
UC San Diego
UC San Diego Electronic Theses and Dissertations

Title
A tale of two drug metabolizing enzymes : the CYP1A1-GFP transgenic mouse and the 
promiscuous nature of UGTs

Permalink
https://escholarship.org/uc/item/0qx6p2s7

Author
Operaña, Theresa Necesito

Publication Date
2008
 
Peer reviewed|Thesis/dissertation

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

https://escholarship.org/uc/item/0qx6p2s7
https://escholarship.org
http://www.cdlib.org/


UNIVERSITY OF CALIFORNIA, SAN DIEGO 

 

A Tale of Two Drug Metabolizing Enzymes:  

The CYP1A1-GFP Transgenic Mouse and the Promiscuous Nature of UGTs 

 

A Dissertation submitted in partial satisfaction of the requirement for the degree   

Doctor of Philosophy 

 

in 

 

Biomedical Sciences 

 

by 

 

Theresa Necesito Operaña 

 

Committee in charge: 

 Professor Robert H. Tukey, Chair 
Professor Mark H. Ellisman 
Professor Eric F. Johnson 

 Professor Mark A. Lawson 
 Professor Alexandra C. Newton 
 Professor Palmer W. Taylor 
 

2008



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Copyright 

Theresa Necesito Operaña, 2008 

All rights reserved.



 

 

 

iii

The Dissertation of Theresa Necesito Operaña is approved, and it is acceptable in quality 

and form for publication on microfilm: 

 

_____________________________________________________________________ 

 

_____________________________________________________________________ 

 

_____________________________________________________________________ 

 

_____________________________________________________________________ 

 

_____________________________________________________________________ 

 

_____________________________________________________________________ 
Chair 

 

University of California, San Diego 

2008



 

 

 

iv

DEDICATION 

 

To Peter and Cecilia Operaña  

and my grandmother Lucia F. Bender



 

 

 

v

TABLE OF CONTENTS 

SIGNATURE PAGE……………………………………………………………… iii 

DEDICATION..……..…………………………………………………………….    iv 

TABLE OF CONTENTS………………………………………………….............    v 

LIST OF ABBREVIATIONS……….…………………………………….............   viii 

LIST OF FIGURES………………………………………………………..............   xi 

LIST OF TABLES….……………………………………………………………..     xiii 

ACKNOWLEDGEMENTS……………………………………………….............     xiv 

VITA……………………………………………………………………………....     xvi 

ABSTRACT……………………………………………………………….............   xx 

 

CHAPTER 1 Introduction to Drug Metabolism…………………………………  1  
 
 Evolutionary Perspective on Drug Metabolizing Enzymes……………… 2 
 The Role of Drug Metabolizing Enzymes……………………………….. 3 
 Cytochrome P450s………………………………………………………..   3 
 Bioactivation of PAHs by Cytochrome P450s…………………………… 7 
 Environmental Contamination and TCDD………………………………..      9 
 Characterization of CYP1A1 Induction…………………………………..  10 
 AhR Mediates CYP1A1 Induction……………………………………….. 13 
 Molecular Mechanism of CYP1A1 Induction……………………………. 15     
 CYP1A1 Induction is a Biomarker for Exposure to Environmental  
 Contaminants……………………………………………………………...     19 
 Phase II Metabolism and the Process of Glucuronidation………………...    22 
 Purification and Characterization of UGTs…………………....………….      23 
 Implications in Disease and Toxicity Due to Glucuronidation Deficiency.     33 
 Proposed Structure of UGTs………………………………………………    37 
 Potential Protein-Protein Interaction Among the UGTs…………………..    38 
 Objectives of the Dissertation…………………………………………….. 39 
 References……………………………………………………………….... 42 
 
 
 
 



 

 

 

vi

 
CHAPTER 2 Human CYP1A1GFP Expression in Transgenic Mice Serves as a 
Biomarker for Environmental Toxicant Exposure………………………………..      68 
  
 Introduction……………………………………………………………….         69 

Materials and Methods……………………………………………………       71 
  Results…………………………………………………………………….      77 
       Characterization of CYP1A1GFP Tissue Expression in  
       Tg-CYP1A1GFP Mice…………………………………………………..     77 
                Fluorescence Analysis of Tissue Sections of Liver and Lung………...      83 

     CYP1A1GFP Expression in Primary Hepatocytes……………………...     85 
     Induction and Function of CYP1A1GFP Following Oral Administration          
     of Benzo[a]pyrene……………………………………………………..   88 
Discussion………………………………………………………………...     94 
Acknowledgements……………………………………………………….     97 
References………………………………………………………………...     98 
 

CHAPTER 3 Oligomerization of UDP-Glucuronosyltransferase 1A Proteins: 
Homo- and Heterodimerization Analysis by Fluorescence Resonance Energy  
Transfer (FRET) and Co-immunoprecipitation…………………………………...     101 
   
     Introduction………………………………………………………………..   102 

Materials and Methods…………………………………………………….   105
 Results……………………………………………………………………..   112 
      Determination of FRET Analysis with Expressed UGT1ACFP and 

     UGT1AYFP….…………………………………………………………..    112 
     Co-immunoprecipitation Confirms the Existence of Homo- and         
     Heterodimerization of the UGT1A Proteins…………………………...       120 
     Functional Analysis of Oligomeric UGT Isoforms..…………………...      126 
Discussion…………………………………………………………………        129 
Acknowledgements………………………………………………………..        134 
References…………………………………………………………………        136 

 
CHAPTER 4 Dimerization Domains of UGTs…………………………………...        141 
  
 Introduction………………………………………………………………..        142 

Materials and Methods…………………………………………………….        142    
 Results……………………………………………………………………..        148 

    Determination of UGT1A1 Dimerization Domains Using Truncated  
   Proteins.………………………………………………………………....        149 
    Effects of Dimerization on UGT1A1 Function………………………… 154 
   Homology Modeling of UGT1A1……………………………………….       156 
Discussion………………………………………………………………....       161        
Acknowledgements………………………………………………………..       166 
References………………………………………………………………....       167 



 

 

 

vii

 
CHAPTER 5 Conclusions………………………………………………………..     171 
  

Generation and Characterization of the Human CYP1A1GFP Transgenic    
Mouse Model……………………………………………………………...      172 
Elucidation of UGT Protein-Protein Interactions…………………………   175 

 Structural Domains Involved in UGT Dimerization……………………...    178 
 Homology Modeling of UGT1A1………………………………………...    183 
 References………………………………………………………………...   187 
 

 
 
 



 

 

 

viii

LIST OF ABBREVIATIONS 
 
 

 AHH   aryl hydrocarbon hydroxylase  

AhR   aryl hydrocarbon receptor 

 ARNT   aryl hydrocarbon nuclear translocator 

 BaP   benzo[a]pyrene 

 bHLH   basic helix loop helix 

 CALUX  chemically activated luciferase expression 

 CAT   chloramphenicol acetyltransferase 

CBP/p300  creb binding protein/ binding protein p300 

CFP   cyan fluorescent protein 

CN-1,2   Crigler-Najjar Syndrome Type 1 or Type 2 

 CYP   cytochrome P450 

 DME   drug metabolizing enzymes 

 DMSO   dimethyl sulfoxide 

 ED50   median effective dose 

 ER   endoplasmic reticulum 

 EROD   ethoxyresorufin-O-deethylase 

 EGFP   enhanced green fluorescent protein 

 FRET   fluorescence resonance energy transfer 

 GI   gastrointestinal tract 

 GFP   green fluorescent protein 

 HLM   human liver microsomes 



 

 

 

ix

 Hsp   heat shock protein 

 3[H]TCDD  tritiated 2,3,7,8-tetrachlorodibenzo-p-dioxin 

 i.p.   intraperitoneal 

 kD   kilo dalton  

LI   large intestine   

 3-MC   3-methylcholanthrene 

 2-Nap   2-napthol 

 ß-NF   ß-napthoflavone 

 NCoA   nuclear receptor coactivator 

 O-gal   octygallate 

 PAH   polycyclic aromatic hydrocarbon 

 PAS   Per-Arnt-Sim 

p/CIP   p160 coactivator 

 PCR   polymerase chain reaction 

 Per   period protein 

 p.o.   oral 

 p23   co-chaperone protein 23 

 RIP140  receptor-interacting protein 140 

 SI   small intestine 

 Sim   single minded protein 

 TEQ   toxic equivalent 

 Tg   transgenic 

 TLC   thin layer chromatography 



 

 

 

x

 TCDD   2,3,7,8-tetrachlorodibenzo-p-dioxin 

 UDPGA  uridine diphosphate glucuronic acid 

 UGT   udp-glucuronosyltransferase 

 XAP2   hepatitis B virus X-associated protein 2 

 XRE   xenobiotic response element 

 YFP   yellow fluorescent protein 

  

   

 

  

  

  

  

  

  

 



 

 

 

xi

LIST OF FIGURES 

 

Figure 1-1. Mechanism of CYP1A1 induction………………………………..        18 

Figure 1-2. Genomic organization of the human UGT1A locus………………        27 

Figure 2-1. Representation of the CYP1A1-GFP gene construct used to generate  
the transgenic CYP1A1GFP mice…………………………………..          78 

 
Figure 2-2. Expression of CYP1A1GFP in mouse and human hepatoma cells  

following stable transfection of the CYP1A1-GFP gene construct..         79 
 
Figure 2-3. Analysis of GFP fluorescence in tissues………………………….          81 
 
Figure 2-4. Induction of CYP1A1GFP in transgenic mice following treatment  

with TCDD………………………………………………………..          82 
 
Figure 2-5.  Confocal microscopy analysis of tissue- and cell-type specific  

expression of CYP1A1-GFP………………………………………         84 
 
Figure 2-6. Time-dependent increase of CYP1A1-GFP expression in primary 

hepatocytes after TCDD treatment………………………………..         86 
 
Figure 2-7. Dose dependent induction of CYP1A1-GFP in primary hepatocytes  

using various Ah Receptor ligands………………………………..         77 
 
Figure 2-8. Differential expression pattern of mCYP1A1 and CYP1A1GFP in 

transgenic mice after oral vs. i.p. treatment with BaP…………….         89 
 
Figure 2-9. Induction of UGTs in the liver after oral BaP treatment of Tg-UGT1  

mice……………………………………………………………….         93 
 

 
Figure 3-1. Detection of fluorescence following pUGT1A1-CFP and  

pUGT1A1-YFP transfection into COS cells……………………...        113 
 
Figure 3-2A. Detection of FRET in COS cells co-transfected with  

pUGT1A1-CFP and pUGT1A1-YFP……………………………..        114 
 
Figure 3-2B. Detection of FRET in COS cells co-transfected with  

pUGT1A1-CFP and pUGT1A1-YFP……………………………..        155 
 



 

 

 

xii

Figure 3-3. Homodimerization analysis of UGT1A proteins by FRET  
Analysis…………………………………………………………..          118 

 
Figure 3-4. Heterodimerization analysis of UGT1A1 with other UGT1A  

proteins by FRET analysis………………………………………..       119 
 
Figure 3-5. Co-immunoprecipitation analysis of UGT1A1 homodimerization..     133 
 
Figure 3-6. The anti-HA beads immunoprecipitate UGT1AHA expressed  

proteins.…………………………………………………………....     123 
 
Figure 3-7. Oligomerization of UGT1A Proteins..……………………………. 125 
 
Figure 3-8A. Functional analysis of chimeric and oligomeric UGT1A proteins..    127 
 
Figure 3-8B. Functional analysis of chimeric and oligomeric UGT1A proteins..     128 
 
Figure 3-8C. Functional analysis of chimeric and oligomeric UGT1A proteins..     128 
 
Figure 4-1.  Schematic of UGT1A1 and the C-terminal UGT1A1 truncation  

constructs…………………………………………………………     151 
 

Figure 4-2. Co-expression of UGT1A1 with truncated constructs…………...   153 

Figure 4-3. Co-expression of UGT1A1 with truncated constructs…………...     155 

Figure 4-4. Effects of Dimerization on UGT1A1 function…………………...        156 

Figure 4-5. Homology model of UGT1A1……………………………………       158 

Figure 4-6. Potential dimerization domains and dimer orientation  
of UGT1A1……………………………………………………….       160 



 

 

 

xiii

LIST OF TABLES 

 

Table 2-1. EROD activity in the liver………………………………………...         91 

Table 3-1. Plasmid constructs used in FRET analysis and  
co-immunoprecipitation studies…………………………………..        135 



 

 

 

xiv

ACKNOWLEDGEMENTS 

 I would like to thank my parents, my four brothers (Oliver, Walter, Richard, and 

John), grandma Lucia, Mamang, and Lolo Paul, for shaping me into the person I am 

today and encouraging me to define my own path in life. Thanks to all of my beautiful 

nieces and nephews who have inspired me to be a good role model.  

 I would like to thank my thesis advisor, Dr. Robert H. Tukey, for being a 

wonderful mentor and having the patience to put up with me all of these years. Thank 

you for your guidance and support, but most of all for the confidence you instilled in me 

by giving me the freedom to pursue my own scientific interests outside of the lab’s realm. 

The Tukey lab members have been like a second family to me, thank you all for your 

support during the trials and tribulations of graduate school and my personal life. I am 

grateful to Nghia Nguyen for training me in the art of cloning, Deirdre La Placa for 

teaching me how to handle unruly mice, Dr. Shujuan Chen and Dr. Mei-Fei Yueh for 

sharing their technical expertise and the engaging late night scientific discussions to 

figure out why my experiments weren’t working. I must also thank the past and present 

graduate students of the lab who have endured the graduate school vortex with me: 

Daniel Machemer for inspiring me to overcome any scientific adversity, Jessica Bonzo 

for being a great graduate student role model, Erin Brace-Sinnokrak, Kathy Senekeo-

Effenberger, and Camille Konoponicki for their friendship and fun-filled nature which 

made me look forward to coming in to work every day.  

 The Biomedical Sciences Graduate Program has been an amazing environment 

filled with supportive faculty members and extremely talented students. I would like to 

thank my thesis committee members: Dr. Mark Ellisman, Dr. Eric Johnson, Dr. Mark 



 

 

 

xv

Lawson, Dr. Alexandra Newton, and Dr. Palmer Taylor for their guidance, helpful 

suggestions, and opening their doors so I could obtain technical assistance and reagents 

from their laboratories. I am grateful to Dr. Laurence Brunton for his wonderful 

mentorship during my undergraduate career and setting me on the path to pursue my 

graduate degree at UCSD. I would like to thank Dr. Stefaan Sansen, Dr. Mei Hsu, and 

Keith Griffin for their collaborative assistance with my UGT project. To my BMS 

classmates who have contributed to making this journey an unforgettable adventure, I 

will surely miss the Mexico surfing trips and of course, nothing will ever compare to the 

Mexico Thanksgiving feasts. Thanks to Minh-Ha Do for being a wonderful friend and 

confidante, Marc Mendillo for being my best friend during graduate school, inspiring me 

to work hard, and being supportive to the end, and Andrew Miller for keeping me sane 

while writing my dissertation.  

 Chapter 2, in full, is a reprint of the material as it appears in Operaña TN, Nguyen 

N, Chen S, Beaton D, Tukey RH. “Human CYP1A1GFP expression in transgenic mice 

serves as a biomarker for environmental toxicant exposure” Journal of Toxicological 

Sciences (2007) Jan;95(1):98-107. I was the primary investigator and author of this 

article. Chapter 3, in full, is a reprint of the material as it appears in Operaña TN, and 

Tukey RH.  “Oligomerization of the UDP-glucuronosyltransferase 1A proteins: homo- 

and heterodimerization analysis by fluorescence resonance energy transfer and co-

immunoprecipitation” Journal of Biological Chemistry (2007) Feb 16;282(7):4821-9. I 

was the primary investigator and author of this article. 



 

 

 

xvi

VITA 

 
EDUCATION  
 
2002-2008   Ph.D - Doctor of Philosophy (Biomedical Sciences Graduate Program), 

University of California San Diego, La Jolla, California  
 
1998-2002 B.S. - Bachelor of Science (Pharmacological Chemistry), University of 

California San Diego, La Jolla, California (Cum Laude) 
 
 
 
PROFESSIONAL EXPERIENCE 
 
Sep 2002- Jun 2008 PhD. Student: “Regulation and Function of Human Drug 

Metabolizing Enzymes: Characterization of the CYP1A1-GFP 
Transgenic Mouse and Investigation of UDP-
glucuronosyltransferase Oligomerization by Fluorescence 
Resonance Energy Transfer", supervised by Robert Tukey, PhD, 
Professor, Departments of Pharmacology and Chemistry& 
Biochemistry, University of California San Diego, La Jolla, CA.  

 
Jun 2002-Sep 2002 Summer Research Intern: “ERK kinase inhibition stabilizes the 

aryl hydrocarbon receptor: implications for transcriptional 
activation and protein degradation", supervised by Robert Tukey, 
PhD, Professor, Departments of Pharmacology and 
Chemistry/Biochemistry, University of California San Diego, La 
Jolla, CA.  

 
Jun 2001-Sep 2001 Summer Research Intern: “Cloning and Characterization of 

GFP-tagged UDP-glucuronosyltransferases UGT1A8*1, 
UGT1A8*2 and UGT1A4", supervised by Robert Tukey, PhD, 
Professor, Departments of Pharmacology and 
Chemistry/Biochemistry, University of California San Diego, La 
Jolla, CA.  

 
Sep 2001-Jun 2002 Undergraduate Research Intern: "Novel Nicotine Cessation 

Therapeutics", supervised by John Cashman, PhD, Director of The 
Human Biomolecular Research Institute, San Diego, CA.  

  
 
 
 



 

 

 

xvii

HONORS AND AWARDS: 
 
2007 Graduate Student Travel Award to the ISSX annual meeting in Sendai, Japan  
2007 First Place Graduate Student Best Abstract Award in the Drug Metabolism 

Division at the 2007 ASPET annual meeting in Washington DC. 
2006 Third Place Graduate Student Best Abstract Award in the Toxicology Division at 

the 2006 ASPET annual meeting in San Francisco, California.  
2006 Graduate Student Travel Award to the ASPET annual meeting at Experimental 

Biology 2006 Meeting in San Francisco, California. 
2006 Graduate Student Travel Award to the 15th IUPHAR World Congress of 

Pharmacology 2006 in Beijing, China 
2005 Best Abstract Award at the 2005 Superfund Basic Research Program Annual 

Meeting in New York City, New York. 
2002 Summer Undergraduate Research Fellowship (Pharmacology Department, 

University of California San Diego)  
2001 Summer Undergraduate Research Fellowship (Pharmacology Department, 

University of California San Diego)  
 
 
 
TEACHING EXPERIENCE 
 
Mar 2004-Jun 2004 Teaching Assistant in undergraduate Pharmacology and 

Toxicology. Department of Pharmacology, University of 
California, San Diego, La Jolla, CA.   

 
Sep 2002-Jun 2004 Chemistry & Biology Tutor at the University of California San 

Diego, La Jolla, CA. 
 

Sep 2001-Mar 2002 Teaching Assistant in General Chemistry. Department of 
Chemistry & Biochemistry, University of California San Diego, La 
Jolla, CA.  

 
 
 



 

 

 

xviii

PUBLICATIONS 
 
1. Operaña TN, Tukey RH. Oligomerization of UDP-Glucuronosyltransferase 1A 

Proteins. Homo- and Heterodimerization Analysis by Fluorescence Resonance 
Energy Transfer (FRET) and Co-Immunoprecipitation. J Biol Chem. 2007 Feb 
16;282(7):4821-9. 
 

2. Operaña TN, Nguyen N, Chen S, Beaton D, Tukey RH. Human CYP1A1-GFP 
Expression in Transgenic Mice Serves as a Biomarker for Environmental Toxicant 
Exposure. Toxicol Sci. 2007 Jan;95(1):98-107.  

 
3. Chen S, Operaña T, Bonzo J, Nguyen N, Tukey RH. Erk kinase inhibition leads to 

induction of cellular Ah receptor levels. Implications for transcriptional activation 
and protein degradation.  J Biol Chem. 2005 Feb 11;280(6):4350-9.  

 
 
 
ABSTRACTS AND PRESENTATIONS 
 
1. Invited Speaker: “Promiscuous Nature of UGTs” at the Superfund Basic Research 

Program Annual Meeting in Raleigh Durham, North Carolina, December 2007. 
 
2. “Oligomerization of UDP-Glucuronosyltransferases Visualized by Fluorescence     

Resonance Energy Transfer (FRET) in Living Cells” at the American Society of 
Pharmacology and Experimental Therapeutics in Washington D.C, May 2007. 

 
3. “Protein-Protein Interactions of UDP-Glucuronosyltransferases: Implications on 

Function and Substrate Specificity” at the Superfund Basic Research Program Annual 
Meeting in La Jolla, CA, December 2006. 
 

4. “In Vivo Analysis of hUGT1A1 Homodimerization Using Fluorescence Resonance 
Energy Transfer (FRET)” at the International Union of Basic and Clinical 
Pharmacology in Beijing, China, July 2006.  
 

5. “CYP1A1 regulation by oral exposure to benzo[α]pyrene using a CYP1A1GFP 

transgenic mouse model” at the American Society of Pharmacology and Experimental 
Therapeutics in San Francisco, California, April 2006. 
 

6. “h-CYP1A1-GFP Transgenic Mouse Model: Fluorescent Biomarker for Toxicant 
Exposure” at the Society of Toxicology Meeting in San Diego, California, March 
2006. 

 
7. Invited Speaker: “h-CYP1A1-GFP Transgenic Mouse Model: Fluorescent Biomarker 

for Toxicant Exposure” at the Superfund Basic Research Program Annual Meeting in 
New York City, NY, January 2006. 



 

 

 

xix

 
8. “The Role of Glucuronidation in N-OH-PhIP and B[a]P 7,8-diol Induced Apoptosis” 

at the International Workshop on Glucuronidation in Dundee, Scotland, UK, 
September 2004. 

 
 
 
EXTRACURRICULAR ACTIVITIES 
 
• Graduate Student member of the Biomedical Sciences Seminar Committee (2005-present) 

 
• Mentor for University of California San Diego Trio Outreach Program for high school  

students (2004- present) 
 

 
 
PROFESSIONAL AFFILIATIONS 
 
American Society for Pharmacology and Experimental Therapeutics (2005-present) 

 
International Society for the Study of Xenobiotics (2007-present) 



 

 

 

xx

 

 

ABSTRACT OF THE DISSERTATION 

 

A Tale of Two Drug Metabolizing Enzymes: 

The CYP1A1-GFP Transgenic Mouse and the Promiscuous Nature of UGTs 

 

by 

 

Theresa Necesito Operaña 

 

Doctor of Philosophy in Biomedical Sciences 

University of California, San Diego, 2008 

 

Professor Robert H. Tukey, Chair 

 

   

 Drug metabolism can be divided into Phase I and Phase II reactions, which 

catalyze the conversion of a lipophilic compound into a more water soluble metabolite 

that can be readily eliminated from the body. Cytochrome P450s classically represent the 

Phase I enzymes and detoxify a myriad of substrates. The human CYP1A1 gene is 

regulated by the aryl hydrocarbon receptor (AhR) and induction of CYP1A1 is known to 

play an important role in xenobiotic metabolism. Exposure to prevalent environmental 



 

 

 

xxi

contaminants result in the induction of cytochrome P450 1A1 (CYP1A1), and this 

response is widely used as a biomarker for toxicant exposure. To examine the regulation 

of human CYP1A1 in vivo, we created a transgenic mouse strain (Tg-CYP1A1GFP) 

expressing a chimeric gene consisting of the entire human CYP1A1 gene (15 kb) fused 

with a GFP reporter gene. The treatment of Tg-CYP1A1GFP mice with TCDD led to 

induction of CYP1A1GFP in both the liver and lung as determined by fluorescence and 

Western blot analysis. The ability to identify fluorescently labeled CYP1A1 in vivo 

provides a sensitive measurement of gene response, and links exposure to potential 

environmental toxicants and activation of the AhR. 

The process of glucuronidation is catalyzed by UDP-glucuronosyltransferases 

(UGTs), and is the most important Phase II reaction for the detoxification of xenobiotic 

compounds. Recent biochemical evidence indicates that the UGT proteins may 

oligomerize within the ER. To investigate the potential homo/heterodimerization capacity 

of UGT1A proteins, fluorescence resonance energy transfer was utilized to study 

dimerization in live cells, in conjunction with co-immunoprecipitation experiments. 

These complementary techniques demonstrated that all of the UGT1A proteins 

homodimerize and heterodimerize with UGT1A1. These studies suggest that the UGT1A 

family of proteins form oligomerized complexes in the membrane, a property that may 

influence function and substrate selectivity. The regions facilitating protein interactions 

among UGTs was also explored using truncation analysis and co-immunoprecipitation 

experiments, which revealed that multiple dimerization domains may exist. A homology 

model of UGT1A1 was constructed which gave insight into the potential orientation of 

the dimers, as well as the pertinent regions that could be involved in dimerization. 



 1

CHAPTER 1 
 
 
 
 
 

Introduction to Drug Metabolism 
 



 

 

2

 

Evolutionary Perspective on Drug Metabolizing Enzymes 
 

Drug metabolizing enzyme (DME) genes have existed on this planet for more 

than 2.5 billion years and first evolved for critical life functions in prokaryotes (Loomis, 

1988). It is postulated that the earliest P450-mediated reactions may have been reductase 

and isomerase functions because of the highly anaerobic environment of the earth but 

later evolved to encompass oxidation functions when the atmospheric oxygen levels 

increased dramatically (Nebert and Feyereisen, 1994). The ability to detoxify oxygen 

became an increasingly important defense mechanism to protect against oxidative stress 

and was crucial for survival (Schlezinger et al., 1999). DMEs also likely played key roles 

in life processes such as cell growth and division, development, electrolyte balance, and 

the metabolism of endogenous substrates (Danielson, 2002). 

 During the past 1,000 million years, DME genes in animals have expanded to 

include the role of detoxification of dietary products, evolving plant metabolites, and 

more recently, pharmaceutical drugs (Nebert and Dieter, 2000). It is believed that the 

evolution of DME genes in animals occurred because of the necessary interactions 

between animals and plants. When animals first came on to land about 400 million years 

ago and began devouring terrestrial plants, it set the stage for the co-evolution of animal-

plant warfare resulting in the explosion of animal DME gene duplication events that 

began to take place presumably to adapt to the new dietary constituents. As a means of 

defense,  plants retaliated by evolving new genes and thus new metabolites called 

phytoalexins to make themselves less palatable and more toxic to animals (Gonzalez and 

Nebert, 1990). In response to the increased toxic metabolites in plants, animals evolved 



 

 

3

 

new DME genes in order to adapt to the constantly changing milieu of ingested toxicants. 

The development of the defense mechanism to detoxify plant metabolites by animal 

DMEs undoubtedly evolved into the existing metabolic bioactivation and detoxification 

of environmental pollutants, carcinogens, and drugs that is now found in humans.  

 

The Role of Drug Metabolizing Enzymes 

DMEs play central roles in the metabolism, detoxification, and elimination of 

endogenous substrates, as well as drugs and xenobiotics that are introduced into the 

human body. The clearance of lipophilic xenobiotic compounds from the body can be 

divided into Phase I and Phase II reactions (Williams, 1949). During Phase I metabolism 

a substrate can undergo oxidation, reduction, and hydrolysis reactions which converts the 

compound into a more water soluble form. Phase I oxidative metabolism by cytochrome 

P450 enzymes is the primary method of drug metabolism and commonly introduces a 

functional group, such as a hydroxyl group, that enables conjugative Phase II reactions to 

occur. Phase II enzymes utilize a functional group to covalently link large polar moieties 

such as glucuronic acid, sulfate, glutathione, glucose, and cysteine to further  increase the 

metabolite’s water solubility and facilitate excretion into the urine or the bile (Williams, 

1971).  

 

Cytochrome P450s 

The P450 gene superfamily is composed of highly diversified and extremely 

abundant set of heme containing proteins that classically represent Phase I metabolism 

(Nebert and Gonzalez, 1987). The cytochrome P450 proteins were first discovered in 
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1958 due to their unique reduced carbon monoxide spectrum that has an absorbance at 

450 nm, thus called pigment at 450 or P450 (Klingenberg, 1958; Garfinkel, 1958). 

Cytochrome P450s are sometimes called mixed function oxidases or monooxygenases 

referring to their ability to incorporate one oxygen atom to the substrate. In addition to 

hydroxylation reactions, cytochrome P450s can also catalyze a broad range of other 

chemical reactions including deaminations, desulfurations, dehalogenations, 

epoxidations, dealkylations, N-oxidations, peroxidations, and sulfoxidations (Isin and 

Guengerich, 2007). However, the hydroxylation reaction is the prominent reaction and 

facilitates the biotransformation of compounds that otherwise lack functional groups and 

introduces hydroxyl groups into unreactive hydrocarbon chains and aromatic rings. The 

cytochrome P450s are the only mammalian enzyme system with the oxidative power to 

efficiently functionalize primary carbons using molecular oxygen, requiring an enormous 

amount of oxidation-reduction potential of about E1/2~ 1.8 V (Macdonald et al., 1989). 

