective selection, however this came at the cost of intensifying the growth advantage 

of the bacterial cells bearing the junk clones, since the overexpressed pIII protein is believed to 

be toxic to the cell. Additionally, it has been reported that smaller phagemids are more rapidly 

packaged into phage particles; clones which bear deletions either in the target gene insert or 

elsewhere in the phagemid have a numerical advantage during propagation. Finally, as stated 

briefly earlier, clones which bear the wild-type pIII as opposed to those whose pIII proteins are 

fused to other genes are also more efficient in the infection process19. Hence, if the selection 

pressure in the biopanning assays was not strong enough to completely eliminate the junk clones 

from the library; though the “good” clones may be enriched through the assay—and we have 

good reason to believe so given our results, the enrichment might be more than offset by these 
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other advantages of the junk clones. In our second attempt at selection, we observed that our 

library started to become dominated by junk clones in as few as three rounds of selection, 

however, once the library DNA was reamplified and religated at the start of the fourth round of 

selection, we no longer detected any junk clones in the following three rounds carried out with 

similar protocols; this may be due to the fact that the representation of the active clones in the 

library was high enough at the later rounds to compete for all of the binding bait and prevent any 

junk clones from surviving in the biopanning process, and/or the fact that the stringency of the 

selection was increased in the latter rounds, eliminating all but the very most active mutants. In 

contrast the representation of active clones at the start of the selection was extremely low, while 

the selection conditions were more generous, hence there was greater possibility of junk clones 

being retained during the biopanning process, these clones then would utilize their growth 

advantages in such a way that the abundance of active clones were constantly kept down at a 

level where the junk clones could persist from round to round and eventually dominate the 

library if there had not been any intervention. This information may be useful to keep in mind for 

future such library selections. 

Additionally, we also observed a significant amount of background signal which was 

generated when the phage particles were reacted with bE1 and ubiquitin in the absence of E2 (the 

enrichment based off of this control had mostly been stuck in the single digits throughout even 

the latter rounds of the first selection—although if such enrichment could be continuously 

maintained throughout several rounds, the vast majority of remaining mutants should still be 

those selected for activity with xE2; the background had also been similarly high, although to a 

slightly lesser extent, when biopanning was done with phage particles bearing wild-type E4B U-

box with wild-type enzymes; however, when the free U-box proteins were expressed and tested, 
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neither the wild-type U-box nor the selected U-box mutants showed any semblance of detectable 

activity when the E2 enzyme is absent; we speculate that the E1-ub complex may possess some 

transthiolation activity with certain nucleophilic residues on the surface of the phage particle 

itself, such as the cysteine residues on the displayed Jun and Fos proteins. This problem was 

somewhat alleviated in the latter rounds of the second attempt of selection by including BSA in 

the reaction buffer. 

3.3.3 Sequences of selected clones  

Through our directed evolution approach with our randomized library, we have enriched 

mutants which have shown appreciable activity with our OUT system. We observed a very 

obvious consensus among the amino acid sequence of the selected mutants; as would be 

expected, the activity levels of all the mutants were quite similar (see Figures 3-12, 3-13).  

Of all the residues in the E4B U-box which interact with the E2 N-terminal helix42 (See 

Figure 3-14A-C), D1238 seemed to play the most prominent role by far, interacting with K4 and 

K8 of E2 (Figure 3-14A); upon mutation of these Lys residues to Asp, and Glu, respectively in 

xE2, this was replaced with unfavorable repulsive interactions. As would be expected, none of 

the mutants retained in our library bore any negatively-charged residues at position 1238—some 

mutants bore the slightly basic histidine substitution at this position (KB1 and KB2, which were 

the most abundant mutants in the first and second selection attempts, respectively) while some 

others had the more-strongly basic Lys (KB3) or Arg (KB9 and KB12)—it is quite reasonable to 

hypothesize that these residues restore the activity of the U-box with xE2 via favorable 

electrostatic interactions or hydrogen bonding; and yet still a good portion of the surviving 

mutants had the aromatic phenylalanine or tyrosine substitution at this position; these might have 

interacted with certain hydrophobic residues elsewhere in the E2 enzyme without affecting the 
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binding interface through any inappropriate steric hindrance; and yet it might have simply been 

the case that merely removing the unfavorable electrostatic repulsion was sufficient to restore a 

decent level of activity. 

 

Figure 3-14 Analysis of effects of library mutations. The crystal structure of the ubch5-E4B 
U-box complex showing residues in N-terminal helix of ubch5 interacting with residues in the 
loop region of E4B; distances between atoms (green text), and specific mutations in xE2, along 
with those from the library consensus sequences (red text) are shown: (A) the potential salt 
bridges between K4 and K8 with D1238, (B) the close proximity between R5 and M1237, as 
well as the potential intramolecular hydrogen bond between T1239 and D1234, and (C) the 
considerable distance between L1236 and its most likely interacting partners.    

 

Looking at other residues, the wild-type T1239 (Figure 3-14B) residue was conserved in 

virtually all of the mutants; the side chain hydroxyl being likely involved in intramolecular 
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hydrogen bonding with the backbone amide of D1234 which probably was crucial in retaining 

the active structure of the protein. In a similar manner, R1233 was retained in some mutants 

(KB1 and KB6), or replaced in the majority of surviving mutants with the similarly positive Lys 

residue; looking at the crystal structure, while this position could likely interact intramolecularly 

with D1238 in the wild-type enzyme (and hence in our mutants this residue could  potentially 

interact with the substituted amino acid at position 1238, whether it be through hydrogen 

bonding with histidine, or cation-pi interactions with Phe or Tyr residues),  it was questionable if 

this position was sufficiently in close enough proximity or properly aligned to interact with the 

N-terminal helix to interact with the negative residues in xE2 (Figure 3-14A), although that still 

remained a remote possibility—one would do well to remember that crystal structures are 

helpful, yet not infallibly so, and it might very well be that these mutants possess significantly 

different binding conformations with E2 from that of the wild-type U-box; as long as the 

autoubiquitination activity was still retained, they would still be selected regardless.  

M1237 was probably the position with the most variation; while Met was retained in a 

handful of mutants, the enzyme also seemed to prefer Leu at this position, although it seemed to 

tolerate a wide variety of different residues, both hydrophobic and hydrophilic—the side chain of 

position could conceivably be in close proximity enough to interact with R5, which was not 

mutated in the 81 variant of xE2 used for this selection (Figure 3-14B), however, from our 

results there seemed to be no stringent requirement for this position, other than the avoidance of 

bulky or charged residues. 

 Lastly, in stark contrast, the L1236I mutation (Figure 3-14C) was a unanimous 

consensus among the mutants. This was somewhat surprising, given the fact that leucine and 

isoleucine are extremely similar residues, and yet this mutation seemed to be an absolute 
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requirement for any surviving mutant. While this particular position may interact with other 

particular hydrophobic residues, it was not obvious why other similar hydrophobic residues 

would not be tolerated, and generally hydrophobic interactions, especially at the distances shown 

in the crystal structure would be virtually nonexistent, and hence, in magnitude much weaker 

than, for example, hydrogen bonds or salt bridges; one would not expect the level of impact this 

residue would have in the selection of the library.  

Interestingly enough, Starita et.al. have reported this L to I mutation (this particular 

leucine was referred to as L1107 in their numbering) as an activity enhancing mutation in their 

findings48 also involving phage display and library selection of the E4B U-box, albeit with wild-

type enzymes, and with mutations occurring throughout the whole U-box. This was the only 

activity-enhancing mutation reported in this loop region by this study; it is reported that this 

mutation enhanced the U-box’s affinity for the E2 enzyme by up to 6 fold, although no precise 

structural explanation was proposed. It is exceedingly difficult to conceive of a scenario where a 

simple shift of a methyl group would cause such a big difference—although one may be well 

inclined to think of some very specific steric effect as the cause, although this is nowhere implied 

in the available crystal structure of the complex.  

Nonetheless, in recent findings at the time of writing, it is believed that RING and U-box 

E3s not only act to recruit substrates on behalf of E2 for ubiquitination, but serves to 

allosterically prime the E2-ub thioester linkage for release: a “mysterious activation”55—it is 

believed that once the E3 binds allosterically to the E2, it restricts the movement of the tethered 

ubiquitin, driving it to be more likely in the so-called “closed” conformation, after this there is 

believed to be a shift in the binding of different components of the whole complex upon actual 

ubiquitination that is still poorly understood1 (see Figure 3-1). It is likely that there is more to 
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the E2-E3 interaction than what is clearly apparent in the crystal structure; it may be that the 

active conformation of the complex exists in a very unstable and ephemeral manner which is 

extremely difficult to visualize—and that conformation is significantly different from that shown 

in the crystal structure; this notion is supported by several point mutagenesis studies on various 

different E3s—many of the reported mutations make little sense when viewed in the light of 

existing crystal structures.  

In summary, the sequences of the selected mutants in part agreed with our initial 

expectations based off published crystal structures between the U-box of E4B—D1238 was 

mutated to positive or non-negative residues to counteract the mutations of lysine residues in the 

N-terminal helix, while generally other residues which do not seem to engage with the N-

terminal helix have been retained or mutated to similar residues in the majority of surviving 

mutants—and yet in the other part also provided some rather surprising discoveries such as the 

activity enhancing L1236I mutation. This underscores the fact that there is more to the E2-E3 

interface than meets the eye, and also the fact that when perfect knowledge is unavailable, is 

where the true strength of the directed evolution approach shines through—we would not expect 

to have discovered the activity-enhancing L to I mutation through any modeling or rational 

design approach. Directed evolution has been effectively used in the engineering and 

reengineering or many different proteins in countless biological pathways56-70, and we now have 

good reason to believe that the U-box domain is no exception. With these mutants, theoretically 

we have completed a path for OUT transfer; we have successfully constructed a tool, the next 

step is to put the tool to use. Our next step would be to confirm the activity of our OUT system 

on putative substrate proteins, and afterwards, to utilize our system to screen for novel substrates 

in the living cell. These approaches and their results will be discussed in the following chapters.  
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3.4 Methods 

The DNA primers involved in this chapter are as given in Table 3-5 below.  

 
 
Table 3-5 Primers used in chapter 3. 
Residues in red indicate restriction digest sites. Residues in blue indicate randomized positions, 
where N is any nucleotide and M is A or C. The reverse complement of MNN is NNK, where K 
is G or T; using NNK instead of NNN for randomized positions helps alleviate selection bias 
from certain amino acids which are encoded for by multiple codons 
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3.4.1 E4B U-box activity assays 

3.4.1.1 pET E4B U-box (FLAG) construction and protein expression  

 The original E4B U-box construct which was used as the template was a gift from Rachel 

Klevit. The U-box domain of E4B was PCR-amplified by Kar205 and Kar206 and inserted via 

sticky end ligation into PET30-CHIP, which bore an N-terminal 6-His tag, in between NdeI and 

XhoI restriction sites.  

 Expression and 6-His affinity purification was done following our generic protocol 

previously described in chapter 2. The success of the expression was confirmed via western 

immunoblotting and Coomassie staining of SDS gel; the yield of the purified protein was 

assessed using a standard Bradford assay and taken as total protein concentration.  

