
EVIDENCE FOR ADAPTER-MEDIATED
SUBSTRATE SELECTION IN ENDOPLASMIC
RETICULUM ASSOCIATED DEGRADATION

Item Type text; Electronic Dissertation

Authors Corcoran, Kathleen M.

Publisher The University of Arizona.

Rights Copyright © is held by the author. Digital access to this material
is made possible by the University Libraries, University of Arizona.
Further transmission, reproduction or presentation (such as
public display or performance) of protected items is prohibited
except with permission of the author.

Download date 26/05/2023 10:36:07

Link to Item http://hdl.handle.net/10150/195549

http://hdl.handle.net/10150/195549


 
EVIDENCE FOR ADAPTER-MEDIATED SUBSTRATE SELECTION IN 

ENDOPLASMIC RETICULUM ASSOCIATED DEGRADATION 
 
 

by 
 

Kathleen M Corcoran 
 
 
 
 

_____________________ 
Copyright  ©  Kathleen M Corcoran 2009 

 
 

A Dissertation Submitted to the Faculty of the 
 

THE DEPARTMENT OF IMMNOBIOLOGY 
     

 
In Partial Fulfillment of the Requirements 

For the Degree of 
 

DOCTOR OF PHILOSOPHY 

     

 
 

In the Graduate College 
 

THE UNIVERSITY OF ARIZONA 
 
 
 
 
 
 
 
 

2009 



 2 

 

THE UNIVERSITY OF ARIZONA 
GRADUATE COLLEGE 

 
As members of the Dissertation Committee, we certify that we have read the 
dissertation prepared by Kathleen M Corcoran 

     

 
entitled Evidence for Adapter-mediated Substrate Selection in Endoplasmic 
Reticulum Associated Degradation 
and recommend that it be accepted as fulfilling the dissertation requirement for 
the Degree of Doctor of Philosophy  
 
 
 
 
_______________________________________________________________________Date: 4/15/09 

Dr. Nafees Ahmad

     

    
 
_______________________________________________________________________Date:4/15/09

     

 
Dr. Scott Boitano

     

    

    
_______________________________________________________________________Date:4/15/09  
Dr. Timothy G Bowden

     

    
 
_______________________________________________________________________Date:4/15/09  
Dr. Lonnie Lybarger    

    
    
    
 
Final approval and acceptance of this dissertation is contingent upon the 
candidate’s submission of the final copies of the dissertation to the Graduate 
College.   
 
I hereby certify that I have read this dissertation prepared under my direction and 
recommend that it be accepted as fulfilling the dissertation requirement. 
 
 
________________________________________________ Date: 4/15/09 
Dissertation Director: Dr. Lonnie Lybarger 

     

    
 

 



 3 

STATEMENT BY AUTHOR 

 

This dissertation has been submitted in partial fulfillment of requirements for an 
advanced degree at the University of Arizona and is deposited in the University 
Library to be made available to borrowers under rules of the Library. 
 
Brief quotations from this dissertation are allowable without special permission, 
provided that accurate acknowledgment of source is made.  Requests for 
permission for extended quotation from or reproduction of this manuscript in 
whole or in part may be granted by the copyright holder.  
 
 
 
 
                        SIGNED: Kathleen M Corcoran 
 

 

 

 

 



 4 

ACKNOWLEDGEMENTS 

 

My biggest thanks goes to my sister Maureen, who was my roommate while I 
was in graduate school. Maureen was a constant source of encouragement and the 
best friend a person could ask for. The reality is that no normal person (that is a non-
graduate student) should have to live with a graduate student - I have no idea how 
you did it.  

I also have to thank the rest of the Corcoran clan for their love and support, 
with a special thanks to Kevin for acting genuinely interested in my research and 
Sheila for the gift of an iPod® (you will never know what a difference that made). 

I would like to thank my mentor Dr. Lonnie Lybarger for the opportunity to work 
in his laboratory. I consider myself fortunate to have had the chance to work with 
someone who has immense scientific knowledge. Lonnie has been a consistent 
source of encouragement and support. Perhaps more importantly I feel that he has 
provided a good balance of guidance and free will allowing me the opportunity to 
mature as a scientist.  

I would also like to thank members of my committee Drs. Ahmad, Boitano, and 
Bowden, for their advice and guidance towards the attainment of my degree.  

Present members of the Lybarger lab, Maria Ordaz and Kathleen Kunke, who 
have given me scientific advice and helped me with their technical expertise.  These 
members of the Lybarger lab and members of the Goodrum lab who have made the 
graduate school experience rewarding, enjoyable and at times entertaining.  
A special to mention to all of the graduate students who have been a source of 
encouragement, especially my fellow TA’s, Drs. Brian Wellensiek, and Mathew 
Rausch, as well as Savitha Swaminathan. 

This research would not have been possible without funding from the 
National Institute of Health.  
 



 5 

DEDICATION 

This work is dedicated to my parents Ann and John Corcoran, whose love 
and unwavering support has taught me how to deal equally with failures and 
successes – a life lesson, which is responsible for this significant accomplish.  
 