This complex catalytic process requires the donation of two electrons sequentially from 

the electron donor, such as the NADPH cytochrome P450 reductase.  The substrate 

binding to the cytochrome P450 triggers the transfer of the single electron that reduces 

the ferric iron to its ferrous form. The cytochrome P450/ substrate complex then binds 

and reacts with molecular oxygen producing an unstable ferrous dioxygen-bound 

complex that accepts the transfer of a second electron and finally results in an oxygenated 

substrate and release of water (Guengerich and Macdonald, 1990; Urlacher and Schmid, 

2002).  

The broad array of Cytochrome P450 enzymes play a key role in catalyzing 

reactions for endogenous compounds such as steroid hormones, arachidonic acid and 
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prostaglandins, activation of vitamins A and D, and secondary metabolites in plants and 

insects (Nebert and Gonzalez, 1987). The function of cytochrome P450s was originally 

identified for being pertinent for oxidation of steroids (Estabrook et al., 1963, Cooper et 

al., 1963). The major cytochrome P450s involved in endogenous chemical synthesis 

include CYP4A11 for fatty acids (Hsu et al., 2007), CYP1B1, CYP11Bs, and CYP21A2 

for sterols (Norlin and Wikvall, 2007), the CYP4Fs for eicosanoids (Kalsotra and Strobel, 

2006), and CYP26A and CYP2Bs for vitamins (Prosser and Jones, 2004; Haque and 

Anreola, 1998).  However, the importance for endogenous function has been 

overshadowed by their role in the metabolism of pharmaceutical compounds. Meanwhile, 

detoxification of xenobiotic compounds by the cytochrome P450s is probably the minor 

function of these versatile enzymes and most likely an extension of their ability to 

metabolize endogenous substrates. For example, CYP2C family is perceived to function 

exclusively as hepatic metabolizers of pharmaceutical compounds (Goldstein and de 

Morais, 1994). However, studies indicate that the CYP2C family is involved in the 

synthesis of 11, 12 expoxyeicosatrienoic acid (Fisslthaler et al., 1999). Similarly, 

CYP2D6 is highly associated with the clearance of a plethora of drugs, however, it is 

constitutively expressed at high levels in the brain suggesting an alternative and native 

function (Niznik et al., 1990; Dorado et al., 2007).  In addition, cytochrome P450s also 

seem to play an important role in the metabolism of endogenous substrates during early 

development (Ryner and Swain, 1995).  

The cytochrome P450 enzymes are best known for their role in the detoxification 

of pharmaceutical drugs and their function contributes to the clearance of over 70% of 

drugs that we ingest (Johnson, 2008). Of the 57 cytochrome P450 proteins encoded in the 
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human genome, 15 are involved in clearance of drugs and xenobiotic compounds. 

However, only 5 cytochrome P450 enzymes are primarily responsible for the oxidative 

metabolism of most drugs. CYP3A4 is by far the most important drug metabolizing 

enzyme accounting for approximately 46 % of all drug oxidative metabolism, CYP2C9 

accounts for 16 %, CYP2C19 and CYP2D6 each account for about 12 %, while 

CYP1A1/CYP1A2 about 14% (Rendic, 2002; Williams et al., 2004). Although 

cytochrome P450s are ubiquitously expressed throughout most tissues, the liver contains 

the greatest concentration of the enzymes and is therefore the primary organ for 

detoxification of drugs and xenobiotic compounds. Varied response of individual patients 

to administered drugs is of significant interest, as it is well known that some people 

metabolize drugs quite rapidly, while others metabolize the same drug at a much slower 

rate. In many cases, this phenomenon can be attributed to the varying amount of 

cytochrome P450 expression levels in the liver and small intestines due to genetic 

polymorphisms (Danielson, 2002).  

Numerous external factors have also been found to influence the expression and 

functionality of cytochrome P450s including diet, exposure to other drugs, tobacco and 

alcohol consumption, and environmental contaminants. An example of a widely known 

interaction with CYP3A4 occurs with the dietary consumption of grapefruit juice. The 

effects of grapefruit juice were first observed with felodipine, a calcium channel 

antagonist, where it led to the elevation of serum concentrations of the drug (Bailey et al., 

1989; Bailey et al., 1991). Since then numerous studies have shown that grapefruit juice 

inhibits the CYP3A4 enzyme, thereby decreasing the pre-systematic metabolism, 

resulting in increased bioavailability of the compound (Lundahl et al., 1997; Kiani and 
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Imam, 2007). This increase in bioavailability of the drug has been associated with high 

frequency of dose dependent adverse effects. This action is similar to the drug-drug 

interaction caused by cytochrome P450 inhibiting drugs such as itraconazole, 

ketoconazole, and erythromycin (Kivisto et al., 1997; Kivisto et al.,  1998, Floren et al.,  

1997).  

 

Bioactivation of PAHs by Cytochrome P450s 

Metabolism by cytochrome P450s is generally regarded as a detoxification 

pathway, however, these reactions can also lead to the bioactivation of compounds. This 

bioactivation process converts compounds to more reactive species that can covalently 

link to cellular components, such as DNA, resulting in the initiation and promotion of 

tumorigenesis (Danielson, 2002; Guengerich, 2006; Guengerich, 1988; Shimada et al., 

1987; Yamazaki et al., 1991). This also holds true for chemical carcinogens that we are 

exposed to through environmental exposure, such as polycyclic aromatic hydrocarbons 

(PAHs) (Weisburger, 1980). Humans are exposed to PAHs from a wide range of sources 

such as tobacco smoke, automobile exhaust, smoked and cooked foods, and industrial 

processes. In the early 1900s, studies correlated high incidence of cancer in workers 

exposed to soot, coal tar, and pitch (Norris, 1914; Hoffman, 1915; Yamagiwa and 

Ichikawa, 1977). It was then clearly demonstrated by Yamagiwa and Ichikawa that direct 

application of coal tar on the ears of rabbits led to the development of carcinomas 

(Yamagiwa and Ichikawa, 1977). Numerous carcinogenic PAH compounds were isolated 

from coal tar, and the major carcinogenic component was identified as benzo[a]pyrene 

(BaP) (Cook et al., 1933). In the 1970s metabolic activation of polycyclic aromatic 
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hydrocarbons, such as BaP, were being elucidated and the ultimate carcinogen identified 

by detecting reactive metabolites and DNA adduct formation (Conney 1982). Borgen et 

al. reported BaP incubated with microsomes resulted in binding of various trans 

dihydrodiol metabolites of BaP to DNA with 10 fold greater affinity than BaP itself 

(Borgen et al., 1973). Based on these reports, Sims and colleagues determined that the 

BaP 7,8-dihydrodiol metabolite was further metabolized into an epoxide which was 

identified to be the most potent BaP DNA alkylating metabolite (Sims et al., 1974). It 

was also observed that BaP induced synthesis of its own hydroxylase, termed 

benzopyrene hydroxylase and known today as   CYP1A1 (Conney et al., 1957).  

Exposure to PAHs have been causatively linked to higher incidence of cancer in 

various populations including cigarette smokers (Proctor, 2001). Thus, the metabolic 

activation of PAHs by cytochrome P450s is a critical step in the formation of cancer (Ma 

and Lu, 2007). Multiple forms of human cytochrome P450s play significant roles in the 

metabolic activation of environmental carcinogens, however, it has been suggested that 

CYP1A1 is mainly responsible for the activation of most PAHs (Conney, 1982). 

CYP1A1 is expressed primarily in extrahepatic tissues, including lung and mammary 

glands, and it could potentially contribute to the incidence of cancers in these organs 

upon exposure to procarcinogens (Shimada et al., 2004). CYP1A1 is not basally 

expressed and is highly substrate inducible. In many cases, chemical inducers are 

substrates of CYP1A1, such as PAHs (Conney, 1982).  Thus, exposure to PAHs induces 

CYP1A1 and leads to the metabolism of PAHs into a more reactive species. This 

feedback loop of a compound inducing its own metabolism by increasing CYP1A1 

activity and its own carcinogenic potential seems paradoxical. However, the formation of 
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reactive metabolites can be countered by Phase II conjugation reactions that aid in the 

elimination and excretion of the carcinogenic metabolites. In a negative feedback loop, as 

PAHs are metabolized the expression levels of CYP1A1 diminish and the generation of 

carcinogenic metabolites also decrease, enabling the return to a homeostatic state (Nebert 

and Dalton, 2006). This delicate balance of bioactivation and detoxification can be tipped 

resulting in the promotion of cancer when the amount of procarcinogen exposure is 

overwhelming, as in the case of cigarette smoking. In addition, xenobiotic compounds 

which are potent inducers of CYP1A1, such as chlorinated dibenzo-p-dioxins, may 

escape the negative feedback loop mechanism and result in the generation of excessive 

reactive metabolites due to the inability of the CYP1A1 enzyme to efficiently metabolize 

the compound. 

 

Environmental Contamination and TCDD 

Chlorinated dibenzo-p-dioxins are extremely toxic and teratogenic compounds 

that have been inadvertently dispersed in the environment. They are generated as by-

products of industrial processes including incineration, chlorine bleaching of paper and 

pulp, and manufacturing of some pesticides, herbicides, and fungicides (Schecter et al., 

2005). The toxic effects of dioxins were initially observed in the 1954 when several 

chloracne outbreaks were reported among employees of a chemical plant manufacturing 

the herbicide 2,4,5- tichlorophenoxyacetic acid (2,4,5-T Agent Orange) (Kimmig and 

Schulz 1957; Schulz, 1957). Agent Orange was found to be contaminated with trace 

amounts of numerous chlorinated dibenzo-p-dioxins and dibenzofurans. 2,3,7,8-

tetrachlorodibenzo-p-dioxin (TCDD) is the prototype of dioxins, and it is an extremely 
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toxic and persistent pollutant in the environment. It is a known contaminant in the Agent 

Orange herbicide that was used during the Vietnam War (IOM, 2005) and the causative 

agent in chloracne outbreaks (Bleiberg et al., 1964). TCDD is a nearly planar tricyclic 

aromatic molecule that is very lipophilic and is sequestered in the fat and liver. It is 

highly stable and has no known mechanism of metabolic detoxification and remains in 

the body with an estimated half-life of 7.5 years (Geyer et al., 2002). In addition to its 

persistent/stable nature, it also has remarkable teratogenic potency and lethal potency 

(Schwetz et al., 1973). In certain animals tested in the laboratory, TCDD caused death 

following very small doses and has been designated as one of the most toxic man-made 

chemicals. In 2004, TCDD was used to poison President Viktor Yushchenko of Ukraine 

during a dinner party (Chivers, 2004). His symptoms included back pain, acute 

pancreatitis, nerve paralysis, and bloating of the face with disfiguring chloracne (BBC, 

2004). TCDD is also the most potent known inducer of CYP1A1 (Schecter et al., 2005). 

 

Characterization of CYP1A1 Induction 

The molecular mechanism of CYP1A1 induction was established by the 

pioneering work of Nebert and co-workers when they observed that certain classes of 

compounds, such as PAHs, had the potential to induce aryl hydrocarbon hydroxylase 

activity (AHH) in cell culture ( Nebert and Gelboin 1968a; Nebert and Gelboin 1968b). 

Upon treatment with actinomycin D, an inhibitor of RNA synthesis, and cycloheximide, 

an inhibitor protein synthesis, it was determined that induction of AHH activity involved 

both RNA synthesis and protein synthesis (Nebert and Gielen, 1971). In addition to the 

induction of AHH activity, mice treated with various aromatic hydrocarbons displayed 
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increases in other aromatic hydrocarbon inducible monooxygenase activities (Nebert et 

al., 1973a). The genetic region responsible for the other monooxygenase activity was 

found to be associated at or near the same genetic locus as the aryl hydrocarbon (Ah) 

locus. The induced AHH activity was fractionated and isolated from mouse liver 

containing cytochromes P450 and P448, later identified as CYP1A1 and CYP1A2 

respectively, suggesting that the AHH activity was due to the function of the cytochromes 

present (Nebert et al., 1973b). In 1979 conclusive evidence was obtained to determine 

that CYP1A1 was responsible for the AHH activity observed upon treatment with PAHs 

and TCDD (Negishi and Nebert, 1979). Two inducible forms of cytochrome P450 were 

purified from mice treated with 3-MC, and an antibody was developed for each form 

(anti-CYP1A1 and anti-CYP1A2). The inhibitory affects of the specific antibodies on the 

enzymatic activity of each purified protein was assessed. The anti-CYP1A1 antibody 

greatly decreased the 3-MC inducible AHH activity but did not affect the 3-MC inducible 

acetanilide 4-hydroxylase activity. While the anti-CYP1A2 antibody was found to inhibit 

3-MC inducible acetanilide 4-hydroxylase activity with no affect on 3-MC inducible 

AHH activity. This study provided direct biochemical evidence that the Ah locus 

represents distinct forms of cytochrome P450s and that the induction of the AHH activity 

observed was due to the induction of CYP1A1 expression.   

Characterization of the CYP1A1 gene led to the cloning and understanding of the 

transcriptional regulation of the Ah locus. Isolation of total cellular RNA from control 

and 3-MC treated mouse livers followed by in vitro translation of the isolated mRNA 

using the reticulocyte lysate system and immunoprecipitation using anti-CYP1A1 

antibody revealed that there was 10 times more mRNA from 3-MC treated livers than 
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control livers (Negishi and Nebert, 1981). The cDNA of CYP1A1 was then isolated and 

further characterized after the reverse transcription of the mRNA (Negishi et al., 1981). 

The mechanism of CYP1A1 induction by PAHs and TCDD was evaluated and found to 

be governed principally through an increase in specific gene transcription and not through 

decreased rate of mRNA degradation or increased rate of translation (Tukey et al., 1981; 

Gonzalez et al., 1984). The cloning of the mouse CYP1A1 gene from genomic DNA was 

achieved in 1983 (Nakamura et al., 1983), and both mouse CYP1A1 and CYP1A2 genes 

were localized to mouse chromosome 9 (Tukey et al., 1984). The human CYP1A1 gene 

was cloned from human breast cancer cells (Jaiswal et al., 1985) and localized to 

chromosome 15 (Hildebrand et al., 1985).  

The induction of CYP1A1 is mediated through the aryl hydrocarbon receptor 

(AhR). The concept that a receptor was responsible for the regulation of the CYP1A1 

gene stemmed from the studies that compared two strains of mice that had varying 

CYP1A1 activity responsiveness to chemical treatment. The mouse strain C57B1/6 was 

known to be responsive to PAH treatment and resulted in the induction of CYP1A1 

activity, while the DBA/2 mouse strain lacked this same response (Nebert and Felton, 

1975). Studies by Poland and Glover illustrated that TCDD and 3-methylcholanthrene (3-

MC) induced CYP1A1 activity to the same maximal level. However, TCDD was found 

to be 30,000 times more potent (Poland and Glover, 1974). It was hypothesized that the 

failure of certain inbred strains of mice to respond to polycyclic hydrocarbon induction of 

CYP1A1 was most likely due to a mutation in a receptor resulting in a defect of binding 

to the inducing compound. Upon realizing that TCDD was much more potent than the 

PAHs, investigators began to treat the PAH nonresponsive strain DBA/2 with high doses 
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of TCDD until maximal AHH activity was reached and comparable to the PAH 

responsive strain C57B1/6 (Poland et al., 1974). These studies illustrated that the DBA/2 

mouse strain expressed the genetic and regulatory elements pertinent for CYP1A1 

induction but had a diminished capacity to bind to the inducer. Defects in ligand binding 

to a putative receptor seemingly accounted for the differences in the murine strains, 

which could be overcome by using much higher concentrations of TCDD. The mediator 

of the induction of the CYP1A1 activity was termed the aryl hydrocarbon receptor 

(AhR).  

 

AhR Mediates CYP1A1 Induction 

The existence of the AhR was initially identified when the PAH responsive strain 

of mice was found to express a receptor that bound TCDD with greater affinity when 

compared to PAH nonresponsive mice (Poland and Glover, 1975). The presence of the 

AhR was firmly established through in vitro experiments on binding of [3H]TCDD to 

hepatic cytosols from PAH responsive mice, which revealed a small pool of high-affinity 

binding sites that stereospecifically and reversibly bind TCDD (Poland et al.,   1976). In 

addition, the binding affinities of 23 halogenated dibenzo-p-dioxins and dibenzofurans 

for this receptor were tested and the Kds closely correlated with the potencies of these 

compounds as inducers of CYP1A1. Moreover, the PAHs that induce CYP1A1 were 

competitive inhibitors of [3H]TCDD. Similar studies were conducted to determine the 

ED50 of TCDD in various mouse cell lines that were either responsive or nonresponsive 

to PAH treatment. The ED50 of TCDD for responsive cells was less than 0.5 nM, while 

the two nonresponsive cells lines had an ED50 of greater than 100 nM (Niwa et al.,   1975, 
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Guenthner and Nebert, 1977). It was also determined that the number of receptors 

capable of binding TCDD was approximately the same for all of the four cell types tested 

(Guenthner and Nebert, 1977). These results confirm that AhR binds TCDD and is the 

receptor responsible for the induction of CYP1A1 activity. The phenotypic differences in 

PAH responsiveness in various mouse strains was later elucidated and the existence of 

four forms of the AhR with key amino acid mutations was shown to be the cause of the 

discrepancy in PAH response (Okey et al.,  1989; Poland et al.,  1994).  

The AhR was purified successfully upon the development of a photoaffinity 

ligand that was used to monitor the receptor (Poland et al., 1986) and enabled for the 

subsequent cloning and characterization of the receptor (Ema et al., 1992, Burbach et al.,  

1992). The AhR deduced amino acid sequence reveals a structural organization that is 

representative of a family of transcription factors called the basic helix-loop-helix Per-

ARNT-Sim (bHLH/PAS) (Schmidt and Bradfield, 1996; Hankinson, 1995). The Per-

ARNT-Sim domain of AhR was characterized based on the sequence similarity to known 

Drosophila proteins Per and Sim, and the heterodimer partner of AhR termed ARNT. 

The Per protein in Drosophila is known to be important in the maintenance of circadian 

rhythms (Crews et al.,  1988), and the Sim protein is involved in the specification of cell 

fate during midline cell differentiation (Nambu et al., 1990; Namub et al.,  1991). ARNT, 

the heterodimer partner of AhR, was originally thought to be important for the nuclear 

translocation of AhR (Hoffman et al., 1991).  The N-terminal region of the AhR contains 

the basic residues which contributes to DNA binding, and the HLH domain facilitates 

protein-protein dimerization with other proteins and transcription factors (Murre et al., 

1989a; Murre et al., 1989b; Davis et al., 1990). The N-terminal region also contains the 
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AhR nuclear localization signal and a nuclear export signal sequence (Ikuta et al., 1998). 

The C-terminal portion contains the PAS region composed of two subdomains, PAS A 

and PAS B, which are enriched in polar residues and influence protein-protein 

interactions, DNA recognition, and ligand binding. Deletion mutants of AhR 

demonstrated the existence of discrete functional domains. Photoaffinity labeled dioxin 

was shown to bind a fragment containing amino acids 232-334 within the PAS B repeat, 

indicating that ligand binding is localized to this region (Burbach et al., 1992). The PAS 

domain also contains the contact region for Hsp90. (Denis et al., 1988; Perdew, 1988). 

One Hsp 90 molecule appears to bind within the PAS region and the other interacts with 

the helix-loop-helix region (Fukunaga et al., 1995; Reisz-Porszasz et al., 1994). The 

Hsp90 interaction is hypothesized to be important for maintaining AhR in a high affinity 

ligand binding conformation and to repress DNA-binding affinity (Dolwick et al., 1993). 

The basic region was determined to be important for binding to DNA response elements 

but not pertinent for dimerization. The deletion of the C-terminal portion had no affect on 

DNA binding but eliminated biological activity suggesting this region contains the 

transactivation domain consisting of stimulatory and inhibitory subdomains (Ko et al., 

1996; Ko et al., 1997).  

 

Molecular Mechanism of CYP1A1 Induction 

 The model for AhR signaling to induce CYP1A1 expression begins with the 

exposure to a lipophilic ligand, such as TCDD, which can easily diffuse across a cell 

membrane and enter the cell. Immunofluorescence microscopy using AhR specific 

antibodies reveals that the unoccupied receptor is localized in the cytosol (Pollenz et al.,   
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1994). The unbound AhR exists in the cytosol complexed with a dimer of heat shock 

proteins, Hsp90, which maintains the AhR in a high affinity ligand binding state and 

prevents nuclear translocation and dimerization with ARNT, one molecule of the co-

chaperone protein p23, and one molecule of XAP2, an immunophilin-related protein 

involved in the regulation of AhR turnover (Perdew, 1992; Meyer et al., 1998, Meyer and 

Perdew, 1999; Heid et al., 2000; Dull et al., 2002). Ligand binding to the receptor 

induces a conformational change that results in increase affinity for DNA binding and 

decrease rate of ligand dissociation (Bradfield et al., 1988) resulting in translocation of 

the ligand bound AhR to the nucleus and subsequent heterodimerization with its partner 

ARNT (Whitlock, 1999; Gonzalez et al., 1996, Schmidt and Bradfield, 1996; Hankinson 

et al., 1995; Okey et al., 1994). ARNT was termed the AhR nuclear translocator protein, 

although it is now known that it is not required for nuclear translocation of the AhR 

(Reyes et al., 1992). Two theories exist for the formation of the heterodimer complex 

with ARNT. The first model is that the ligand induces dissociation of chaperone proteins 

from the AhR resulting in the exposure of the nuclear localization signal, followed by 

nuclear uptake and heterodimerization with ARNT. The second view suggests that the 

ligand binding induces nuclear translocation of the entire core complex and dissociation 

occurs upon heterodimerization with ARNT (Petrulis and Perdew, 2002). The exact chain 

of events leading to translocation into the nucleus is still under debate.  

The AhR/ARNT heterodimer complex recognizes and binds to distinct DNA 

sequences called xenobiotic response elements (XREs) leading to the transactivation and 

induction of target genes, such as CYP1A1, that contain XREs in their promoter region. 

The DNA recognition region is located in the HLH and PAS domains of both proteins. 
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Heterodimerization orients the basic regions of the proteins towards the XRE sequences 

in the major groove of DNA (Bacsi et al., 1995). Electrophoretic mobility shift assays 

indicate that the liganded AhR recognizes a specific DNA motif containing the following 

XRE sequence 5’ TGCGTG 3’ (Denison et al., 1989). XRE consensus sequences were 

initially identified by using short segments of upstream regions of mouse and rat CYP1A1 

genes fused to the chloramphenicol acetyl transferase (CAT) reporter gene that became 

activated upon TCDD or PAH treatment ( Fujisawa-Sehara et al., 1987; Denison et al., 

1988). Five functional XREs were identified within the 1218 bp 5’ to the cap site of the 

mouse CYP1A1 gene (Lusska et al., 1993), and the human CYP1A1 gene was found to 

have at least seven XREs within the first 1300 bp of the 5’ upstream flanking region 

(Fisher et al., 1990; Kubota et al., 1991).  

The AhR/ARNT heterodimer complex binds XRE elements and is also able to 

recruit and bind nuclear co-activators to mediate transcriptional activation. Chromatin 

immunoprecipitation experiments indicate that NCoA-1, NCoA-2, NCoA-3, p/CIP, 

CBP/p300, and RIP140 interact with CYP1A1 enhancer region in a TCDD-dependent 

fashion, (Beischlag et al., 2002; Kobayashi et al., 1997; Kumar et al., 1999a). These 

cofactors interact with the AhR via its C-terminal transactivation domain (Kuma et al., 

1999b). These cofactors are involved in the recruitment of additional proteins to form 

bridges between several classes of transcription factors and the core transcription 

initiation complex (Beischlag et al., 2002), as well as ATP-dependent chromatin 

remodeling and acetylation of promoter histones (Hestermann et al., 2003). The presence 

of these proteins results in the relaxation of the chromatin and the recruitment of RNA 

polymerase to initiate transcription of target genes, such as CYP1A1. 
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FIGURE 1-1 

Mechanism of CYP1A1 Induction 

 

FIGURE 1-1. Mechanism of CYP1A1 induction. Normally CYP1A1 is not basally 
expressed and its expression is induced upon exposure to xenobiotics, such as BaP. 
CYP1A1 induction is primarily regulated by the AhR, which resides in the cytosol bound 
by chaperone proteins. Upon exposure to a ligand, the AhR translocates to the nucleus 
and disassociates from its chaperone proteins and heterodimerizes with its partner Arnt. 
This heterodimer complex is then able to bind the xenobiotic responsive element (XRE) 
in the promoter region CYP1A1. 
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CYP1A1 Induction is a Biomarker for Exposure to Environmental Contaminants 

The induction of CYP1A1 activity is widely used as biomarker for exposure to 

various classes of chemicals including TCDD and PAHs. The oxidation of the substrate 

7-ethoxyresorufin to resorufin is specifically mediated by CYP1A1 and CYP1A2 (Burke 

and Mayer, 1975; Nebert and Gelboin, 1968a; Johnson et al., 1979). This reaction was 

used to develop a fluorimetric assay by Burke and Mayer to easily measure the 

ethoxyresorufin O-deethylase (EROD) activity from microsomal preparations in order to 

sensitively monitor induction of CYP1A1 upon xenobiotic treatment (Burke and Mayer, 

1974; Pohl and Fouts, 1980). The EROD assay is a useful bioassay to evaluate the 

relative biological and toxicological potency of compounds and complex mixtures 

containing potential AhR ligands (Casterline et al., 1983; Tillitt et al., 1988; Tillitt et al., 

1991; Safe et al., 1986). However, the EROD assay exhibits several disadvantages that 

limit the capacity for widespread application as a screening method. For instance, there 

are intra- and inter-species differences in response to halogenated aromatic hydrocarbons 

(Denison et al., 1986; Denison et al., 1995). More importantly, many AhR ligands are 

substrates of CYP1A1 which results in competitive inhibition of EROD activity, as well 

as potentially inactivating the CYP1A1 enzyme (Hahn et al., 1993). To address these 

issues, an alternative class of in vitro assays was designed to determine enzymatic 

activity based on AhR activation and induction of a reporter gene (Aarts et al., 1995).  

The use of a reporter construct containing the firefly luciferase gene under the 

transcriptional control of XREs has proven to be a sensitive tool to detect the presence of 

AhR agonists (Postlind et al., 1993; Denison et al., 1993; Garrison et al., 1996; Yueh et 
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al., 2004). These chemically activated luciferase expression (CALUX) bioassays have 

high correlation between EROD activity and the CALUX bioassay. However, the 

CALUX method is more sensitive and is not limited by CYP1A1 substrate inhibition. In 

addition, The CALUX assay enables the determination of total toxic equivalents (TEQs) 

relative to TCDD as a comparison and identification of AhR ligands (Aarts et al., 1993, 

Anderson and Fisher, 1995; Sanderson et al., 1996). Although TEQs have been 

determined for many TCDD-like compounds and PAHs, the exact values can vary greatly 

depending on specific species (Safe et al., 1994; Ahlborg et al., 1994). Various CALUX 

cell lines were constructed by stably transfecting plasmids containing small regions of the 

CYP1A1 gene containing several XRE elements fused upstream of the firefly luciferase 

gene into several types of mammalian cell lines including mouse Heap1c1c, rat H4IIE, 

guinea pig GPC16, Hamster AHL, Human HepG2, MCF7, and LS180 cells (Denison et 

al., 1993; Garrison et al., 1996; Aarts et al., 1993; Postlind et al., 1993; Yueh et al., 

2004). These cell lines allow for a species specific comparison of sensitivity and response 

to known AhR agonists and complex mixtures of compounds (Long et al., 2003).  

Although the CALUX bioassays that have been developed are quite sensitive and 

useful for the identification and characterization of AhR ligands, there are cost effective 

problems which restrict their adaptation into high-throughput screening bioassays. A new 

generation of recombinant cell bioassays for the detection of AhR activation were 

developed that employs the use of the enhanced green fluorescent protein (EGFP) 

reporter gene under the control of XREs (Nagy et al., 2002a; Nagy et al., 2002b).  

Exposure of these recombinant cells to TCDD and other AhR agonists leads to an 

induction of EGFP in a dose, time, and substrate dependent manner (Nagy et al., 2002a). 
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The use of an EGFP based reporter system to identify AhR ligands is cost efficient 

because EGFP can be directly measured in intact cells without the addition of any 

necessary reagents and therefore can be easily adapted for rapid screening of large 

chemical libraries that can activate the AhR signaling cascade resulting in induced EGFP 

expression (Nagy et al., 2002b). 