3.4.1.2 Autoubiquitination assay of recombinantly expressed E4B U-box 

 4 μM of E4B U-box (flag) protein was charged with 0.5 μM uba1, 3 μM ubch5a, and 5 M 

HA-tagged ubiquitin in a 50 μL reaction containing 50 mM Tris pH 7.5, 10 mM MgCl2, 3 mM 

ATP and 50 μM DTT. The reaction was allowed to proceed at room temperature for 1 hour. SDS 

page of reaction and control was run and analyzed via western immunoblotting using mouse 

antibody against HA (to monitor the formation of ubiquitin chains by E4B).  

3.4.2 Phage display of E4B 

3.4.2.1 Construction of PJF E4B U-box  

 pET30a-E4B U-box wild-type was used as the template to PCR-amplify the U-box 

sequence with Kar77 and Kar 78 primers; the insert was then ligated into PJF3H, bearing the 

original insert of SV5V, via BssHII and KpnI sites; the original vector bore a flag-tag which had 
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been cloned in earlier at the C-terminal. PJF E4B-Ubox 5Ala mutant (library template) was 

constructed in a similar manner, involving the same two terminal primers Kar77 and Kar78 

which were paired with two additional internal overlap extension primers Kar203 and Kar204, 

respectively  

3.4.2.2 E4B phage propagation 

The pJF E4B U-box wild-type phagemid DNA was then transformed into XL1-blue (Stratagene) 

cells; transformants were screened on agar plates containing 100 μg/ml ampicillin and 2% 

glucose; a single colony was then inoculated into LB medium with 2% glucose, 10 μg/ml 

tetracycline and 100 μg/ml ampicillin and grown overnight at 37˚C. The overnight culture was 

then inoculated into 10 ml of 2YT medium supplemented with 2% glucose, 10 μg/ml tetracycline 

and 100 μg/ml ampicillin at a starting optical density of 0.1, and the culture was shaken at 37˚C 

until the OD reached ~0.6, and the approximate number of cells was calculated; VCSM13 helper 

phage (Strategene) was then added to the culture at a multiplicity of infection of ~10; the culture 

was then incubated at 37˚C in an incubator without shaking. The cells were then harvested by 

centrifugation at 3500 rpm for 10 minutes, and resuspended in 100 ml of fresh 2YT media with 

100 μg/ml ampicillin and 50 mg/ml kanamycin; the culture was then grown overnight at 30˚C. 

The next morning, the culture was cleared by centrifugation at 5000 rpm for 20 minutes; the cell 

pellet was discarded. 50 ml of filter-sterilized 5x PEG/NaCl solution (200 g/L PEG-8000 

(Sigma), 2.5 M NaCl) was thoroughly mixed with the supernatant from the previous step, and the 

mixture was incubated on ice for 1 hour and afterwards centrifuged at 9000 rpm for 20 minutes 

to precipitate phage particles, which appeared as a white streaky pellet. The phage pellet was 

thoroughly resuspended in 1 ml of sterile TBS, and cleared of any residual cell debris by 



 
 

83 
 

centrifugation at 13000 rpm for 10 minutes. The resulting supernatant was then titrated by 

infection, and tested for the display of the E4B U-box by western immunoblotting against FLAG.  

3.4.2.3 Autoubiquitination assay of E4B phage  

Around > 2x1010 phage particles derived from the PJF E4B U-box-flag construct were 

charged with 0.5 μM uba1, 6 μM ubch5b and 14 μM HA-ubiquitin, in 50 μL reaction containing 

50 mM Tris pH 7.5, 10 mM MgCl2, 3 mM ATP, and 50 uM DTT and incubated for 1 hour at 

room temperature. The reaction quenched by boiling in Laemmli buffer containing 100 mM 

DTT, and analyzed via SDS page and immunoblotting using mouse antibody against FLAG. 

3.4.2.4 Biopanning of E4B phage and quantification by infection-titration and ELISA 

 Around 108-109 phage particles displaying E4B U-box were charged with 1 μM uba1, 5 

μM ubch5b and 0.2 μM N-terminal labelled biotin-ubiquitin (Boston Biochem) in 20 μL total 

reaction volume containing 50 mM Tris pH 7.5, 10 mM MgCl2, and 3 mM ATP, and incubated 

for 1 hour at room temperature; negative controls separately omitting E1, E2 and ubiquitin were 

also included. The reactions were diluted 10-fold into 3% BSA-TBST and incubated on 

streptavidin-coated polystyrene plates (Thermo) for 1 hour at room temperature. The plates were 

thoroughly washed 30 times with TBST, and 30 times with TBS. 100 μL of an elution buffer 

containing 100 mM DTT in TBS was applied to each well and allowed to incubate for 15 

minutes. Eluted phage particles from each well were added to 1 ml of mid-log culture of XL1-

blue cells in LB medium and allowed to infect for 1 hour at 37˚C. Quantification of infected cells 

was done by serial dilution and plating on selective agar media containing 100 μg/ml ampicillin. 

After incubation of the plates overnight at 37˚C, the number of colonies were used to extrapolate 
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the total number of phage particles eluted from each well, assuming one phage particle per 

colony. In a similar manner, the amount of input phage per well was also calculated. 

 Alternatively, quantification was also performed via ELISA assay, following the reaction 

conditions described above. The reaction was serially diluted four times, with ten-fold dilutions 

in 3% BSA-TBST and loaded, incubated and washed in the same manner as the above protocol. 

The presence of phage particles was detected by 1 hour incubation with anti-M13 antibody-HRP 

(Fisher) in 3% BSA-TBS, and after washing 10 times with TBST and 10 times with TBS, the 

signal in each well was quantified using TMB substrate kit (Fisher).  

3.4.3 E4B library selection 

3.4.3.1 Model selection 

 E4B-displaying phage particles were mixed with phage particles displaying SV5V in 

varying ratios of 1:1, 1:10, 1:100 and 1:1000 (titration of phage preps were done via infection 

and colony-counting); the different mixes, each containing ~109 phage particles in total were 

subjected to the same reaction conditions, binding, and elution, and was used to infect XL1-blue 

cells in the same manner as described in the previous section. After infection, the culture was 

streaked onto selective ampicillin media, after overnight incubation, colony PCR was performed 

using the phagemid-specific Jun13 and Jun14 primer pair. The two different types of phage 

particles were distinguished and identified by the size of expected PCR product.  

3.4.3.2 Construction of the library  

 PCR amplification with the two terminal library primers Jun13 and Kar78, in 

combination with the two overlap extension primers Karlib2 and Karlib1, was performed using 

PJF E4B U-box 5Ala as the template. The backbone vector used was PJF SV5V—identical to the 
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one which was used to construct the PJF E4B U-box wild-type clone. The vector and insert PCR 

product were digested with EcoRI and KpnI restriction enzymes (NEB), gel purified using a 

standard gel extraction kit (QIAGEN), and further purified through phenol-chloroform extraction 

and ethanol precipitation. 5 μg of purified digested vector and 4 μg of purified digested library 

insert were ligated in 1 ml reaction volume using T4 DNA ligase (NEB) at room temperature 

overnight. The ligation mixture was again purified by ethanol purification, and the resulting 

DNA pellet was reconstituted into 75 μL water. Transformation of the reconstituted DNA was 

performed using electrocompetent SS320 cells (Strategene) in 14 reactions, each reaction 

containing 5 μL of reconstituted DNA and 95 μL cells; immediately after electroporation, the 

cells were diluted 10-fold into SOC medium and allowed to recover at 37C with vigorous 

shaking for 1 hour; afterwards, the cells were plated onto solid LB agar media containing 100 

ug/ml ampicillin and 2% glucose and incubated overnight at 37C. The cells from all the plates 

were then collected, pooled together, and the starting library DNA was extracted using Maxi-

prep (QIAGEN). Streaked single colonies were also sent for sequencing, as well as confirmed by 

colony-PCR using the Jun13/Jun14 primer pair. 

3.4.3.3 Library phage propagation 

 An arbitrary amount of library DNA maxiprep or miniprep (depending on the round), 

which was approximated to yield at least 10 times as many transformants as the expected 

remaining library diversity, was electroporated into 50 volumes of electrocompetent XL1-blue 

cells (Agilent). The transformed cells were added to 20 volumes of SOC media and allowed to 

recover for 1 hour at 37˚C. Afterwards, the recovered culture was added to 50 mL of superbroth 

containing 100 μg/ml carbenicillin and 10 μg/ml tetracycline, and allowed to grow for 2 more 

hours at 37C. The culture was then poured into 200 mL of 2YT medium, while maintaining the 
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original ampicillin and tetracycline concentrations, and VCSM13 helper phage (Agilent) was 

then added to superinfect the cells at >10 fold multiplicity of infection (the total number of cells 

having been approximated by optical density), the cells were then allowed to shake at 37C for 2 

additional hours. Finally, kanamycin was added to a final concentration of 70 ug/ml, and IPTG 

was added to a final concentration of 1 mM, the temperature was lowered to 30˚C, and the 

culture was allowed to grow overnight, under vigorous shaking (~300 rpm). 

 The next morning, phage purification by PEG precipitation was performed using standard 

protocols described earlier in 3.4.2.2. The purified library phage particles were suspended in 

sterile TBS buffer. The display of the library was tested periodically by western immunoblotting 

in the same manner as that described of wild-type phage against the C-terminal FLAG affinity 

tag. 

3.4.3.4 Biopanning and selection of library phage 

 The exact reaction conditions in which phage particles displaying mutant E4B U-box 

domains were ubiquitinated with N-terminal biotin-ub (Boston Biochem), back mutant uba1 

(bE1) and xE2 (clone 81) vary from round to round (Tables 3-1A and 3-3A). All library 

ubiquitination reactions were performed for 1 hour at 37˚C. The different conditions in each 

round are as given in the table below. Rounds 4-6 of the second selection also involved a pre-

incubation step, in which the unreacted phage particles were first incubated onto streptavidin 

plates to prevent selecting false positives—clones which merely have binding to either 

polystyrene or streptavidin, before the remaining unbound phage particles were used in the 

ubiquitination reactions. 
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 Generally, completed reactions were diluted 10-fold into 0.1% BSA-TBST solution 

before being loaded onto streptavidin plates (Thermo). Controls skipping each component of the 

reaction similar to those described in the biopanning assay of the wild-type E4B phage were also 

set up. The reactions were allowed to incubate on the plates for 1-2 hours at room temperature, 

after which the plates were thoroughly washed ~30-50 times with 0.1% BSA-TBST. Elution was 

done by the addition of 100 μL of a solution containing 100 mM DTT in TBS per well, followed 

by a 15-minute incubation at room temperature. The eluted phage particles were added to 10 

volumes of a high density culture (OD ~1.0-2.0) of XL1-blue cells in LB medium supplemented 

with 10 ug/ml tetracycline. The culture was incubated for 2 hours at 37˚C with slow (~100 rpm) 

shaking, before being plated onto LB-agar plates containing 100 μg/ml carbenicillin and 2% 

glucose and allowed to grow overnight at 37˚C. The titers of the selected phage particles, taken 

to be equal to the number of infected colonies, were compared to the controls, and enrichment 

was calculated as previously reported.  

  The cells were collected from the plates, and the selected library DNA was isolated using 

either DNA miniprep or maxiprep kits (QIAGEN). The selected library DNA was then used in 

propagating the next round of phage per protocol 3.4.3.3. 