 



 6 

 

Table of Contents 
LIST OF FIGURES .................................................................................................................................... 9 

LIST OF TABLES....................................................................................................................................10 

ABSTRACT..............................................................................................................................................11 

CHAPTER I INTRODUCTION .............................................................................................................13 

LITERATURE REVIEW............................................................................................................................................. 13 

Preamble ............................................................................................................................................................... 13 

Major Histocompatibility Complex Class I Assembly ......................................................................... 14 

Peptide Loading Complex............................................................................................................................... 23 

Ubiquitination..................................................................................................................................................... 24 

Ubiquitin Ligases (E3) ..................................................................................................................................... 28 

Endoplasmic Reticulum Associated Degradation................................................................................ 31 

Viral Immune Evasion Protein – mK3 ...................................................................................................... 35 

SUMMARY................................................................................................................................................................. 42 

SPECIFIC AIMS......................................................................................................................................................... 45 

CHAPTER 2 MATERIALS AND METHODS .....................................................................................46 

CELL LINES AND CELL CULTURE........................................................................................................................... 46 

DNA CONSTRUCTS ................................................................................................................................................. 47 

ANTIBODIES............................................................................................................................................................. 49 

FLOW CYTOMETRY ................................................................................................................................................. 49 

IMMUNOPRECIPITATION ....................................................................................................................................... 50 



 7 

SDS‐PAGE AND IMMUNOBLOTTING .................................................................................................................. 52 

PULSE‐CHASE METABOLIC LABELING ................................................................................................................. 53 

PROTEASOME INHIBITION..................................................................................................................................... 54 

STATISTICAL ANALYSIS.......................................................................................................................................... 54 

CHAPTER 3.............................................................................................................................................55 

CHARACTERIZE THE BINDING OF MK3 TO THE PEPTIDE LOADING COMPLEX..............55 

RATIONAL FOR EXPERIMENTAL APPROACH....................................................................................................... 55 

MK3 ASSOCIATES WITH TAP1 AND TAP2 ....................................................................................................... 57 

Future Directions ............................................................................................................................................... 59 

CHAPTER 4.............................................................................................................................................60 

DETERMINE THE MECHANISM OF SUBSTRATE RECOGNITION BY MK3 ...........................60 

RATIONAL FOR EXPERIMENTAL APPROACH....................................................................................................... 60 

TΒ2M.B7.B7 SUPPORTS CLASS I AND MK3 FUNCTION.................................................................................... 65 

TΒ2M.B7.B7 IS UBIQUITINATED IN THE PRESENCE OF MK3 ......................................................................... 69 

UBIQUITINATION OF TΒ2M.B7.B7 LEADS TO RAPID, PROTEASOME‐DEPENDENT DEGRADATION.......... 72 

FEATURES OF TΒ2M.B7.B7 THAT CONFER MK3 SENSITIVITY....................................................................... 75 

Future directions................................................................................................................................................ 80 

CHAPTER 5.............................................................................................................................................81 

DEFINE THE ROLE OF PROXIMITY IN MK3MEDIATED UBIQUITINATION ......................81 

RATIONAL FOR EXPERIMENTAL APPROACH....................................................................................................... 81 

THE RELATIVE POSITION OF TΒ2M.B7.B7 IN THE PEPTIDE‐LOADING COMPLEX DETERMINES ITS 

SUSCEPTIBILITY TO MK3‐DEPENDENT UBIQUITIN CONJUGATION................................................................. 82 



 8 

Future directions................................................................................................................................................ 88 

REFERENCES..........................................................................................................................................95 

 



 9 

List of Figures 

FIGURE 1.  MHC CLASS I ASSEMBLY AND ANTIGEN PRESENTATION PATHWAY. ................................................................... 17 

FIGURE 2. REPRESENTATION OF THE EFFECTS VIRALLY ENCODED PROTEINS CAN HAVE ON CLASS I ASSEMBLY 

RESULTING IN VIRAL IMMUNE EVASION............................................................................................................................ 21 

FIGURE 3. SCHEMATIC PRESENTATION OF HCMV INFECTION AND VIRAL IMMUNE EVASION THROUGHOUT THE HUMAN 

BODY. ..................................................................................................................................................................................... 22 

FIGURE 4. UBIQUITINATION PATHWAY. ...................................................................................................................................... 27 

FIGURE 5.  CHARACTERISTICS OF THE K3 FAMILY..................................................................................................................... 30 

FIGURE 6. ERAD SUBSTRATE RECOGNITION, UBIQUITINATION, DISLOCATION AND DEGRADATION. ................................ 34 

FIGURE 7. SUMMARY OF MK3‐MEDIATED UBIQUITINATION. MK3 ASSOCIATES WITH TAP/TAPASIN. ............................ 44 

FIGURE 8.  MTAP1 AND MTAP2 ASSOCIATE WITH MK3......................................................................................................... 58 

FIGURE 9.  MODEL OF MK3 ASSOCIATION WITH MHC CLASS I PEPTIDE‐LOADING COMPLEX. ........................................... 63 

FIGURE 10. TΒ2M.B7.B7 IS MEMBRANE‐ANCHORED AND SUPPORTS CLASS I EXPRESSION AND MK3 FUNCTION. ........ 68 

FIGURE 11.   MEMBRANE‐ANCHORED Β2M, BUT NOT SOLUBLE Β2M, IS UBIQUITINATED BY MK3.................................... 71 

FIGURE 12.  PROTEASOME‐DEPENDENT DEGRADATION OF TΒ2M.B7.B7 INDUCED BY MK3. .......................................... 74 

FIGURE 13.  SEQUENCE REQUIREMENTS FOR MK3‐MEDIATED UBIQUITINATION AND DEGRADATION OF TΒ2M.B7.B7.