In addition to the in vitro cell culture bioassays, several transgenic mouse models 

expressing large portions of the CYP1A1 promoter region fused to a reporter gene, as 

well as the entire human CYP1A1 gene including the regulatory regions have been 

generated (Galijatovic et al., 2004; Campbell et al., 1996). The transgenes were inducible 

upon treatment with PAHs and the pattern of expression in various tissues correlated with 

the expected regulation of the CYP1A1 protein. Initial construction of transgenic mouse 

lines expressing smaller fragments of the CYP1A1 promoter region led to variable basal 

activities and inconsistencies in the pattern of tissue specific expression of the transgenes 

(Jones et al., 1991; Smith et al., 1995; Galijatovic et al., 2004), however, these issues 

were resolved when much larger promoter regions were incorporated into the transgene 

(Campbell et al., 1996). This suggests that important regulatory regions may exist in the 

CYP1A1 promoter that are distal from the transcriptional start site. Although several 

transgenic mouse models exist that provide information on transcriptional activation of 

the CYP1A1 gene, a model that allows for the simple and rapid screening of inducible and 

functional human CYP1A1 protein is currently lacking.  
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Phase II Metabolism and the Process of Glucuronidation 

 Phase II drug metabolizing enzymes work in concert with Phase I enzymes to 

detoxify and eliminate endogenous and exogenous compounds from the body. Phase II 

reactions are referred to as conjugative reactions which include glucuronidation, 

sulfation, acetylation, methylation, and conjugation with glutathione and amino acids. 

Phase II reactions involve a large polar molecule that is derived from the body to be 

covalently linked to a substrate, resulting in a conjugated metabolite that is more polar 

and readily excretable from the body. The most important Phase II enzymes for the 

detoxification of drugs are the udp-glucuronosyltransferases (UGTs), and approximately 

80% of therapeutic drugs are eliminated via the glucuronidation pathway.  

 The process of glucuronidation is catalyzed by a family of enzymes called UPD-

glucuronosyltransferases (UGTs). UGTs utilize the co-substrate uridine diphospho-

glucuronic acid (UDPGA) and transfer the glucuronic acid moiety to a variety of 

endogenous compounds and xenobiotics to form the metabolite called the glucuronide. In 

1855 Schmid reported the first compound characterized as a glucuronide, euxanthic acid, 

which was isolated from the urine of cows that fed on mango leaves, and this glucuronide 

was used as a major component of the dye Indian yellow (Dutton, 1980). While studying 

the metabolism of the compound camphor, Schmiedeberg and Meyer isolated a camphor 

conjugate from the urine of dogs and characterized the sugar moiety as glucuronic acid  

(Schmiedeberg and Meyer, 1879). A landmark discovery was made in 1953, when 

Dutton and Storey discovered a thermostable cofactor in the liver that was required for 

the formation of a phenol glucuronide in cell-free preparations (Dutton and Storey, 1953; 

Dutton and Storey, 1954). This compound was isolated and identified as UDPGA and 
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shown to act as a co-substrate in the reaction in which glucuronic acid was transferred to 

an acceptor substrate, forming the glucuronide metabolite (Dutton and Storey, 1954; 

Storey and Dutton, 1955; Smith and Mills, 1954).  

 

Purification and Characterization of UGTs  

 The heterogeneous substrates that are subject to glucuronidation fueled the debate 

over the existence of a single UGT enzyme with a promiscuous active site or a population 

of numerous UGT enzymes (Axelrod et al., 1957; Mulder, 1971). The isolation and 

purification of UGTs was of critical importance in order to determine distinct populations 

of UGTs and their substrate specificities. However, UGTs are inherently difficult to 

purify due to their relative instability in the high concentrations of detergent required for 

solubilization and phospholipid dependence (Burchell and Coughtrie, 1989). In 1975, the 

first successful separation of UGT activities was reported by Villar et al. when activities 

toward morphine and p-nitrophenol were resolved from rat liver microsomes, 

demonstrating distinct and separate populations of UGTs capable of glucuronidating 

specific substrates (Villar et al., 1975). This purification technique utilized DEAE-

cellulose column chromatography and was adapted from the method described by Sato et 

al. that was used to resolve microsomal cytochrome P450 and other components of the 

hepatic mixed function oxidase system (Sato et al., 1973). This technique was further 

validated by Bock et al. as they were able to separate two rat liver UGT activities which 

catalyzed either the glucuronidation of morphine or the glucuronidation of morphine and 

1-napthol (Bock et al., 1977). The development of a UGT purification technique using 

affinity chromatography with UDP-hexanolamine Sepharose beads attached to the 
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column enabled for the successful purification of UGT enzymes with much higher 

specific activity (Gorski and Kasper, 1977). This method led to the purification of UGT 

enzymes including 3-MC-inducible UGT and phenobarbital-inducible UGT (Burchell, 

1978; Bock et al., 1980), oestrone-UGT and p-nitrophenol-UGT (Tukey et al., 1978), and 

testosterone-UGT (Weatherill and Burchell, 1980). It was quickly observed that partially 

purified delipidated enzymes were catalytically inactive, but activities could be restored 

upon addition of phospholipids or phosphatidylcholine mixtures, indicating that enzyme 

activity was dependent on the presence of phospholipids (Tukey et al., 1979, Tukey and 

Tephly, 1980; Gorski and Kasper, 1978). The combination of purification techniques 

utilizing chromatofocusing in conjunction with UDP-hexanolamine Sepharose became 

the method of choice to separate UGTs more readily. This method was initially 

implemented by Falany and Tephly and resulted in the isolation of three UGT isoforms: 

4-nitrophenol-UGT, 3-hydroxyandrogen-UGT, and 17-hydroxysteroid-UGT (Falany and 

Tephly, 1983). Chowdury and co-workers also isolated six UGTs using this method 

(Chowdhury et al., 1986).  Substrate specificity analysis of UGT isoforms illustrated that 

4-nitrophenol-UGT was active toward specific planar phenols but did not have activity 

for morphine or steroids. 17-hydroxysteroid-UGT demonstrated activity towards several 

phenols, as well as testosterone and β-estradiol, while 3-hydroxyandrogen-UGT was 

found to only have activity towards androsterone and etiocholanolone (Falany and 

Tephly, 1983). Further substrate specificity analysis showed that 17-hydroxysteroid-UGT 

and 3-hydroxyandrogen-UGT exhibited marked regioselectivity and stereoselectivity of 

conjugation towards bile acids and steroids (Falany et al., 1986). These results 

demonstrated distinct and overlapping substrate specificity of UGTs.  
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 Physical characterization of the purified enzymes was conducted to determine the 

homology among the isoforms. Using peptide mapping and amino acid analysis it was 

observed that 17-hydroxysteroid-UGT and 3-hydroxyandrogen-UGT, both of which have 

activity towards steroids, were quite homologous but 4-nitriphenol-UGT was found to be 

quite different in amino acid composition and peptide mapping (Falany et al., 1986). This 

suggested that these UGTs may represent two different subfamilies and this was later 

confirmed through comparison of nucleotide sequences of the cloned cDNAs encoding 

for these UGT isoforms (Jackson and Burchell, 1986; Mackenzie, 1986; Mackenzie, 

1987; Harding et al., 1987; Iyanagi et al., 1986).   

 The UGTs are classified into two distinct gene families, UGT1 and UGT2 

(Mackenzie et al., 1997). The UGT2 subfamily is composed of individual genes located 

in a gene cluster on chromosome 4 at 4q13-q21 and encodes 7 functional UGT2B 

proteins and 3 UGT2A proteins which have not been functionally characterized 

(Monaghan et al., 1994; Beaulieu et al., 1997; Chen et al., 1993). The UGT2B members, 

which include UGT2B4, 2B7, 2B10, 2B11, 2B15, 2B17, and 2B28, primarily conjugate 

endogenous compounds such as bile acids (Monaghan et al., 1997), steroids (Belanger et 

al., 1998; Hum et al., 1999), and hormones (Jin et al., 1997; Guillemette et al., 2004; 

Thibaudeau et al., 2006), but are also important for the elimination of therapeutic drugs 

(Coffman et al., 1997; Davies et al., 2003). In contrast, the UGT1 subfamily is primarily 

involved in metabolizing exogenous compounds (Dutton, 1980; Kiang et al., 2004). 

Although Ritter and co-workers reported isolation and characterization of two human 

cDNA clones encoding for UGT1s having activity for the endogenous compound 

bilirubin (Ritter et al., 1990), however, it was later discovered that only UGT1A1 was the 
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only UGT capable of efficiently conjugating bilirubin (Bosma et al., 1994). 

Serendipitously, during the search for the gene encoding for the bilirubin transferase, 

Ritter and co-workers stumbled upon a novel gene locus encoding for the UGT1 family. 

They initially identified six different gene products from the locus composed of unique 

exon 1s and a series of transcriptional start sites and shared c-terminal exons (Ritter et al., 

1992a). Subsequently, the same group extended the UGT1 complex to 200 kb and 

additionally uncovered UGT1A7, UGT1A8, UGT1A9, UGT1A10, and several pseudo 

genes (Gong et al., 2001). It is now known that the UGT1 family consists of nine 

functional isoforms, UGT1A1 and UGT1A3-UGT1A10, derived from a single gene locus 

resulting from gene duplication events (Mackenzie et al., 1997; Ritter et al., 1992a) 

located on chromosome 2 at 2q37 (Harding et al., 1990). Through a process called exon 

sharing, the first exon is combined with common exons 2-5. This genomic organization 

results in a diverse set of functional UGT1 gene products that have a variable amino 

terminus encoded by the unique exon 1 and an identical carboxyl terminus encoded by 

exons 2-5 (Wooster et al., 1991; Ritter et al., 1992a). A recent study has identified a 

novel UGT1A1 isoform called UGT1A1_i2 that is generated by alternative splicing of a 

newly discovered exon 5 resulting in a truncated and inactive form of the protein, and this 

splicing event presumably also leads to other inactive UGT1 isoforms containing this 

truncated exon 5 (Levesque et al., 2007). 
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FIGURE 1-2 

Genomic Organization of the Human UGT1A Locus 

 

 

FIGURE 1-2. Genomic organization of the human UGT1A locus. The UGT1A locus 
on chromosome 2 spans 200 kb and is controlled by 13 unique promoters which regulate 
the independent expression of 9 UGT1A isoforms. Through the process of exon sharing 
all of the UGT1A isoforms have identical 2-5 exons and a variable exon 1.  
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The improved biochemical techniques to obtain homogenous UGT preparations 

led to the production of antibodies raised against purified UGTs (Mackenzie et al., 

1984a). These antibodies were used to specifically recognize and immunoprecipitate 

UGTs that were newly synthesized proteins being translated from polysomes and allowed 

for the isolation of the first mouse UGT mRNAs. This in vitro translation and specific 

immunoadsorption method led to the cloning and characterization of several rat liver 

UGTs (Mackenzie et al., 1984b; Jackson et al., 1985; Mackenzie, 1986). Comparison of 

the mRNA sequences of the isolated UGTs confirmed the heterogeneous population of 

the UGT enzymes. This method opened the flood gates for isolation and characterization 

of UGT enzymes from various species including rat, mouse, and human. The sequences 

of the enzymes were analyzed and guidelines were set for standardized nomenclature 

based on evolutionary divergence (Burchell et al., 1991).  

 Cloning of the UGT cDNAs enabled the expression of recombinant proteins using 

heterologous cell culture tools and analysis of substrate specificities of the expressed 

isoforms.  Methods of choice included standard transient transfection of recombinant 

DNA (Mackenzie et al., 1984b; Mackenzie, 1986; Remmel and Burchell, 1993) or stable 

transfection of the DNA (Wooster et al., 1993) into the genome of the COS cells which 

express minimal levels of UGTs. Other laboratories also utilized the expression of UGTs 

in insect SF-9 cells following infection with UGT-recombinant AcMNPV virus 

(Strassburg et al., 1996; Strassburg et al., 1998a; Strassburg et al., 1999, Nguyen and 

Tukey, 1997). After transfection cells were harvested 48-72 hours later and enzyme 

activity towards various substrates were measured using radiolabeled co-substrate 

UDPGA followed by thin layer chromatography. There have been hundreds of known 
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agents that have been identified as substrates for the expressed UGTs (Tukey and 

Strassburg, 2000). The structurally divergent compounds include a wide breadth of 

chemical classes including alcohols, flavones, coumarins, carboxylic acids, amines, 

opioids, and steroids (Tukey and Strassburg, 2000; Tukey and Strassburg, 2001). The 

reactive functional groups associated with these compounds are found in our daily dietary 

constituents, as well as pharmaceutical agents. These xenobiotic agents are ingested and 

undergo detoxification mechanisms that likely include glucuronidation by UGT enzymes.  

 Despite the differences in primary amino acid sequences between the two UGT 

families, the C-terminal domains of the proteins have very high sequence identity, 

implicating the conserved function of UDPGA binding, (Burchell and Coughtrie, 1989; 

Ritter et al., 1992a; Tephly and Burchell, 1990). The N-terminal domain of all UGTs is 

highly divergent and catalytic activity analysis of chimeric UGT proteins suggests that 

this region is responsible for the substrate specificity (Mackenzie, 1990). Substrate 

specificity varies among UGT isoforms with some having strict specificity, while others 

accept a wide range of structurally unrelated substrates. Small molecules that form 

phenolic-hydroxy glucuronides such as, 4-nitrophenol, 1-napthol, and the coumarin 

derivative 4-methylumbelliferone serve as substrates for most of the UGTs but are 

catalyzed most efficiently by the UGT1 proteins, except for UGT1A4 (Tukey and 

Strassburg, 2000). There is considerable substrate specific redundancy in phenolic 

glucuronidation among UGT1A1, UGT1A3, UGT1A7, UGT1A8, UGT1A9, and 

UGT1A10 (Tukey and Strassburg, 2000; Meech and Mackenzie, 1997). Meanwhile, 

some substrates are glucuronidated by specific isoforms, as exhibited by UGT1A1-

specific bilirubin glucuronidation (Bosma et al., 1994) and the UGT1A3- and UGT1A4-
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specific formation of quaternary ammonium glucuronides (Green et al., 1998; Green et 

al., 1995). The glucuronidation of morphine and other structurally similar opioids is 

mainly catalyzed by UGT2B7, although UGT1A1 (Coffman et al., 1995) and UGT1A8 

(Cheng et al., 1998) do exhibit some activity towards morphine.  

 The metabolism of substrates via the glucuronidation pathway was originally 

thought to occur mainly in the liver (Dutton, 1980). However, more recent studies have 

identified UGT activity toward bile acids, phenols, and bilirubin in numerous organs 

including the intestine, kidney, and colon (Matern et al., 1984; Pacifici et al., 1986; 

Parquet et al., 1985; Peters et al., 1988; Peters et al., 1989; Peters et al., 1991; Pacifici et 

al., 1988; McDonnell et al., 1996). Characterization of UGT expression in various tissues 

has been complicated by the high degree of sequence homology of the UGT gene 

products. For example, sequence homology exceeding 93% among UGT1A3, UGT1A4, 

and UGT1A5, as well as among UGT1A7, UGT1A8, UGT1A9 and UGT1A10 limits the 

ability to use DNA fragments as probes in hybridization techniques such as Northern blot 

analysis (Strassburg et al., 1997b). The use of antibodies raised against purified UGTs to 

detect expression patterns in target tissues has also limited specificity due to recognition 

of conserved epitopes within the UGT proteins (Strassburg et al., 1998a). The refinement 

of specific reverse transcriptase (RT)-PCR technique has made it possible to detect single 

base pair changes in DNA sequence which allowed for the identification of highly 

homologous UGT gene transcripts. 

 The use of RT-PCR was a major breakthrough in the characterization of UGT 

expression patterns in the liver and throughout the gastrointestinal tract (GI) (Strassburg 

et al., 1997a, Strassburg et al., 1997b). In addition, this method allowed for the semi-
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quantification of relative mRNA abundance of UGT transcripts in different tissues. The 

expression pattern of the human UGT1A enzymes indicates that they are expressed and 

regulated in a tissue-specific manner. There are 17 UGT enzymes that have been shown 

to be expressed in humans, nine functional UGT1 isoforms (UGT1A1, UGT1A3, 

UGT1A4, UGT1A5, UGT1A6, UGT1A7, UGT1A8, UGT1A9, UGT1A10), seven 

proteins encoded by UGT2B genes (UGT2B4, UGT2B7, UGT2B11, UGT2B15, 

UGT2B17, UGT2B28) and one UGT2A enzyme (UGT2A1) (Tukey and Strassburg, 

2000). The majority of the UGT1 proteins are expressed in the liver and include 

UGT1A1, UGT1A3, UGT1A4, UGT1A6, and UGT1A9 (Strassburg et al., 1997a). 

Interestingly, UGT1A7, UGT1A8, and UGT1A10 are exclusively extrahepatic 

(Strassburg et al., 1997b; Strassburg et al., 1998a). UGT1A8 and UGT1A10 are 

ubiquitously found throughout the GI tract, particularly in the small and large intestine, 

whereas UGT1A7 is expressed primarily in the proximal areas of the GI tract, such as the 

esophagus and stomach (Strassburg et al., 1997a; Strassburg et al., 1998a; Strassburg et 

al., 1998b). Analysis of extrahepatic expression outside of the GI tract indicates 

expression of UGT1A9 in the kidney (McGurk et al., 1998) and UGT1A6 in the rat brain 

(Suleman et al., 1998). The expression of the human UGT1 locus in transgenic mice 

revealed that the UGT1A enzymes are differentially expressed in the liver and the GI 

tract, similar to the expression pattern observed in humans (Chen et al., 2005). In 

addition, the tissue-specific expressed UGTs were inducible upon treatment with 

pregnenolone-16 -carbonitrile and TCDD. These finding indicate that the human UGT1 

locus is differentially regulated, with a unique complement of gene transcripts found in 

the different tissues.  
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 UGT2 genes are also regulated in a tissue specific manner, however, distinct 

differences in hepatic and extrahepatic isoform expression patterns have not been 

observed. All of the UGT2B gene products have been found in the liver (Tukey and 

Strassburg, 2000). The most distinct differential expression pattern of the UGT2 genes is 

the localization of the UGT2A1 which seems to be restricted to the sensory tissues, such 

as olfactory mucosa, and not expressed in the liver or GI tract (Jedlitschky et al., 1999). 

Many of the UGT2Bs are abundantly expressed in the colon such as UGT2B7, 

UGT2B10, and UGT2B15, whereas UGT2B4 expression is absent (Strassburg et al., 

2000). UGT2B7, UGT2B10, UGT2B15, and UGT2B17 can be found throughout the GI 

tract and also in steroid sensitive target tissues (Beaulieu et al., 1996; Beaulieu et al., 

1997; Levesque et al., 1997).  

 The GI tract and liver are the primary organs responsible for the metabolic 

deactivation of dietary constituents and therapeutic drugs. The liver is comprised mainly 

of hepatocytes which represents the major metabolic cell type of the liver. As epithelial 

cells, hepatocytes have a basolateral membrane that faces the circulation where uptake 

mechanisms allow for compounds to be directed to cellular sites for metabolism (Wilton 

and Mathews, 1996). Clearance of metabolites occurs via the apical membrane by 

specific transport processes (Konig et al., 1999; Kullack-Ublick et al., 2000), and the 

exported conjugates are transported to the duodenum via the bile ducts. The human 

digestive tract comprises one of the largest surface areas of the body. Food and 

xenobiotic compounds are immediately targeted for metabolism upon contact with 

squamous cells in the oral cavity. In addition, the proximal portions of the GI tract play 

important roles in resorption and metabolism of drugs. It is therefore not surprising that 
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drug metabolizing enzymes, such as the UGTs, are specifically regulated and expressed 

in these target tissues that come in contact with xenobiotics (Tukey and Strassburg, 

2001). 

 

Implications in Disease and Toxicity Due to Glucuronidation Deficiency 

 The large interindividual variability of UGT expression in various tissues is an 

important determinant of response to drugs and xenobiotics that are primarily eliminated 

by the glucuronidation process (Burchell et al., 2000). In many cases, decreased 

expression of a specific UGT enzyme may result in adverse metabolic consequences by 

diverting a compound into pathways that produce bioactive intermediates that can 

covalently bind proteins and nucleic acids. An example of such an event occurs when 

deficiency in glucuronidation leads to the altered biotransformation of the commonly 

used analgesic drug, acetaminophen. Acetaminophen is primarily cleared via the 

glucuronidation pathway, and reduced UGT activity would allow for the accumulation of 

acetaminophen which can be bioactivated by cytochrome P450s. At normal doses the 

bioactivated acetaminophen metabolite is detoxified by glutathione conjugation, 

however, high concentrations of the toxic metabolite readily depletes glutathione. This 

results in the accumulation of the toxic acetaminophen metabolite that is capable of 

covalently binding proteins and cause hepatic and renal damage (Hinson, 1980). A study 

conducted by de Morais and coworkers illustrated that Gunn rats, which are genetically 

deficient in UGT1 proteins, had greater susceptibility to acetaminophen-induced toxicity 

as compared to Wistar rats which are the parent strain of Gunn animals (de Morais et al., 
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1992). These results support the hypothesis that deficiency in the activity of UGT1 

isoforms can be a phenotypic determinant of acetaminophen toxicity.  

 The molecular mechanism for the large interindividual phenotypic variations in 

UGT activity is not well understood. However, evidence suggests that polymorphisms 

present in genes encoding for UGTs may significantly impact drug response and disease 

susceptibility. Initial evidence suggesting alterations in UGT genes as a genetic risk 

factor of cancer was observed in a study where polymorphisms of the UGT1A1 candidate 

gene were assessed (Guillemette et al., 2000a). UGT1A1 is abundantly expressed in 

mammary tissue and is involved in the inactivation of estradiol and it catechol-reactive 

metabolites (Senafi et al., 1994; Guillemette et al., 2000a). It was hypothesized that the 

presence of the common genetic variant in the UGT1A1 gene, which entails a di-

nucleotide repeat polymorphism in the atypical TATA-box region of the UGT1A1 

promoter, would result in increased levels of estrogen exposure and consequently 

increased estrogen-related cancer risk. It was observed that women who were carriers of 

the polymorphic UGT1A1*28 and UGT1A1*34 alleles had elevated estradiol levels, and 

these alleles were associated with increased risk of developing invasive breast cancer in 

premenopausal African American women (Guillemette et al., 2000a).  

 Glucuronidation is known to be a major pathway for the detoxification of 

environmental contaminants, such as PAHs found in cigarette smoke, which are known to 

cause cancer (Bock et al., 1999). Therefore, the efficiency of specific UGT isoforms is 

critical in protecting against toxicity. It has been shown that polymorphic variation in 

UGTs has the potential to alter sensitivity to PAHs that are present in the diet and the 

environment (Hu and Wells, 1994). In particular, UGT1A7 is an important extrahepatic 
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UGT which has been shown to be active towards numerous carcinogens, such as BaP 

metabolites (Guillemette et al., 2000b). UGT1A7 was found to be expressed ubiquitously 

throughout the oral cavity, which are tissues in direct contact with cigarette smoke 

(Zheng et al., 2001). It was observed that the UGT1A7 allele with low activity was 

associated with increased risk of otolaryngeal cancer.  In addition, polymorphisms 

resulting in decreased activity of UGT1A7 was also found to be associated with increased 

risk of liver and colon cancer (Vogel et al., 2001; Zheng et al., 2001; Strassburg et al., 

2002). 

Perhaps the best known effects of glucuronidation deficiency occur within the 

UGT1 family of proteins which are generally regarded as xenobiotic detoxifying 

enzymes. In addition to its wide array of xenobiotic substrates, UGT1A1 is known to be 

the only isoform that significantly contributes to the conjugation and detoxification of the 

endogenous compound bilirubin (Bosma et al., 1994). Bilirubin is the metabolic by-

product of the catabolism of heme, which is derived from hemoglobin, cytochromes, 

catalase, peroxidase, and other hemoproteins (Tenhunen et al., 1969). Bilirubin is present 

in the plasma tightly bound to albumin and is taken up into the liver partly through a 

carrier mediated mechanism (Cui et al., 2001) where it is conjugated by UGT1A1 to form 

mono- and di-glucuronides. Defects in clearance of bilirubin lead to excessive levels of 

unconjugated bilirubin which saturates the capacity of albumin for high affinity binding. 

Unbound bilirubin can leave the plasma and enter cells causing cellular toxicity via 

unknown mechanisms. A genetic model of unconjugated hyperbilirubinemia in the rat 

was discovered by Gunn in 1938 (Gunn, 1938) and it was determined that the rats lacked 

the functional enzyme to conjugate bilirubin (Lathe and Walker, 1957). Sequencing of 
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the Gunn rat UGT1A1 cDNA revealed that single base pair deletion located in the 

common exon region resulted in a C-terminal truncation of the protein (Iyanagi et al., 

1989). In humans, functional deficiency of UGT1A1 results in an accumulation of 

unconjugated bilirubin in the plasma. The degree of hyperbilirubinemia is classified 

based upon three grades of UGT1A1 deficiency that occurs in humans, Crigler-Najjar 

syndrome type I (CN-1), Crigler-Najjar syndrome type II (CN-2), and Gilbert syndrome 

(Kadakol et al., 2000). CN-1 syndrome was originally described in 1952 and is 

characterized by potentially lethal levels of bilirubin in the plasma (serum bilirubin 20-50 

mg/dL) (Crigler and Najjar, 1952). The mechanism was later identified as the complete 

absence of hepatic glucuronidation (Seppen et al., 1994), due to lack of UGT1A1 

activity. Phototherapy has been used as a treatment option and has extended life 

expectancy but liver transplant is the only curative therapy currently available (Gourley et 

al., 1997). CN-2 syndrome was first described by Arias in 1962 (Arias et al., 1962) and is 

characterized by intermediate levels of hyperbilirubinemia (7-20 mg/dL) due to a severe 

decrease in UGT1A1 activity (Seppen et al., 1994). CN-2 syndrome can be partly treated 

by phenobarbital administration and subsequent induction of UGT1A1 activity, resulting 

in decreased serum bilirubin levels (Arias et al., 1969). Both CN-1 and CN-2 syndromes 

result from mutations in the coding regions of the exons, as well as TA insertion in the 

promoter (Ciotti et al., 1995; Ciotti et al., 1998; Ritter et al., 1992b; Costa, 2006). 

Sustained levels of unconjugated hyperbilirubinemia results in a wide array of 

neurological defects known as bilirubin encephalopathy. Accumulation and deposition of 

bilirubin in the focal brain regions is believed to cause cell death and neural dysfunction 

(Wennberg, 2000; Roger et al., 1995). 
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Gilbert syndrome is the mildest form of inherited unconjugated 

hyperbilirubinemia and is considered to be harmless. Gilbert syndrome is associated with 

a structurally functional coding region for UGT1A1, but has a variant promoter region 

that contains an extra TA insertion in the TATAA element of the promoter which results 

in decreased UGT1A1 transcription by 70% (Bosma et al., 1995). Homozygosity for the 

variant promoter is required for Gilbert syndrome. Some Japanese studies indicate that 

Gilbert syndrome associated with an aberration in the TATAA element is less frequent in 

the Japanese population but instead heterozygous mutations in the coding regions of 

UGT1A1 may be the cause of the mild unconjugated hyperbilirubinemia, consistent with 

Gilbert syndrome diagnosis (Koiwai et al., 1995; Soeda et al., 1995). The inheritance of 

CN-1 and CN-2 generally follow an autosomal recessive pattern (Crigler, 1952) because 

heterozygous carriers can sufficiently maintain bilirubin plasma levels within normal 

concentrations. However, heterozygous carriers of certain UGT1A1 mutations exhibit 

mild to moderate levels of hyperbilirubinemia, suggesting an autosomal dominant pattern 

of inheritance (Koiwai et al., 1996). This suggests that UGT1A1 mutants could be acting 

as a dominant negative protein toward the functional UGT1A1 wild type protein.  