 

3.4.3.5 Rescue of the library via PCR amplification and religation 

 Isolated library DNA from the round of interest (as described in 3.4.3.3) was used as a 

template for PCR amplification using library primers; the PCR product was digested with 

EcoRI/KpnI, and further purified, before being ligated with previously prepared vector in an 

identical manner to that described in 3.4.3.2., save for the fact that the target number of 
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transformants was much lower, due to the library having lost diversity from previous rounds of 

selection. Transformed clones were screened by DNA sequencing and colony PCR, and the 

isolation of rescued library DNA was done by miniprep (QIAGEN). In our second attempt, the 

fourth round selection then proceeded from the recovered library DNA in a manner identical to 

that in 3.4.3.3. 

 

3.4.4 OUT activity assays of E4B U-box mutants 

3.4.4.1 Biopanning assays of selected mutants 

 The phagemid DNA of mutants KB1 through KB5, identified and isolated through 

sequencing, were used to propagate phage particles in a protocol previously described. In a much 

more stringent condition than the actual selection, around 2x109 phage particles of each mutant 

U-box were charged with 0.05 μM bE1 (uba1), 5 μM xE2 (ubch5b clone 81), and 0.04 μM N-

terminal biotin-ub (Boston Biochem) in 80 μL of 50 mM Tris pH 7.5, 10 mM MgCl2, 3 mM 

ATP and 0.1% BSA, and incubated for 1 hour at 37˚C; separate controls skipping E1 and E2 

were also set up for each mutant. 20 μL of 3% BSA-TBST was then added to each reaction, 

before loading onto streptavidin-coated plates; the rest of the protocol, including titration of cells 

infected by eluted phage particles follows that in 3.4.3.4.    

 

3.4.4.2 Construction PET-E4B U-box mutants and protein expression  

 Using the selected phagemid DNA as template, PCR amplification, digestion and ligation 

of the PCR products into the digested expression vector, as well as the following protein 
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expression and purification steps are exactly the same as those of the protocol described in 

3.4.1.1. The PET constructs of twelve mutants, KB1 through KB12, were all generated with C-

terminal FLAG epitopes.  

 

3.4.4.3 OUT ubiquitination assay of selected mutant U-box proteins 

 20 μM of E4B U-box-flag mutant proteins were charged with 1μM E1, 10 μM E2, and 50 

μM HA-ubiquitin in 30 μL of 50 mM Tris pH 7.5, 10 mM MgCl2 and 1.5 mM ATP. Reactions 

were incubated at 37˚C, for 15 minutes when using bE1 and wild-type ubiquitin, and for 2 hours 

when using XE1 and xub. Autoubiquitination activity was detected via western immunoblotting 

against the C-terminal FLAG tag of the U-box mutants.  
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Chapter 4 

OUT cascade through E3 mutants and in vitro verification of activity  

4.1 Background information 

4.1.1 Rationale 

 Through the directed evolution approach, our phage selection process has yielded us U-

box mutants of the E3 ligase E4B which possess the capability to autoubiquitinate with xUB 

through xE1 and xE2; this suggested that to some extent we had successfully restored E3 binding 

with the charge-reversed residues of xE2—obviously, since our goal was to use OUT for 

substrate identification, we would need to confirm the activity of the xE2-xE3 complex on 

substrate ubiquitination; it was not readily apparent if substrate ubiquitination would be affected 

by the mutations on the E3 U-box, although conventional wisdom would imply that substrate 

interaction involves other domains outside the U-box—members in the U-box family generally 

possess remarkable structural similarity as far as the U-box domain is concerned, but show great 

variation as to the other protein-interaction modules the U-box is fused to, such as the TPR1, 

WD402 and armadillo domains3. This chapter discusses the testing of activity of xE4B in 

substrate ubiquitination, as well as potential application to another somewhat fundamentally 

different U-box, CHIP. 

4.1.2 The U-box family of E3s 

 When compared to the existing information on HECT and RING families, relatively little 

is known about the U-box family of E3s, which received its name from its first formally-

characterized member Ufd24, the yeast homolog of E4B. The U-box E3s comprise only around 

3-4%5 of characterized human ubiquitin ligases. The overall structure of approximately 75-amino 
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acid U-box domains bears striking similarities with RING domains, however, they lack the 

canonical zinc-coordinating cysteine and histidine residues of the RINGs4. As far as activity is 

concerned they resemble RINGs, in that in the presence of substrate they do not load ubiquitin 

onto themselves, but rather act as activating bridges between the E2 and substrate. At the time of 

writing, only a handful of U-box E3s have been comprehensively characterized; the overall 

domain composition of some of the better characterized enzymes are given as below by Marin6 

(Figure 4-1); there is great variety outside the U-box domain among these E3s, which suggest 

that different members of the family plays different roles in regulating different substrates, 

although in general it has been observed that many U-box enzymes play important roles in 

particular regarding protein quality control7.  

Figure 4-1  
Domain compositions of 
U-box E3 ligases 
While members of the U-
box domain all contain the 
well-conserved U-box 
domain containing E3 
ligase activity, there is 
great variation among the 
members in other regions 
of the proteins which is 
probably responsible for 
their different substrate 
preferences. UIP5 also 
possesses a RING finger, 
but only the U-box is 
believed to be active. 
 

Certain U-box enzymes also possess unique idiosyncrasies which underscores the fact 

that there are truly fundamental differences in different members of this family, for example, 

there is excellent evidence that CHIP functions as an asymmetric dimeric complex, where only 

one monomer is active and the other monomer indispensably serves to stimulate ubiquitin 
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release8, akin to the well-studied RING family dimers MDM2/MDMX and BRCA1/BARD1; 

another U-box, Prp19, has been proven to be active in the form of a homodimer of homodimers, 

a homotetramer9; in contrast, E4B and its homologs yeast Ufd2 and E4A, seem to possess 

sufficient activity to function as monomers10, and are also, at the time of writing, the only U-box 

members definitively proven to possess the capability to function as E4 enzymes11-13—ubiquitin 

chain elongation factors; although recently CHIP has been proposed to be capable of acting as an 

E4 as well14; E4 enzymes act to elongate already-existing ubiquitin chains formed by other E3 

enzymes15; this had been previously mentioned briefly in 1.2.      

4.1.2.1 The E4B full-length structure and known biological roles  

 The construct of E4B, also known as mammalian Ufd2A (in contrast to yeast Ufd2), or as 

UBE4B16 which we had previously dealt with in our phage selection and activity assays, was 

limited to the relatively small 75-amino acid U-box domain; the full length enzyme itself is 

appreciably much larger at around 1100 amino acid residues, and can be divided into three 

separate domains10: the N-terminal variable region, the armadillo-like repeats, and the U-box 

domain responsible for E3 activity. The N-terminal variable region shows non-existent 

conservation between homologs; the yeast Ufd2 N-terminal domain is over 200 amino acid 

residues shorter than the mammalian E4B; in contrast, the armadillo repeats comprising the vast 

majority of the protein’s residues believed to be substrate-interacting domains, and the C-

terminal U-box domains, are very well-conserved.  

The crystal structure of full-length yeast Ufd2 containing all three domains, has been 

published3, as shown below (Figure 4-2); in contrast, at the time of writing, existing structures of 

E4B have been limited only to the U-box domain; however one may safely assume that the 

overall E4B structure would be very similar to that of Ufd2, the only significant difference being 
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the variable N-terminal region. Modelling studies of E4B structure have generally relied on the 

Ufd2 structure as a guide. 

 

Figure 4-2 Structure of the E4B homolog Ufd2.  
The full length 1000+ amino acid protein is shown with the U-box domain (red), armadillo 
repeats (green), and N-terminal variable region (blue). 

 

Extremely little is known about the physiological functions of the mammalian E4B U-

box ligase; only a small handful of substrates have been reported, including the widely-renowned 

and exhaustively-studied tumor suppressor protein p5317, FEZ118, a protein involved in 

neuritogenesis, and ataxin-319, a protein involved in what is known as the Machado-Joseph 

disease. In specific cases depending on the substrate, the E4B U-box can act either solely as E3 

(FEZ1), or E4 (ataxin-3), or as both (p53); in particular, upregulation of E4B activity has been 

correlated with decrease in p53 levels in certain medulloblastoma tumors20; in vitro 

ubiquitination of p53 with E4B acting as the sole E3 has been reported20; however, it is held, 

canonically, that in vivo, E4B acts as an E4 enzyme which polyubiquitinates p53 and any other 

potential substrates through the mediation of other E3s, namely CHIP21, and Hdm222.   

With exceedingly few reported ubiquitination substrates of E4B, and the fact that 

virtually nothing is known about the complications behind the mechanism which determines the 



 
 

100 
 

U-box’s mode of action either as E3 or E4 or perhaps, both simultaneously, any findings we 

obtain from using our OUT system would likely be significant.  

4.1.2.2 CHIP structure and known biological functions 

Figure 4-3 Computer-generated model structure of the CHIP homodimer. As previously 
reported by Qian et.al8, the CHIP homodimer is believed to possess great flexibility crucial for 
activity; shown are the U-box domains (orange balls) showing the E2 binding site (flat surface), 
the TPR domains (blue cubes) showing substrate binding sites (blue holes), and the linker 
domains (green bars) showing flexible regions (silver). The inactive symmetric conformation is 
as shown (B&E) in which the active faces of the U-box domains are blocked, alongside the 
active, asymmetrical ones (A&D, C&F), in which one of the U-box domains becomes openly 
exposed. 
  

In stark contrast to rather esoteric E4B enzyme, the CHIP (carboxyl terminus of Hsc70-

interacting protein) E3 ligase, also known as STUB1, is one of the well-studied members of the 

U-box family, and of E3s in general. The ~300-amino acid full-length protein, whose rough 

structure was given as a complex with the E2 enzyme Ubc1323 in chapter 2, is comprised of the 



 
 

101 
 

N-terminal TPR repeats, and linker domain, and the C-terminal U-box24. Crystal structures of the 

CHIP protein itself, or of the protein in complex with E2 or other proteins such as the molecular 

chaperone Hsc70, are readily available. It is well established that CHIP is active as a homodimer; 

the U-box domain and the linker domain are responsible for its dimerization. The dimer formed 

is believed to be asymmetric in its active conformation25; only one monomer is accessible by E2 

and is active as E3 at any given time; the other monomer also likely serves a purpose and is 

crucial for stimulating ubiquitin release, as is also the case with dimeric RING enzyme 

complexes26. The complex is believed to be conformationally flexible and dynamic; the 

individual monomers “take turns” being the active one, this flexibility is conferred by certain 

regions in the linker domain27. (Figure 4-3) 

 CHIP possesses several scores of reported substrates and the known biological pathways 

regulated by CHIP are numerous28-44—CHIP has been known first, and foremost, as a 

cochaperone protein most well-known for its association with the chaperone Hsc70 (heat shock 

cognate 70kD) protein45—from which it gets its name—through its TPR domain, and 

interestingly Hsc70 itself as well as other chaperone proteins can also be targeted by CHIP for 

ubiquitination46; in other words, CHIP plays a role in protein quality control; it is believed to 

ubiquitinate misfolded or damaged proteins during various types of cell stress to consign them 

for proteasomal degradation45,47,48; although CHIP itself can target certain substrates in a 

chaperone-independent manner43. As would be expected, various oncogenes are among CHIP’s 

numerous putative substrates, including but not limited to, c-myc49, hypoxia-inducible factor 150, 

ErbB251, NF-kB29 and EGFR52; somewhat paradoxically, the list of known CHIP substrates also 

include some tumor suppressor proteins as well, including p5353-56 and PTEN57, which may 

imply that CHIP itself may act as an oncogene in some instances. In whatever case, CHIP is 
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involved in the suppression of many different types of cancer58-61, and in several neurological 

diseases62-66, including Alzheimer’s67, making it a very interesting target of research. 