................................................................................................................................................................................................ 78 

FIGURE 14.  TRANSMEMBRANE Β2M IS NOT UBIQUITINATED BY MK3 WHEN IT BINDS TO THE PEPTIDE‐LOADING 

COMPLEX IN THE PLACE OF TAPASIN................................................................................................................................. 86 

 



 10 

List of Tables 

TABLE 1. FUNCTIONAL DOMAINS OF MK3. ................................................................................................................................ 40 



 11 

 

Abstract 

Viruses have evolved a multitude of mechanisms, which allow immune 

evasion in both initial and persistent infection. Understanding the intricacies of 

these pathways is essential to our future ability to combat primary and reactive 

viral infections. The murine gamma-2 herpesvirus 68 (γHV68) encodes a protein 

mK3, which targets Major Histocompatibility Complex (MHC) class I heavy 

chains for ubiquitin-dependent proteasome degradation. MK3 is able to target 

and ubiquitinate MHC class I by binding to Endoplasmic Reticulum (ER) resident 

proteins tapasin, Transporter associated with antigen processing (TAP) 1 and 

TAP2 that are subunits in the complex known as the peptide-loading complex 

(PLC). The aforementioned characteristics of mK3 make this novel protein an 

excellent vehicle to study MHC class I assembly, immune evasion, and ER 

associated degradation (ERAD). Deepening our understanding of class I 

assembly and viral immune evasion will impact both the fields of immunology and 

virology. The homology between γHV68 and many of the human γ-herpesviruses 

makes this an indispensable model to clarify mechanisms that can then be 

applied to a broader spectrum of viruses. ERAD, an emerging field of study, is 

known to play a key role in numerous cellular housekeeping pathways as well as 

a number of disease states. Illuminating the mechanisms implicated in the mK3-

mediated ubiquitination of MHC class I, specifically requirements for substrate 
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recognition and degradation, will yield an increased understanding of cellular 

pathways involved in ERAD.  

The studies in this dissertation aim to expand our understanding of the 

relationship between mK3 and adapter proteins TAP/tapasin as well as mK3 and 

mK3-targeted substrates. The results show that TAP/tapasin act as adapter 

proteins by recruiting substrates for mK3. Further, mK3 ubiquitinates 

TAP/tapasin-associated substrates as long as the substrates have a tail greater 

than 6aa in length and the tail possesses an ubiquitin acceptor residue (lysine, 

serine or threonine). These studies also confirm that location of a protein within 

the PLC will determine the substrate’s susceptibility to mK3-mediated 

degradation. In the field of ubiquitin ligases and ERAD, these studies lend 

support to the concept of adapter mediated substrate recruitment.  
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Chapter I Introduction 

Literature review 

Preamble 

The fields of Endoplasmic reticulum (ER)-associated degradation (ERAD) 

and ubiquitination are, on the greater timeline of scientific study, relatively new, 

yet the advances that have been made in this short time are exceptional. Protein 

quality control is an essential cellular function, which acts to rid the cell of 

aberrant proteins, generated as a result of cellular waste products or cellular 

stress (1). Indeed this is a critical cellular function as the accumulation of 

aberrant proteins is toxic to the cell. Further, there are a number of disease 

states that are caused by or exacerbated by mutations in either ERAD or ERAD-

associated mechanisms, notably neurodegenerative diseases, (e.g., Alzheimer’s 

disease,) and certain cancers (2).  While advances in ERAD have been made 

rapidly, the sheer number of ubiquitin ligases (proteins capable of covalently 

attaching ubiquitin to target substrates) coupled with the quantity and redundancy 

of accessory proteins complicates a full understanding of the ERAD pathway.  

 A simplified model for ERAD is represented by the ubiquitin ligase mK3, 

as the necessary accessory proteins as well as the substrate are well-defined 

(3). Advances with this system continue to parallel and even bridge the 

mechanisms employed by cellular ubiquitin ligases, thus making the relevance of 

these studies paramount. Additionally, the unique constraints of mK3-association 
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with TAP and tapasin and ubiquitination of MHC class I HC-allow for the 

extraction of information pertaining to MHC class I assembly and viral immune 

evasion. With this in mind, the following literature review details the major 

mechanisms and proteins critical for mK3 function. 

Major Histocompatibility Complex Class I Assembly  

Presentation of intracellular antigens occurs due to the assembly and 

surface expression of the MHC class I molecule; a heterodimer with 

transmembrane heavy chain (HC)-composed of three domains α1, α2, and α3- 

non-covalently bound to soluble β2-microglobulin (β2m) (4,5). The HC is denoted 

as Human Leukocyte Antigen (HLA) in humans and Histocompatibility-2 (H-2) in 

mice and each species has three HC genes; HLA-A, -B and -C or H2-L, -D, and -

K (6,7). The primary function of MHC class I in either species is to present 

intracellularly derived peptides at the cell surface to CD8+ T cells (4,5,8). Briefly, 

the CD8+ T cell receptor (TCR) binds to the MHC class I molecule and 

recognizes the peptide as foreign. Next, several costimulatory molecules on both 

the T cell and the class I presenting cell bind which causes full activation, 

differentiation and proliferation of the T cell. These activated CD8+ T cells, now 

called cytotoxic T cells (CTL), can induce apoptosis in other cells they recognize 

as infected and thus eradicate the pathogen from the host (5).  