 

Proposed Structure of UGTs 

UGTs are type I topology membrane bound proteins localized to the endoplasmic 

reticulum (ER) (Vanstapel and Blanckaert, 1988; Shepherd et al., 1989) and the nuclear 

envelope (Radominska et al., 2002). UGTs are synthesized as pre-proteins with a signal 

peptide sequence in the N-terminus that mediates integration into the ER (Mackenzie and 

Owens, 1984; Harding et al., 1987). The mature protein predominantly resides in the 
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lumen of the ER with a single transmembrane spanning domain near the C-terminus 

(Iyanagi et al., 1986) followed by a 20 amino acid carboxyl tail that contains the ER 

retention signal and protrudes into the cytosol (Nilsson et al., 1989; Meech and 

Mackenzie, 1997; Barre et al.,  2005). It has been suggested that UGT-dependent 

glucuronidation in the microsomal membranes is regulated in a complex manner that may 

be due to the compartmentation of the UGTs in the ER (Ikushiro et al., 1997). It is known 

that glucuronidation activity in intact microsomes is much lower than membrane-

disrupted microsomes via sonication or the addition of a detergent (Zakim & 

Dannenberg, 1992). This phenomenon, termed latency, is believed to be due to UGT 

membrane topology which requires translocation of the co-substrate UDPGA by a 

transport protein into the ER (Hauser et al., 1988). An alternative hypothesis, based on 

kinetic data of UGTs in microsomes and in reconstituted systems, is that UGTs in the 

membrane can exist in multiple conformational states resulting in different activities 

(Dannenberg et al., 1990). UGT activity may be inhibited due to a repressive 

conformation and the functional states of UGTs in the membrane could be affected by the 

formation of oligomers among the UGTs (Ikushiro et al., 1997).  

 

Potential Protein-Protein Interaction Among the UGTs 

Numerous observations support the theory of UGT oligomerization in the ER. 

Purification of UGTs from rat liver using chromatofocusing and UDP-hexanolamine 

affinity chromatography illustrated inseparable testosterone-UGT and androsterone-UGT 

protein aggregates (Matsui et al., 1986). Purification via gel filtration of 

chenodeoxycholic-UGT isozyme also appeared to exist as an aggregate (Matern et al., 
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1982). Radiation inactivation analysis to determine the molecular mass of membrane-

bound proteins indicated that the dimer and/or tetramer of UGTs may be the active form 

for enzymatic activity (Peters et al., 1984; Vessey and Kempner, 1989). It is also 

postulated that the formation of monoglucuronide phenols is catalyzed by a dimeric form 

of UGT, while diglucuronidation of phenols is catalyzed by the tetramer (Gschaidmeier 

et al., 1994). Purification of a UGT from pig liver based on p-nitrophenol activity was 

performed and it exhibited three bands around 58 kDa with an intensity ratio of 1:2:1 on 

SDS-PAGE, further providing support that UGTs can form tetrameric structures 

(Hochman and Zakim, 1983). Cross-linking of rat microsomal proteins followed by 

immunopurification with a UGT1-specific anti-peptide antibody suggested hetero-

oligomerization of UGT1A subfamily with UGT2B1 (Ikushiro et al., 1997). These 

observations provide evidence that UGTs may exist as oligomeric complexes in the ER, 

however, studies providing concrete evidence for in vivo protein-protein interactions 

among UGTs are lacking. Very little is also known about the structure of the UGTs 

because they are membrane-bound proteins and have eluded crystallization analysis. 

Therefore, more intensive research is required in this area to understand the nature of the 

UGT protein interactions.  

 

Objectives of the Dissertation 

 At the advent of my thesis work, the molecular mechanism of CYP1A1 induction 

by xenobiotic compounds was well established (Whitlock, 1999). The induction of 

CYP1A1 following exposure to various classes of environmental contaminants, such as 

PAHs, is a protective mechanism in which the harmful substrate leads to the 
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transcriptional activation and ultimately in the increased CYP1A1 protein. This 

regulatory feedback loop prevents accumulation of the toxic compound by the virtue that 

the substrate induces its own metabolism, thus, allowing the system to return to the basal 

state once the compound has been efficiently cleared. The molecular details that govern 

this signaling cascade have been well studied in vitro and have been extremely useful in 

identifying and characterizing the protein components and DNA regulatory elements 

required in CYP1A1 gene regulation. The transcriptional activation pathway of the 

CYP1A1 gene has been widely implemented as a biomarker for exposure to large number 

of environmental chemicals that can bind to the AhR, the key mediator in CYP1A1 

regulation. Numerous bioassays based on AhR-dependent induction of CYP1A1 have 

been developed. However, these cell culture based models do not resemble the 

physiological conditions that occur in vivo when one is exposed to these xenobiotic 

compounds. Thus, our lab has embarked on a quest to generate and characterize a 

transgenic mouse model that expresses a chimeric transgene that can be used to monitor 

both the transcriptional activation and the function of CYP1A1 protein. Our transgenic 

mouse model would allow for the exploration of human CYP1A1 gene regulation in vivo, 

as well as the functional CYP1A1GFP chimeric protein. 

 During my work on the characterization of the CYP1A1GFP transgenic mouse I 

learned a great deal about fluorescence microscopy and its potential applications in other 

aspects of my thesis work. After attending the UGT Glucuronidation Workshop meeting 

that was held in Dundee, Scotland in September of 2004, I was exposed to several posters 

providing preliminary observations that UGTs were forming higher molecular 

aggregates. After returning from this conference I became intrigued about the possibility 
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that UGTs were forming oligomer complexes in the ER and decided to pursue this 

avenue of research. At this time there was very little concrete evidence that UGTs were 

indeed dimerizing. The majority of the work being done at this time was limited to 

biochemical analysis using gel filtration columns. I chose to address the question of UGT 

dimerization by applying the fluorescence microscopy techniques, in conjunction with 

biochemical evidence, to test if UGTs were capable of forming homo/heterodimers. The 

focus of the majority of my thesis work has been to explore the intermolecular 

interactions of the UGTs in living cells using fluorescence resonance energy transfer 

(FRET). FRET is a non-invasive spectroscopic method that can be used in live cells to 

monitor spatial and temporal intermolecular interactions of chimeric proteins that have 

acceptor and donor fluorophores attached. To further complement the in vivo analysis of 

UGT protein-protein interactions by FRET, co-immunoprecipitation experiments were 

also implemented to provide further evidence to support the existence of UGT1A protein 

dimers. After discovering that the UGT1A proteins were forming homodimers, as well as 

heterodimers, I began to extend my inquiries into the structural aspects of these proteins. 

I became interested in isolating the structural domains involved in facilitating 

oligomerization of the UGT1A proteins. Through use of truncation analysis of the 

UGT1A1 protein and comparative homology modeling, I attempted to dissect out critical 

areas of the protein that were important for protein-protein interactions and also to build 

models the of quaternary UGT complexes.  
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INTRODUCTION 

Exposure of mice to classical aryl hydrocarbon receptor (AhR) ligands, such as 

2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) or any of the family of polycyclic aromatic 

hyrdrocarbons (PAHs) like benzo[a]pyrene (BaP), results in activation of the AhR 

(Tukey et al., 1982; Okino et al., 1992) and induction of selective target genes such as 

those represented by the family of CYP1 proteins (Nelson et al., 1996). The 

transcriptional mechanism of CYP1 induction begins with ligand binding to the AhR and 

culminates in translocation to the nucleus where the AhR dimerizes with the aryl-

hydrocarbon receptor nuclear translocator (ARNT) (Hoffman et al., 1991; Reyes et al., 

1992). The AhR/ARNT complex binds to highly conserved DNA enhancer sequences 

known as xenobiotic response elements (Gonzalez and Nebert, 1985; Fujisawa-Sehara et 

al., 1986), resulting in the propagation of the induction signal to the promoter region, 

alteration of chromatin structure (Okino and Whitlock, 1995; Wu and Whitlock, Jr., 

1992) and subsequent enhanced gene expression.  

Induction of the CYP1A family of proteins, in particular CYP1A1, is a hallmark 

of exposure to combustion products and other environmental contaminants that activate 

the AhR. Cell based assays expressing portions of the CYP1A1 promoter region (Postlind 

et al., 1993; Anderson et al., 1995) or dioxin responsive elements (El-Fouly et al., 1995; 

Yueh et al., 2005; Nagy et al., 2002) fused to reporter genes have been used to screen for 

potential AhR ligands. These cell based assays are sensitive, and for the most part can be 

used to identify agonists/antagonists capable of interacting with the AhR. To complement 

this approach, transgenic mice expressing reporter genes driven by AhR enhancer 

elements have also proven to be useful in equating gene expression patterns when mice 



 70

have been exposed to AhR ligands (Campbell et al., 1996; Galijatovic et al., 2004). 

Based upon the route of administration, induction of reporter gene activity in vivo is the 

end result of not only AhR activation, but also reflects the contribution of circulating and 

activated humoral factors towards those processes involved in gene expression. The only 

potential drawback with the use of reporter gene assays in vivo is that they monitor only 

transcriptional activity and are based upon the steady-state levels of the selected reporter 

that is being analyzed.  

As an additional tool to examine the regulation of the human CYP1A1 gene, we 

have generated a transgenic mouse line expressing the human CYP1A1 gene fused in 

frame to a GFP reporter gene inserted at the last codon located in exon 7 (Tg-

CYP1A1GFP). This transgenic model serves as a biological tool to explore the mechanisms 

associated with the regulation and expression of the human CYP1A1 gene in vivo as well 

as in cultured cells by measuring GFP fluorescence. Since the measurement of induction 

results from the cellular accumulation of the human CYP1A1 protein, measurement of 

induction is based upon transcriptional response and the steady-state balance of protein 

accumulation. These mice allow for the visualization of spatial and temporal induction of 

human CYP1A1GFP, which can be used as a biomarker for environmental toxicant 

exposure to substances that serve as AhR ligands. 
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MATERIALS AND METHODS 

Reagents. 2,3,7,8-Tetrachlorodibenzo-p-dioxin (TCDD) was purchased from 

Wellington Laboratories (Guelph, Ontario, Canada). Benzo[a]pyrene (BaP), 3-

methylcholanthrene and β-naphthoflavone (βNF) and an anti-β-actin antibody were 

purchased from Sigma-Aldrich (St. louis, MO). Human HepG2 cells were purchased 

from American Type Tissue Culture (http://www.atcc.org/). The anti-human CYP1A1 

antibody (Soucek et al., 1995) was kindly provided by Dr. Fred Guengerich (Vanderbilt 

University) and the anti-human UGT1A1, UGT1A4 and UGT1A6 antibodies (Ritter et 

al., 1999; Chen et al., 2005) from Dr. Joseph Ritter (Virginia Commonwealth 

University).  

 

  Generation of the CYP1A1GFP Transgenic Mice. The human CYP1A1 gene was 

cloned previously from a human liver genomic library constructed in the replacement 

vector λ-EMBL-3 (McManus et al., 1990) and the 15 kb insert removed by SalI digestion 

followed by cloning into pBluescript II (Stratagene, La Jolla, CA). A selective mutation 

was made at the stop codon located in exon 7 and the gene subcloned into the peGFP-N2 

vector, generating a chimeric gene that encoded the full length CYP1A1 gene fused in 

frame with the GFP reporter gene (Figure 1). The CYP1A1GFP plasmid DNA was 

purified from E. coli using Qiagen Plasmid Purification columns (Qiagen, Valencia, CA) 

followed by linearization with Sal I digest. The linearized DNA was microinjected into 

fertilized CB6F1
 mouse eggs and transplanted into the oviduct of pseudopregnant 

C57BL/6N mice for the production of transgenic mice. All procedures for the generation 

of the transgenic mice were carried out by the UCSD Superfund Transgenic Core 
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Facility. For genotype analysis, DNA from tail clippings was screened by PCR using 

specific GFP sense 5’-cacatgaagcagcacgactt-3’ and antisense 5’-tgctcaggtagtggttgtcg-3’ 

primers. For PCR analysis, DNA was amplified in a 50 µl reaction containing 25 µl of 

Qiagen Hotstart Master Mix (following manufacturer’s instructions), 5 ng of template 

DNA, and 0.4 µM concentration of each primer. A 15 minute activation of the 

polymerase was carried out at 95 °C followed by 30 cycles from 95 °C for 30 s to 58 °C 

for 30 s and 72 °C for 45 s followed by final extension at 72 °C for 7 min. PCR reactions 

were carried out in a PerkinElmer Life Sciences GeneAmp DNA thermocycler PCR 

system. From 13 litters and 57 offspring, 12 founders were CYP1A1GFP positive and 5 of 

the founders were bred to produce F1 offspring. Three out of the five founders had F1 

offspring that produced inducible hepatic CYP1A1GFP protein following a single 

intraperitoneal (i.p.) dose of 16 µg/ kg TCDD.  

 

  Animal studies. Animal studies were perfomed in compliance with the rules and 

regulations for the care and use of laboratory animals from the National Institutes of 

Health. All animals were 8-12 weeks of age and fed a standard chow diet. TCDD was 

dissolved in DMSO and given as a single i.p. dose of 16 µg/kg. Benzo[a]pyrene was 

dissolved in DMSO:corn oil (50:50 v/v) and was given as an single i.p. dose of 100 

mg/kg or 100 mg/kg as an oral dose (p.o.) following administration using an oral dosing 

needle and syringe.  

 

  Generation of G418-resistant CYP1A1GFP cells. HepG2 and hepa1c1c7 cells 

were cultured as previously described (Chen et al., 2003) and  transfected with the 
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CYP1A1GFP expression plasmid and after 48 hours were trypsinized and plated at 1/10 

volume. The cells were then exposed to media containing 0.8 mg/ml G418. After 

approximately 2-3 weeks, individual colonies were selected and re-cultured with 

continued exposure to G418. A number of the expanded colonies were treated with 5 nM 

TCDD for 24 h followed by analysis of induced GFP. The generation of cell populations 

expressing CYP1A1GFP was also calibrated by flow cytometry (Chen et al., 2003). 

 

  Microsomal protein isolation. Tissues isolated from 3 mice per treatment group 

were combined and frozen in liquid nitrogen. Samples were pulverized using a porcelain 

mortar and pestle under liquid nitrogen. Five volumes of ice cold 1.15 % KCl was added 

to the pulverized tissue and homogenized using a motorized glass-teflon homogenizer. 

The tissue homogenate was first centrifuged at 3,000 x g for 10 min at 4 °C. The 

supernatant was removed and then centrifuged at 10,000 x g for 10 min at 4 °C and the 

resulting supernatant then centrifuged at 100,000 x g for 60 min at 4 °C. The pellet was 

resuspened in 20% glycerol, 100 mM potassium phosphate buffer, pH 7.4 containing 10 

mM EDTA and 1 mM PMSF.  

 

  Western blot analysis. All Western blots were performed using NuPAGE Bis-

Tris polyacrylamide gels as outlined by the supplier (Invitrogen, Carlsbad, CA). Protein 

was heated at 70 °C for 10 min in loading buffer and resolved in 4-12% Bis-Tris gels 

under denaturing conditions (50 mM MOPS, 50 mM Tris-base, pH 7.7, 0.1% SDS, 1mM 

EDTA). The resolved protein was transferred onto nitrocellulose membrane using a semi-

dry transfer system. The membrane was blocked with 5% nonfat dry milk in 10 mM Tris-
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HCl, pH 8, 0.15 M NaCl, and 0.05% Tween 20 (Tris-buffered saline) for 1 h at room 

temperature. The membrane was washed in the Tris-buffered saline solution and 

incubated with primary antibodies in Tris-buffered saline, shaking at 4 °C overnight. 

Membranes were then washed five times with Tris-buffered saline solution and incubated 

with horseradish peroxidase-conjugated secondary antibodies in Tris-buffered saline 

solution with 2% nonfat milk for 1 h at room temperature. Membranes were then washed 

five times with Tris-buffered saline solution and visualized using chemiluminscent 

reagents according to the manufacturer’s instructions (PerkinElmer, Boston, MA)) 

followed by exposure to X-ray film.  

 

  Isolation and treatment of transgenic mouse primary hepatocytes. Primary 

hepatocytes were isolated from 8-12 week old mice as previously described (Chen et al., 

2005c). Mice were anesthetized by isoflurane inhalation. The portal vein was cannulated 

and perfused with Hank’s Balanced Salt Solution (Ca2+ free and Mg2+ free) containing 

0.1 mM EGTA and 10 mM Hepes at pH 7.4 for five minutes at a flow rate of 7 ml/min. 

The anterior vena cava was cut immediately after the perfusion began to allow for 

continuous flow of the solution out of the liver. After the five minute initial perfusion, the 

perfusate was changed to 20 µg/ml Liberase Blendzyme (Roche Applied Science) in 

Hank’s Balanced Salt Solution (with Ca2+ and Mg2+) for five minutes at a flow rate of 7 

ml/min. The liver was removed and placed in low glucose DMEM media and the 

hepatocytes were isolated by mechanical dissection followed by filtration through a 

sterile 70-µm filter. The cells were collected by centrifugation at 50 x g for 30 seconds 

and washed with low glucose DMEM media. The hepatocytes were cultured in 6-well 
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collagen-treated plates (Discovery Labware, Bedford, MA) in 3 ml of low glucose 

DMEM media containing penicillin/streptomycin and supplemented with 10% fetal 

bovine serum. Three hours after plating the media was removed and replaced with fresh 

media and the hepatocytes used for subsequent experiments after a 24 h recovery period. 

The hepatocytes were treated with various chemicals for 48 h and the media containing 

the chemical compounds refreshed after 24 h. For Western blot analysis, hepatocytes 

were collected and lysed in a buffer containing 0.05 M Tris-HCl, pH 7.4, 0.15 M NaCl, 

0.25% deoxycholic acid and 1% Nonidet P-40 with a compliment of protease and 

phosphatase cocktail inhibitors (Sigma). After incubation in lysis buffer for 1 h on ice, 

the supernatant was collected after centrifugation for 20 min in a refrigerated Eppendorf 

centrifuge at 16,000 x g, and used directly for Western blot analysis.  

 

  Tissue section fluorescence microscopy. Transgenic mice were anesthetized 

with the general anesthetic, nembutol. The mice were then intracardially perfused with 

Ringer’s solution at a rate of 4 ml/min until the liver was clear of blood, followed by 

perfusion with 4% paraformaldehyde in PBS. The organs were then removed and placed 

in 4% paraformaldehyde on ice for 2 h to allow for complete fixation. Each organ were 

sectioned using a vibratome at 100 µm thickness. Tissue sections were washed 3 X with 

PBS and mounted on glass slides with gelvatol (anti-fade medium). The slides were 

stored at 4 °C until imaged. Samples were visualized by confocal microscopy using an 

MRC-1024 system (Bio Rad Laboratories) attached to an Axiovert 35M (Zeiss AG) and a 

40 X NA objective. Excitation illumination was with 488 nm light from a krypton/argon 
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laser. Individual images (1024×1024 pixels) were converted to PICT format and merged 

as pseudo-color RGB images using Adobe Photoshop (Adobe Systems).  

 

  Fluorescence microscopy. Primary hepatocytes were isolated and cultured on 

collagen treated plates as previously described. Hepatocytes were treated with the 

following CYP1A1 inducers: TCDD at 0.1, 1 and 10 nM, BaP, 3-methylcholanthrene and 

βNF at 0.1, 1 and 10 µM. Hepatocytes were treated for 48 h and media changed every 24 

h with fresh compound. Cells were then imaged using the Axiovert 200 microscope 

(Zeiss) with Endow GFP Bandpass filter set.  

 

  Measuring tissue fluorescence in microsomal preparations. Fluorescence of 50 

µg of microsomal protein from various organs was measured using a Tecan Safire 

fluorescence plate reader (Tecan) in a 96-well UV plate (Costar). CYP1A1GFP was 

excited at 488 nm and emission intensity was measured at 525 nm using an excitation and 

emission slit widths of 5 nm in a top read mode at room temperature.  

 

 Measurement of ethoxyresorufin O-deethylase activity. A marker of 

CYP1A1/CYP1A2 activity, ethoxyresorufin O-deethylase (EROD) activity, was 

measured using 20 µg of liver microsomes containing  100 mM potassium phosphate 

buffer (pH 7.4), 5 mM MgCl2, 8 µM 7-ethoxyresorufin and 1 mM NADPH. Reactions 

were incubated for 15 min at 37 °C and then terminated by the addition of 100 µl cold 

methanol. The formation of resorufin was measured fluorometrically with an excitation at 

530 nm and emission at 590 nm and normalized to a resorufin standard. 



 77

RESULTS 

 Characterization of CYP1A1GFP Tissue Expression in Tg-CYP1A1GFP Mice. 

We have previously demonstrated that the human CYP1A1 gene could be regulated in 

CYP1A1N transgenic mice by the identification of TCDD induced human CYP1A1 in 

tissues such as liver and lung (Galijatovic et al., 2004), but not small intestine. In 

attempts to design a CYP1A1 marker protein that could be identified by fluorescence, a 

CYP1A1-GFP chimeric gene (CYP1A1GFP) was first constructed with the stop codon in 

exon 7 interrupted and replaced in frame with the GFP gene (Figure 2-1). This new 

construct contains 9 kb of regulatory sequence, and when stably integrated into human 

HepG2 or mouse hepa1c1c7 cells produced a TCDD inducible CYP1A1GFP fusion 

protein that is detected with either an anti-human CYP1A1 antibody or an anti-GFP 

antibody (Figure 2-2). The anti-CYP1A1 antibody recognizes mouse and human 

CYP1A1, which can be seen to have slightly different mobilities. The increase in 

CYP1A1GFP was also represented in the HepG2 cells following a 24 h exposure to TCDD 

as demonstrated by separation of those cells eliciting fluorescence by flow cytometry 

(Figure 2-2). 
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FIGURE 2-1 

 

FIGURE 2-1. Representation of the CYP1A1-GFP gene construct used to generate 
the transgenic CYP1A1GFP mice. The organization of the human CYP1A locus is shown 
(Corchero et al., 2001). A lambda-EMBL-3 genomic clone had previously been cloned 
and characterized (McManus et al., 1990) that contained approximately 9 kb of flanking 
DNA, as well as exons 1-7 of the CYP1A1 gene. The DNA insert was removed by SalI 
digestion from the lambda clone and inserted into a pBluescript (Galijatovic et al., 2004) 
vector and used to generate a new gene construct where the GFP reporter gene was 
inserted at the stop codon of the CYP1A1 gene. The CYP1A1-GFP plasmid was used for 
the generation of the Tg-CYP1A1GFP mice. 
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FIGURE 2-2 
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FIGURE 2-2. Expression of CYP1A1GFP in mouse and human hepatoma cells 
following stable transfection of the CYP1A1-GFP gene construct. A) The CYP1A1-
GFP plasmid construct was transfected into either human HepG2 cells or mouse 
Hepa1c1c7 (Hepa) cells and stable clones selected in the presence of G418 in the culture 
media. The selected cells were treated with either DMSO (D) or TCDD (T) for 48 hours, 
and whole cell lysates used in Western blot analysis to identify CYP1A1GFP expression. 
Western blots were analyzed with an anti-CYP1A1 or an anti-GFP antibody. The anti-
CYP1A1 antibody identified expressed mouse CYP1A1 and human CYP1A1, as 
indicated by the arrows, as well as induced CYP1A1GFP. B) HepG2 cells were subjected 
to flow cytometry and positive GFP expressing cells identified. 
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 With expression of CYP1A1GFP demonstrated in tissue culture, the CYP1A1GFP 

gene was used to generate transgenic mice (Tg-CYP1A1GFP). Following the selection of a 

transgenic founder line that transmitted the gene, the Tg-CYP1A1GFP mice were treated 

with a single i.p. dose of TCDD and expression of CYP1A1GFP monitored in microsomes 

from different tissues. The inducibility of CYP1A1GFP was first demonstrated in whole 

liver when a transgenic mouse was treated with TCDD and the liver exposed and imaged 

under blue light optics (Figure 2-3A). The entire liver was fluorescent green in contrast 

to the liver from the non-treated transgenic mouse. Isolation of microsomes from TCDD 

treated mice followed by fluorometry analysis confirmed a four fold increase in liver 

fluorescence over DMSO treated Tg-CYP1A1GFP mice (Figure 2-3B). A two fold 

increase in CYP1A1GFP fluorescence was observed in lung microsomes while no 

detectable induction of fluorescence was seen in kidney, small intestine, large intestine, 

brain or spleen.  

  When Western blots were conducted, TCDD injection led to the prominent 

induction of mouse CYP1A1 (mCYP1A1) (Figure 2-4). In addition, the anti-CYP1A1 

antibody detected induction of an 85 kd protein that was also identified with an anti-GFP 

antibody, confirming that this induced protein represented the CYP1A1GFP fusion protein. 

TCDD induced mCYP1A1 and CYP1A1GFP
 was also detected in microsomes from lung 

tissue. Following the i.p. administration of TCDD, the data indicated that CYP1A1GFP has 

a similar induction pattern as mCYP1A1. 
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FIGURE 2-3 

 

 

FIGURE 2-3. Analysis of GFP fluorescence in tissues. Tg-CYP1A1GFP mice were 
treated with a single i.p. injection of TCDD or DMSO. A) Mice were sacrificed and the 
liver exposed for imaging using a whole animal fluorescence imaging system to visualize 
CYP1A1-GFP in liver. B) Tissues were combined according to treatment groups (n=3) 
and microsomes were prepared from each tissue. 100 µg protein was resuspended in PBS 
and fluorescence was measured using a fluorometer, excitation= 488 nm, emission= 
525nm. 
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FIGURE 2-4   

 

 

FIGURE 2-4. Induction of CYP1A1GFP in transgenic mice following treatment with 
TCDD.  Transgenic mice (n=3 per group) were treated i.p with 16 µg/kg TCDD or i.p 
with DMSO for 24 h. Each of the respective tissues were isolated and combined, and 
microsomes were prepared from each organ. For Western blot analysis, 25 µg of protein 
from each sample was used. Separate Western blots were generated for analysis with the 
anti-GFP (α-GFP) and anti-CYP1A1 (α-CYP1A1) antibodies. 
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Fluorescence Analysis of Tissue Sections of Liver and Lung. The Western blot 

data and fluorometry data indicated that CYP1A1GFP was inducible in both the liver and 

the lung. Tissue sections were then performed on these tissues to determine the cellular 

localization of the GFP fluorescence. Following injection of a single i.p. dose of TCDD 

(16 µg/kg) for 24 h, the mice were whole body perfused and fixed with 4% 

formaldehyde. Tissues were sectioned at 100 µm thickness and imaged using confocal 

microscopy with excitation at 488 nm with a krypton/argon laser. Very little background 

fluorescence was observed in liver and lung tissue from Tg-CYP1A1GFP mice that were 

treated with DMSO (Figure 2-5A and 2-5C). In mice that were treated with TCDD, 

abundant GFP fluorescence was observed in liver hepatocytes, signifying that activation 

of the AhR led to adequate expression of CYP1A1GFP (Figure 2-5B). When lung tissue 

was examined, primary fluorescence was noted in a population of cuboidal shaped cells, 

signifying that induction in the lung is restricted to a selective cell type that 

morphologically resembles Clara cells (Figure 2-5D). 
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FIGURE 2-5 

  

FIGURE 2-5. Confocal microscopy analysis of tissue- and cell-type specific 
expression of CYP1A1-GFP. Tg-CYP1A1GFP mice were treated with 16 µg/kg TCDD or 
DMSO for 24 h. Intracardial perfusion was performed with 1 X PBS, followed by 4% 
formaldehyde. Liver and lung were dissected and fixed in 4% formaldehyde overnight at 
4 °C. Tissues were sliced at 100 µm thickness using a vibratome and mounted onto 
slides. Samples were imaged using a confocal microscope with excitation= 488 nm, 
emission= 525 nm. Panel A and C are DMSO treated liver and lung sections, 
respectively. Panel B and D are TCDD treated liver and lung sections, respectively.  
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  CYP1A1GFP Expression in Primary Hepatocytes. Since TCDD treatment 

demonstrated induction of CYP1A1GFP in liver tissue, experiments were conducted to 

examine the potential for induction in primary hepatocytes. To initiate these experiments, 

primary hepatocytes were isolated from Tg-CYP1A1GFP mice and cultured on collagen 

coated tissue culture plates. The cells were treated with 10 nM TCDD for 8, 24, and 48 h 

and fluorescence images were captured following each treatment with a Zeiss inverted 

microscope using a GFP filter set. As shown in Figure 2-6, DMSO treated hepatocytes 

exhibited very little background fluorescence. At 8 h of TCDD exposure, slight GFP 

fluorescence was observed compared to the DMSO treated hepatocytes. At 24 h the GFP 

signal increased and maximum GFP fluorescence was observed following 48 h of 

exposure to TCDD. 