4.2 Results 

4.2.1 Full-length E4B activity assays 

4.2.1.1 Expression and reconstitution of wild-type activity 

Figure 4-4 Full length wild-type E4B expression and activity.The successful expression of the 
full length wild-type E4B protein was confirmed by Western immunoblotting, and by Coomassie 
staining (A); activity of the expressed protein was assayed in both autoubiquitination (B) and 
putative substrate ubiquitination assays (C). 



 
 

103 
 

Our previous selection and activity assay solely involved only the U-box domain of E4B; 

to test substrate ubiquitination activity, the full-length enzyme, or at least a construct containing 

the armadillo repeats as well as the U-box would be required. Success of the bacterial expression 

of the full-length 1100+ amino acid protein, using slightly modified protocols, was confirmed 

through Coomassie staining, and through western immunoblotting against the N-terminal fused 

FLAG and 6-His tags (Figure 4-4A). Afterwards, we confirmed the activity of wild-type full 

length E4B (from hence referred to as fE4B) in autoubiquitination assays similar to previous 

assays on the U-box domain, and with the putative in vitro substrate p53 (Figure 4-4B&C). 

4.2.1.2 Testing of xfE4B OUT activity 

 
 
Figure 4-5 Expression of full length E4B mutant variants. The expression of these mutants 
were confirmed in a similar manner to the wild-type full length E4B enzyme. 

 

Encouraged by our success which demonstrated that wild-type E4B activity was able to 

be reconstituted using our protocols, we then constructed full-length versions of two of the 

mutants selected from our library; although all tested selected clones were found to be active, we 

decided to focus on only these: KB2 (the most abundant clone in the 2nd selection), and KB12, 

which contained a crucial residue charge reversal in its D1238R mutation (see Table 3-4). The 
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expression of both variants (hence referred to as fKB2 and fKB12) were confirmed in the same 

manner as the wild-type, by Coomassie staining and Western immunoblotting against FLAG 

(Figure 4-5). 

Afterwards, the mutants were tested for OUT ubiquitination involving xUB, xE1 and xE2 

in both autoubiquitination, and p53 ubiquitination assays (Figure 4-6A&B), and were found, 

much to our delight, to be active; while as expected, the wild-type protein showed no observable 

activity in p53 ubiquitination. The two mutants showed virtually the same levels of activity, as 

was also observed when only the U-box domain constructs were tested (Chapter 3, Scheme 3-

6B). This marked the first occasion where we have observed xub transferred successfully 

through the entire OUT cascade onto a substrate protein and to a certain extent, vindicated our 

approach. 

 

Figure 4-6 Activity assays of full length E4B mutant variants 
Shown are the autoubiquitination (A) and substrate ubiquitination (B) assays of the full-length 
KB2 and KB12 mutants; autoubiquitination was blotted against the FLAG epitope on the E4B 
protein, while substrate ubiquitination was blotted with p53-specific antibodies; the wild-type 
E4B protein showed no appreciable activity in p53 ubiquitination when charged with OUT 
enzymes (rightmost lane). 
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4.2.2 Construction and activity assays of xCHIP mutants 

4.2.2.1 Engineering the CHIP U-box for OUT activity  

 Encouraged by our success, we then sought to investigate whether or not our selected U-

box mutations would also be useful on other E3 frames; as stated earlier, the overall structure of 

RING and U-box domains are remarkably similar, although their amino acid sequences are not 

so, which might make the task of determining which amino acid residue is analogous to which 

when comparing between starkly different E3s problematic.  

We have previously discussed our efforts on the U-box ligase CHIP, and the rational 

design engineering thereof—which had some modest success. As mentioned earlier, there are 

certain fundamental differences between E4B and CHIP—differences which also exist in the U-

box domain itself, which will be discussed more thoroughly in the discussion section; this 

notwithstanding, we have had great success previously in reconstituting CHIP E3 activity on its 

putative substrates p5368, and Hsc7069; this, coupled with the fact the CHIP is a protein which 

possesses great biological significance, led to us deciding to focus our efforts in constructing 

active xCHIP mutants using the information we obtained from E4B selection.  

Figure 4-7 Library selection-based CHIP mutants. The amino acid sequences of xCHIP2 and 
xCHIP12 mutants, with the transplanted loop (shaded green) as compared to those of wild-type 
(blue text) and rationally-designed mutants (Table 2-4) with their mutations (shaded yellow).  
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Using information from the existing crystal structures23, we decided to target the whole 

stretch of amino acid residues 233-239 which comprise the loop region in CHIP interacting with 

the N-terminal helix of E2; this entire loop was replaced by the corresponding amino acid 

residues 1233 to 1239 of E4B mutants KB2 and KB12 to create mutants termed xCHIP2 and 

xCHIP12, respectively, as shown above (Figure 4-7).  

4.2.2.2 xCHIP OUT activity assays 

After confirming the success of expression, these xCHIP variants were then tested in 

autoubiquitination and p53 ubiquitination assays involving OUT components (Figure 4-8A&B), 

and were also found to be active at a level comparable to the wild-type enzyme (Figure 4-8C).  

Figure 4-8 Activity assays of CHIP mutant variants. (A) Autoubiquitination of FLAG-tagged 
CHIP mutant variants, xCHIP2 and xCHIP12, as opposed to FLAG-wild-type CHIP (last lane); 
(B) in a similar manner, putative substrate (p53) ubiquitination of xCHIP KB2 and KB12 
compared to wild-type (last lane) as shown and (C) Wild-type CHIP ubiquitination of p53.  
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In the same manner as E4B, the wild-type CHIP enzyme did not show any appreciable 

activity with OUT enzymes in the autoubiquitination and the substrate ubiquitination assays; this 

was consistent with our previous observations mentioned in Chapter 2.  

4.3 Discussion       

4.3.1 Full-length E4B expression    

 To our knowledge, at the time of writing there existed only one reported instance in 

which the full length E4B protein had been successfully isolated to be used in in vitro assays—

involving expression from insect cell systems; the vast majority of studies on the full-length 

protein assayed the protein activity in vivo in mammalian cell systems. Expression of the full-

length E4B protein via the generic bacterial expression protocols our group has been accustomed 

to, had proven problematic in our experience due to various reasons such as extremely low yield 

per culture volume, low purity due to the full length E4B protein copurifying with other 

unwanted proteins, the formation of inclusion bodies and insolubility in generic buffers, and 

observed protein truncation, due to incomplete transcription or translation, or degradation in the 

isolation process.  

Our success in expression of the protein using the generic pET vector expression system 

was based off of a protocol previously reported in a similar bacterial expression of the full-length 

yeast homolog Ufd2 protein3; through many attempts in trial-and-error, we developed a 

significantly modified protocol which involved culturing the E.coli cells in rich media until very 

late in the log-growth phase, induction conditions using very high amounts of IPTG at low 

temperatures for extended times, and after standard affinity tag purification, a second purification 

step involving precipitation of the target protein at a specific ammonium sulfate gradient. When 
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our work is successfully published, we believe this would mark the first reported occasion in 

which this protein has been expressed in active form using bacterial systems.   

4.3.2 Comparisons between E4B and CHIP U-box domains 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4-9 Comparison between the E4B and CHIP U-box domains16. The comparative 
structures of the E2-U-box complexes for (A) E4B monomer, and (B) asymmetric CHIP dimer; 
active U-box domains (orange), the E2 enzymes (purple), and the blocked, inactive CHIP U-box 
monomer (yellow), are as shown. The respective electrostatic surface potentials are as given in 
(C) and (D); the highly polarized E4B surface renders the theoretical dimer structure shown in 
(C) highly unfavorable due to negative electrostatic repulsion, whereas this effect is nowhere 
near as pronounced in CHIP (D).     
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Superficially, the U-box domains generally bear the same structural folds and motifs and 

can be easily superimposed to demonstrate the resemblance; however, there are certain 

fundamental differences between monomeric U-boxes such as E4B and dimeric ones such as 

CHIP which is readily apparent in the amino acid composition. Certain hydrophobic residues in 

the U-boxes of the dimeric CHIP, and the tetrameric Prp19, believed to responsible for 

dimerization via hydrophobic interactions, correspond to charged residues in E4B and its fellow 

monomeric homologs upon alignment; any theoretical E4B dimer in a similar conformation 

would hence be rendered unfavorable by electrostatic repulsions—this fact is readily apparent 

when one considers the drastically different surface potential characteristics of the two enzymes, 

as published by Benirschke et.al16 shown above; the surface of CHIP contains large swaths of 

uncharged regions around the area where the monomers overlap and dimerization takes place, 

whereas the equivalent surface of the theoretical E4B dimer is markedly much more strongly 

polarized (Figure 4-9). 

We have previously discussed using rational design mutagenesis which involved the 

charge reversal of certain acidic residues in RING domains and in the CHIP U-box in Chapter 2. 

The engineered RING domains exhibited nonexistent OUT activity, while one of the engineered 

CHIP mutants, in particular the D230K mutant—from the crystal structure this particular 

aspartate seemed to be in the closest proximity and have the highest likelihood of interacting 

with the N-terminal helix of E2—had been more promising; however, when we considered the 

amino acid sequence alignment of U-box domains based on secondary structure motifs (Figures 

4-10, 4-11), between E4B and CHIP, it was clear that all of the loop residues which were 

randomized in our E4B selection with the exception for L1236 (which aligned to CHIP’s similar 

I236), aligned to rather unconvincing counterparts in CHIP.  
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Figure 4-10 Alignment of U-box domains. Shown are the sequences in the E2 N-terminal 
helix-interacting loop region of different U-box domains. Conserved or semi-conserved residues 
are in red text. The loop region which was transplanted into the CHIP mutants: xCHIP2 and 
xCHIP12, is shaded in yellow. 

 

 
 
Figure 4-11 Comparison of E2-interacting loop domains. (A) Despite the apparent similarity 
between the E4B (green) and CHIP U-box domains (grey) when their respective structures taken 
in complex with the E2 enzyme (cyan) are interposed, (B-D) the amino acid compositions of the 
crucial loop in the E3 enzymes (lilac) interacting with the E2 enzyme (olive) for E4B (B) and 
CHIP (C) are considerably different in property and character. In comparison, the analogous loop 
domain in the TRAF6 RING (D) is also given, shown in complex with the crucial zinc ions 
(silver balls).    
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R1233 would align directly onto a cysteine residue; M1236 onto serine, the crucial salt 

bridge D1238 aligned onto phenylalanine, and T1239 onto glutamic acid. The unmutated D1234 

and P1235 residues in E4B also do not have good matchings in, respectively, the glycine and 

lysine residues of CHIP. This suggested that despite the superficial structural similarity, the 

specific chemistry in the interactions between this loop region and the E2 N-terminal helix 

differs significantly between E4B and CHIP; most likely the binding modes and conformations, 

while probably similar to some extent as far as overall complex tertiary structure is concerned, 

are ultimately fundamentally different in the nature of the specific underlying chemical 

interactions. Hence, constructing the CHIP U-box to be perfectly analogous to the selected U-

box mutants of E4B was far from being straightforward; however, to achieve our ultimate end of 

substrate ubiquitination, we had no need of a perfect analog; we merely needed an active one. 