To obtain surface expression of a peptide-loaded class I molecule, two 

pathways must simultaneously progress. First, generation of peptides occurs in 

the cytosol via the proteasome. While constitutive proteasomal cleavage occurs, 
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the presence of IFN-γ, secreted by CD4+ and CD8+ T cells, allows for the 

formation of immunoproteasomes (9). Immunoproteasomes generate antigenic 

peptides with greater efficiency and these peptides typically possess an 

extended N-terminus and a C-terminus which will optimally bind MHC class I (9). 

Peptides are then transported from the cytosol to the lumen of the ER by the 

transporter associated with antigen presentation 1 and 2 (TAP1 and TAP2) 

(4,10,11). The preference of TAP for certain peptides resides primarily in the 

peptide length, typically 8 to 12 amino acids (aa). However, the affinity of TAP for 

a peptide increases due to four residues of the peptide, the first three N-terminal 

residues and the C-terminal residue (12). Once in the lumen of the ER, ER 

aminopeptidases (ERAAP), N-terminally trim peptides to a class I compatible 

length, usually 8aa (13,14).  

As these peptides are being generated the class I molecule is being 

assembled in the lumen of the ER. The MHC class I pathway involves calnexin 

(CNX) (lectin chaperone) and ERp57 (thiol oxidoreductase) associating with the 

heavy chain of class I early during biosynthesis to ensure proper folding and 

disulfide bond formation (5,11). Newly synthesized HC associate with CNX via 

HC N-linked glycan. CNX then recruits ERp57 to facilitate disulfide bond 

formation within the α3 and then the α2 domains of HC. Simultaneously β2m 

associates with the HC α3 domain and stabilizes the disulfide bond within the HC 

α2 domain. Upon completion of initial oxidative folding HC:β2m dissociates from 

CNX and associates with calreticulin, another lectin chaperone which interacts 
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with HC N-linked glycan. HC:β2m/CRT complex maintains a peptide-receptive 

class I conformation while CRT chaperones the complex into association with the 

PLC (5). 

At this point the two pathways, peptide generation and class I assembly, 

intersect to generate an intact class I molecule. Tapasin, a transmembrane ER 

localized protein, is integral for optimal class I assembly. The transmembrane 

domain of tapasin associates with the N-terminal transmembrane domains of 

TAP1 and TAP2 resulting in stabilization of the heterodimer and consequently 

increased peptide transport (15-18). The luminal domain of tapasin interacts with 

HC; data suggest at least two interaction sites but recent revelations in the role of 

ERp57 may elucidate more. Additionally, residues Cys-95 of tapasin and Cys-57 

of ERp57, form a disulfide bond. The presence of ERp57 allows for modification 

of HC disulfide bonds during peptide loading (19,20). Thus, the subunit tapasin is 

the bridge between peptide import/loading and class I recruitment (11,21,22). 

Once fully assembled, class I molecules are released from the PLC and 

trafficked through the Golgi to the cell surface (Fig. 1). 
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Figure 1.  MHC class I assembly and antigen presentation pathway. 
[adapted from (5)]. The MHC class I heavy chain and β2 microglobulin 
(β2m) initially associate with the chaperone calnexin (CNX). HC:β2m is then 
incorporated into the peptide-loading complex, which involves TAP, 
tapasin, CRT, and ERp57. Peptides generated in the cytosol by the 
proteasome are translocated via TAP into the ER lumen. Tapasin and 
Erp57 guide the loading of an optimal peptide to the class I molecule, 
initiating its dissociation from the peptide-loading complex. 
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Immunologic surveillance 

A suitable immune response is marked by the ability to of the immune 

system-both innate and adaptive-to respond appropriately, as either a response 

that is too weak or too strong can have deleterious affects. While the innate 

response is defined as non-specific and mediated by complement proteins and 

phagocytes, the adaptive response is defined as specific and mediated by 

lymphocytes. Potentially the most potent phagocytic cell is the dendritic cell (DC), 

which acts as a bridge between innate and adaptive immunity (23). DC, part of 

the antigen presenting family of cells, express both MHC class II and MHC class 

I molecules and therefore aid in mediating the appropriate humoral (B cell) or 

cell-mediated (T cells) immune response, respectively (23). The key to a proper 

adaptive immune response is expansion of lymphocytes targeted to the specific 

pathogen (23). Simplistically, molecules on the surface of antigen presenting 

cells (peptide-loaded MHC class I or class II) interact with molecules on the 

surface of lymphocytes (TCR) to alert the lymphocytes that a foreign pathogen 

has invaded (23). Lymphocytes will then expand, and clear the pathogen via 

antibody production or targeting killing of infected cells (23).  

The global role of MHC class I is to present endogenously derived 

peptides (typically virally-derived) to naive CD8+ T cells. CD8+ T cells are 

powerful lymphocytes, which upon stimulation, turn into armed effector cells 

capable of killing cells recognized as infected (23). This action allows for the 
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clearance of the pathogen and as such, MHC class I assembly is often 

interrupted by virally encoded mechanisms (Fig.2). 

Immune evasion 

While the immune system acts to clear pathogens, pathogens counteract 

to survive and proliferate within the host. Different viruses utilize various methods 

to evade the immune system and the method is often dependent upon the 

size/complexity of the viral genome (24).  Viruses with smaller genomes are 

known to change the envelope glycoproteins, a mechanism which acts to restrict 

the availability of immunodominant peptides (24). Viruses with a larger coding 

capacity have a plethora of possibilities with implications in humoral, cellular and 

immune effector evasion (24).   