  To determine the sensitivity of CYP1A1GFP induction with other AhR agonists, 

primary hepatocytes were isolated from Tg-CYP1A1GFP mice and the cells treated with 

agents known to activate the AhR. After 48 h of exposure, the cells were collected, 

resuspended in PBS and fluorescence measured using a 96 well fluorometer (Figure 2-

7A). TCDD induced maximal fluorescence at 0.1 nM, while BaP and 3-

methylcholanthrene induced fluorescence at 1 µM and βNF facilitated induction at 10 

µM. The induced fluorescence profiles matched induction of CYP1A1GFP as determined 

by Western blot analysis (Figure 2-7B). In addition, the induction of CYP1A1GFP with 

each of the AhR agonists was paralleled by increases in mCYP1A1. These results 

confirm that Tg-CYP1A1GFP hepatocytes can be used to examine the potential of 

chemicals and xenobiotics to induce human CYP1A1. 
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FIGURE 2-6 

 

       

FIGURE 2-6. Time-dependent increase of CYP1A1-GFP expression in primary 
hepatocytes after TCDD treatment. Primary hepatocytes were isolated from transgenic 
mice and treated with 10 nM TCDD or DMSO over a 48 h time course. Primary 
hepatocytes were imaged using an inverted fluorescence microscope with excitation= 488 
nm, emission at 525 nm.  
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FIGURE 2-7 

 

FIGURE 2-7. Dose dependent induction of CYP1A1-GFP in primary hepatocytes 
using various Ah Receptor ligands. A) Primary hepatocytes from transgenic mice were 
isolated and placed into culture for 24 hours. Hepatocytes were treated for 48 hours with 
three different concentrations of inducers indicated as low, medium and high. The 
inducers were TCDD (0.1, 1.0, 10 nM), BaP (0.1, 1.0, 10 µM), 3-methylcholantrhene 
(3MC) at (0.1, 1.0, 10 µM), ß-napthoflavone (βNF) at  (0.1, 1.0 10 µM). A) Cells were 
collected and resuspended in 1 X PBS and fluorescence was measured using a 
fluorometer with excitation = 488 nm, emission= 525 nm. B) At the highest concentration 
of each treatment, cells were collected and total cell lysate used for Western blot analysis 
using anti-GFP and -CYP1A1 antibodies. 
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  Induction and Function of CYP1A1GFP Following Oral Administration of 

Benzo[a]pyrene. Following the i.p. injection of BaP into Tg-CYP1A1GFP mice, induction 

of CYP1A1GFP was apparent by detection of the fusion protein by Western blot analysis 

as well as fluorescence in microsomal preparations. However, the i.p. administration of 

drugs and other xenobiotics is not representative of normal routes of exposure. To 

examine the effects of oral BaP administration on CYP1A1GFP induction, Tg-CYP1A1GFP 

mice received BaP (100 mg/kg) every day for three days and tissues collected 24 h after 

the last dose. Western blots using liver and lung microsomal preparations demonstrated 

induction of CYP1A1GFP in these tissues as indicated with the anti-GFP and anti-

CYP1A1 antibody (Figure 2-8). It was interesting to note that minimal induction of 

mCYP1A1 was observed in liver microsomes after oral administration of BaP although 

induction was observed in lung. Since mCYP1A1 was not detected in liver at an oral dose 

of 100 mg/kg, the appearance of CYP1A1GFP at this dose leads us to speculate that the 

induction of fluorescence in these mice may be a more sensitive indicator of AhR 

activation than induction of mCYP1A1.  
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FIGURE 2-8 

 

 

FIGURE 2-8. Differential expression pattern of mCYP1A1 and CYP1A1GFP in 
transgenic mice after oral vs. i.p. treatment with BaP. Transgenic mice (n=3) for each 
treatment group were treated 16 µg/kg TCDD by the intraperitoneal route (i.p.). For BaP 
treatment, 100 mg/kg BaP was injected i.p. for three days, or 100 mg/kg BaP was 
administered by oral gavage for three days. Control mice received 100 ul of DMSO/corn 
oil (50:50 v/v) each day for three days. On the fourth day the animals were sacrificed and 
the small intestine, liver and lung from each animal was collected. The organs from each 
treatment group were combined and microsomes were prepared. For each Western blot, 
20 µg of microsomal protein was used. The anti-CYP1A1 and anti-GFP antibodies were 
used to detect mCYP1A1 and CYP1A1GFP, respectively. Loading of protein was analyzed 
by Western blot using an anti-β-actin antibody. 
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  The preferential induction of liver CYP1A1GFP by oral BaP administration led us 

to examine the contribution of induced CYP1A1GFP toward 7-ethoxyresorufin-O-

deethylase (EROD) activity, a relatively specific microsomal monooxygenase activity 

that has been attributed to expressed CYP1A1/1A2 (Fisher et al., 1992;Sandhu et al., 

1994;Guo et al., 1994). When we measured liver microsomal EROD activity from WT 

litter mates treated orally with BaP, there was a 2-3 fold induction of activity in 

microsomes (Table 2-1). Since we were unable to detect by immunoblot induced 

mCYP1A1 (Figure 2-8), this activity may result from mild induction of a faster mobility 

band observed by Western blot analysis (Figure 2-8, lane 4), which may correspond to 

mCYP1A2. However, when EROD activity was measured in liver microsomes from Tg-

CYP1A1GFP mice given BaP by oral administration, EROD activity was induced 8-10 

fold over control (Table 2-1), and was comparable to those values measured following 

i.p. treatment with BaP. The contrasting differences in induced EROD activity between 

WT and Tg-CYP1A1GFP mice suggest that induction of CYP1A1GFP by oral BaP is 

responsible for the majority of the induced EROD activity in transgenic mice, confirming 

that the fusion protein is functional. 
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TABLE 2-1 

 

 
 
 
 
 
 
 
 
 
 
  

TABLE 2-1. EROD activity in the liver. Transgenic mice n=3 and WT mice n=3 were 
treated with 100 mg/kg IP BaP, 100 mg/kg oral BaP, and control animals received 100 ul 
of 50:50 DMSO/corn oil for three days. Livers were isolated, combined, and pulverized 
with liquid nitrogen according to treatment groups. Microsomes were prepared and 100 
ug of protein was used to measure EROD activity in the treatment groups.  
  

 

   

141.3 ± 22.5 137.7 ± 1.9 IP BaP 

160.7 ± 7.8 46.8 ± 2.7 Oral BaP 

18.7 ± 1.9 13.4 ± 1.1 Vehicle 

CYP1A1-GFP WT  

EROD Activity in the Liver ( pmol/mg/hr ) 
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  As another means to examine the potential of oral BaP to induce other xenobiotic 

metabolizing proteins, we examined the expression of several human UGT1A proteins in 

transgenic mice (Tg-UGT1) that express the human UGT1 locus. In Tg-UGT1 mice, 

functional expression of all 9 human UGTs have been demonstrated, with expression of 

the genes targeted by activation of xenobiotic receptors such as the pregnane X-receptor, 

the liver X-receptor alpha and the AhR (Chen et al., 2005b;Verreault et al., 2006). In 

previous studies (Chen et al., 2005e), the UGT1A proteins have been shown to be 

expressed and induced in the GI tract following i.p. treatment with TCDD. When Tg-

UGT1 mice were treated orally with BaP for three days, Western blot analysis using 

microsomes from the small intestine confirmed the induction of human UGT1A1, 

UGT1A4 and UGT1A6 (Figure 2-9). Interestingly, UGT1A1, UGT1A4 and UGT1A6 

were also induced in liver, indicating that adequate concentrations of BaP were being 

absorbed through the portal circulation to the liver resulting in activation of the AhR. 

These results indicate that oral BaP treatment is sufficient to induce human CYP1A1 and 

UGT1A gene expression in liver, but has limited potential to induce mouse CYP1A1 in 

liver.  



 93

FIGURE 2-9 
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FIGURE 2-9. Induction of UGTs in the liver after oral BaP treatment of Tg-UGT1 
mice. Transgenic UGT1 (Chen et al., 2005) mice were treated by oral gavage with100 
mg/kg BaP for three days. Control Tg-UGT1 mice received 100 µl of a solution of 
DMSO/corn oil (50:50 v/v) for three days. Livers were isolated and microsomes were 
prepared. For Western blot analysis, 20 ug of protein was loaded into each lane. Human 
liver microsomes (HLM) were used as a positive control for UGT1A expression. Human 
specific anti-UGT1A1, -UGT1A4, and -UGT1A6 antibodies were used to detect isoform 
specific UGTs.  
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DISCUSSION 

  The development of transgenic mouse strains that express human genes provides 

a novel opportunity to examine the regulatory properties of the genes but also the 

functional role of the regulated gene product. The current study demonstrates that the 

entire human CYP1A1 gene fused to a reporter GFP gene produces a functional and 

inducible CYP1A1GFP fusion protein in transgenic mice. Isolation of primary hepatocytes 

from Tg-CYP1A1GFP mice provides a sensitive biological tool to quantitate CYP1A1 gene 

induction through the simple and rapid measurement of induced GFP fluorescence. 

Following the i.p. treatment of Tg-CYP1A1 GFP mice with TCDD, induced fluorescence 

was observed primarily in liver and lung tissue. This corresponded with the induction of 

human CYP1A1 as previously demonstrated in transgenic mice that express only the 

human CYP1A1 gene (Galijatovic et al., 2004). Similar induction patterns were seen 

when mice were treated by i.p. administration with BaP, confirming that absorption of 

AhR ligands into circulation through the i.p. cavity serves as an efficient mechanism to 

examine induction of the CYP1A1 gene in these tissues. In addition, CYP1A1GFP 

fluorescence was not observed in the gastrointestinal tract or kidney, similar to the 

expression patterns of the human CYP1A1 gene and CYP1A1-Luciferase gene in 

transgenic mice expressing these DNA constructs. Thus, consistency in the induction 

pattern of the human CYP1A1 genes in different transgenic strains is corroborated. 

  One of the unique aspects of undertaking regulatory gene experiments in 

transgenic mice is the ability examine expression patterns in different tissues following 

routes of administration that contrast those to classical treatment regimes such as the 

administration of xenobiotics by the i.p. route. When expression experiments were 
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conducted following oral administration of BaP, liver CYP1A1GFP levels were slightly 

less abundant than CYP1A1GFP levels following i.p. administration of BaP. The induced 

human CYP1A1GFP by oral administration in liver was in contrast to undetectable levels 

of mCYP1A1 induction, demonstrating that inducibility of the mouse and human 

CYP1A1 genes in liver by BaP results from differential sensitivity of these genes to 

activated AhR. In liver microsomes from WT mice, induced EROD activity was minimal 

following oral treatment with BaP. Under similar treatment conditions, EROD activity 

was induced 8-10 fold in liver microsomes from Tg-CYP1A1GFP mice. This finding 

suggests that the human CYP1A1GFP gene was more sensitive to AhR activation than the 

rodent Cyp1a1/1a2 genes. The increased sensitivity of the CYP1A1GFP gene towards 

response may reflect a gene dosage phenomenon, indicative of the transgene being 

integrated into the mouse genome in multiple copies. Sufficient concentrations of BaP 

reach the liver through the portal circulation, a finding which was also confirmed by 

induction of the AhR dependent family of human UGT1A genes in Tg-UGT1 mice. The 

reduced induction of mouse CYP1A1 and CYP1A1GFP following oral administration of 

BaP may in part be a reflection of extensive metabolism in the gastrointestinal tract.  

  Although other strains of transgenic mice that express CYP1A1 reporter gene 

constructs have been developed (Galijatovic et al., 2004; Campbell et al., 1996), 

expression of CYP1A1GFP in liver and lung provides the opportunity to link gene 

expression with CYP1A1 protein production, as monitored by fluorescence. Expression 

of CYP1A1GFP in tissues such as the liver and lung can be used as a biomarker of 

exposure to agents that regulate the AhR in vivo. Examining expression in whole tissue 

also results as the culmination of regulatory and signaling processes that are engaged in 
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control of the AhR, in addition to other humoral processes associated with activation of 

the human CYP1A1 gene in vivo. 

  As a sensitive tool to monitor CYP1A1 induction, primary hepatocytes cultured 

from Tg-CYP1A1GPF mice can also be cultured on either plastic or collagen coated tissue 

culture dishes and the induction of fluorescence used as a tool to identify agents that lead 

to activation of the AhR. Measurement of fluorescence following exposure to several 

AhR agonists correlated with induction of mCYP1A1, confirming that the increase in 

CYP1A1GFP was commensurate with regulation of the Cyp1a1 gene. Primary hepatocytes 

from Tg-CYP1A1GFP mice also allows for the real time monitoring of CYP1A1GFP protein 

induction and turnover after toxicant exposure, a property that may be useful to assess 

biological persistence of compounds. The treatment of hepatocytes isolated from 

transgenic mice with TCDD demonstrated that concentrations as low as 10-11 M elicited 

maximal fluorescence. These values are equal in sensitivity to those reported for 

induction of reporter gene activities constructed with XRE or CYP1A1 promoter 

elements (Postlind et al., 1993; Anderson et al., 1995; Nagy et al., 2002), and provide an 

additional tool for the detection and measurement of potent AhR ligands and 

environmental toxicants.  

 Chapter 2, in full, is a reprint of the material as it appears in Operaña TN, Nguyen N, 

Chen S, Beaton D, Tukey RH. “Human CYP1A1GFP expression in transgenic mice 

serves as a biomarker for environmental toxicant exposure” Journal of Toxicological 

Sciences (2007) Jan;95(1):98-107. I was the primary investigator and author of this 

article. 
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INTRODUCTION 

 UDP-glucuronosyltransferases (UGTs) are type I membrane bound proteins 

localized to the endoplasmic reticulum (ER) and play an essential role in the elimination 

and detoxification of drugs, xenobiotics, and a host of endogenous compounds such as 

steroids, bile acids, bilirubin and fatty acids (Dutton, 1980). This process proceeds by the 

transfer of glucuronic acid from UDP-glucuronic acid (UDP-GlcA) to targeted substrates. 

The addition of the polar glucuronic acid to the lipophilic substrates increases the 

metabolite’s water solubility, thereby facilitating excretion into water compartments of 

the cell for excretion into either the urine or bile. 

 The UGTs are classified into two gene families, UGT1 and UGT2 (Mackenzie et 

al., 1997). The UGT2 subfamily of proteins is encoded by individual genes located in a 

gene cluster on chromosome 4 at 4q13-q21 (Monaghan et al., 1994; Beaulieu et al., 1997; 

Chen et al., 1993). These are composed of the UGT2A1 and UGT2A2, along with the 

UGT2B members, which include UGT2B4, 2B7, 2B10, 2B11, 2B15, 2B17, and 2B28. 

The UGT2A proteins are localized to the olfactory system, and are felt to be important in 

eliminating olfactory stimuli (Heydel et al., 2001). The UGT2B proteins are involved in 

the metabolism of endogenous compounds such as bile acids (Monaghan et al., 1997), 

steroids (Hum et al., 1999), hormones (Thibaudeau et al., 2006) and fatty acids, but are 

also important for the elimination of therapeutic drugs (Chouinard et al., 2006). In 

contrast, the UGT1 locus is located on chromosome 2q37 (Harding et al., 1990) and its 

gene products are linked to the metabolism of exogenous compounds, although UGT1A1 

is the only UGT capable of conjugating the heme byproduct, bilirubin (Bosma et al., 

1994). The UGT1 locus encodes nine functional UGT1A proteins (UGT1A1 and 
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UGT1A3 through UGT1A10) (Mackenzie et al., 1997; Ritter et al., 1992), each derived 

through a unique process called exon sharing (Tukey and Strassburg, 2001). The UGT1 

locus is organized with a tandem array of 9 open reading frames encoding each of the 

exon 1 regions of the respective UGT1A proteins, flanked by open reading frames 

encoding exons 2-5. Based upon the start of transcription, each respective first exon 

sequence is processed with common exons 2-5, resulting in the synthesis of the 9 UGT1A 

gene products. Thus, each UGT1A protein is composed of a variable amino region (exon 

1) and an identical carboxyl region (exons 2-5) (Wooster et al., 1991; Ritter et al., 

1992b). The carboxyl region of the UGT1A proteins displays high sequence identity to 

the same region on the UGT2 proteins, implicating the conserved function of this region 

for recognition and binding of UDP-GlcA. Within the UGT2 family of proteins, both the 

amino terminal and the carboxyl region has been shown to play an important role in 

substrate specificity (Mackenzie, 1990; Li et al., 1997). 

Preliminary findings suggest that the family of UGTs may be highly organized 

within the ER, existing as monomeric proteins, as well as oligomers in homodimeric and 

heterodimeric states. In rat liver microsomes, UGT2B1 was shown to exist as a functional 

dimer, with evidence that the amino terminal region was important in the protein-protein 

interaction of the UGT (Meech and Mackenzie, 1997). In addition, UGT2B1 was also 

shown to directly heterodimerize with the family of UGT1A proteins (Ikushiro et al., 

1997), although identification of the UGT1A proteins involved in the oligomerization 

were not characterized. Cross-linking studies using expressed human UGT1A1, in 

addition to a two-hybrid analysis, demonstrated that UGT1A1 formed a homodimer 

complex. It was also observed that the reduction of disulfide bond formation was shown 
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to have little impact on UGT1A1 dimerization, and mutagenesis of cysteine 223 to a 

tyrosine completely abolished UGT1A1 oligomerization, as did the deletion of a 

membrane embedded region spanning amino acids 152-180. Consistent with the 

UGT2B1 findings, the amino terminal region was found to be important for UGT1A1 

dimerization (Ghosh et al., 2001).  

The focus of the current study is to explore the intermolecular interactions of the 

UGTs in living cells using fluorescence resonance energy transfer (FRET). FRET is a 

non-invasive spectroscopic method that can be used in live cells to monitor spatial and 

temporal intermolecular interactions of chimeric proteins that have acceptor and donor 

fluorophores attached (Clegg, 1996). FRET involves the transfer of energy from a donor 

fluorophore in its excited state to an acceptor fluorophore by a nonradiative dipole-dipole 

interaction (Lakowicz, 1983), and is only able to occur if the proteins reside within 

angstroms from each other. To further compliment the in vivo analysis of UGT protein-

protein interactions by FRET, co-immunoprecipitation experiments provided additional 

biochemical evidence to support the existence of the UGT1A as either homodimeric or 

heterodimeric aggregates in the membrane. 
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MATERIALS AND METHODS 

 Generation of the pUGT1A-CFP, pUGT1A-YFP, and pUGT1A-HA 

Plasmids. For the following study monomeric CFP (mCFP) and monomeric YFP 

(mYFP) variants were chosen as the donor and acceptor fluorophores, respectively. Due 

to the intrinsic property of the wild type CFP and YFP proteins to spontaneously 

aggregate at high concentrations, we elected to use the monomeric forms of the 

fluorophores, which would prevent spontaneous aggregation of the fluorophores in the 

membrane (Zacharias et al., 2002). mCFP and mYFP plasmids were kindly provided by 

Dr. Roger Tsien (University of California, San Diego). Both mCFP and mYFP were 

amplified by PCR with the sense primer (5’-ggatccaatggtgagcaagggcgaggag-3’) 

containing a BamHI site (underlined) and the antisense primer (5’-

gcggccgctttacttgtacagctcgtccatgcc-3’) containing a NotI site (underlined). The mCFP and 

mYFP PCR products were subcloned into pCR 2.1-TOPO vector (Invitrogen). The 

amplified TOPO clones containing mCFP and mYFP were digested with BamHI and 

NotI restriction enzymes and each insert purified. The pEGFP-N1 expression vector 

(Clontech), which contains the GFP gene flanked by a multi-cloning site, was digested 

with BamHI and NotI to remove the GFP portion. The mCFP and mYFP inserts were 

ligated into the linearized pEGFP-N1 expression vector, and the resulting plasmids 

identified as mCFP-N1 and mYFP-N1. To make the chimeric UGT1A1-CFP and 

UGT1A1-YFP proteins, UGT1A1 was amplified by PCR with a sense primer (5’-

ctcgagATGgctgtggagtcccag-3’) containing an XhoI site (underlined) followed by an 

initiation ATG codon, and an antisense primer (5’-ggatccccaatgggtcttggatttg-3’) with a 

BamHI site (underlined) followed by a mutated stop codon shown in bold. After the 
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cloning of UGT1A1 PCR product into the pCR 2.1-TOPO vector, the insert was removed 

and purified by digestion with XhoI and BamHI and subcloned into the XhoI and BamHI 

sites in the mCFP-N1 and mYFP-N1 plasmids, creating the pUGT1A1-CFP and 

pUGT1A1-YFP plasmids. To generate the hemagglutinin (HA) recognition sequence 

fused to the UGT1A1 protein, a UGT1A1-HA fragment was generated by PCR with a 

sense primer (5’-ctcgagatggctgtggagtcccag-3’) containing an XhoI site (underlined) and 

antisense primer (5’-ggatcctcaggcataatctggcacatcataagggtattccatccaatgggtcttgggattt-3’) 

containing a BamHI site (underlined) and the HA sequence in bold. The UGT1A1-HA 

PCR product was subcloned into pCR 2.1-TOPO vector (Invitrogen) and digested with 

XhoI and BamHI restriction enzymes to remove the insert. The UGT1A1-HA fragment 

was subcloned into the XhoI and BamHI multiple cloning site of the pcDNA 3.1(-) 

expression vector to produce the pUGT1A1-HA plasmid. 

 

 Construction of UGT1A-CFP, -YFP and HA tagged expression plasmids. In 

order to generate a library of the UGT1A -CFP, -YFP, and HA-tagged constructs, we 

took advantage of the feature that all of the UGT1A proteins have a unique exon 1 region 

and a conserved 2-5 exon region.  The pUGT1A1-CFP, pUGT1A1-YFP, and pUGT1A1-

HA expression vectors were used to generate all subsequent constructs. This was done by 

removing the exon 1, exon 2, exon 3 and a portion of the exon 4 region of UGT1A1 from 

the CFP, YFP, and HA expression vectors, and inserting in their place the accompanying 

regions of the other UGT1A cDNAs. The following procedures were performed for each 

UGT1A isoform. pUGT1A1-CFP, pUGT1A1-YFP and pUGT1A1-HA plasmids were 

each digested with the restriction enzymes NheI (located in the multiple cloning site of 
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each expression vector) and BstEII (located in exon 4 of each UGT1A isoform). Having 

constructed previously in our laboratory pcDNA 3.1 plasmids expressing UGT1A3, 

UGT1A4, UGT1A6, UGT1A7, UGT1A8, UGT1A9, and UGT1A10, each of the UGT1A 

inserts encoding these regions were isolated by digestion with NheI and BstEII. Each of 

the UGT1A fragments was subcloned into the linearized pUGT1A1-CFP, pUGT1A1-

YFP and pUGT1A1-HA expression vectors that had the NheI and BstEII fragment 

removed. In all, 24 UGT1A constructs were made with each expressing a fusion protein 

with either -CFP, -YFP, or -HA C-terminal tags. A list of the plasmid constructs is shown 

in Table 3-1. 

 

 Microscopy and FRET Analysis. COS cells were plated at a density of 3.5 x 105 

cells per well in 6-well plates and co-transfected with 5 µg of pUGT1A1-CFP and 5 µg 

of pUGT1A1-YFP plasmids using Lipofectamine 2000 (Invitrogen) according to 

manufacturer’s protocol. After 24 h the live cells were imaged using a Zeiss Axiovert 

200M inverted microscope. Donor (CFP) was excited at 455 nm and fluorescence 

emission detected in a bandwidth of 440-480 nm (CFP channel). Acceptor (YFP) was 

excited at 515 nm and fluorescence emission detected in a bandwidth of 530-535 nm 

(YFP channel). FRET excitation was conducted at 455 nm and fluorescence emission 

detected in a bandwidth of 530-535 nm (FRET channel). To correct for fluorescence 

bleed through into the FRET channel, cells transfected with only pUGT1A1-CFP were 

used to determine the donor correction factor and cells transfected with only pUGT1A1-

YFP were used to determine the acceptor correction factor. Images of UGT1A1CFP and 

UGT1A1YFP expression in co-transfected cells were sequentially acquired with the donor 
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(CFP) channel, acceptor (YFP) channel, and FRET channel under identical conditions. 

The image obtained with the FRET channel was evaluated using Carl Zeiss AxioVision 

FRET software and FRET calculated using the Acceptor Ratio correction method 

(Youvan et al., 1997). The Acceptor ratio method corrects for the cross talk from the 

Donor alone, the Acceptor alone, and background intensity using the following equation: 

Ac= Fc/ (accgv-bgacc), where Ac= FRET concentration as Acceptor ratio; Fc= FRET 

concentration according to Youvan et al (Youvan et al., 1997) calculated by the equation: 

Fc= (fretgv-bgfret) – cfdon*(dongv-bgdon) – cfacc* (accgc-bgacc), with gv= intensity as 

gray value; bg= background intensity; cf= correction factor; fret= FRET image; don= 

Donor image; acc= Acceptor image. 

 FRET efficiency was also analyzed by photobleaching the Acceptor (YFP) and 

measuring the increase in Donor signal (CFP). Cells co-transfected with pUGT1A1-CFP 

and pUGT1A1-YFP were initially imaged using the CFP and YFP channels. The same 

cell was then illuminated using the photobleaching cube (YFP excitation 515 nm) with 

the laser power set to 100 % for 1 minute intervals, followed by CFP and YFP image 

acquisitions. This was repeated every minute over a 10 minute time course. To quantify 

changes in the CFP and YFP fluorescence intensity over the photobleaching time course, 

selected regions of interest were measured using the Carl Zeiss Axiovision FRET 

software and quantified using the Siegel evaluation method (Siegel et al., 2000). The 

evaluation method uses the following equation: BL= [1-(dongvbef-bgdon-bef)/ 

(dongvaft-bgdon-aft)]*100, where BL= FRET concentration by Acceptor bleaching; 

Don= Donor image; gv= intensity as gray value; bef= before bleaching; aft= after 

bleaching. 
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 Co-Immunoprecipitation of Expressed UGT1A proteins. COS cells were 

plated at a density of 3.5 x 105 cells per well in 6-well plates and co-transfected with 5 µg 

of pUGT1A1-HA and 5 µg pUGT1A1-CFP plasmids using Lipofectamine 2000 

(Invitrogen). After 24 h, cells were washed twice with PBS and lysed for 1 h on ice with 

1 ml 1X RIPA buffer (0.05 M Tris-HCl, pH 7.4, 0.15M NaCl, 0.25% Deoxycholic acid, 

1% NP-40, 1 mM EDTA) supplemented with 1 % protease cocktail inhibitor (Sigma). 

The lysed cells were centrifuged for 10 min at 13,000 x g and the supernatant collected. 

The entire supernatant from one transfected well was mixed with 30 µl of anti-HA beads 

(Roche) and incubated at 4 °C on a rocker platform overnight. The anti-HA beads were 

centrifuged for 1 minute at 1000 x g and the supernatant discarded. The anti-HA beads 

were washed 3 times with 1 ml of cold lysis buffer. The anti-HA beads were then 

resuspended in 60 µl of electrophoresis sample buffer and heated to 95 °C for 10 min. 

The beads were centrifuged for 1 min at 1,000 x g and the supernatant collected and used 

for Western blot analysis.  

 

 Western Blot Analysis. All Western blots were performed using 4-12 % 

NuPAGE Bis Tris polyacrylamide gels as outlined by the supplier (Invitrogen) and 

resolved under denaturing conditions (50 mM MOPS, 50 mM Tris-base, pH 7.7, 0.1 % 

SDS, 1mM EDTA). The resolved protein was transferred onto nitrocellulose membrane 

using a semi-dry transfer system (Norvex). The membrane was blocked with 5 % nonfat 

dry milk in 10 mM Tris-HCl, pH 8, 0.15 M NaCl, and 0.05 % Tween 20 (Tris-buffered 

saline) for 1 h at room temperature. Each membrane was washed in Tris-buffered saline 
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solution and incubated with an anti-UGT1A antibody, kindly provided by Dr. Alain 

Belanger (Laval University, Quebec, Canada), in Tris-buffered saline containing 0.02 % 

sodium azide at 4 °C overnight. Membranes were then washed five times with Tris-

buffered saline solution and incubated with horseradish peroxidase-conjugated rabbit 

secondary antibody at a 1:5000 dilution in Tris-buffered saline solution containing 2 % 

nonfat milk for 1 h shaking at room temperature. Membranes were then washed five 

times with Tris-buffered saline solution and visualized using Western Lightning 

Chemiluminescence reagents according to the manufacturer’s instructions (PerkinElmer 

Life Sciences) followed by exposure to X-ray film (Kodak). 