And so, we came to the decision of replacing the entire loop region in the CHIP U-box with 

those from xE4B, which also included the unrandomized D1234 and P1235 residues; and as far 

as results were concerned, we seemed to be well-rewarded for our efforts, as these mutants 

readily ubiquitinated the putative p53 substrate with OUT components.  

Admittedly, this approach had probably resulted in CHIP mutants which would most 

likely be recognized by, and interact with, the E2 enzyme as more of an E4B U-box than a CHIP 

U-box; however, since their TPR repeat domains remained unchanged, these mutants should still 

recognize their wild-type substrates; we also did not touch the hydrophobic residues responsible 

for CHIP dimerization in the linker domains, and hence we had good reason to expect that these 

mutants would also form stable, asymmetric dimers similar to those formed by the wild-type 

CHIP enzyme; as far as the whole E3 enzyme itself was concerned, we had no reason to suspect 

that these mutants would possess any significant structural differences with the wild-type CHIP; 
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however, further testing, including the acquisition of a crystal structure, is probably required to 

positively verify these claims. 

  

4.3.3 Possible applications to other E3 enzymes 

Given the obvious, though admittedly, superficial, structural similarities between the 

RING and the U-box families, it was definitely worth considering whether or not similar E2-

interacting loop transplants would work on RINGs; it did not seem to matter that the amino acid 

sequences of E4B and CHIP were starkly different, and in many ways the sequence of CHIP’s 

U-box bears more resemblance to the sequence of RINGs than that of some U-box domains. 

 However, in RING domains, which are comprised of zinc fingers, the analogous loop 

region contains a crucial and perfectly conserved zinc-coordinating cysteine residue (refer to 

region labelled as site I in the RING domains in Figure 2-270) which would most likely affect the 

overall structure and activity of the enzyme if mutated; this residue, C233 is also apparently 

“conserved” in CHIP upon alignment (if one subscribes to the idea that the U-box family was 

derived from RINGs, as some do71), although that particular cysteine residue in the CHIP 

enzyme is oriented differently than those found in the RING enzymes (see Figure 4-11) and 

mutation of this residue in our xCHIP mutants did not seem to affect its activity—U-box 

domains are not known to coordinate zinc ions. A partial loop transplant conserving the cysteine 

residue while mutating all the other ones had been among one of the possibilities we had 

considered—afterwards members of our group then tested such mutations on the TRAF6 and 

Mdm2 RING domains; however the attempts yielded no fruitful results (data no shown).  
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Hence, for the time being, engineering the RING domains for OUT activity continues to 

be a challenge. Perhaps one possible way to circumvent this problem is to create chimeric 

proteins—fusing the entire engineered U-box domain onto the substrate binding regions of 

RINGs and testing for substrate ubiquitination activity. Similar techniques involving the creation 

of chimeric proteins to change substrate specificity have been reported on multiple occasions, 

including fusion even between conjugating enzymes in different pathways, such as ubiquitin and 

Nedd8 to transform what was formerly a ubiquitin E3 enzyme, into a neddylating one72. 

 Conceivably, the monomeric E4B U-box may be fused to the frames of the handful of 

known monomeric RINGs such as the Cbl ligases26, whereas the CHIP U-box, whose U-box 

amino acid composition is more amenable to dimerization, may be fused to the frames of the vast 

majority of RINGs which operate as dimers such as Mdm273 or BIRC774; these chimaeras would 

theoretically interact with their respective native substrates normally with their intact would 

certainly be required to determine whether or not this would be possible, but if so, it would allow 

us to access ~90% of all known E3 ligases and open an innumerable number of avenues for 

future research.  

 Regardless, for the time being, our results confirmed that we had successfully 

reengineered the U-box domains of E4B and CHIP to allow these enzymes to ubiquitinate 

putative substrates with xUB through the newly completed cascade of XE1, xE2 and x-Ubox. 

The last and final step which remained was to reconstitute this entire orthogonal cascade in vivo 

and ultimately enrich and identify potential E3 substrates labelled with xUB. This would finally 

allow the OUT system, which our group had painstakingly endeavored over the years to 

construct, to fulfill the main purpose it was created for; the results of this will be discussed in the 

next and final chapter.     
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4.4 Methods 

The list of primers used for this chapter are as given in Table 4-1. 

Table 4-1. Primers used in Chapter 4.  
Residues in red indicate restriction sites. 
 

4.4.1 Cloning and expression of full length E4B variants 

pET30a-FLAG-full length wild-type E4B was a gift from Vanderbilt University; the 

vector had since been slightly modified by our group to correct a preexisting frameshift error. 

The mutant sequences of E4B KB2 and KB12 were introduced via overlap extension PCR using 

the wild-type full length as DNA template; Kar239 (KB2) or Kar240 (KB12) was paired with 

Kar241, and these were coupled with the PCR product from the Kar238/Kar242 pair; the final 
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product was digested with BamHI/XhoI, and ligated into the aforementioned pET30a wild-type 

E4B vector, utilizing an internal BamHI site in the E4B gene which lay several hundreds of base 

pairs upstream of the C-terminal mutated U-box region; hence, these mutants retained the N-

terminal FLAG tag that had been present in the wild-type construct. The full-length E4B 

constructs (wild-type, KB2, and KB12) were transformed into ArcticExpress(DE3) cells 

(Strategene).  

An overnight culture was inoculated into Terrific Broth medium supplemented with 70 

mg/ml kanamycin and grown with vigorous shaking at 37˚C until the optical density at 600 nm 

reached ~1.0-1.5. The culture was cooled down to 13˚C for 10 minutes, before being induced by 

the addition of IPTG to a final concentration of 4 mM; induction was allowed to continue at 

13˚C for 18 hours overnight.  

The next morning, the cells were harvested by centrifugation at 5000 rpm for 10 minutes, 

and resuspended in lysis buffer (50 mM Tris pH 8.0, 300 mM NaCl and 10 mM imidazole); the 

cells were then treated with ~5 mg/ml lysozyme and incubated at 30˚C for 1 hour; lysis of the 

cells was completed via sonication, and the lysate was cleared by centrifugation at 6000 rpm for 

30 minutes. Ni-NTA agarose (QIAGEN) was incubated with the cleared lysate at 4˚C for 2 

hours, and the resin was washed twice with 20 volumes of wash buffer (same as lysis buffer, but 

with 20 mM imidazole), and the bound protein was eluted twice, each time with two volumes of 

elution buffer (same as lysis buffer, but with 250 mM imidazole). The purified eluate was 

dialyzed overnight at 4˚C in a precipitation buffer containing 50 mM Tris pH 7.5, 1 M 

ammonium sulfate, 1 M KCl, 5 mM DTT and 10% glycerol. The pellet containing precipitated 

E4B protein was first reconstituted in TBS supplemented with 10 mM MgCl2, and any 

remaining pellet afterwards was reconstituted in a solution containing 50 mM Tris pH 8.0; the 
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remaining supernatant from overnight dialysis was concentrated down further using Amicon 

centrifugal filters (EMD Millipore) with a MW cut off point of 100 kDa—the resulting pellet 

was also likewise reconstituted. The presence of full-length flag E4B in each of the different 

fractions was confirmed by Coomassie staining and Western immunoblotting against the FLAG 

affinity tag. Fractions found containing significant amounts of the target E4B protein (~130-150 

kDa) were then pooled together and used for activity assays.   

4.4.2 Cloning and expression of xCHIP 

 The loop-transplant mutations in the xCHIP2 and xCHIP12 clones were introduced via 

overlap extension PCR using the wild-type CHIP gene in pET vector (a construct made by a 

previous member of our group) as template, via the overlap extension primer Kar234 paired with 

“CHIP NdeI up”, which was coupled with the products from either Kar232 (xCHIP2) or Kar233 

(xCHIP12) with either “CHIP XhoI KpnI” for variants with the C-terminal FLAG epitope or 

“CHIP XhoI stop” for those without. The PCR product was digested with either NdeI/KpnI (for 

variants with FLAG) or NdeI/XhoI (for variants without) restriction enzyme pairs and ligated 

into similarly digested and dephosphorylated pET-mutant E4B U-box FLAG vector (from 

3.4.4.2); the vector contained a FLAG sequence within the KpnI restriction site which would be 

removed if digested with XhoI. After confirmation by DNA sequencing, the constructs were then 

transformed into ArcticExpress(DE3) cells, and expression and purification of these proteins 

followed the generic protocol previously reported in 2.4.2. The success of protein expression was 

confirmed by Coomassie staining and by Western immunoblotting with rabbit antibody raised 

against the CHIP protein (Santa Cruz), or by antibodies against the FLAG epitope (for variants 

with FLAG).  
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4.4.3 Ubiquitination assays 

 All assays were done in TBS supplemented with 10 mM MgCl2 and 1.5 mM ATP.  

4.4.3.1 Autoubiquitination assays 

 5 μM of xCHIP2, xCHIP12 or wild-type CHIP with C-terminal FLAG epitope tags, or 5 

μM of fKB2, fKB12, and wild-type fE4B which bore N-terminal FLAG affinity tags, were 

charged with 2 μM XE1 (uba1), 10 μM xE2 (ubch5b-81), and 60 μM xub in 30 uL reaction 

volume and incubated at 37˚C for 1.5 hours. The presence of ubiquitinated E3 species was 

detected using mouse anti-FLAG antibody (Fisher). 

4.4.3.2 Substrate (p53) ubiquitination assays 

 For reconstitution of wild-type p53, in 30 μL reaction, 4 μM of wild-type E3, fE4B (N-

terminal FLAG) or CHIP (no FLAG) was mixed with 0.4 μM p53 (Boston Biochem) and 

incubated at 4˚C for 30 minutes. Afterwards wild-type uba1 (0.2 μM), ubch5b (0.2 μM) and 

ubiquitin (30 μM) were added to the reaction, mixed, and allowed to incubate at 30˚C for 1 hour. 

 For OUT ubiquitination of p53, 5 μM of xCHIP2, xCHIP12 and wild-type CHIP (no 

FLAG), or 3 μM of fKB2, fKB12 and fE4B was mixed with 0.1 μM of p53 (Boston Biochem) 

and incubated at 4˚C for 30 minutes. Afterwards the reaction was charged with 2μM of XE1 

(uba1), 20 μM xE2 (ubch5b-81) and 100 μM xub, and allowed to incubate at 30˚C for 1.5 hours.  

 All p53 ubiquitination reactions were immunoblotted and probed with mouse anti-p53 

antibody (DO-1) from Santa Cruz Biotechnologies. 
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Chapter 5 

In vivo OUT substrate identification via proteomics and confirmation  

5.1 Background information 

5.1.1 Rationale 

 Up until this point, we had successfully reconstituted a complete OUT cascade which was 

proven to be capable of ubiquitinating putative substrates with xUB through our engineered xE1, 

xE2 and xE3 conjugating enzymes. The construction of OUT was finished; the thing that 

remained, the final step in our journey, was to utilize OUT to fulfill the purpose it was created 

for—the identification of substrates of particular E2-E3 combinations. To this end, we utilized a 

relatively straightforward proteomics approach, consisting of enriching xUB-conjugated proteins 

from the lysate in which the entire OUT cascade had been introduced—which was the original 

intent we had in mind when the project was started; since then however, many more 

sophisticated protocols in ubiquitin proteomics have been developed—these will be discussed 

briefly in the next section, followed by our own rather relatively simple approach to the problem 

and the results thereof, and finally the assays which provide confirmation of our findings. 