The influenza virus is typically cleared when neutralizing antibodies bind to 

the major surface proteins of the virus. These antibodies are recognized by 

phagocytic cells, which act to degrade the target antigen. The influenza genome 

is heavily influenced by antigenic drift caused by point mutations leading to 

critical amino acid changes in viral surface proteins (25). The virus favors these 

mutations as they allow for the virus to evade the established immune response 

and therefore go undetected for a longer period of time (25).  

Many viruses, notably herpesviruses, are able to impair the cellular 

immune response. Typically the downregulation of immunity is the result of viral 

interference with the biogenesis or transport of either the MHC class I and/or 

class II molecules. Epstein Bar Virus (EBV) encodes a protein EBV encoded 
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nuclear antigen 1 (EBNA-1), which acts to block the proteasome consequently 

impairing the generation of antigenic protein fragments (26). Adenovirus encodes 

a protein E3-19K known to compete with tapasin for association with class I or 

TAP, thus impairing class I assembly (27). In addition some viruses are able to 

redirect the immune effector function of the immune response. Tat and gp120, 

proteins of the human immunodeficiency virus (HIV) are able to activate host 

transcription of Interleukin-10 (IL-10) (28). IL-10 is a potent immunosuppressive 

and anti-inflammatory cytokine, which acts to suppress proliferation and the 

Interleukin-2 (IL-2) production of activated T cells.  Perhaps the ultimate immune 

evasion tactic is latency; after initial infection some viruses are able to persist 

with their viral genome still intact, however viral propagation is quiescent.  

The tactics implored by both the virus and the immune system, are the 

result of evolutionary pressure as each tries to combat the other. Several factors 

affect each system such as the type of cells which the virus infects or the type of 

elicited immune response. Potentially the most sophisticated virus known is the 

human cytomegalovirus (HCMV). As diagramed in Figure 3 (24) this virus has a 

range of mechanisms able to impact all aspects of the immune response. 

However the ultimate goal remains constant: for the virus and host to survive.  
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Figure 2. Representation of the effects virally encoded proteins can have 
on class I assembly resulting in viral immune evasion. 
Virally encoded proteins act to downregulate MHC class I at several steps along 
the MHC class I assembly pathway. US6 encoded by HCMV inhibits ATP binding 
to TAP, while ICP47 encoed by HSV inhibits peptide binding to TAP. Both 
proteins are able to block TAP-dependent peptide transport. HCMV also encoded 
US2 and US11 which initiate dislocation of class I HC from the ER. kK3 and kK5 
encoded by KSHV ubiquitinate surface class I HC leading to rapid endocytosis 
and lysosomal degradation. 



 22 

 

 

 

Figure 3. Schematic presentation of HCMV infection and viral immune 
evasion throughout the human body.  
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Peptide Loading Complex 

The peptide loading complex is a dynamic complex with the TAP 

heterodimer acting as the complex’s core subunit. In fact, due to the dynamic 

nature, reports vary as to the exact components of the PLC, however in general, 

the following proteins are recognized as integral members: TAP1/2, tapasin, 

ERp57, and calreticulin as well as the class I HC and β2m (29). Above is a 

discussion of how these proteins interact to generate a fully assembled class I 

molecule, but here is a more in-depth discussion of the structures and known 

interactions of TAP1/2 and tapasin, proteins which are relevant to these studies. 

(For the purposes of this dissertation PLC from here on out will refer to TAP1/2 

and tapasin only) 

Tapasin, a type I membrane glycoprotein, has a large luminal domain, 

transmembrane region, and a cytosolic tail (30,31). The luminal domain can be 

broken into two domains: the N-terminal region, which is proline rich and the C-

terminal region, which contains the Ig fold (30). Each of these two luminal regions 

contains one disulfide bond and each region is thought to be important in class I 

HC association (31). The cytosolic tail has an ER retention motif (KKXX) used to 

target the molecule back to the ER from the Golgi (30,31). The transmembrane 

region is necessary for tapasin to associate with TAP and additionally this 

association stabilizes the TAP heterodimer (30,31). 

Transporter associated with antigen processing (TAP), a member of the 

ABC transporter family of proteins, is a heterodimer with subunits TAP1 and 
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TAP2 (17). Consistent within the family of ABC transporters, TAP has a 

nucleotide-binding domain (NBD) and a transmembrane domain (TMD) (17).  

The NBD has several conserved motifs, Walker A, Walker B, D-loop, Q-loop and 

a signature motif. The NBD is responsible for initiating the movement of peptide 

to the lumen of the ER in an ATP-dependent manner (17). Further, the C-

terminal domain has two nonhomologous motifs, α6 and β10, which confers a 

unique role to each TAP molecule in peptide transport and ATP hydrolysis (32). 

The TMD has two regions 1) the core with six transmembrane regions and 2) the 

N-terminal transmembrane region, which is unique to the TAP molecules; tapasin 

associates with the unique N-terminal region of TAP. 

In theory, each TAP1/2 heterodimer can bind up to four tapasin molecules 

and consequentially up to four MHC class I molecules. However, while much is 

known about the PLC, the precise in vivo molecular architecture is yet to be 

determined. While one group has shown that one TAP1/2 can associate with four 

tapasin and two MHC class I (33); another group has shown that TAP1/2 can 

only associate with two tapasin molecules and one MHC class I (34). These 

variations in reports underscore the complexity of the PLC a key component in 

the studies presented here. 