 

 UDP-Glucuronosyltransferase Activity Analysis.  COS cells were plated at a 

density of 3.5 x 105 cells per well in 6-well plates and transfected with either 2 µg of each 

plasmid (co-transfection) or 5 µg of plasmid (single transfection) using Lipofectamine 

2000 (Invitrogen). Whole cell lysates were prepared by re-suspending cells in 50 mM 

Tris-HCl (pH 7.6), 10 mM MgCl2 followed by homogenization and sonication. Each 

catalytic assay was conducted in a 100 µl reaction that contained 350 µg of cellular 

protein, 50 mM Tris-HCl (pH 7.6), 10 mM MgCl2, 0.04 µCi 14-C-UDPGA (255.6 

pmol/reaction), 8.5 mM saccharolactone, 100 µg of phosphatidylcholine, 0.5 mM UDP-

glucuronic acid, and a final concentration of 500 µM for each substrate. The substrate 

octylgallate was used to determine UGT activity for UGT1A1 and UGT1A3 isoforms, 

while 2-napthol was used for UGT1A7. Each reaction was incubated in a 37 °C water 

bath for 60 min, and then terminated with the addition of 100 µl cold methanol. The 

protein was spun down by centrifugation at 13,000 g for 20 min, and 100 µl of the 
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supernatant spotted onto a Whatman glass-backed thin layer chromatography (TLC) plate 

(Whatman, Hillsoboro, Oregon). Chromatography was performed in a mixture 

(35:35:10:20 v/v) of n-butanol: acetone: acetic acid: water. Once the solvent front 

reached 2 cm from the top of the TLC plate, the plate was removed from the tank, dried, 

and exposed to a phosphor screen (Molecular Dynamics, Sunnyvale, CA) overnight. The 

location of the glucuronides on the plate was identified and that region of the TLC plate 

was scraped and placed in scintillation fluid for quantification with a liquid scintillation 

counter (Beckman Coulter LS6500, Fullerton, CA). 



 

 

112

 

RESULTS 

Determination of FRET Analysis with Expressed UGT1ACFP and UGT1AYFP. 

In order to explore intermolecular protein-protein interactions between UGT1A1 proteins 

in vivo, UGT1A1-CFP tagged and UGT1A1-YFP tagged fusion constructs were made. 

Expression patterns of the UGT1A1CFP and UGT1A1YFP proteins were evaluated by 

transfecting pUGT1A1-CFP and pUGT1A1-YFP plasmids into COS cells, respectively, 

followed by fluorescence microscopy analysis. In Figure 3-1, the top panel of cells (1A1-

CFP) and lower panel of cells (1A1-YFP) illustrate that both UGT1A1CFP and 

UGT1A1YFP fusion proteins exhibit fluorescence. Protein expression of each construct 

was excluded from the nucleus and resembles an ER localization expression pattern.  

The application of FRET has been used to monitor a vast array of protein 

interactions (Tsien, 1998; Miyawaki and Tsien, 2000), such as oligomerization and 

multimeric complex formation (Szczesna-Skorupa et al., 2003; Schmid et al., 2001; 

Overton and Blumer, 2000; Latif et al., 2002; van Kuppeveld et al., 2002; Scholze et al., 

2002). In order to determine homodimerization of UGT1A1 in vivo, COS cells were co-

transfected with pUGT1A1-CFP and pUGT1A1-YFP plasmids and the live cells 

evaluated for FRET. In Figure 3-2A, co-expression of both UGT1A1CFP and UGT1A1YFP 

is indicated in the CFP and YFP channels, respectively. Analysis with the FRET channel 

after correction for donor and acceptor bleed through illustrates increased fluorescence, 

indicating that the two proteins reside in close proximity to each other within the ER 

membrane. Evaluation of FRET using Acceptor Ratio analysis depicted distinct color-

coded regions, illustrating FRET efficiency ranging from 40 % (green) up to 80 % (red) 

throughout the cell.  
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FIGURE 3-1 
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FIGURE 3-1. Detection of fluorescence following pUGT1A1-CFP and pUGT1A1-
YFP transfection into COS cells. COS cells were transiently transfected with 5 µg of 
pUGT1A1-CFP (top panel) or 5 µg pUGT1A1-YFP (lower panel). After 24 h, the live 
cells were imaged with a Zeiss Axiovert 200M microscope. CFP constructs excited at 
455 nm and fluorescence was detected in a bandwidth of 440-480 nm, while YFP 
constructs excited at 515 nm and fluorescence detected at bandwidth of 530-535 nm.  
Shown are three different cells with each transfection. 
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FIGURE 3-2 
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FIGURE 3-2. Detection of FRET in COS cells co-transfected with pUGT1A1-CFP 
and pUGT1A1-YFP. A) COS cells were co-transfected with 5 µg of pUGT1A1-CFP 
and pUGT1A1-YFP for 24 h. Co-expression of both UGT1A1CFP and UGT1A1YFP is 
indicated by fluorescence in both the CFP channel and YFP channel. Correction for 
donor and acceptor bleed through was performed and FRET signal was analyzed with the 
FRET channel. FRET efficiency was evaluated with the Carl Zeiss AxioVision FRET 
software using the Acceptor Ratio analysis and depicted as a color-coded scale ranging 
from 0-100 % FRET efficiency.  
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FIGURE 3-2 
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FIGURE 3-2. Detection of FRET in COS cells co-transfected with pUGT1A1-CFP 
and pUGT1A1-YFP. B) COS cells were co-transfected with 5 µg of pUGT1A1-CFP and 
pUGT1A1-YFP and initially imaged with the CFP and YFP channel. The same cell was 
then photobleached by excitation at 515 nm wavelength for 60 second intervals followed 
by CFP and YFP image acquisitions. This was repeated every minute over a 10 minute 
time course. Changes in the CFP and YFP fluorescence intensity over the photobleaching 
time course was quantified using the Siegel evaluation method in the Carl Zeiss 
AxioVision FRET software. 
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 The acceptor photobleaching method was also implemented as an alternative 

method to quantify the absolute efficiency of FRET between the Donor (CFP) and 

Acceptor (YFP) fluorophores. For this experiment COS cells were co-transfected with 

pUGT1A1-CFP and pUGT1A1-YFP and the cells illuminated at 515 nm wavelength for 

60 seconds, followed by CFP and YFP image acquisitions. This was repeated every 

minute over a 10 minute time course. Using the acceptor photobleaching method, FRET 

is manifested by the dequenching of the donor CFP signal by selective photobleaching of 

the acceptor YFP over time, resulting in increased CFP signal. In Figure 3-2B the 

Acceptor graph showed a sharp decrease in YFP fluorescence after each photobleaching 

exposure, while the Donor graph depicted a concomitant increase in CFP fluorescence 

throughout the photo-bleaching time course, indicating FRET between UGT1A1CFP and 

UGT1A1YFP. Moreover, the decrease in fluorescence gray value of the Acceptor (YFP) 

was directly proportional to the fluorescence gray value gained by the Donor (CFP), 

further confirming the high FRET efficiency observed in the Acceptor Ratio analysis in 

Figure 3-2A. Since FRET can elucidate protein-protein interactions within angstrom 

distances, these results infer that the UGT1A1CFP and UGT1A1YFP fusion proteins are in 

physical contact within the membrane. 

 FRET analysis suggests that UGT1A1 forms a homodimer complex. The UGT1A 

proteins share 100 % amino acid identity in 244 amino acids at the carboxyl end with 

varying degrees of sequence divergence in the amino terminal region. Hydropothy 

profiles indicate that each of the UGT1A proteins show a conserved pattern of 

hydrophobicity with UGT1A1, allowing us to speculate that the other UGT1A proteins 

may behave in a similar pattern as UGT1A1 in the membrane. To examine this 
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possibility, homodimerization among the other UGT1A proteins was explored. COS cells 

were co-transfected with the corresponding pUGT1A-CFP and pUGT1A-YFP plasmids 

to examine homodimerization potential as measured by FRET analysis (Figure 3-3). As a 

negative control, COS cells were co-transfected with the pCFP and pYFP vectors. FRET 

analysis using Acceptor Ratio evaluation from pCFP/pYFP co-transfected cells showed 

no FRET signal as indicated by the dark blue color-coded region throughout the cell. 

However, Acceptor Ratio evaluations of cells co-transfected with the pUGT1A3-, 

pUGT1A4-, pUGT1A6-, pUGT1A7-, pUGT1A8-, pUGT1A9- or pUGT1A10-CFP and -

YFP pairs showed high FRET signals ranging from 40 % (green) to 90 % (red-white) 

FRET efficiency. It can be seen in each of the FRET channels that all of the UGT1A-

CFP/YFP combinations produced a FRET signal. No FRET was identified in select 

regions of the cell, as indicated by the black and dark blue regions, particularly the 

nucleus. 

 To examine the potential of UGT1A1 to dimerize with the other UGT1A proteins, 

co-transfection of COS cells with pUGT1A1-CFP and either pUGT1A3-YFP, 

pUGT1A4-YFP, pUGT1A6-YFP, pUGT1A7-YFP, pUGT1A8-YFP, pUGT1A9-YFP or 

pUGT1A10-YFP was performed and evaluated for FRET. In Figure 3-4, it is shown that 

Acceptor Ratio evaluation for each UGT1A1CFP/UGT1AYFP pair resulted in a high FRET 

signal ranging from 40 % (green) to 100 % (white) FRET efficiency among the cells. 

This evidence suggests that UGT1A1 is able to heterodimerize with either UGT1A3, 

UGT1A4, UGT1A6, UGT1A7, UGT1A8, UGT1A9 or UGT1A10. Combined, these 

results suggest that each of the UGT1A proteins is capable of forming homodimers and 

heterodimers in the ER. 
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FIGURE 3-3 
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FIGURE 3-3. Homodimerization analysis of UGT1A proteins by FRET analysis. 
COS cells were co-transfected with 5 µg of pUGT1A-CFP and 5 µg of the corresponding 
pUGT1A-YFP plasmid for 24 h. Co-expression of both UGT1ACFP and UGT1AYFP is 
indicated by fluorescence in both the CFP channel and YFP channel. Correction for 
donor and acceptor bleed through was performed and FRET signal was analyzed. FRET 
efficiency was evaluated with the Carl Zeiss AxioVision FRET software using the 
Acceptor Ratio analysis and depicted as a color-coded scale ranging from 0-100 % FRET 
efficiency. 
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FIGURE 3-4 
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FIGURE 3-4. Heterodimerization analysis of UGT1A1 with other UGT1A proteins 
by FRET analysis. COS cells were co-transfected with 5 µg of pUGT1A1-CFP and 5 µg 
of the corresponding pUGT1A-YFP plasmid for 24 h. Co-expression of both UGT1A1CFP 
and UGT1AYFP is indicated by fluorescence in both the CFP channel and YFP channel. 
Correction for donor and acceptor bleed through was performed and FRET signal was 
analyzed. FRET efficiency was evaluated with the Carl Zeiss AxioVision FRET software 
using the Acceptor Ratio analysis and depicted as a color-coded scale ranging from 0-100 
% FRET efficiency. 
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Co-immunoprecipitation Confirms the Existence of Homo- and 

Heterodimerization of the UGT1A Proteins. In addition to the in vivo analysis of 

protein-protein interactions using FRET, co-immunoprecipitation experiments were 

conducted to examine the potential of the UGT1A proteins to form heterodimer 

complexes. To carry out these experiments, we first constructed expression plasmids of 

each of the UGT1A cDNAs fused with a hemagglutinin (HA) sequence. The HA-tagged 

expressed proteins can be recognized with mono-specific HA antibodies, and when these 

plasmids are expressed in COS cells their expressed UGT1AHA fusion products can be 

immunoprecipitated with anti-HA beads. The addition of the HA sequence tag (11 amino 

acids) at the carboxyl-end of each of the UGT1A proteins does not add significantly to 

the molecular mass of the protein, and they can be resolved on SDS-polyacrylamide gels 

as approximately 56 kD proteins. We rationalized that if the UGT1AHA proteins could be 

expressed in conjunction with UGT1ACFP proteins, dimerization of the proteins following 

immunoprecipitation could be identified by the resolution of the 86 kDa UGT1ACFP 

proteins and the 56 kDa UGT1AHA proteins. 

 To confirm homodimerization of UGT1A1, both pUGT1A1-HA and pUGT1A1-

CFP were expressed individually (Figure 3-5, lanes 1 & 2) or co-expressed (Figure 3- 5, 

lane 3) and whole cell lysates immunoprecipitated with the anti-HA beads. Lane 1 

illustrates that UGT1A1HA was immunoprecipitated with the anti-HA beads, while 

UGT1A1CFP was not immunoprecipitated (lane 2), demonstrating the specificity of the 

anti-HA beads for the HA-tagged protein. In lane 3, COS cells were co-transfected with 

pUGT1A1-HA and pUGT1A1-CFP followed by immunoprecipitation with anti-HA 

beads. Western blot analysis with the anti-UGT1A antibody illustrated the presence of 



 

 

121

 

two bands, one at ~ 56 kDa (UGT1A1HA) and the other at ~ 86 kDa (UGT1A1CFP), 

indicating that UGT1A1CFP was co-immunoprecipitated with the anti-HA beads only in 

the presence of expressed UGT1A1HA protein. In lane 4, individual transfections with 

pUGT1A1-HA and pUGT1A1-CFP constructs, followed by mixing the whole cell lysates 

prior to immunoprecipitation with anti-HA beads did not result in the co-

immunoprecipitation of UGT1A1CFP. This result suggests that protein-protein interactions 

leading to dimerization may require coordinated synthesis of the UGTs in the cell.  

Homodimerization of all the UGT1A proteins and heterodimerization of the 

UGT1A proteins with UGT1A1 were also evaluated by the co-immunoprecipitation 

technique. When each of the pUGT1A-HA and UGT1A-CFP plasmids were transfected 

individually, expressed UGT1AHA proteins were identified from whole cell lysates 

following immunoprecipitation with anti-HA beads, while the anti-HA beads did not 

immunoprecipitate any of the expressed UGT1ACFP proteins (Figure 3-6). This result 

confirms that the anti-HA beads will identify only UGT1AHA expressed proteins.   
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FIGURE 3-5 

(Mixed whole cell lysates)
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FIGURE 3-5. Co-immunoprecipitation analysis of UGT1A1 homodimerization. The 
line drawings indicate the plasmids used for each lane shown in the Western blot. For 
these experiments, COS cells were transfected with 5 µg of pUGT1A1-HA (Lane 1) or 5 
µg of pUGT1A1-CFP (Lane 2). Lane 3 represents co-transfection with both pUGT1A1-
CFP and pUGT1A1-HA. After 24 h following each transfection, the cells were lysed in 1 
ml RIPA buffer supplemented with 1 % protease inhibitor cocktail and the expressed 
proteins immunoprecipitated with anti-HA beads overnight. In lane 4, solubilized lysates 
from COS cells transfected with 5 µg of pUGT1A1-HA and COS cells transfected 5 µg 
of pUGT1A1-CFP were mixed prior to immunoprecipitation. Detection of the expressed 
proteins was conducted by Western blot analysis using an anti-UGT1A antibody.  
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FIGURE 3-6 
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FIGURE 3-6. The anti-HA beads immunoprecipitate UGT1AHA expressed proteins. 
To monitor the specificity of the proteins immunoprecipitated with the anti-HA beads, 
COS cells were transfected with either 5 µg of pUGT1A-HA or pUGT1A-CFP for 24 h. 
The cells were lysed in 1 ml RIPA buffer supplemented with 1 % protease inhibitor 
cocktail and immunoprecipitated with anti-HA beads overnight. Western blot analysis 
was performed using an anti-UGT1A antibody. 
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Homodimerization of the UGT1A proteins was tested by co-transfecting pUGT1A-CFP 

with the corresponding pUGT1A-HA constructs followed by co-immunoprecipitation 

with anti-HA beads. As shown in Figure 3-7A, Western blot analysis revealed two 

distinct bands indicating the presence of the individual UGT1AHA fusion proteins (lower 

band) as well as the UGT1ACFP fusion proteins (upper band). This data indicates that 

each of the UGT1A proteins is able to homodimerize. Heterodimerization analysis 

between UGT1A1 and each of the UGT1A proteins was evaluated by co-transfecting 

COS cells with pUGT1A1-HA and each pUGT1A-CFP plasmid, followed by co-

immunoprecipitation with anti-HA beads (Figure 3-7B). Western blot analysis with the 

anti-UGT1A antibody revealed two distinct bands, the lower band representing 

UGT1A1HA and the upper band in each lane representing expression of each UGT1ACFP 

protein. This data confirms FRET analysis and leads us to conclude that UGT1A1 is able 

to heterodimerize with each of the UGT1A proteins.  
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FIGURE 3-7 

A)

UGT1A HA

UGT1A CFP

1A1 1A3 1A4 1A6 1A7 1A8 1A9 1A10

B)

UGT1A1 HA

UGT1A CFP

1A3 1A4 1A6 1A7 1A8 1A9 1A10

 

 
FIGURE 3-7. Oligomerization of UGT1A Proteins. A) COS cells were co-transfected 
with 5 µg of pUGT1A-HA and 5 µg of the corresponding pUGT1A-CFP. After 24 h, the 
cells were lysed in 1 ml RIPA buffer supplemented with 1 % protease inhibitor cocktail 
and immunoprecipitated with anti-HA beads overnight. Western blot analysis was 
performed using an anti-UGT1A antibody. B) COS cells were co-transfected with 5 µg of 
pUGT1A1-HA and 5 µg of either pUGT1A3-CFP, pUGT1A4-CFP, pUGT1A6-CFP, 
pUGT1A7-CFP, pUGT1A8-CFP, pUGT1A9-CFP or pUGT1A10-CFP. After 24 h, the 
cells were lysed in 1 ml RIPA buffer supplemented with 1 % protease inhibitor cocktail 
and immunoprecipitated with anti-HA beads overnight. Western blot analysis was 
performed using an anti-UGT1A antibody. 
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 Functional Analysis of Oligomeric UGT Isoforms.  Functional analysis of 

several chimeric UGT isoforms was performed to ensure that the large fluorescent tags at 

the C-terminus did not alter UGT activity. Three chimeras were chosen as representatives 

for functional analysis. Expressed UGT1A1CFP and UGT1A3CFP fusion proteins displayed 

similar levels of UGT activity for the substrate octylgallate as compared to the untagged 

UGT1A1 and UGT1A3 proteins, illustrated by similar intensities of bands representing 

the glucuronides in TLC analysis (Figure 3-8A). Expressed UGT1A7CFP also had equal 

levels of UGT activity for the substrate 2-napthol as compared to untagged UGT1A7 

protein (Figure 3-8A). This data indicates that the addition of the C-terminal tags did not 

affect the functionality of the UGTs.  

The functional importance of UGT protein-protein interactions was also explored 

by co-transfecting two UGT isoforms and measuring the effect on specific activity.  In 

Figure 3-8B the co-transfection of pUGT1A1 and pUGT1A7 yielded approximately 

equivalent protein concentrations of each UGT isoform as compared to the single 

transfections of pUGT1A1 and pUGT1A7. Specific activity for 2-napthol was measured 

and it was observed that UGT1A7 had 3-fold higher specific activity as compared to 

UGT1A1 (Figure 3-8C). Co-transfection of pUGT1A1/pUGT1A7 resulted in a slightly 

increased specific activity for 2-napthol as compared to UGT1A7, potentially indicating 

an additive effect of specific activities (Figure 3-8C).   

 

 

 



 

 

127

 

FIGURE 3-8 
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FIGURE 3-8. Functional analysis of chimeric and oligomeric UGT1A proteins. A) 
COS cells were transfected with 5 µg of untagged pUGT1A1, pUGT1A3, pUGT1A7 or 5 
µg of pUGT1A1-CFP, pUGT1A3-CFP, pUGT1A7-CFP plasmids. Whole cell lysates 
were prepared and each catalytic assay was conducted in a 100 µl UGT reaction mix that 
contained 350 µg of cellular protein and a final concentration of 500 µM substrate 
(octylgallate for UGT1A1 and UGT1A3 isoforms, and 2-napthol for UGT1A7). 100 µl of 
the supernatant was spotted onto a TLC plate and chromatography was performed in a 
mixture (35:35:10:20 v/v) of n-butanol: acetone: acetic acid: water. The dried TLC plate 
was then exposed to a phosphor screen overnight.  



 

 

128

 

FIGURE 3-8 
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FIGURE 3-8. Functional analysis of chimeric and oligomeric UGT1A proteins. B) 
COS cells were transfected with either 2 µg pUGT1A1, 2 µg pUGT1A7, or co-
transfected with 2 µg of each plasmid. Whole cell lysates were prepared and Western blot 
analysis was performed using an anti-UGT1A antibody. C) COS cells were transfected 
with either 2 µg pUGT1A1, 2 µg pUGT1A7, or co-transfected with 2 µg of each plasmid. 
UGT assays were performed with 500 µM 2-napthol as the substrate. The location of the 
glucuronides on the plate was identified and that region of the TLC plate was scraped and 
quantified.  
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DISCUSSION 

In the present study, we have utilized FRET to determine quaternary structure and 

intermolecular interactions among UGT1A proteins in live cells. In addition, we have 

provided complimentary biochemical evidence for homo- and hetero-dimerization of 

these proteins by co-immunoprecipitation analysis. In this study, we have designed a 

collection of plasmids that express fluorescently tagged UGT1A proteins, allowing us to 

explore the intermolecular interactions among the UGT1A proteins in vivo. This 

technique is highly sensitive and allows for the detection of molecular interactions 

occurring within 1-10 nm distance and does not require the proteins to be cross-linked to 

detect this interaction. 

Analysis of FRET between membrane-bound associated UGTs illustrate that 

expressed UGT1A1CFP was able to homodimerize with UGT1A1YFP.  Association of 

UGT1A1 as a homodimer supports previous findings where nearest neighbor cross-

linking studies followed by gel filtration have suggested the close proximity of the 

UGT1A1 proteins within the ER (Ghosh et al., 2001). Homodimerization analysis of 

other UGT1A isoforms by FRET also revealed that UGT1A3, UGT1A4, UGT1A6, 

UGT1A7, UGT1A8, UGT1A9, and UGT1A10 all have the capacity to homodimerize. 

Homodimerization of UGT1A9 by FRET supports previously published biochemical data 

that UGT1A9 forms a stable homodimer (Kurkela et al., 2003). The evaluation of 

UGT1A1 protein-protein interactions with other UGT1A proteins by FRET analysis also 

revealed the promiscuous nature of UGT1A1 to heterodimerize with UGT1A3, UGT1A4, 

UGT1A6, UGT1A7, UGT1A8, UGT1A9, and UGT1A10. Although it has been 

suggested from two-hybrid mammalian studies that UGT1A1 and UGT1A6 are unable to 
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oligomerize (Ghosh et al., 2001), both FRET analysis in conjunction with co-

immunoprecipitation data indicate that these two proteins are able to oligomerize in vivo.  

Two-hybrid systems require the bait and prey constructs to translocate to the nucleus and 

initiate transcriptional activation of the reporter genes. It is possible that the membrane-

bound localization of the UGT proteins within the ER may have prevented translocation 

of the UGT bait and prey constructs from entering the nucleus. Our studies support other 

findings where interactions between UGT1A and UGT2B1 proteins have been suggested 

by co-immunoprecipitation experiments (Ikushiro et al., 1997) and heterodimerization 

between UGT1A4 and UGT1A9 have also been observed (Kurkela et al., 2004).  

 In addition to the in vivo FRET technique, the homodimerization and 

heterodimerization of the UGT1A proteins were also evaluated by co-

immunoprecipitation analysis. For this experiment each UGT1A protein was fused with a 

hemagglutinin (HA) epitope at the C-terminus. These co-immunoprecipitation 

experiments, conducted with anti-HA beads, provided an alternative and complimentary 

technique to the in vivo FRET analysis. The co-immunoprecipitation data indicated 

homodimerization of UGT1A proteins with their respective isoform, clearly illustrated by 

the presence of UGT1AHA (~ 56 kDa) and UGT1ACFP (~ 86 kDa) proteins. This 

technique also confirmed the FRET results that UGT1A1 heterodimerized with all of the 

UGT1A plasmids. The generation of the library of UGT1A plasmids containing the 

CFP/YFP/HA epitopes provides a useful molecular tool to evaluate any combination of 

UGT interactions.  

The functional implications of homo- or hetero-oligomerization of UGT1A 

proteins is of interest since several studies have suggested the importance of 
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oligomerization for function. UGT2B1 has been suggested to form oligomers, and the 

functional relevance of this oligomer interaction became apparent when two different 

inactive mutant forms of UGT2B1 were co-expressed in COS cells and activity was 

restored (Meech and Mackenzie, 1997). Another study suggests that dimerization may 

facilitate a dominant negative effect. Crigler-Najjar syndrome type II shows dominant-

negative inheritance for bilirubin glucuronidation. When the mutated form of UGT1A1 

found in Crigler-Najjar type II patients was co-expressed in COS cells with wild type 

UGT1A1, activity was found to be 6 % that of the wild type (Koiwai et al., 1996). This 

result suggests that the oligomerization of mutant UGT1A1 with wild type UGT1A1 

leads to an inactive aggregate, while expression of the wild type UGT1A1 is completely 

functional. The effects of dimerization on function were explored in this study by co-

expression of UGT1A1 with UGT1A7 in COS cells. The data indicated that there was no 

significant difference in specific activities between cells co-expressing 

UGT1A1/UGT1A7 as compared to cells expressing only UGT1A7, while cells 

expressing only UGT1A1 had a much lower specific activity for 2-napthol. The FRET 

data and co-immunoprecipitation data suggest that UGT1A1 and UGT1A7 are capable of 

forming heterodimers, and therefore one can speculate that potentially 50 % of the 

proteins in the co-expressing cells would be UGT1A1/UGT1A7 heterodimers, while only 

25 % would be UGT1A7 homodimers. Since there was no significant difference in 

specific activities between cells expressing only UGT1A7 and cells co-expressing 

UGT1A1/1A7, this would suggest that the UGT1A1/UGT1A7 heterodimer has equal 

specific activity for 2-napthol as UGT1A7 homodimer. Although UGT1A1 was found to 

have a much lower specific activity for 2-napthol than UGT1A7, the presence of 
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UGT1A1 in the heterodimer complex did not seem to inhibit UGT1A7 activity.  Unlike 

the oligomerization studies performed with UGT2B1 mutants (Meech and Mackenzie, 

1997) and UGT1A1 mutants (Koiwai et al., 1996), the UGTs used in these experiments 

were wild type and fully functional, and revealed that the heterodimer complex had 

similar functional activity as the homodimer. 

 Recent findings have also implicated protein-protein interactions between drug 

metabolizing enzymes (Ishii et al., 2005). Phase I enzymes, such as cytochrome P450 

(CYP), and phase II enzymes, such as the UGTs, play important roles in detoxification of 

endogenous and exogenous compounds. During drug metabolism it is not uncommon for 

a metabolite produced by a cytochrome P450 to be sequentially metabolized by other 

enzymes to further facilitate elimination. The efficiency of concerted metabolism of 

compounds may be enhanced if enzymes physically interacted with one another 

(Srivastava and Bernhard, 1987), implicating the significance of observed interactions 

between phase I and phase II proteins. CYP1A1 has been found to associate with 

microsomal epoxide hydrolase, UGTs, and NADPH cytochrome P450-reductase (Taura 

et al., 2000). Immunoprecipitation of CYP3A4 from human liver microsomes resulted in 

co-immunoprecipitation of UGT2B7, UGT1A1, and UGT1A6 (Fremont et al., 2005). 

The functional relevance of CYP-UGT interaction was tested by co-expressing CYP3A4 

and UGT2B7 in COS cells and it was found that UGT2B7-catalyzed glucuronidation of 

morphine was altered by the presence of CYP3A4 (Takeda et al., 2006). Studies have 

also indicated that baculovirus expressed cytochrome P450 catalytic activity may be 

altered by the co-expression of different cytochrome P450s (Cawley et al., 1995; 

Yamazaki et al., 1997; Tan et al., 1997; Backes et al., 1998). In summary, these studies 
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indicate protein-protein interactions between drug metabolizing enzymes in the ER, and 

suggest the importance of such cooperative interactions in potentially modulating 

function. 