5.1.2 Common strategies in ubiquitin proteomics   

While one might consider our OUT system approach as an unprecedented novelty to 

some extent, the proteomics approach towards identifying substrates of ubiquitination has long 

been in existence. In general, the crux of this approach involves first and foremost a method to 

enrich and identify ubiquitinated proteins from a cell lysate. An extremely common strategy to 

achieve this, is what is called “di-Gly proteomics1,2”. 
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Figure 5-1 Trypsin cleavage of ubiquitinated proteins. The protease trypsin will cleave at the 
C-terminal of R74 of ubiquitin, exposing two glycine residues as a remnant, as well as other 
suitable places in the substrate. The resulting peptide fragment can then be enriched and 
characterized.  

 

Ubiquitinated substrates (with possibly the exception in the case of the extremely rare N-

terminal ubiquitination) contain certain lysine residues whose side chain ε-amino groups are 

linked through amide linkages with the C-terminal carboxyl groups of ubiquitin; (the C-terminal 

amino acid residues of ubiquitin have the sequence of LRLRGG) digestion with trypsin (which 

cleaves on the C-terminal end of either arginine or lysine residues; however it will not cleave a 

lysine residue which has been modified by an isopeptide bond with ubiquitin due to steric 
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hindrance), resulting in remnants consisting of the two terminal glycine residues from ubiquitin 

fused to cleaved peptide fragments from the substrate via the lysine ε-amino group3 (Figure 5-1). 

These cleaved fragments generally are enriched via pulldown with bead-conjugated antibodies 

against the isopeptide-linked lysine and diglycine motif, often termed “di-Gly antibodies”4-6 and 

the identity of the proteins the fragments belong to elucidated through mass spectrometry—this 

method can also be used to determine which lysine residues on a certain substrate are 

ubiquitinated7. Attempts to improve upon the rather mediocre affinity and specificity of the 

existing di-Gly antibodies have also led to the development of more sophisticated ubiquitin-

specific and even chain-type specific antibodies8, and of ubiquitin-binding domain peptides9-12; 

also, some approaches involve introduction and overexpression of exogenous ubiquitin bearing 

epitope tags13,14—some of which, such as the biotin tags in circulation15-17—peptide sequences 

biotinylated in vivo by endogenous eukaryotic enzymes, possess extremely strong binding with 

avidin derivatives such that it survives the most stringent wash conditions, and generic elution 

protocols are rendered inefficient—elution is generally done through enzymatic (such as TEV) 

cleavage though an inserted protease recognition site, or the bead-bound proteins are sent as-is 

for MS analysis; multiple different tags may be also used in tandem purification18-20 to increase 

the specificity as well. The main drawback of this approach is that exogenous ubiquitin most 

likely would interfere with endogenous ubiquitin activity9, leading to results that are not based 

on the natural default state of the cell. 

Attempts to use the proteomics approach to determine substrates of particular E3 

enzymes or systems have been reported21-23. These generally rely on observing the changes in the 

ubiquitinome—the ubiquitinated proteome when the E3 of interest is either overexpressed21,23, or 

knocked down19,24; actually, this strategy can also be used to determine changes in the 
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ubiquitinome under a variety of conditions, such as under mitochondrial depolarization25. The 

comparison between the ubiquitinome of perturbed cells, and that of the control group generally 

involves monitoring the change in abundance of proteins enriched for ubiquitination by various 

different methods such as SILAC26, which distinguishes between the two populations by 

different isotopic labelling and allows the simultaneous monitoring of thousands of proteins. 

5.2 Results 

5.2.1 Reconstitution of OUT in vivo  

We first started by creating mammalian HEK293T stable cell lines in which each distinct 

component of OUT, save for xUB which was transiently transfected in the last step, was 

introduced sequentially in separate vectors bearing different antibiotic resistances. Each separate 

component of OUT was also fused with its own unique epitope tag for detection (Figure 5-2).  

 
 

Figure 5-2 Lentiviral constructs and expression. OUT components introduced in vivo with 
their respective epitope tags, with Western immunoblotting confirmation of expression from cell 
lysate (+); controls from blank HEK293T cells on the right are signified with (-). 
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5.2.2 Enrichment of x-ubiquitinated proteins 

 Having confirmed the expression of our OUT system reconstituted in vivo by Western 

immunoblotting for each of the components, we then next sought to enrich xUB-conjugated 

substrate proteins to send for proteomics analysis. 

 

Figure 5-3 Enrichment of x-ubiquitinated proteins. From the lysate of cells in which the 
entire OUT cascade had been introduced, proteins ubiquitinated with xub were enriched via 
tandem affinity purification of the HBT tag before being sent for mass spectrometry analysis. 

 

For this, we adopted a rather straightforward approach; our xUB construct contained an 

HBT tag18, which is a 6-His tag fused to a biotin tag; these made two different ways of enriching 

x-ubiquitinated proteins. We performed a tandem purification of the cell lysates, first with Ni-
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NTA beads to bind to the 6-His tag, and after elution with imidazole, this was followed by 

purification by streptavidin sepharose which allowed extremely harsh and denaturing washing 

conditions. We did not perform TEV cleavage, but sent the washed sepharose beads directly for 

analysis—in which the bound proteins were trypsinized and analyzed by mass spectrometry 

(Figure 5-3). The x-ubiquitinomes of the populations containing the whole OUT cascade with 

either xE4B or xCHIP, were to be compared against that of a control population, in which only 

xUB, xE1 and xE2 were present. This process was done in duplicate for each E3, and the 

potential hits of both runs were compiled together. 

5.2.3 Proteomics analysis results    

Table 5-1 
Potential 
substrates of E4B 
identified by 
proteomics. 
Shown is the list of 
hits from the 
proteomic analysis; 
putative substrates 
are in red text; PSM 
numbers outside the 
parentheses are the 
results from the first 
attempt; while the 
numbers inside the 
parentheses indicate 
results from the 
second attempt. Hits 
are defined as 
having two-fold or 
greater enrichment 
over the number of 
PSMs from the 
control cell lines 
without xE3, and 
having at least 3 
PSMs identified.  



 
 

131 
 

 
Table 5-2 Potential substrates of CHIP identified by proteomics. 
In the same manner as Table 5-1, putative substrates are given in red text; PSM numbers outside 
the parentheses are the results from the first attempt; while the numbers inside the parenthesis 
indicate results from the second attempt. Hits are defined as having two-fold or greater 
enrichment over the corresponding PSM from the control cell lines without xE3, and having at 
least 3 PSMs identified.  
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The analysis supplied us with potential substrates detected by mass spectrometry, which 

were reported in the form of PSMs (peptide spectrum matches)—which corresponded to the 

number of peptide fragments identified as potentially belonging to the particular proteins. The 

observed PSMs from enriched proteins from cells containing the full OUT cascade: XE1, xE2, 

and either xE4B (fKB2) or xCHIP (xCHIP12) were compared against the control derived from 

cells in which the xE3 component was missing; we arbitrarily screened potential hits by these 

two criteria: having three or more PSMs detected, and showing at least two-fold enrichment over 

the PSMs of the control group; this resulted in around 1000+ hits of potential substrates for both 

E3s. Some particularly biologically-significant hits in our analysis for each group were given in 

Table 5-1 and Table 5-2 above; the full lists of hits are included in the supplementary 

information section. 

5.2.4 Verification of potential substrates 

5.2.4.1 In vitro ubiquitination assays 

 In vitro verification of identified hits from our proteomics analysis was carried out using 

similar protocols to the previously mentioned assays on putative substrates such as p53 or Hsc70, 

with wild-type ubiquitin and ubiquitin conjugating enzymes to eliminate the possibility of false 

positives which might have arisen as the result of non-native interactions caused by the specific 

mutations in xE3 which conferred OUT activity. In a somewhat arbitrary manner, we focused 

our efforts generally on well-studied substrates which play well-elucidated roles in significant 

biological pathways. The majority of substrates tested were found to be ubiquitinated by their 

respective E3s in vitro as long as suitable conditions (which may vary from substrate to 

substrate) were used. The more significant assay results were as given for E4B (Figure 5-4) and 

CHIP (Figure 5-5). 
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Figure 5-4 In vitro verification of E4B substrates. Potential substrates were tested for 
ubiquitination by wild-type E1, E2, ubiquitin and full-length E4B proteins; Western 
immunoblotting was done using antibodies either against the substrates themselves or their fused 
epitope tags. 
 

 
Figure 5-5 In vitro verification of CHIP substrates. Potential substrates were tested for 
ubiquitination by wild-type E1, E2, ubiquitin and CHIP proteins; Western immunoblotting was 
done using antibodies either against the substrates themselves or their fused epitope tags 
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5.2.4.2 In vivo verification of potential substrates 

 
 
Figure 5-6 Probing the effects of cellular E3 levels on substrate ubiquitination.  
Four different populations of cells were assayed for their levels of ubiquitination of the substrate 
of interest; they consist of unperturbed cells (HEK293T), cells in which the E3 of interest had 
been knocked down (KD) via introduction of exogenous shRNA, cells in which after E3 
knockdown an exogenous copy of the E3 of interest had been introduced to restore E3 activity 
(KD+OE), and finally cells in which the E3 of interest had been simply overexpressed without 
knockdown (OE). Following cell lysis, the substrate of interest was enriched and assayed for 
ubiquitination levels.   
 

In vivo assays, involving mammalian HEK293T cells, of certain promising potential 

substrates which showed high levels of activity in vitro was also carried out using a significantly 

more sophisticated protocol, which involved monitoring the extent of ubiquitination of the target 

substrate by first enriching the target of interest via affinity pulldown and probing with anti-

ubiquitin antibodies after Western immunoblotting (Figures 5-7 and 5-8). We compared the 

levels of ubiquitination of potential substrates in four populations of cells (Figure 5-6): 

unperturbed cells, cells in which an introduced exogenous copy of the proper E3 (E4B or CHIP) 
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was overexpressed, cells in which the E3 had been knocked down (through the creation of a 

stable cell line in which the genes transcribing shRNAs were introduced in a vector), and finally 

cells in which the effects of the knockdown of the E3 in question had been reversed through the 

introduction and overexpression of exogenous E3.  

 
 
Figure 5-7 In vivo verification of E4B substrates. 
To achieve knockdown of E4B, six stable cell lines containing six different commercial E4B 
shRNA constructs were created; the success of E4B knockdown was monitored by Western 
immunoblotting of lysates with antibodies specific against E4B (top left, boxed area). Shown is 
the control from unperturbed HEK293T cells (1), and the lysates from the different knockdown 
cell lines (2). Tubulin levels were monitored as standard controls. Potential substrates of E4B 
from proteomics analysis were enriched via immunoprecipitation out from the cell lysates of four 
different cell populations (1) to (4) (refer to Figure 5-6), using substrate-specific antibodies. The 
levels of ubiquitination of substrates were monitored by Western immunoblotting with antibody 
against ubiquitin.     
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Figure 5-8 In vivo verification of CHIP substrates.  
The cell lysates of four different cell populations (1) to (4) (refer to Figures 5-6 and 5-7), were 
monitored for the success of either knockdown or overexpression of the CHIP protein (boxed 
area), with tubulin levels included as standard controls. Potential substrates were also enriched 
via immunoprecipitation from these four different lysates using substrate-specific antibodies, and 
the levels of ubiquitination were monitored by Western immunoblotting against ubiquitin, in the 
same exact manner as Figure 5-7.  
 