Ubiquitination 

The molecule ubiquitin was first identified in 1975, but it was the early 80s 

when both the ubiquitin pathway components and the function of ubiquitin were 

elucidated by Ciechanover, Hershiko and Rose; work for which the three won the 
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2004 Nobel Prize in Chemistry. The process of ubiquitination involves a stepwise 

pathway; ubiquitin moves through a linear conduit, ultimately binding a target 

protein (schematized in Fig. 4) (35). Ubiquitin (76aa) is translated as a multicopy 

poly-protein precursor, which is cleaved by a cellular protease such that the C-

terminal Gly-Gly motif is exposed(36). The ubiquitin-activating enzyme (E1) then 

adenylates the Gly-Gly motif of ubiquitin; the adenylate is quickly attacked by a 

conserved cysteine residue of the E1 to form a thioester bond with the carboxy-

terminal glycine residue of ubiquitin (35-37). Next, the activated ubiquitin is 

transferred via a trans-thioesterification reaction to the active site cysteine 

residue of an ubiquitin conjugating enzyme (E2) (35,37).  Finally, the E2/ubiquitin 

interacts with an ubiquitin ligase (E3), which based on the structure of the E2 

binding domain, belong to either the HECT (Homologous to the E6-AP Carboxyl 

Terminus) or RING (Really Interesting New Gene) family of E3 (36). Depending 

upon the type of E3, ubiquitination of targeted substrates occurs in one of two 

ways. In the case of HECT domain E3, the E2 transfers ubiquitin to an active site 

cysteine residue on the E3 again via a trans-thioesterification reaction and then 

the E3 transfers the ubiquitin to the substrate (35,37).  Alternatively, RING-

domain E3 interact directly with the E2 and catalyzes the movement of the 

ubiquitin from the E2 directly onto the substrate. Regardless of the manner in 

which the substrate is targeted, the ubiquitin molecule forms a covalent 

isopeptide bond with the amino group of the lysine residue on the substrate or in 

some cases the amino residue on the N-terminus of the substrate (35,37).  
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The type and number of ubiquitin-linked molecules allows for unique 

recognition by ubiquitin binding proteins, which play a critical role in trafficking of 

the tagged substrate. Substrates are either mono-ubiquitinated (addition of only 

one ubiquitin moiety) or poly-ubiquitinated (addition of multiple ubiquitin 

moieties). Poly-ubiquitination can occur via ubiquitination of multiple lysine 

residues (one ubiquitin/lysine) or via the creation of a chain of ubiquitin molecules 

attached to one lysine molecule (>2 ubiquitin molecules/lysine). The creation of a 

poly-ubiquitin chain occurs at either the lysine of ubiquitin at position 48 or 

position 63 (38-40).  Current reports indicate that Lys-48 linked ubiquitination is a 

signal for proteasome degradation, while Lys-63 linked ubiquitination is typically 

found to act in regulation of signaling pathways (39,41). As stated above the 

ligase is the enzyme critical for mediating ubiquitination of a substrate and the 

following section takes an in-depth look at ubiquitin ligases. 
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Figure 4. Ubiquitination pathway. 
The components of the ubiquitin-conjugating system are shown schematically.  
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Ubiquitin Ligases (E3) 

Ubiquitin ligases are proteins that are able to mediate the ubiquitination of 

target subst=rent way. The RING domain, common to this family, possesses an 8 

kDa zinc-binding domain, which has characteristically spaced cysteine and 

histidine residues (36). These residues allow two zinc ions to bind causing the 

formation of a cross brace structure. The E2~Ub is recruited to the RING domain 

such that RING E3 interacts with the E2, not ubiquitin (36). The RING E3 then 

facilitates the movement of ubiquitin from the E2 to the substrate. The RING 

family, like the HECT family, has three subfamiles, however for the RING family 

classification is based upon the order of the cysteine and histidine residues (36). 

Two of these families are considered classical RING-HC (C3HC4) and RING-H2 

(C3H2C3), while the third, RING-CH (C4HC3), has a noted difference in 

structure; a small β-sheet typically found in the RING domain has one strand 

replaced with a turn of a helix, but the significance of this is yet unknown (36). 

The RING-CH subfamily also differ in that members are integral membrane 

proteins with type III organization, such that the N and C terminus are cytosolic 

with a short luminal domain (36). 

The RING-CH family, also noted as modulatory of immune recognition 

(MIR) or K3 family in literature, is comprised of viral and mammalian homologs 

(Fig.5). The first of these to be identified were K3 and K5 (MIR1 and MIR2 

respectively), encoded by the gamma-2 herpesvirus KSHV and separately but 

simultaneously mK3, encoded by the gamma-2 herpesvirus MHV68 (42-44). 
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These viral proteins were shown to be responsible for the downregulation of 

immune molecules. K3 and K5 ubiquitinate surface proteins targeting them for 

lysosomal degradation (43,44). K3 targets MHC class I and CD1d molecules 

while K5 targets HLA-A and -B, as well as ICAM-1, B7.2, and CD1d (43). While 

no motif has been identified, substrate recognition for either K3 or K5 has been 

shown to be dictated by the ligase’s transmembrane region.  K3 and K5 were 

also shown to mediate, in addition to lysine, ubiquitination of cysteine residues 

(45,46). Further, these molecules target different lysine or cysteine residues 

within the class I cytoplasmic tail; K5 ubiquitinates membrane proximal residues 

while K3 ubiquitinates residues found in the middle of the tail region (46).  
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Figure 5.  Characteristics of the K3 family.   
Members of the K3 family possess a conserved N-terminal RING-CH domain, 
ubiquitin ligase activity, and the targeting of immune modulatory molecules for 
degradation. 
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Endoplasmic Reticulum Associated Degradation 