Evidence provided in this work, as well as in the current literature, supports the 

hypothesis that UGTs form homo/hetero dimer complexes. Under the stringent conditions 

of the whole cell lysis buffer, which contained 1% NP 40 and 0.25% deoxycholic acid as 

solubilizing agents, it might be anticipated that the protein-protein interactions are highly 

specific. Since all of the UGT1A proteins were found to homodimerize with their 

respective isoforms and heterodimerize with UGT1A1, we hypothesize that the 

dimerization domain may exist in the conserved carboxyl region (exons 2-5). Although it 

has been suggested that the amino terminus of UGT2B1 mediates dimerization (Meech 

and Mackenzie, 1997). The simultaneous insertion of the UGTs into the membrane also 

appears to be a requirement for oligomerization since dimerization was not observed 

when UGT1A1HA and UGT1A1CFP whole cell lysates were mixed and 

immunoprecipitated with anti-HA beads, which supports a previous observation by 

Kurkela et al (Kurkela et al., 2003). This study provides evidence for biochemical and in 

vivo data for UGT1A protein-protein interactions, but it is unclear whether the protein-

protein interactions observed are important for function. Further studies are required to 

isolate the region(s) responsible for the protein interactions. Therefore, the focus of our 

future work will be to determine the structural domains involved in facilitating 

oligomerization of the UGT1A proteins, and investigate the functional importance of the 

protein interactions among the UGTs. 
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Chapter 3, in full, is a reprint of the material as it appears in Operaña TN, and 

Tukey RH.  “Oligomerization of the UDP-glucuronosyltransferase 1A proteins: homo- 

and heterodimerization analysis by fluorescence resonance energy transfer and co-

immunoprecipitation” Journal of Biological Chemistry (2007) Feb 16;282(7):4821-9. I 

was the primary investigator and author of this article. 
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 pUGT1A-HA Plasmids pUGT1A-CFP Plasmids pUGT1A-YFP Plasmids 
1 pUGT1A1-HA pUGT1A1-CFP pUGT1A1-YFP 
2 pUGT1A3-HA pUGT1A3-CFP pUGT1A3-YFP 
3 pUGT1A4-HA pUGT1A4-CFP pUGT1A4-YFP 
4 pUGT1A6-HA pUGT1A6-CFP pUGT1A6-YFP 
5 pUGT1A7-HA pUGT1A7-CFP pUGT1A7-YFP 
6 pUGT1A8-HA pUGT1A8-CFP pUGT1A8-YFP 
7 pUGT1A9-HA pUGT1A9-CFP pUGT1A9-YFP 
8 pUGT1A10-HA pUGT1A10-CFP pUGT1A10-YFP 
 
Table 3-1. Plasmid constructs used in FRET analysis and co-immunoprecipitation 
studies. 
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INTRODUCTION 

UDP-glucuronosyltransferases (UGTs) are phase II conjugating enzymes that 

catalyze the transfer of glucuronic acid to a wide variety of lipophilic substrates such as 

steroids, bile acids, bilirubin, dietary constituents, and drugs (Dutton, 1980). The addition 

of the large polar sugar moiety to the lipophilic substrate increases its water solubility, 

thereby facilitating excretion into the urine and bile. UGTs are abundantly expressed in 

the liver, and it is widely accepted that the liver is the most important site of 

glucuronidation. Extrahepatic expression of UGTs is also found throughout the 

gastrointestinal tract, kidney, skin, and reproductive organs (Strassburg et al.,1997; 

Burchell and Coughtrie, 1989; Tukey and Strassburg, 2000).  

Based on evolutionary divergence, the UGTs are classified into two families, 

UGT1A and UGT2 (Mackenzie 1997). The UGT2 subfamily primarily conjugates 

endogenous compounds such as bile acids (Monaghan 1997) , steroids ( Hum 1999), and 

hormones (Thibaudeau 2006), while the UGT1A subfamily is mainly involved in 

xenobiotic metabolism of pharmaceutical drugs, environmental contaminants, and dietary 

compounds. The UGT1A family is composed of nine functional isoforms, UGT1A1 and 

UGT1A3-UGT1A10 (Mackenzie et al., 1997; Ritter et al., 1992) that is derived from a 

single gene locus (Harding et al., 1990). Four exons located at the 3’ end of UGT1A 

(exons 2-5) encode for the carboxyl domain of all of the UGT isoforms. Upstream to the 

four constant exons are a series of first exons which encode the N-terminal domains of 

UGT1A proteins. Through a process called exon sharing, the first exon sequence is 

combined with the common exons 2-5, resulting in UGT1A gene products that have a 

variable amino terminus and identical C-terminal domains (Wooster et al., 1991; Ritter et 
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al.,1992). The C-terminal domain of all of the UGTs is highly homologous which 

suggests an evolutionarily conserved function of binding UDP-glucuronic acid 

(UDPGA). The N-terminal binding domain of the UGTs is highly divergent and is 

believed to account for substrate specificity. Substrate specificity varies among UGT 

isoforms with some having strict specificity, while others accept a wide range of 

structurally unrelated substrates. In addition, UGTs have considerable overlap of 

substrate specificity among different isoforms (Meech and Mackenzie, 1997a).  

UGTs are membrane bound proteins localized to the endoplasmic reticulum (ER) 

(Vanstapel et al., 1988; Shepherd et al., 1989). The majority of the protein resides in the 

lumen of the ER with a single transmembrane spanning domain near the C-terminus 

(Iyanagi et al., 1986) followed by a 20 amino acid carboxyl tail that contains the ER 

retention signal that protrudes into the cytosol (Meech and Mackenzie, 1997a). Recent 

inquiry into the quaternary structure of these proteins indicates that UGTs are capable of 

forming oligomers within the ER (Ikushiro et al., 1997; Ghosh et al., 2001; Kurkela et 

al., 2003; Operaña and Tukey, 2007). Evidence from our lab has indicated that UGT1A 

proteins form homodimers, as well as heterodimers with UGT1A1 (Operaña and Tukey, 

2007). The importance of UGT protein-protein interactions has been implicated in certain 

Japanese patients with Crigler-Najjar syndrome type II that showed dominant-negative 

inheritance for bilirubin glucuronidation. When the truncated mutant form of UGT1A1 in 

Crigler-Najjar type II patients was co-expressed in COS cells with wild type UGT1A1, 

activity was found to be 6% of the wild type (Koiwai et al., 1996). This suggests that the 

mutant UGT1A1 may be exerting a dominant-negative effect. The data in the literature 

reveals that UGT1A proteins form dimers within the ER, however, the structural domains 
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involved in the protein-protein interactions are unknown. Therefore, the focus of these 

experiments will be to determine the structural domains involved in UGT1A1 

oligomerization and to investigate the functional importance of protein interactions 

among the UGTs. 

 
MATERIALS AND METHODS 
 

Generation of UGT1A1-CFP and UGT1A1-HA plasmids. To make the 

chimeric UGT1A1-CFP, UGT1A1 was amplified by PCR with a sense primer (5’-

ctcgagATGgctgtggagtcccag-3’) containing an XhoI site (underlined) followed by an 

initiation ATG codon, and an antisense primer (5’-ggatccccaatgggtcttggatttg-3’) with a 

BamHI site (underlined) followed by a mutated stop codon shown in bold. After the 

cloning of the UGT1A1 PCR product into the pCR 2.1-TOPO vector, the insert was 

removed and purified by digestion with XhoI and BamHI and subcloned into the XhoI 

and BamHI sites in the mCFP-N1 and mYFP-N1 plasmids, creating the pUGT1A1-CFP 

plasmid. To generate the hemagglutinin (HA) recognition sequence fused to the UGT1A1 

protein, a UGT1A1-HA fragment was generated by PCR with a sense primer (5’-

ctcgagatggctgtggagtcccag-3’) containing an XhoI site (underlined), and antisense primer 

(5’-ggatcctcaggcataatctggcacatcataagggtattccatccaatgggtcttgggattt-3’) containing a 

BamHI site (underlined) and the HA sequence in bold. The UGT1A1-HA PCR product 

was subcloned into the pCR 2.1-TOPO vector (Invitrogen) and digested with XhoI and 

BamHI restriction enzymes to remove the insert. The UGT1A1-HA fragment was 

subcloned into the XhoI and BamHI multiple cloning site of the pcDNA 3.1(-) expression 

vector to produce the pUGT1A1-HA plasmid. 
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Generation of C-terminal Truncations of ∆UGT1A1-CFP. Truncated forms of 

UGT1A1 were amplified by PCR with a sense primer (5’-ctcgagATGgctgtggagtcccag-3’) 

containing an XhoI site (underlined) followed by an initiation ATG codon, and specific 

antisense primers containing a BamHI with an ER retention signal sequence KSKTH, 

followed by the homology region of the desired truncated portion.  

 

Antisense Primers: 

∆ Ex5: BamHI KSKTH, start homology at amino acid 436 (Tyr).  

5’- 3’ggatccgcatgggtcttggatttgtaacttttgtcattgat. 

∆ Ex4: BamHI KSKTH, start homology at amino acid 360 (Leu).  

5’- 3’ggatccgcatgggtcttggatttcagatcgttttggggtag. 

∆ Ex3: BamHI KSKTH, start homology at amino acid 330 (Pro).  

5’- 3’ ggatccgcatgggtcttggatttagggattttgcccaaagc. 

∆ 286: BamHI KSKTH, start homology at amino acid 285 (Proline).  

5’- 3’ggatccgcatgggtcttggattttggattttggtgaaggca. 

∆ 190: BamHI KSKTH, start homology at amino acid 190 (Phe).  

5’- 3’ ggatccgcatgggtcttggatttgaatgggttggggcactg. 

∆ 98: BamHI KSKTH, start homology at amino acid 100 (Phe).  

5’- 3’ggatccgcatgggtcttggatttaaaaacattatgcccgag. 

∆ 80: BamHI KSKTH, start homology at amino acid 80 (Pro).  

5’- 3’ggatccgcatgggtcttggatttagggtacgtcttcaa. 
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∆ 52: BamHI KSKTH, start homology at amino acid 52 (Glu).  

5’- 3’ggatccgcatgggtcttggatttctgctgcagctgctg. 

∆ 41: BamHI KSKTH, start homology at amino acid 41 (Leu).  

5’- 3’ggatccgcatgggtcttggatttcagccagtggctgcc. 

 

After the cloning of truncated ∆UGT1A1 PCR product into the pCR 2.1-TOPO vector, 

the insert was removed and purified by digestion with XhoI and BamHI and subcloned 

into the XhoI and BamHI sites in the mCFP-N1 plasmid to create C-terminal truncated 

CFP plasmids.  

 

Co-Immunoprecipitation of expressed wildtype and truncated forms of 

UGT1A1.  COS cells were plated at a density of 3.5 x 105 cells per well in 6-well plates 

and co-transfected with 2 µg of truncated forms of ∆UGT1A1-CFP and 2 µg of 

UGT1A1-HA plasmids using Lipofectamine 2000 (Invitrogen). After 24 h, the cells were 

washed twice with PBS and lysed for 1 h on ice with 1 ml 1X RIPA buffer (0.05 M Tris-

HCl, pH 7.4, 0.15M NaCl, 0.25% Deoxycholic acid, 1% NP-40, 1 mM EDTA) 

supplemented with 1 % protease cocktail inhibitor (Sigma). The lysed cells were 

centrifuged for 10 min at 13,000 x g and the supernatant collected. The entire supernatant 

from one transfected well was mixed with 20 µl of anti-HA beads (Roche) and incubated 

at 4 °C on a rocker platform overnight. The anti-HA beads were centrifuged for 1 minute 

at 1000 x g and the supernatant discarded. The anti-HA beads were washed 3 times with 

1 ml of cold lysis buffer. The anti-HA beads were then resuspended in 60 µl of 

electrophoresis sample buffer and heated to 95 °C for 10 min. The beads were 
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centrifuged for 1 min at 1,000 x g and the supernatant collected and used for Western blot 

analysis.  

 

 Western Blot Analysis. All Western blots were performed using 4-12 % 

NuPAGE Bis Tris polyacrylamide gels as outlined by the supplier (Invitrogen) and 

resolved under denaturing conditions (50 mM MOPS, 50 mM Tris-base, pH 7.7, 0.1 % 

SDS, 1mM EDTA). The resolved proteins were transferred onto nitrocellulose membrane 

using a semi-dry transfer system (Norvex). The membrane was blocked with 5 % nonfat 

dry milk in 10 mM Tris-HCl, pH 8, 0.15 M NaCl, and 0.05 % Tween 20 (Tris-buffered 

saline) for 1 h at room temperature. Each membrane was washed in Tris-buffered saline 

solution and incubated overnight at 4 °C with an anti-CFP antibody (Cell Signaling) at a 

dilution of 1:3000 in Tris-buffered saline containing 0.02 % sodium azide. Membranes 

were then washed five times with Tris-buffered saline solution and incubated for 1 h 

shaking at room temperature with horseradish peroxidase-conjugated rabbit secondary 

antibody at a 1:5000 dilution in Tris-buffered saline solution containing 2 % nonfat milk. 

Membranes were then washed five times with Tris-buffered saline solution and 

visualized using Western Lightning Chemiluminescence reagents according to the 

manufacturer’s instructions (PerkinElmer Life Sciences) followed by exposure to X-ray 

film (Kodak). 

 

UDP-Glucuronosyltransferase Activity Analysis.  COS cells were plated at a 

density of 3.5 x 105 cells per well in 6-well plates and each transfected with either 2 µg of 

each plasmid (co-transfection) or 4 µg of one plasmid (single transfection) using 
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Lipofectamine 2000 (Invitrogen). Whole cell lysates were prepared by re-suspending 

cells in 50 mM Tris-HCl (pH 7.6), 10 mM MgCl2 followed by homogenization and 

sonication. Each catalytic assay was conducted in a 100 µl reaction that contained 350 µg 

of cellular protein, 50 mM Tris-HCl (pH 7.6), 10 mM MgCl2, 0.04 µCi 14-C-UDPGA 

(255.6 pmol/reaction), 8.5 mM saccharolactone, 100 µg of phosphatidylcholine, 0.5 mM 

UDP-glucuronic acid, and a final concentration of 500 µM for each substrate. The 

substrate octylgallate was used to determine UGT activity for UGT1A1 and its truncated 

forms. Each reaction was incubated in a 37 °C water bath for 60 min, then terminated 

with the addition of 100 µl cold methanol. The protein was spun down by centrifugation 

at 13,000 g for 20 min, and 100 µl of the supernatant spotted onto a Whatman glass-

backed thin layer chromatography (TLC) plate (Whatman, Hillsboro, Oregon). 

Chromatography was performed in a mixture (35:35:10:20 v/v) of n-butanol: acetone: 

acetic acid: water. Once the solvent front reached 2 cm from the top of the TLC plate, the 

plate was removed from the tank, dried, and exposed to a phosphor screen (Molecular 

Dynamics, Sunnyvale, CA) overnight. The location of the glucuronides on the plate was 

identified and that region of the TLC plate was scraped and placed in scintillation fluid 

for quantification with a liquid scintillation counter (Beckman Coulter LS6500, Fullerton, 

CA). 

 

Generation of the UGT1A1 Homology Model. The model of UGT1A1 was 

generated using Modeller8v1 (http://salilab.org/modeller/) based on the structure of 

flavonoid glycosyltransferase in complex with the UDPGA analogue, uridine-5-

diphosphate-2-deoxy-2-fluoro-alpha-D-glucuose (pdb-code-2C1Z). The UDPGA 
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analogue is displayed in sticks with carbon, oxygen, nitrogen, and fluor atoms colored 

yellow, red, blue, orange, and light blue, respectively. 
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RESULTS 

Determination of UGT1A1 Dimerization Domains Using Truncated Proteins. 

UGT enzymes have been intensely studied throughout the last several decades 

particularly for their important role in drug metabolism, but few studies have examined 

the structural properties of the UGTs. Recent experimental evidence has indicated that 

UGTs form oligomer complexes in the ER. However, the region involved in the protein-

protein interactions is currently unknown. The UGTs can be conceptually divided into 

two parts, the amino and the carboxy terminal domains. Figure 4-1A is a schematic of 

UGT1A1 that illustrates the various structural domains of the protein. The amino 

terminal domain consists of the exon 1 region, which is highly variable among all of the 

UGT proteins and is responsible for the substrate specificity observed for each isoform. It 

also has an N-terminal targeting sequence that facilitates insertion into the lumen of the 

ER that is eventually cleaved off during processing of the mature protein. The carboxy 

terminal region is comprised of exons 2-5, which is identical for all of the UGT1A 

proteins and is the binding region for the co-substrate UDPGA. The C-terminus also has 

a single spanning transmembrane helix followed by a short di-lysine motif that serves as 

the ER retention signal. In order to determine the region important for UGT protein-

protein interaction, a series of truncated forms of UGT1A1 were designed by PCR.  

Figure 4-1B is a schematic of all the UGT1A1 C-terminal truncations fused to a CFP tag 

that were generated in order to determine the domains important for UGT1A1 

dimerization. 
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FIGURE 4-1 
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FIGURE 4-1. Schematic of UGT1A1 and the C-terminal UGT1A1 truncation 
constructs. A) Schematic of UGT1A1 which illustrates the various domains of the 
protein. It has an N-terminal targeting sequence that is cleaved off during processing of 
the mature protein. The exon 1 region is highly variable among all of the UGT proteins 
and is responsible for the substrate specificity observed for each isoform. Exons 2-5 
which comprises the C-terminal domain of the protein is identical for all UGT1A proteins 
is the UDPGA binding region. The C-terminus also has a single spanning transmembrane 
helix followed by a short di-lysine motif which serves as the ER retention signal. B) 
Schematic of all the UGT1A1 C-terminal truncations fused to CFP that were generated in 
order to determine the domains important for UGT1A1 dimerization.  
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The CFP fusion tag was used as the epitope to monitor the presence of the chimeric 

protein since serial deletion of the UGT1A1 protein would result in loss of recognition of 

the truncated protein by the UGT antibody. Co-immunoprecipitation studies were 

performed by co-transfecting COS cells with the various truncated UGT1A1-CFP tagged 

constructs with the full length UGT1A1-HA plasmid to examine the potential dimer 

complex formation. The HA-tagged UGT1A1 fusion protein was immunoprecipitated 

using anti-HA beads and dimerization was examined by Western blot analysis using a 

GFP antibody that recognizes the CFP tag. The co-immunoprecipitation experiments in 

Figure 4-2A revealed that deletion of exon 5, exon 4, exon 3, and exon 2 did not alter the 

capacity of the truncated proteins to dimerize with UGT1A1HA protein, compared to the 

interaction between UGT1A1CFP/UGT1A1HA, as determined by the similar intensities of 

the CFP bands. In addition, co-expression of ∆190-CFP, a construct that is partially 

deleted in the exon 1 region, also dimerized with UGT1A1HA with similar intensity as the 

full length UGT1A1CFP. Interestingly, the smaller constructs ∆98-CFP, ∆80-CFP, ∆52-

CFP, and ∆41-CFP all had decreased co-immunoprecipitated CFP fusion proteins, 

suggesting that the binding affinity of these truncated proteins to UGT1A1HA was greatly 

reduced when compared to the interaction between UGT1A1CFP/UGT1A1HA. The 

decrease in amount of co-immunoprecipitated CFP fusion proteins was not likely due to 

lower expression levels of the CFP-tagged proteins because analysis of the whole cell 

lysate indicated that equivalent levels of CFP-tagged fusion proteins were expressed 

(Figure 4-2B). To investigate whether the dimerization domain exists solely in the exon 

1 region, a series of N-terminal deletion constructs were designed which consists of the 

N-terminal targeting sequence and CFP C-terminal tags. 
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FIGURE 4-2 
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FIGURE 4-2. Co-expression of UGT1A1 with truncated constructs. A) COS cells 
were co-transfected with UGT1A1-HA and each of the C-terminal truncations. Whole 
cell lysates were collected and immunoprecipitated with anti-HA beads followed by 
immunoblotting with anti-GFP antibody. B) Western blot analysis of whole cell lysates 
from co-immunoprecipitation experiments using anti-GFP antibody. 
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 Figure 4-3A is a schematic of the N-terminal serial deletion constructs used for the co-

immunoprecipitation experiments. The Western blot in Figure 4-3B revealed that ∆280-

CFP and ∆340-CFP were co-immunoprecipitated with UGT1A1HA , while ∆450-CFP was 

not. The lack of co-immunoprecipitated ∆450-CFP suggests that this truncated protein 

could not bind to UGT1A1HA because Western blot analysis of the whole cell lysate 

indicates the presence of ∆450-CFP protein (Figure 4-3B).  

Effects of Dimerization on UGT1A1 Function. Clinical observations in 

bilirubin glucuronidation deficiency in CN-2 patients have suggested that UGT 

dimerization may have an effect on function. The effects of homo/heterodimerization on 

UGT function are not well characterized. To test the potential functional consequences of 

dimerization, COS cells were co-transfected with the full length UGT1A1 and the various 

truncated forms UGT1A1. UGT activity toward the substrate octylgallate (O-gal) was 

measured from whole cell lysates. It is important to note that all of the truncated forms 

alone do not have any UGT activity. In Figure 4-4, UGT1A4 had no activity for O-gal, 

while UGT1A1 had high activity for O-gal. Co-expression of UGT1A1 and UGT1A4 had 

similar activity compared to UGT1A1 alone. Interestingly, co-expression of UGT1A1 

with the C-terminal truncated forms of UGT1A1 all led to a reduction in UGT activity 

ranging from 40-80% decrease in activity.  
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FIGURE 4-3 
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FIGURE 4-3. Co-expression of UGT1A1 with truncated constructs. A) Schematic of 
all the UGT1A1 N-terminal truncations fused to CFP that were generated in order to 
determine the domains important for UGT1A1 dimerization.  B) COS cells were co-
transfected with UGT1A1-HA and each of the N-terminal truncations. Whole cell lysates 
were collected and immunoprecipitated with anti-HA beads followed by immunoblotting 
with anti-GFP antibody.  
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FIGURE 4-4 

Effects of Dimerization on UGT1A1 Function
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FIGURE 4-4. Effects of Dimerization on UGT1A1 function. COS cells were co-
transfected with 2 µg UGT1A1 and 2 µg of each truncated plasmid or UGT1A4. Whole 
cell lysates were prepared. UGT assays were performed with 500 µM octylgallate as the 
substrate. The location of the glucuronides on the plate was identified and that region of 
the TLC plate was scraped and quantified.  
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Homology Modeling of UGT1A1. The mammalian UGTs are membrane bound 

proteins and have proven to be difficult to analyze by crystallography. Currently, there 

are no crystal structures available for the mammalian UGTs. To gain insight into the 

structures of UGTs, comparative structure homology modeling was implemented using 

crystal structures for plant glycosyltransferases as templates. The cartoon representation 

of the UGT1A1 model is depicted in Figure 4-5. The UGT1A1 model was generated 

using Modeller8v1 (http://salilab.org/modeller/) based on the structure of flavonoid 

glycosyltransferase in complex with the UDPGA analogue, uridine-5-diphosphate-2-

deoxy-2-fluoro-alpha-D-glucuose (pdb-code-2C1Z). The presumed UDPGA and 

substrate binding sites are indicated. The C-terminal transmembrane domain of UGT1A1 

was not included in the model. The UGT1A1 model illustrates that the enzyme contains 

two Rossmann-like folds which are often present in nucleotide binding proteins. The 

basic motif for each Rossmann-like domain consists of parallel beta strands that are 

sandwiched between alpha helices (α/ß/α), and each UGT1A1 domain was predicted to 

have seven parallel ß strands surrounded by eight α-helices. The C-terminal Rossmann 

like motif binds UDPGA while the N-terminal motif binds substrates. 
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FIGURE 4-5 
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FIGURE 4-5. Homology model of UGT1A1. The UGT1A1 model was generated using 
Modeller8v1 (http://salilab.org/modeller/) based on the structure of flavonoid 
glycosyltransferase in complex with the UDPGA analogue, uridine-5-diphosphate-2-
deoxy-2-fluoro-alpha-D-glucuose (pdb-code-2C1Z). The alpha-helices are colored in 
blue, beta-strands are colored brown, and connecting loops displayed in grey. The 
UDPGA analogue is displayed in sticks with carbon, oxygen, nitrogen, and fluor atoms 
colored yellow, red, blue, orange, and light blue, respectively. The presumed UDPGA 
and substrate binding sites are indicated.  
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The homology model of UGT1A1 was used as a scaffold to depict potential 

dimerization domains. In Figure 4-6A the homology model of UGT1A1 is shown with 

amino acid region 340-450 highlighted in blue in the carboxy terminus and amino acid 

region 98-190 highlighted in blue in the amino terminus. Based on the co-

immunoprecipitation experiments a dramatic decrease in binding to UGT1A1HA was 

observed when ∆98-CFP was co-expressed. In addition ∆450-CFP lost complete binding 

affinity for UGT1A1HA, suggesting that residues present between amino acids 98-190 and 

340-450 may play critical roles in dimerization. Figure 4-6B is a space filling model of 

two UGT1A1 proteins with their binding clefts facing each other. The orange residues 

represent the amino acid region 340-450 and the blue residues depict the amino acid 

region 98-190. This pac-man like orientation is a hypothesized model of how two 

UGT1A1 proteins could come together and dimerize with the arrows indicating potential 

points of contact between the proteins.  
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FIGURE 4-6 

     

AA 98-190

AA 340-450
A.
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FIGURE 4-6. Potential dimerization domains and dimer orientation of UGT1A1. A) 
Amino acids 98-190 are depicted in blue in the N-terminal region and amino acids 340-
450 are depicted in blue in the C-terminal region of the UGT1A1 model. B) A 
hypothetical orientation of the UGT1A1 dimer with the catalytic clefts facing each other. 
Amino acids 98-190 are depicted in orange and amino acids 340-450 are depicted in blue 
with potential points of contact between the proteins indicated by the arrows.  
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DISCUSSION 

UGT isoforms are expressed ubiquitously in various tissues (Tukey and 

Strassburg, 2000), and recent data suggests that these proteins exist as 

homo/heterodimers. However, little evidence is available in the literature to describe how 

these proteins are forming dimer complexes in the ER. The purpose of these experiments 

was to dissect out the region(s) of UGT1A1 responsible for the protein-protein interaction 

observed and gain a better understanding on the quaternary structure of these proteins. 

In attempts to define the potential region of the protein that could be facilitating 

the dimerization interaction, serial deletions of UGT1A1 were designed by PCR and the 

various plasmids were used in co-transfection experiments with the full length UGT1A1-

HA construct. C-terminal truncations were constructed because we initially hypothesized 

that the dimerization domain may be located in the highly conserved region of the 

proteins since previous findings in the lab indicated that UGT1A proteins homo and 

heterodimerized (Operaña and Tukey, 2007).  Co-expression of the truncated forms of 

UGT1A1 with UGT1A1HA, followed by co-immunoprecipitation experiments using anti-

HA beads revealed that deletion of exons 2-5 did not significantly alter the ability of the 

truncated protein to dimerize with UGT1A1HA. This suggests that the domain pertinent 

for the protein-protein interaction most likely exists in the N-terminal portion of the 

protein that encodes for exon 1. Deletion of the protein after amino acid 190 in the exon 1 

region also had no effect on dimerization. However, co-immunoprecipitation analysis 

with the smaller truncations of the UGT1A1 constructs that deleted into the exon 1 region 

(∆98-CFP, ∆80-CFP, ∆52-CFP, ∆41-CFP) showed a significant loss of binding affinity to 

UGT1A1HA. This suggests that the exon 1 region between amino acids 98-190 may play a 
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role in dimerization. To test this hypothesis, a series of N-terminal truncations were 

designed. Interestingly, the co-immunoprecipitation data illustrates that the ∆28-280-CFP 

construct, which lacks the entire exon 1 region of UGT1A1, was still able to dimerize 

with UGT1A1HA. But significant loss of binding affinity was observed with the ∆28-450-

CFP construct. This suggests that there could be multiple domains involved in facilitating 

dimerization, one in the carboxyl region and one in the amino terminal region, as deletion 

of a single region was not sufficient to abolish this interaction. These results partly 

support data implicating the potential role of the amino terminus of UGT2B1 in forming 

catalytically active dimers (Meech and Mackenzie, 1997b). A major difference in our 

findings indicates a region in the carboxyl terminus that may also be important for 

dimerization. The previous study utilized catalytic function as a means to gauge 

dimerization, however, no biochemical evidence was provided for the protein-protein 

interaction. This was in contrast to our co-immunoprecipitation results, which illustrated 

that the presence of exons 2-5 was sufficient for dimerization to occur with the full length 

UGT1A1 protein.  

The effects of dimerization on UGT function are poorly understood. Co-

expression of all the truncated forms of UGT1A1 with the full length protein resulted in 

significant decreases in wild type function, implicating that the inactive truncated forms 

may be acting as dominant negative proteins. Co-expression of UGT1A4 illustrated that 

heterodimerization with another UGT, which has no glucuronidation activity for the 

substrate octylgallate, had no effect on UGT1A1 activity. Interestingly, the decrease in 

catalytic function of the dimer complex seemed to be directly proportional to the size of 

the truncated protein. For example, co-expression of ∆Ex5/UGT1A1 resulted in a 30% 
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reduction of UGT1A1 activity compared to the activity of UGT1A1 alone, while co-

expression of ∆98/UGT1A1 resulted in 80% decrease in activity. A possible explanation 

for this could be that dimerization allows for greater stability of the UGT proteins, which 

may be important for catalytic function. The dimer complexes between the smaller 

UGT1A1 truncations and the full length UGT1A1 protein may be less stable and 

therefore less catalytically active than UGT1A1 in complex with the much longer 

truncations, such as ∆Ex5.  