5.3 Discussion 

5.3.1 The OUT cascade successfully reconstituted in vivo 

  Up until this point, all of our assays involving the individual steps of our OUT cascade 

had been verified solely in vitro; our results provided much needed confirmation that our system 

could also function efficiently in vivo as well; we identified the PSMs of the respective U-box 
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E3s in the list of proteins enriched, and hence this suggested that our transfected xE3s underwent 

some certain extent of autoubiquitination with xUB, which would be consistent with our 

previous in vitro results and would affirm that indeed each component, and each ubiquitin 

transfer step in the entire OUT cascade was functioning; the fact that there was a very obvious 

difference in the PSMs of the E3s between the xE3-transfected group the control group strongly 

suggested that these fragments indeed mostly came from the introduced xE3 and not from their 

endogenous wild-type counterparts, which in any case would not be expected to be active with 

the OUT system and hence, not enriched by our tandem purification methods.  

5.3.2 Identified proteomics hits 

 Through our screening, we identified multiple reported putative substrates of CHIP 

among our hits, which included targets we had previously characterized such as p5327, Hsc7028 

and Hsp7029 (a homolog of Hsc70 which shares 94% sequence identity), as well as other putative 

substrates previously reported by other groups30-34 and also some keratin proteins—mutant 

keratins have been reported to be targeted by CHIP as well35; the tentative list of identified 

putative substrates were given in the results section. We had good reason to believe that our 

approach with CHIP was successful, and that a good portion of the hits could very well contain 

bona fide substrate of CHIP, many of which would be novel discoveries. 

 In contrast, the success of the E4B substrate identification proteomics screen was more 

difficult to evaluate from the list of hits alone, due to the scarcity of reported substrates. To our 

knowledge, there had only been one confirmed substrate of E4B acting singlehandedly as an E3 

enzyme in vitro, FEZ136—we did not detect any PSMs belonging to this protein, nor ataxin-337, 

in any of our proteomics analyses, including the control group; however, we did detect p5338-40—
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the ubiquitination of which with the full-length E4B protein we had successfully reconstituted in 

vitro in Chapter 4, as a very strong hit in one of our runs. 

There are several possible explanations as to why certain putative substrates were not 

identified in our screens—we did not identify the majority of the precious few putative E4B 

substrates, and numerous putative CHIP substrates were also not detected. Firstly, that there may 

be insufficient sensitivity in our assay to detect very trace amounts of proteins; perhaps the 

proteins in question exist only at very low endogenous levels and/or the fraction of the proteins 

which exist in the ubiquitinated form in the cell at a given time is too small. Secondly, it may be 

that ubiquitination of these substrates required a different E2; our approach only involved one 

variant of xE2 which is ubch5b—generally, the ubch5 variants are the canonical E2s which 

interact with RINGs and U-boxes; however both CHIP41 and E4B42 have been reported to 

interact with other E2 enzymes. Finally, it may be possible that mutations in the OUT system, 

whether on xUB, xE2 or xE3 had an unexpected effect upon substrate recognition, or that the 

overexpression of OUT components disrupted the default balance of the cell by competition with 

existing endogenous wild-type counterparts, resulting in significant changes in the cellular levels 

of certain proteins—for instance, we have not positively confirmed whether or not x-ubiquitin is 

recognizable by the proteasome, or by the multitude of deubiquitinating enzymes inside the cell, 

or whether or not x-ubiquitin is capable of being incorporated into preexisting wild-type 

ubiquitin chains, in other words, whether the formation of wild-type/x mixed chains is possible.   

As far as the hits themselves were concerned, both E3s seemed to target various different 

proteins across many different biological pathways; in particular, we noticed that E4B seemed to 

target a wide variety of kinase enzymes: the MAPKs, the CDKs, as well as the Src kinase, as 

well as some phosphatases; we also noted the relative abundance of proteins involved in 
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transmembrane transport such as the different subunits of importin as well as some pore proteins. 

In a similar manner, CHIP seemed to favor many of the same kinase and phosphatase enzymes, 

as well as some transport proteins as did E4B; which might suggest that these are common 

substrates in general for U-box type ligases; Also, CHIP seemed to target multiple heat shock 

response proteins, as well as many proteasome-associated proteins—consistent with its known 

role in protein quality control43-47. In any case, IPA analysis of the complete lists of our hits 

implied that E4B substrates are involved in remodeling of epithelial adherens junctions, integrin 

signaling and RhoA signaling; associated physiological systems include embryonic development 

and hair/skin development, whereas CHIP substrates are involved in tRNA charging and mTOR 

signaling, and two of the top protein networks involving CHIP substrates are related to cancer 

and neurological disorders—this is consistent with the conclusions of numerous other studies on 

the CHIP protein48-58. 

There had been a concern regarding the “leakiness” of the OUT cascade—that certain 

OUT components still retained some background activity with their wild-type partners, leading 

to false positives. The presence of certain E2 and E3 enzymes among the proteomics hits might 

be an indicator of this, but not necessarily so, as some E3 enzymes have been known to cross 

ubiquitinate other E3s59,60, as well as catalyze autoubiquitination of E2s61 to consign them for 

degradation; the biological significance of this phenomenon is not completely understood, but it 

is conceivable that the cell may utilize this to autoregulate its own ubiquitination machinery in a 

manner similar to the observed autoubiquitination of RINGs and U-boxes when they are no 

longer needed in the absence of substrates62.  
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5.3.3 Verification of potential substrates 

 Ultimately, success in verification of E3 ubiquitination activity on identified hits would 

be the best indicator as to the effectiveness of our approach. We found that in vitro ubiquitination 

assays with wild-type enzymes were successful for the majority of particular hits which we 

decided to further investigate—generally we intended to choose proteins which had been well-

studied and had their activities successfully reconstituted. Some proteins were not observed to be 

ubiquitinated using our generic protocols—among them the Src kinase, and the importin subunit 

KPNA2 (data not shown); this might have been due to a myriad of possible different reasons 

besides those hits being false positives in the first place, such as the fact that all of the tested 

potential substrate proteins were recombinantly expressed in E.coli using our generic protocol; 

there might have been a lack in proper chaperoning in ensuring the proteins fold properly, or 

necessary post translational modifications which were required for them to be recognized by 

ubiquitination enzymes, or that certain cellular conditions significantly different from the in vitro 

conditions in the assay were required.  

 We also performed in vivo verification on some particular selected substrates as well; and 

obtained some particularly convincing results. Specifically, we would take the sample from the 

unperturbed cells to represent the baseline level of ubiquitination of that particular substrate with 

existing endogenous enzymes—this would vary from substrate to substrate; when we 

overexpressed the E3 in question, ideally we would expect to see an increase in the 

ubiquitination level of the substrate, and conversely, when the E3 was knocked down, we would 

also expect the extent of ubiquitination to decrease; finally, when the E3 activity was restored in 

these knocked-down cells through introduction of an exogenous copy of E3, we would ideally 
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expect to see ubiquitination of the substrate restored again. We observed that this hypothesis was 

apparently confirmed in many cases (Figures 5-7 and 5-8).  

 In some instances we observed that the baseline levels of ubiquitination of certain 

potential substrates were already high, and/or that overexpression of E3s did not seem to 

significantly alter ubiquitination levels. However, if a marked decrease in ubiquitination was 

observed when the appropriate E3 was knocked down, we still had good reason to believe those 

proteins may yet be bona fide substrates—most likely the endogenous level of the E3 was 

enough to saturate the ubiquitination reactions of those proteins. In other instances, we observed 

that knockdown of the target E3 did not significantly decrease the ubiquitination levels of certain 

proteins; and yet, if we simultaneously observed increases in ubiquitination levels when the E3 

was overexpressed, then those substrates should not be ruled out—while overexpression of the 

E3 of interest may result in the emergence of some promiscuous non-native activity on certain 

substrates it would not ubiquitinate under normal circumstances, there is also the possibility that 

when that particular E3 is knocked down, the cell responds by upregulating the activities of other 

E3s capable of targeting the particular substrate to compensate. 

 

5.3.4 Conclusion and future directions 

  Through the development and utilization of OUT, we have successfully identified 

various potential substrates for the U-box E3s E4B and CHIP—many of which have never been 

reported as such. The results of our in vitro and in vivo assays in this chapter provides very 

strong evidence that these proteins are indeed true substrates of their respective E3s; with this, 

the efforts of our entire investigation were vindicated.  
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 We have by no means experimented with all the possible different hits our proteomics 

analyses have yielded—we have tested less than 1% of such, and yet each one of the substrates 

we have verified would easily comprise its own topic of research in the future; there would still 

be questions to be answered such as those regarding the type of chain linkage, the fate of the 

ubiquitinated protein, the cellular signal its ubiquitination represents and the cellular response it 

generates, etc. It would also be interesting to apply the OUT approach to other families of E3s, or 

even to adapt it to systems involving other ubiquitin-like proteins which conjugate to substrates 

via similar enzymatic cascades such as Nedd8, SUMO, or ISG15. Stated here are but a few of the 

virtually innumerable possibilities.   

 The proteomics approach we have taken in general is also not limited to simply 

monitoring cells in unperturbed states; it is theoretically possible to utilize OUT substrate 

identification in a wide variety of different cell states and conditions, such as under different cell 

cycle stages, or different types of cell stress, or in diseased or cancerous tissue cells; it would be 

expected that the activity of enzymes in the ubiquitin cascade would undergo significant changes 

under different cell conditions, and hence our system may potentially be used to monitor and 

evaluate those changes.     

In conclusion, the journey we have undertaken has come to an end—we have reached our 

destination; however, this destination is but a starting point for many more journeys to be 

undertaken. The success of the OUT system has opened up a multitude of avenues for future 

research; it is likely that it will continue to prove its usefulness to our group and the field of 

ubiquitin research as a whole for many years to come. 
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5.4 Methods 

The primers used in this chapter are as given in Table 5-3. The shRNA constructs, as well as all 

the epitope-specific and substrate-specific antibodies were obtained commercially from Santa 

Cruz Biotechnologies; a full list of shRNA constructs and antibodies is given in the 

supplementary information section at the end of this chapter. 

 
Table 5-3 Primers used in Chapter 5.  
Residues in red indicate restriction sites 
 

5.4.1 Lentiviral constructs  

 Constructs of wild type and xE1 (ube1—the mammalian homolog of uba1) bearing N-

terminal FLAG epitope tags in pLenti (blasticidin), as well as wild-type and xUB bearing N-

terminal HBT tags in pLenti (hygromycin) were gifts from Hiroaki Kiyokawa of Northwestern 

University. Wild-type and xE2 (ubch5b) with C-terminal V5 epitope tags, were cloned into 

pLenti (Zeocin) via AfeI/NheI restriction sites by a postdoctoral fellow of our group.  
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 Wild-type and xCHIP12 with N-terminal myc epitope tags introduced via primer 

sequence were PCR-amplified using their respective pET constructs (4.4.2) as DNA template, 

with the “CHIP XhoI stop” and “myc CHIP EcoRI up” primers, digested with ligated into 

similarly digested and dephosphorylated pLenti (puromycin) via EcoRI/XhoI restriction sites.  

 fKB2 (full-length xE4B) with N-terminal myc epitope tag introduced via primer 

sequence was PCR-amplified using its pET construct (4.4.1) as DNA template, with the “for 

Yiyang 1 corr” and “E4B AgeI with stop” primers, digested, and ligated into similarly digested 

and dephosphorylated pLenti (puromycin) via XhoI/AgeI restriction sites.  