Degradation of cellular proteins, a field marked by considerable progress 

in recent years, is a multifaceted, tightly-regulated process which plays a 

substantial role in basic cellular housekeeping (47). Misfolded or unassembled 

proteins in the ER are targeted and eliminated through the ER-associated protein 

degradation (ERAD) pathway, schematized in Figure 6 (48). The details of how 

proteins enter the ERAD pathway are complicated by a variety of factors, e.g., 

structure, and glycosylation. During protein biogenesis approximately 45% of 

proteins undergo N-linked glycosylation. These proteins are quickly modified by 

Glucosidase I and II to generate a monoglucosylated glycan, which can be 

recognized by lectin chaperones, calreticulin (CRT) or calnexin (CNX) (1). 

CRT/CNX bind ERp57 and together ensure proper protein folding. Finally, 

glucosidase II cleaves the final glucose residue from the N-glycan, abolishing the 

protein’s ability to interact with CRT/CNX and the fully-folded protein moves to 

the Golgi (1). If a protein is misfolded, the UDP-glucose:glycoprotein 

glucosyltransferase will reglycosylate the N-glycan, causing reassociation with 

CRT/CNX (1). To stop what could be an endless cycle, mannosidase trims an 

exposed mannose residue and thus acts as a timer for the protein folding cycle. 

The altered protein is less compatible for CRT/CNX binding and is instead bound 

by the ER degradation enhancing α-mannosidase-like protein (EDEM) (1). At this 

point the details of movement and associations of a misfolded glycoproteins are 
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unclear, however an eventual fate of ligase-mediated, ubiquitinate-dependent 

proteasomal degradation is certain (1). 

Identified ER-resident misfolded proteins must be ubiquitinated via an 

ubiquitin ligase (36). Currently there are three known ER-localized membrane 

associated E3, Hrd1/HRD1, Doa10/TEB4 and gp78 (yeast or MAMMALIAN, 

respectively) (49-51). The most documented of these cellular E3 is Hrd1/HRD1. 

Hrd1 (also called Der3) is involved primarily in the degradation of ER lumenal 

and membrane substrates (51). Hrd1 has an obligatory binding partner, Hrd3 

(SEL1L in mammals).  In the absence of Hrd3, Hrd1 is destabilized (52).  This is 

reminiscent of mK3, which is also destabilized in the absence of its binding 

partners, TAP-1/2 (53).  Hrd3/SEL1L seems to serve as a linker between the E3 

ligase (Hrd1) and soluble lectins resident in the ER lumen (54,55).  These lectins 

recognize modified N-linked glycans (56,57) and include Yos9 in yeast and its 

mammalian counterparts OS-9 and XTP3-B (58-61).  In turn, the lectins have 

been shown to interact with molecular chaperones like Kar2 (BiP in mammals) 

and GRP94 that can recognize unfolded domains on client proteins (62). 

Molecular chaperones have been implicated in substrate selection/recruitment in 

ERAD and additional ubiquitin-dependent degradation pathways (62,63). 

Polyubiquitinated substrates are removed from the ER by a process 

termed dislocation and degraded by the cytoplasmic 26S proteasome complex 

(35,48). Seeing that ER proteins must traverse a membrane to become 

accessible to the proteasome it would seem that dislocation would involve a 



 33 

membrane pore/channel. Data suggest a role for Sec61, an ER membrane 

channel that mediates import of nascent proteins, as a channel for export of 

ubiquitinated proteins (64,65). Evidence for this includes interactions between 

Sec-61 and the proteasome, as well as interactions among Sec-61 and various 

ERAD subunits en route to degradation (66,67). Further, when Sec-61 is pre-

bound by ribosome and nascent protein chains, retrotranslocation of certain 

ERAD substrates is blocked (68).  

Alternatively Derlin-1, a transmembrane protein, in conjunction with VIMP, 

VCP-interacting membrane protein, have recently been implicated in dislocation 

(69). Derlin-1 is predicted to have four transmembrane domains with both the 

amino and carboxy termini in the cytoplasm, while VIMP has one transmembrane 

domain, a short lumenal domain and a long cytoplasmic domain (70). Derlin-

1/VIMP was found to associate with the complex p97/Ufd1/Npl4 (69). 

Specifically, Ufd1 and Npl4 bind ubiquitinated proteins, while p97, an AAA-

ATPase that extracts proteins from the ER in an ATP dependent manner, 

associates with VIMP (71). The current working model is that the p97/Ufd1/Npl4 

complex bridges the ubiquitinated substrate and the membrane channel Derlin-

1/VIMP to facilitate export of the protein (48).  
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Figure 6. ERAD substrate recognition, ubiquitination, dislocation and 
degradation. 
[adapted from (48)] Cellular ERAD begins when aberrant proteins are recognized 
within the ER lumen by different quality control mechanisms. Terminally 
misfolded polypeptides are chaperoned to a putative channel that facilitates their 
export from the ER. Cytoplasmically exposed lysine residues are ubiquitinated by 
ubiquitin ligases. Ubiquitination serves as a signal for dislocation and membrane-
extraction of substrates which are conveyed to the proteasome for destruction. 
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Viral Immune Evasion Protein – mK3 

In 1997, Virgin et al. sequenced the murine gamma herpesvirus 68. 