The results indicating that the truncated forms of UGT1A1 potentially serve as 

dominant negative proteins supports the evidence in the literature that dimerization 

among UGTs has functional consequences. UGT2B1 has been suggested to exist as a 

homodimer and the relevance of this interaction became apparent when two different 

inactive mutant forms of UGT2B1 were co-expressed in COS cells and activity was 

restored (Meech 1997b). The effects of UGT dimerization on function have also been 

reported with UGT1As. Crigler-Najjar syndrome type II shows dominant-negative 

inheritance for bilirubin glucuronidation. When the mutant form of UGT1A1 in Crigler-

Najjar type II patients was co-expressed in COS cells with wild type UGT1A1, activity of 

the wild type protein was found to be drastically reduced (Koiwai et al., 1996). This 

result suggests that the mixed oligomer of mutant UGT1A1 with wild type UGT1A1 is 

inactive, while the wild type UGT1A1 homo-oligomer is active. This dominant-negative 

effect closely resembles the Crigler-Najjar type II phenotype observed. Other groups 

have also observed similar results when co-expressing UGT1A1 mutants (Levesque et 

al., 2007; Ito et al.,2002) and allelic variants of UGT1A6 (Nagar et al., 2004). These data 
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strongly indicate that the mutant UGT can act as a dominant negative regulator of the 

functional wild type UGT protein.  

The lack of mammalian UGT crystal structures has led researchers to utilize 

alternative means such as comparative modeling to obtain perspective on the structure of 

membrane bound UGTs. Predicted secondary structure alignments of UGT1A1 and the 

plant glycosyltransferase indicated a good match for a template. Construction of a 

homology model of UGT1A1 revealed that the human UGT1A1 protein has similar folds 

despite its low sequence identity to the plant glycosyltransferase. The predicted UGT1A1 

structure closely resembles glycosyltransferases with the GT-B fold (Coutinho et al., 

2003) with two distinct Rossmann-like domains each composed of seven parallel ß-strand 

core flanked by eight α-helices.  

Although the plant glycosyltransferase template was quite useful in obtaining a 

global view of the structure of UGT1A1, it was also limited in providing information on 

various aspects of the protein. All of the available crystal structures for plant and 

bacterial glycosyltransferases were considerably shorter in length in the amino terminal 

region than the human UGTs. This posed a problem when trying to use the plant 

glycosyltransferase template to model these regions of UGT1A1, resulting in insertion of 

loop regions of the protein that were not supported by the template provided. 

Interestingly, this region in the amino terminus falls within amino acids 98-190, which is 

the region implicated as a potential dimerization domain based on the co-

immunoprecipitation data. In addition, the plant glycosyltransferase proteins are 

monomeric proteins. This leads us to hypothesize that mammalian UGTs could have 

evolved to contain these inserted regions to facilitate protein-protein interaction among 
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UGTs. UGT proteins that exist as dimer complexes may have greater stability or 

increased catalytic efficiency, which could have been the evolutionary driving force for 

mammalian UGT proteins to interact and form homo/heterodimers.  

It is unknown whether the functional units of mammalian UGTs are monomers, 

dimers, or both. However, based on results from this study, as well as evidence in the 

literature, it is evident that dimerization with an inactive/mutant form of the protein can 

lead to altered function of the wild type protein. We propose that the UGT dimers exist in 

the ER in a parallel orientation with their C-terminal transmembrane domain anchoring 

them in place, and that they interact via a mirror-like fashion in which the catalytic clefts 

of each UGT face each other and have points of contact in both the amino and the 

carboxyl terminus. This proposed orientation of the UGT dimer complex can be 

somewhat validated by a study that co-expressed two different inactive UGT2B1 mutants 

in which one had a mutation in the amino terminus and the other a mutation in the 

carboxyl terminus (Meech and Mackenzie, 1997b). The individually expressed UGT2B1 

mutants were catalytically inactive, however, co-expression of both mutants resulted in 

partial gain of activity. This suggests that there could have been cooperative interactions 

between the active sites of the mutants to partially restore activity. One can imagine that 

the UDPGA bound in the wild type carboxyl domain of one of the UGT2B1 mutants 

could have transferred the glucuronic acid to the substrate bound in the cleft of the other 

UGT2B1 mutant lacking the mutation in the amino terminus. This promiscuity in the 

active site of the proteins could only occur if the catalytic clefts were in very close 

proximity of each other, as proposed in our dimer orientation model.  
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The exact structure and orientation of the UGTs within the ER is unknown. In this 

study we provide evidence that distinct regions exist that could be facilitating the protein-

protein interactions that are observed. Although the regions we have identified are quite 

large we hope that this data will guide other researchers to further narrow down the 

regions of interest to identify these domains. In addition, our data indicates that 

dimerization has functional consequences on catalytic activity when heterodimer 

complexes are formed with inactive/truncated proteins. We have also provided a 

homology model of the UGT1A1 protein that could be useful in designing UGT 

constructs that will be amenable to crystallization.  
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CHAPTER 5 
 
 
 
 

Conclusions 
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Generation and Characterization of the Human CYP1A1GFP Transgenic Mouse 

Model.  

The current CYP1A1 cell based bioassays and the transgenic mouse models that 

are currently available are useful for studying transcriptional events that regulate CYP1A1 

gene expression but cannot provide any information about the induction of the functional 

CYP1A1 protein. The activation of the AhR signaling cascade results in the 

transcriptional activation of target genes within the Ah locus and culminates in the 

translation and increased protein expression of various drug metabolizing enzymes, such 

as CYP1A1. Since the deleterious effects of exposure to environmental contaminants, 

like PAHs, are due to the enzymatic function of the CYP1A1 protein to bioactivate 

certain compounds, it would be advantageous to be able to determine the presence and 

function of the human CYP1A1 protein. The CALUX assays and other transgenic mouse 

models are limited in this sense and the functional consequences regarding the induction 

of the human CYP1A1 protein cannot be addressed using these models. Moreover, 

several of the transgenic mouse lines that have been constructed which have limited 

portions of the CYP1A1 promoter region have shown discrepancies in basal levels of 

reporter activity, and have varied tissue specific expression patterns. Our lab has 

attempted to address the drawbacks of the current cell based bioassays and transgenic 

mouse models by constructing a transgenic mouse strain (Tg-CYP1A1GFP) expressing a 

chimeric gene consisting of the entire human CYP1A1 gene (15 kb) fused with a GFP 

reporter gene. We believe this to be an ideal transgenic mouse model to examine the 

regulation of human CYP1A1 in vivo.  
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 Characterization of the CYP1A1GFP transgenic mouse illustrated that the 

CYP1A1GFP transgene was highly inducible in a tissue- and cell type- specific manner 

following i.p. and oral treatment with TCDD. The fluorescence microscopy revealed that 

CYP1A1GFP expression was localized to the hepatocytes in the liver and the Clara cells in 

the lungs. Isolated primary hepatocytes were also inducible by various known AhR 

ligands, illustrating the usefulness of these cells for potential high-throughput bioassay 

screening. Treatment of the primary hepatocytes with TCDD led to the induction of 

CYP1A1GFP in a time and dose dependent manner. The tissue specific expression 

patterns of induced CYP1A1GFP were similar to that of the induced mouse Cyp1a1 and 

highly correlated with the expected human expression patterns. However, species specific 

differences were observed following oral treatment with BaP. Human CYP1A1GFP was 

induced in the liver following oral treatment with BaP but no mouse Cyp1a1 was 

detected in the liver. This suggests that this CYP1A1GFP transgenic model may provide 

insight in species specific regulation of the human CYP1A1 locus in various tissues. This 

could also indicate a greater sensitivity of the human CYP1A1 gene to be activated than 

the mouse Cyp1a1 gene upon oral exposure to certain AhR ligands.  

The human CYP1A1GFP transgenic mouse model that we have generated is an 

ideal model because it encodes for the functional CYP1A1 protein and it also contains the 

entire CYP1A1 promoter region with pertinent regulatory elements that have been 

excluded in the other transgene constructs. Our model allows for the study of 

transcriptional regulation of the CYP1A1 gene and the functional protein simultaneously. 

In addition, we have incorporated the cost effective GFP reporter fused to the CYP1A1 

protein to quickly and easily monitor CYP1A1 induction. Isolation of primary 
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hepatocytes from these transgenic animals could also be adapted for use in a high-

throughput assay for screening of novel AhR ligands by directly measuring GFP 

fluorescence from the cells. The CYP1A1GFP transgenic mouse model allows for the 

study of humoral, hormonal, and environmental factors that regulate the expression of the 

CYP1A1 gene in vivo and can be used to better understand the complex series of events 

that can lead to diseased states upon exposure to certain classes of environmental 

contaminants.  

 

Elucidation of UGT Protein-Protein Interactions 

The quaternary structures of the UGT proteins in the ER were first suggested in 

the mid-1980s. Initial reports of UGT oligomerization were based on radiation 

inactivation analysis (Peters et al., 1984), followed by observations that purification of 

UGTs by size exclusion columns resulted in dimeric aggregates (Matern et al., 1982; 

Gschaidmeier and Bock, 1994). Heterodimerization of UGT isoforms were also 

implicated in purification studies in which UGTs glucuronidating testosterone and 

androsterone could not be separated (Matsui and Nagai, 1986). Homodimerization of 

UGT1A1 and UGT1A9 proteins have also been previously reported, and the methods 

used to establish these protein-protein interactions have mainly focused on biochemical 

techniques (Ghosh et al., 2001; Kurkela et al., 2003). Kurkela et al demonstrated 

homodimerization of UGT1A9 using His and HA epitope-tagging (Kurkela et al., 2003). 

Ghosh et al conducted nearest neighbor cross-linking studies followed by gel filtration, 

which provided evidence for UGT1A1 homodimerization (Ghosh et al., 2001). This 

experiment is suggestive of the close proximity of the UGT1A1 proteins, which is not 
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surprising since the proteins are membrane-bound within the ER in a two dimensional 

space. In addition, Ghosh et al used the two-hybrid mammalian system to determine 

UGT1A1 intermolecular protein interaction. This approach was based on the co-

expression of a bait vector containing a DNA binding domain (Lex DNA binding 

domain) and UGT1A1, and the prey vector containing a transactivating domain (Gal4) 

fused to UGT1A1. UGT1A1 protein-protein interactions bring the bait and prey 

constructs in close proximity, resulting in translocation to the nucleus and transcriptional 

activation of the reporter gene (Ghosh et al., 2001). This technique is problematic since 

the UGT1A1 proteins are membrane-bound in the ER, which prevents translocation into 

the nucleus and resulting in no transcriptional activation of the reporter gene. Although 

these studies provide a framework to investigate the potential homo/hetero-

oligomerization of the UGT1A proteins, sufficient data is lacking to concretely establish 

UGT protein-protein interactions in vivo. For my thesis work, I proposed to address this 

problem by implementing the fluorescence technique FRET to determine 

homo/heterodimerization of UGTs in live cells. 

 To explore the intermolecular interactions among UGT proteins in vivo, I 

generated a library of CFP- and YFP-tagged UGT1A constructs and utilized FRET to 

measure protein-protein interactions in cells co-transfected with the CFP- and YFP-

tagged UGTs. This technique revealed that UGT1A1 was able to homodimerize, 

supporting previous findings that used a two-hybrid system to test this interaction (Ghosh 

et al., 2001). In addition, I also examined the ability of all other UGT1A proteins to 

homodimerize using FRET and showed that all of the UGT1A proteins were capable of 

interacting with their respective isoforms. I also tested if UGT1A1 could heterodimerize 
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with all of the UGT1A proteins and discovered that UGT1A1 was able to interact with all 

of the UGT1A proteins. The FRET data indicated high FRET signals ranging from 40 % 

to 90 % FRET efficiency and the signal was localized in the cytoplasm. To my 

knowledge, the UGT FRET data obtained is the first evidence demonstrating UGT 

oligomerization in vivo, which supports the biochemical data currently present in the 

literature. These findings were further supported using biochemical analysis through co-

immunoprecipitation experiments. Co-expression of HA-tagged and CFP-tagged UGT1A 

proteins, followed by immunoprecipitation with anti-HA beads, illustrated the ability of 

each UGT1A protein to homodimerize and confirmed that UGT1A1 was capable of 

forming heterodimer complexes with all of the UGT1A proteins, corroborating the FRET 

results. These data support previous finding that His-tagged UGT1A9 was also found to 

homodimerize (Kurkela et al., 2003).  

 The co-immunoprecipitation experiments offered an alternative and 

complementary technique to the in vivo FRET analysis. Prior to the generation of the 

epitope-tagged plasmid library of the UGT1A constructs, it was difficult to ascertain the 

dimerization interactions among the UGT1A proteins because of the lack of isoform 

specific antibodies available for the UGTs. This library of CFP-, YFP-, and HA-tagged 

constructs allows for the determination of any pair of UGT interactions without the need 

for isoform specific antibodies because of the of the C-terminal fusion tags that can be 

used as a marker for Western blot analysis. One can use a CFP-tagged and a HA-tagged 

UGT construct and be able to distinguish between the two isoforms simply based on the 

shift in the molecular weight of the protein due to the presence of the C-terminal tag. 

Moreover, this unique plasmid library allows for the in vivo detection of protein-protein 
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interaction using FRET analysis, as well as biochemical analysis of dimerization via co-

immunoprecipitation experiments using the HA-tagged constructs.  

There is also accumulating evidence that UGTs extend their promiscuous protein-

protein interaction to phase I enzymes. Initial reports of interactions between rat CYP1A1 

and UGTs were detected by affinity chromatography using CYP1A1-conjugated 

Sepharose 4B columns, which indicated the co-elution of UGTs, microsomal epoxide 

hydrolase, and NADPH P450 reductase (Taura et al., 2000). Co-immunoprecipitation of 

human liver microsomes showed that CYP3A4 was able to immunoprecipitate UGT1A1, 

UGT1A6, and UGT2B7 (Fremont et al., 2004). The functional consequence of such 

interactions were evaluated and it was revealed that the presence CYP3A4 was able to 

modulate UGT2B7 function, resulting in altered regioselectivity of morphine 

glucuronidation (Takeda et al., 2005). Although another study showed that simultaneous 

expression of rat CYP1A1 and UGT1A6 had no affect on UGT1A6 function (Ikushiro 

2004), suggesting that interactions between UGTs and CYPs could be isoform specific 

(Takeda et al., 2005; Ishii et al., 2005). Characterization of isoform specificity of CYP 

interaction with UGTs was assessed by co-immunoprecipitation using isoform specific 

antibodies for CYP1A2, 2B2, 2C11/2C13, and 3A2 (Ishii et al., 2007). The data indicated 

significant differences in the levels of UGTs co-immunoprecipitated with each CYP 

isoform, supporting the notion that these interactions could be isoform dependent. In 

addition, the study showed that the UGTs immunoprecipitated in the CYP-UGT complex 

were catalytically active for the substrate 4-methylumbelliferone, although the antibody 

used could not differentiate which UGT isoforms were present (Ishii et al., 2007). It is 

hypothesized that functional cooperation between UGTs and CYPs facilitates multistep 
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drug metabolism in which a metabolite produced by a CYP is directly transferred to a 

UGT for further sequential metabolism, allowing for increased efficiency of substrate 

detoxification (Ishii et al., 2005).   

 

Structural Domains Involved in UGT Dimerization 

The results obtained by FRET analysis and co-immunoprecipitation experiments 

indicate that UGT1A1 dimerizes with all of the UGT1A proteins, however, the structural 

domains involved in the protein-protein interaction are unknown. Therefore, I began to 

delve into the structural aspects of UGTs to determine the pertinent domains involved in 

oligomerization. Since all of the UGT1A isoforms have identical C-terminal domains due 

to exon sharing, I hypothesized that this region may be responsible for the protein-protein 

interactions observed. I set out to identify the dimerization domain(s) by generating a 

library of C-terminal truncations of UGT1A1 constructs fused to a CFP-tag, which was 

conveniently used as the epitope to determine the presence of the truncated UGT. Co-

immunoprecipitation studies were performed by co-expressing COS cells with the 

UGT1A1-CFP tagged truncations with the full length UGT1A1-HA plasmid to examine 

the heterodimer interaction. To my surprise, deletion of exons 2-5, which encode for the 

conserved UDPGA binding region of all of the UGTs, had little effect on binding 

capacity and still bound to UGT1A1. Co-expression using the ∆190-CFP construct, 

which consists of a partial deletion of the exon 1 region, also displayed similar binding 

affinity as the full length protein. However, significant loss of binding to UGT1A1HA was 

observed with the ∆98-CFP truncation. N-terminal truncations were also generated to 

determine if deletion of the entire exon 1 region could abolish dimerization with 
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UGT1A1. The data revealed that the deletion between amino acids 340-450 resulted in 

loss of binding to UGT1A1HA. The co-immunoprecipitation results suggest that 

potentially two distinct regions within the UGT1A1 protein may be important in 

facilitating protein-protein interaction, the N-terminal region (amino acids 98-190) and 

the C-terminal region (amino acids 340-450). 

To investigate the importance of dimerization on UGT function, truncated forms 

of UGT1A1 were co-expressed with the full  length protein. Analysis of protein function 

using thin layer chromatography showed that co-expression of the truncated forms with 

the UGT1A1 protein caused a decrease in function of the wild type protein toward the 

substrate octylgallate. The decrease in UGT1A1 activity was also directly proportional to 

the size of the co-expressed truncated UGT1A1 protein, since the heterodimer complexes 

with longer truncations had greater activity than shorter truncations. This observation 

may indicate that dimerization is important for the stability of the complex, as well as the 

catalytic function. This dominant negative effect supports the previous observations that 

heterodimerization of UGTs with mutant forms can lead to altered glucuronidation 

activity (Meech and Mackenzie, 1997; Koiwai et al., 1996; Levesque et al., 2007; Ito et 

al.,2002; Nagar 2004). 

Evidence provided in this body of work indicates that the UGT1A family of 

proteins forms dimer complexes within the ER membrane, a property that could influence 

function and substrate specificity. Based on my results, co-expression of a truncated form 

of UGT1A1 leads to dominant negative effect on the function of the wild type UGT1A1 

protein. I have also shown that heterodimerization between UGT1A4 and UGT1A1 does 

not alter the glucuronidation activity of UGT1A1 towards the substrate octylgallate, even 
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though UGT1A4 has no activity towards the substrate. This suggests that the 

UGT1A1/UGT1A4 heterodimer has similar activity as the UGT1A1 homodimer. In 

contrast, other studies have shown that heterodimerization may alter substrate specificity. 

It was observed that heterodimerization of UGT2B21 and UGT2B22 altered the substrate 

specificity of UGT2B21, resulting in an enhanced morphine-6-glucuronide formation 

compared to the activity of UGT2B21 alone (Ishii et al., 2001). Another study showed 

that the heterodimerization of wild type UGT1A6 and UGT2B7 can lead to both 

enhancement and decrease in specific activity depending on the substrate (Kurkela et al., 

2007). The effects of protein-protein interactions among UGT1A proteins were 

investigated using various substrates and showed that the effects of heterodimerization on 

the kinetics of specific activities also varied depending on the isoforms present and 

substrates that were used (Fujiwara et al., 2007a; Fujiwara et al., 2007b). Thus, the 

effects of heterodimerization in modulating UGT function seem to be isoform specific 

and most likely substrate dependent. Some studies indicate that heterodimerization 

between a mutant and wild type protein may have a compensatory effect on the function 

of the mutant protein. For example, when a truncation mutant of UGT1A9 was co-

expressed with full length UGT1A4 the activity of UGTA9 for the substrate entacapone 

was restored (Kurkela et al., 2004). It was also observed that the presence of other UGT 

isoforms attenuated the effect of the Y485D mutation on the activity of UGT1A6 for 

several substrates (Kurkela et al., 2007). It has been suggested that alterations in 

heterodimer specific activity could be due to the formation of unique substrate binding 

sites that do not exist in the homodimeric state of the proteins (Meech and Mackenzie, 

1997). These findings reveal that the activity of these enzymes are governed in a complex 
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manner and the effects on specific activities of heterodimers are dependent on which 

isoforms are present, as well as the substrate utilized to probe for the activity of the 

protein.  

The recent finding that UGTs exist as dimer complexes significantly impacts our 

understanding of drug metabolism and potential drug-drug interactions, particularly in 

light of the fact that many UGTs have a high degree of allelic diversity. Some 

polymorphic UGTs have demonstrated a significant pharmacological impact on drug 

response, drug-induced toxicity, and potential susceptibility to cancer (Guillemette, 2003; 

Desai et al., 2003; Nagar et al., 2006). Previously it was assumed that the UGTs 

functioned as monomeric proteins and that the polymorphic UGT was functionally 

compromised compared to the wild type protein. However, this paradigm is complicated 

by the dimerization capacity of the UGTs, which could potentially overcome the 

impairment elicited by a single polymorphic event.  The functional relevance of UGT 

oligomerization has broadened the complexity of our understanding of pharmacogenetics 

as it pertains to the polymorphic patterns of UGT expression and the outcome of drug 

metabolism.   

Although the clinical relevance of UGT protein-protein interactions has yet to be 

studied, there could be potentially grave consequences regarding the effects of UGT 

dimerization on drug induced toxicity. It has been observed that patients affected with 

Gilbert’s syndrome (deficiency in UGT1A1 activity) display lower glucuronidation rates 

for a number of therapeutic drugs including acetaminophen (Douglas et al., 1978), 

lorazapam (Carulli et al., 1976), and irinotecan (Iyer et al., 1998). Irinotecan is an 

anticancer drug used to treat metastatic colorectal cancer (Kawato et al., 1991) and it has 
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been suggested that individuals with Gilbert’s syndrome are at a greater risk to 

experience irinotecan-induced toxicity, which includes severe diarrhea and neutropenia 

(Wasserman et al., 1997). Based on the dominant negative effects of co-expression with 

mutant and or truncated forms of UGT1A1 on wild type function, one can extrapolate 

that an individual expressing a mutant form of UGT1A1 may also have greater risk of 

drug-induced toxicity due to lowered activity of the dimeric UGTs. This leads to the 

hypothesis that dimerization among UGT proteins may greatly influence the 

pharmacokinetics, the pharmacologic effects, and toxicity of drugs that are 

glucuronidated.  

 

Homology Modeling of UGT1A1 

 The exact structure and orientation of the UGTs within the ER is unknown, 

however, I have provided preliminary results that distinct regions exist that could be 

facilitating dimerization among the UGTs. In order to understand the structural properties 

that govern protein-protein interaction, a homology model of UGT1A1 was constructed 

using the crystal structure of a plant glycosyltransferase as a template. The homology 

model of UGT1A1 indicates that it falls into the GT-B fold category of 

glycosyltransferases (Coutinho et al., 2003), composed of two distinct Rossmann-like 

domains each containing a seven parallel ß-strand core flanked by eight α-helices. The 

interface between the N-terminal and C-terminal globular domains form the catalytic 

cleft where the glucuronic acid can be transferred from UDPGA to the desired substrate. I 

have also mapped the potential dimerization regions onto the homology model and 

attempted to examine potential points of contact between the UGT1A1 proteins. 
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Although the regions identified are quite large, I hope that this data will guide other 

researchers to further narrow down the regions of interest to determine the basic unit of 

interaction. A major drawback with homology modeling, however, was the fact that the 

crystal structure for the plant glycosyltransferase was much shorter than the human 

UGT1A1. This posed a problem when trying to model the portion containing the amino 

acids 98-190 of UGT1A1. Interestingly, this region was implicated as a potential 

dimerization domain based on the co-immunoprecipitation data, which leads me to 

question whether this evolutionary insertion could have evolved to facilitate protein-

protein interaction in mammalian UGTs. Homology modeling of UGT1A1 also enabled 

the exploration of possible orientations of the UGT1A1 dimer complex, giving rise to the 

hypothesis that the catalytic clefts of the proteins are in very close proximity. I postulate 

that the UGT proteins exist in a pac-man like orientation with the catalytic clefts facing 

each other, which would enable a functional interaction between the N-terminal domain 

of a protein with the C-terminal domain of another protein. This hypothesized orientation 

could account for the partial compensation for each defect and restoration of UGT 

activity observed when two different functionally inactive mutant UGTs were co-

expressed (Meech and Mackenzie, 1997). 

The homology model of human UGT1A1 using the crystal structure of plant 

UGT71G1 as a template supports the structure predictions that were based on sequence 

alignments (Locuson and Tracy, 2007; Li and Wu, 2007). A recent publication on the 

comparative modeling of UGT1A1 by Locuson and Tracy confirmed the presence of a 

44-residue consensus sequence in the C-terminal domain (Locuson and Tracy, 2007) that 

is believed to be important for the binding of the UDP moiety of the sugar nucleotide 
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(Ross et al., 2001; Mackenzie et al., 1997). Their extensive analysis of the UGT1A1 

homology model provided insight on two catalytic residues located in the N-terminal 

domain: UGT1A1 H39, which is believed to serve as the general base catalyst for 

aglycone deprotonation, and UGT1A1 D151, which ensures deprotonation of the 

histidine (Locuson and Tracy, 2007; Li and Wu, 2007). Mutational analysis of the 

equivalent histidine (Kubota et al., 2007; Li et al., 2007) and aspartic residues in the 

UGT1A (Li et al., 2007) and UGT2B7 (Miley et al., 2007) proteins support the notion 

that these two amino acids play important roles for catalytic function. Significant efforts 

have been employed to characterize the UGT binding sites in order to determine critical 

residues for substrate specificity and catalytic function (Mackenzie, 1990; Senay et al., 

1997; Rodominska-Pandya et al., 1999; Ouzzine et al., 2000; Ghosh et al., 2005; Senay 

et al.,2002; Coffman et al., 2003; Barre et al., 2007; Li et al., 2007; Kubota et al., 2007), 

but it has been difficult to ascertain the functional role of each residue without knowledge 

of the crystal structure of the UGT proteins.  

To this date, there is no available crystal structure of a human UGT enzyme 

containing both the N-terminal and C-terminal domains intact. However, a high-

resolution 1.8 Å apo crystal structure of the C-terminal domain of UGT2B7 (2B7CT) has 

been recently solved and it is the first structural data available for the human UGTs 

(Miley et al., 2007). The apo crystal structure depicts a Rossmann-like fold with the 

presumed UDPGA binding site remarkably similar to that of the plant 

glycosyltransferases with only a few amino acid variances. Mutational analysis of several 

residues predicted to be pertinent for the interaction with the diphosphate or the 

glucuronic acid moiety resulted in loss of enzyme activity, while mutations disrupting the 
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uracil base interactions had only moderate effects. Homology modeling of the full length 

UGT2B7 protein revealed that it also contains the critical residues H35 and D151 in the 

catalytic positions and mutating these key residues abolished activity (Miley et al., 2007). 

These data further support that the human UGTs utilize a serine hydrolase-like catalytic 

triad for catalysis (Shao et al., 2005; Offen et al., 2006). The partial crystal structure of 

2B7CT, in conjunction with homology modeling of the full length UGT proteins, have 

provided a much needed framework to understand the roles of amino acids identified as 

being important for UGT function. It was initially predicted that a highly conserved 

His370 in UGT1A6 was involved in catalysis (Ouzzine et al., 2000) but it was later re-

evaluated and suggested to be important for UDPGA binding along with another 

conserved residue Glu379 (Patana et al., 2007). In another study, the conserved DQxD 

motif was identified to be important for UDPGA binding in UGT1A10 and presumably 

for all of the UGT1A proteins (Xiong et al., 2007) and UGT2B7 (Miley et al., 2007). By 

combining the knowledge provided by homology modeling with the mutational analysis 

of critical amino acids in the active site of the proteins, recent advances have been made 

in the prototyping of ligand based in silico models capable of predicting the binding 

affinity and substrate specificity of UGTs (Sorich et al., 2008). Pharmacophore modeling 

has produced accurate predictions and insight into potential substrate bias towards 

aromatic and aliphatic hydroxyl groups but improved structural data for the UGTs will 

enable greater understanding of the glucuronidation process. Current efforts are 

underway to determine the crystal structure for the entire N-terminal and C-terminal 

domains of the UGT enzymes. Unfortunately, their membrane bound nature and unstable 

N-terminal domain have proven to be enormous hurdles to overcome. 
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It is my hope that my thesis work will provide stepping stones for other 

researchers in the UGT field to build upon and further advance our understanding of 

UGT protein-protein interactions and their functional role as homo/heterodimer 

complexes. To truly comprehend the nature of these proteins we must be able to visualize 

the physical structure of the UGTs in order to understand the architecture of the dimeric 

complexes. Unfortunately, crystallization of the UGT proteins has continued to elude 

researchers. Through use of structure prediction programs and homology modeling 

analysis, we hope that some inspiration might be gained in order to design truncated UGT 

constructs or chimeras that may be more amenable to crystallographic analysis.  It is our 

hope that by elucidating the complex structure and topology of these detoxifying 

enzymes, we can begin to understand the molecular mechanisms of their catalytic 

function, binding affinity, and substrate specificity, which someday could be 

implemented for rational drug design.  
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