Wild-type E4B sequence was PCR amplified up using the pET construct (4.4.1) as DNA 

template with the “E4B BsrGI middle” and “E4B AgeI with stop” primers, digested and ligated 

into similarly digested pLenti-fKB2 (see above paragraph), utilizing the internal BsrGI site in the 

E4B gene and the terminal AgeI sites to construct pLenti-fE4B.  

 All recombinant DNA manipulations involving xE3 enzymes were accomplished in 

NEBStable cells (NEB), which possess greatly enhanced DNA stability and reduced possibility 

of recombination.  

 

5.4.2 Creation of stable cell lines/transient transfection  

 For transient transfection, the protocols were exactly as described as follows in 5.4.2.1 

and 5.4.2.2; the main difference between transient transfection and creating a stable cell line 

being the lack of antibiotic selection; the transiently-transfected cells were assayed immediately 

on the third day of lentiviral transduction.   
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5.4.2.1 Production of lentiviral particles 

 We generally followed the existing protocols according to the VirapowerTM kit from 

Invitrogen. In 1.5 ml of Opti-MEMR I medium without serum, 9 μg of VirapowerTM Packaging 

mix was mixed with ~3 μg of the appropriate pLenti construct, and added to a 5-minute 

preincubated solution of 36 μL of LipofectamineTM 2000 reagent in 1.5 ml Opti-MEMR I 

without serum. The mixture was incubated for 20 minutes at room temperature to allow to 

formation of DNA-containing liposomes, and afterwards added dropwise to a plate of cultured 

293FT cells at 90-95% confluency in 5 ml of Opti-MEMR I. The cells were then allowed to 

incubate overnight at 37˚C at 5% CO2. The next morning, the liposome-containing medium was 

discarded and replaced with 10 ml of fresh complete culture medium without antibiotics; the 

cells were then allowed to grow for a further 48-72 hours at 37˚C at 5% CO2. Afterwards, the 

supernatant containing the lentiviral particles was harvested and cleared by filtration. 

5.4.2.2 Lentiviral Transduction  

 The lentiviral solution was diluted 2-fold in complete media and then used to for 

transfection by addition to plated non-confluent HEK293T cells, supplemented with 10 ug/ml 

Polybrene®; the cells were incubated overnight at 37˚C at 5% CO2. The following day, the 

virus-containing medium was replaced with fresh complete medium and the cells were allowed 

to grow under the same conditions for one more overnight. Afterwards (on the third day of 

transduction), the medium was once again replaced, this time with medium supplemented with 

the appropriate antibiotic (Depending on the construct, the concentrations were: blasticidin 10 

μg/ml, hygromycin 200 μg/ml, zeocin 100 μg/ml, and puromycin 1 μg/ml); the antibiotic was 

maintained throughout the whole course of selection (lengths of selection were: blasticidin 5 

days, hygromycin 7 days, zeocin 10 days, and puromycin 3-5 days) with the medium being 
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changed every 3-4 days. Antibiotic-resistant colonies were identified, picked, and expanded, 

being now regarded as stable cell lines. The expression of OUT proteins of interest were 

confirmed by Western immunoblotting against the appropriate epitope antibody—to this end the 

cells could directly be lysed by boiling in Laemmli buffer supplemented with DTT or BME, or 

by using a generic lysis protocol given in 5.4.3.1.   

 

5.4.3 Pulldown and purification/enrichment assays 

5.4.3.1 Lysis of cells  

 For generic assays, HEK293T cells were generally lysed by suspension in RIPA buffer 

(50 mM Tris pH 8.0, 150 mM NaCl, 0.1% SDS, 0.5% sodium deoxycholate and 1% Triton-X) 

supplemented with 1 mM PMSF.  

Alternatively, lysis under harsher denaturing conditions, as was in the case of HBT 

tandem purification of xUB-conjugated proteins, could be carried out using Buffer A (50 mM 

sodium phosphate pH 8.0, 300 mM NaCl, 8 M Urea, 0.5% NP-40) with 1 mM PMSF. 

After lysis, lysates were cleared by centrifugation at 10,000+ rpm for at least 10 minutes 

to remove cellular debris. 

5.4.3.2 Generic pulldown of target proteins  

 For most pulldowns, cleared cell lysates were generally first pre-incubated for 30 minutes 

at 4˚C with the appropriate IgG (from the same animal sources as the antibody to be used) and 

protein A/G plus-agarose (Santa Cruz) to remove background proteins which bind to the IgG 

portion of the antibody; after centrifugation, the agarose along with any bound proteins was 
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discarded. An appropriate amount of the remaining supernatant (enough to contain up to ~500 μg 

total protein) was then charged with the appropriate pulldown antibody (concentrations vary 

between particular substrate-antibody pairs), and incubated for 1 hour at 4˚C; 20 μL of protein 

A/G plus-agarose slurry was then added and incubation at 4˚C was continued overnight. 

Afterwards, the agarose was washed 4 times with PBS; samples for subsequent electrophoresis 

on SDS-page and Western immunoblotting were obtained by boiling the agarose in Laemmli 

buffer to release a portion of bound proteins. 

5.4.3.3 Tandem purification for HBT tag 

 To enrich proteins ubiquitinated with xUB (which bore an HBT tag), the cells were first 

lysed using the alternative protocol as described in 5.4.3.1 with buffer A; the subsequent lysate 

was then cleared by centrifugation at 15000 rpm for 30 minutes, and incubated overnight with 

Ni-NTA Agarose (Thermo), imidazole was also added to a final concentration of 10 mM to 

reduce non-specific binding. Afterwards, the agarose was washed once with buffer A (pH 8.0), 

then once with buffer A (pH 6.3) and finally with imidazole-supplemented buffer A (pH 6.3, 10 

mM imidazole). Bound proteins were eluted twice, each time with 3 resin volumes of buffer B 

(50 mM sodium phosphate, 100 mM Tris pH 4.3, 200 mM NaCl, 8 M urea, 2% SDS, 10 mM 

EDTA, 250 mM imidazole); afterwards the pH of the eluate was adjusted to 8.0, and incubated 

with Streptavidin-sepharose overnight at room temperature. The sepharose beads were then 

washed sequentially once each with Buffers C (100 mM Tris pH 8.0, 200 mM NaCl, 8 M urea, 

2% SDS), D (100 mM Tris pH 8.0, 1.2 M NaCl, 8 M urea, 0.2% SDS, 10% ethanol, 10% 

isopropanol), and E (8 M urea, 100 mM ammonium bicarbonate); the bead-bound proteins were 

then sent for proteomics MS analysis. 
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5.4.4 Potential substrate verification. 

Consult the supplementary information section for the complete list and concentrations of 

antibodies used in Western immunoblotting, and pulldown assays. 

5.4.4.1 Procurement of potential substrates. 

 The majority of potential substrates in this chapter tested in vitro were expressed directly 

from constructs purchased online from Addgene. A complete list of purchased substrates, as well 

as their purification methods are as given below in Table 5-4. The expression constructs of 

PRMT1 and PRMT5 were gifts to our lab. 

Table 5-4 List of purchased constructs. 

 

5.4.4.2 Construction of expression constructs of potential substrates and protein expression. 

 Cdk2 and Cdk4 constructs in mammalian vectors were gifts from Hiroaki Kiyokawa from 

Northwestern University these were used as DNA templates for bacterial expression constructs 

in the pET system; the Cdk2 gene was PCR-amplified with the “Cdk2 SacII up myc” and the 

“Cdk2 stop NotI down” primers, digested, and ligated into similarly digested and 

dephosphorylated pET-myc-smurf2 via SacII/NotI, while Cdk4 was PCR-amplified up with 
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“Cdk4 ScaI up” and “Cdk4 stop NotI down” primers, digested, and ligated into the same mother 

vector, except through ScaI/NotI instead.   

 Protein expression was done in either BL21(DE3) or ArcticExpress(DE3) cells, and 

subsequent lysis and affinity purification (6-His or GST), as well as dialysis of purified proteins 

followed previously described protocols in 2.4.2. Success of protein expression was monitored 

by Coomassie staining, and by Western immunoblotting. 

 5.4.4.3 In vitro ubiquitination assays of potential substrates 

Table 5-5 Reaction conditions for in vitro ubiquitination of substrates. 

 

All assays were carried out at 30˚C, in 30 μL of TBS supplemented with 10 mM MgCl2 

and 1.5 mM ATP. Specific assay conditions varied from substrate to substrate, depending on 
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observed reactivity. 5-10 μM of potential substrates were first incubated with their respective 

wild-type E3s (20 μM for CHIP, 1 μM for fE4B) for ~30-60 minutes on ice before being charged 

with 1-1.5 μM wild-type E1 (uba1), 2-20 μM wild-type E2 (ubch5b) and 80-120 μM wild-type 

ubiquitin; the reactions were allowed to incubate for varying durations from 10 minutes to 

overnight. The reactions were quenched by boiling in Laemmli buffer with BME, and analyzed 

by Western immunoblotting against either substrate-specific antibodies, or antibodies against 

certain epitope tags the substrates were fused to. The specific reaction conditions, including 

enzyme concentrations, for each substrate was as given above in Table 5-5; the specific 

antibodies used in Western immunoblotting are listed in the supplementary information section.  

5.4.4.4 In vivo confirmation of activity 

 The construction of stable cell lines containing the genes for E3 shRNA followed the 

protocols described in 5.4.2.1 and 5.4.2.2; the list of shRNAs tested are given in the 

supplementary information. Overexpression of wild-type E3s from their pLenti (puromycin) 

constructs (described in 5.4.1) followed the protocol for transient transfection in 5.4.2.  

 Lysis of cells and subsequent pulldown of particular substrates followed protocols 5.4.3.1 

and 5.4.3.2, respectively; consult the supplementary information section for specific antibodies 

and conditions. Beads were boiled in Laemmli buffer supplemented with BME, and samples 

were analyzed for ubiquitin conjugates by Western immunoblotting with a ubiquitin-specific 

antibody (Santa Cruz).  
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5.6 Supplementary information 

5.6.1 Antibodies used in this study 

 The antibodies used in this chapter are as given in Table 5-6. All antibodies were diluted 

in 5% nonfat milk/TBST.  

 

Table 5-6 List of antibodies used. The dilution factors given are applicable either for Western 
immunoblotting or immunoprecipitation, depending on the specific assay the antibody was used 
in; in the case which a particular antibody was used for both types of assay, the dilution factor 
for Western immunoblotting is given as the first number, while the dilution factor for 
immunoprecipitation is given as the second number. 
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5.6.2 Purchased shRNA constructs. 

 A complete list of shRNA constructs (Dharmacon) tested for the knockdown of E3 

enzymes are as given in Table 5-7. 

  

Table 5-7 List of shRNAs tested.  
Although six shRNAs were tested for the knockdown of E4B (see Figure 5-7), each displaying 
similar levels of efficacy, ultimately only one was used. The shRNAs used to construct stable E3 
knockdown cell lines are as given in red text. 
 

5.6.3 Full proteomics analysis results. 

 The enrichment of xUB-conjugated substrates as described in 5.2.2, and subsequent 

analysis through trypsinization and tandem mass spectrometry was conducted in duplicate for 

both E4B and CHIP cell lines. The full results of all potential hits for both attempts for each E3 

are as attached in the Excel files available online. 
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