Analysis of the sequence revealed ORF K3 (K3 for homology to KSHV ORF3) 

predicted to encode a protein 201 aa in size, had 23.4% homology to KSHV 

encoded proteins K3 and K5 as well as Bovine HV4 encoded protein IE1 (72). 

Specifically, this homology is localized to the conserved RING-CH motif (72).  

While studying infection of mice with the murine gamma herpes virus 68 

(γHV68), Stevenson et al. noted that disease outcome was uncompromised in 

mice deficient in CD8+ T cells (CTL) (73). However, mice deficient in CD4+ T 

cells presented with severe disease states indicating that MHV interferes with 

CTL ability to recognize infected cells (73). Studies were preformed using a 

cloned CTL line, B3Z, able to recognize a specific MHC class I:peptide complex. 

Cells capable of presenting a B3Z-specific peptide-loaded class I were infected 

with MHV and were undetected by B3Z cells; even cells pulsed with exogenous 

peptide were undetected by B3Z cells indicating that surface expression of MHC 

class I is impaired during MHV infection (74).  In fact, MHV infection causes 

downregulation of class I surface expression and this affect is not due to the host 

response to viral infection, shown by treatment with phosphonoacetic acid which 

blocks viral DNA synthesis and therefore turns off viral late gene expression (74). 

Additional mapping was needed to determine the mechanism of MHV-mediated 

downregulation of class I surface expression.  Stevenson found that transient 
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transfection of cloned ORF K3 in vector pCDNA3 replicated the viral infection 

mediated class I downregulation, thus ORF K3 contains the complete essential 

coding sequence (74). Later studies were performed to identify the role, if any 

mK3 plays in MHV infection. Viral propagation studies comparing MHV and 

MHV-mK3 deficient virus showed that in vitro viral propagation is unaltered (73). 

Further, expression of surface MHC class I is higher on fibroblast infected with 

mK3- virus compared to mK3+ virus and these fibroblast are more susceptible to 

antigen-specific CTL mediated killing (73). In vivo infection with mK3- virus 

resulted in impaired expansion of latently infected cells and attenuation of the 

infection-mediated illness. Interestingly, CTL depletion reverses the viral 

replication deficit in mK3-deficient virus (73). Taken together, mK3 promotes but 

is not essential for latent infection, and perhaps of greater significance 

downregulates surface MHC class I, which aids MHV-68 in CTL evasion. 

To better understand the protein now known as, mK3, structural and 

localization studies were carried out. Initial immunofluorescence assays in which 

cells transfected with a flag-tagged mK3 were fixed, permeabilized and stained 

for mK3 and either an ER resident protein or lysosomal protein, found mK3 to co-

localize with ER resident proteins (42). Further, membrane disruption and 

differential centrifugation studies revealed mK3 to only be found in the membrane 

fraction. Utilizing two constructs either an N-terminal and a C-terminal flag-

tagged mK3 structural studies revealed mK3 could only be detected when cells 

were permeabilized (42). Further, using detection of soluble ER resident protein 
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calreticulin as a control, cells were subjected to varying degrees of membrane 

disruption. Treatment with mild detergent, which left the ER membrane intact, 

allowed for detection of both the N and C-terminus (but not calreticulin) (42).  The 

simplest explanation of these data indicates ER localization such that both the N 

and C-terminus are in the cytosol; the two hydrophobic regions allow ER 

membrane association such that there are eleven amino acids in the ER lumen 

(42).  

Infection studies, described above, revealed that mK3 downregulates the 

surface expression of MHC class I. Upon further study, mK3 was shown to 

specifically target nascent class I HC. Immunoprecipitation with antibodies 

specific for either folded or unfolded HC revealed all HC in the presence of mK3 

to be unfolded and Endoglycosidase H sensitive with a half-life of about 15 min. 

In cells expressing mK3 immunoprecipitation of either unfolded HC or TAP 

shows an association among HC, mK3, TAP and tapasin. Related studies 

showed that cells deficient for either TAP or tapasin yield low steady state 

expression of mK3 when compared to wildtype; restoring either TAP or tapasin 

expression restores the steady-state levels of mK3 to a level comparable to 

wildtype cells (53,75). Additionally, cells deficient in HC and β2m, which express 

mK3 display steady-state levels of mK3 comparable to wildtype cells. Similarly, 

HC unable to bind tapasin was resistant to mK3 degradation yet mK3 is still 

stably expressed and associates with TAP/tapasin (76). Taken together these 

data indicate mK3 associates with TAP/tapasin independent of HC association. 
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Further, since typical oligosaccharide maturation of HC is about three hours, and 

mK3 targets nascent TAP-associated HC, mK3 must target HC post-TAP 

association but prior to ER egress. 

Studies were then done to determine the domains of mK3 needed for 

stable expression of the viral protein. Using both truncated and chimeric versions 

of mK3, studies revealed that the C-terminus of mK3 is the main region 

responsible for association with TAP/tapasin (42,77). A more in depth look at the 

cysteine rich final 12 aa of the C-terminus revealed these residues to be 

necessary but not sufficient for TAP/tapasin association (77). Further, mutation of 

cysteine pairs within this region had a profound affect, as little mK3 was 

detectable at steady state levels (77). While all of these data provide a 

framework for the association of mK3 and TAP/tapasin, the precise regions 

within these molecules essential for the interaction is yet unknown.  

The N-terminus of mK3 has the RING-CH domain, which confers its 

ubiquitin ligase capability. As discussed above, the presence and distinct order of 

the cysteine/histidine residues within the RING domain is critical for E2 

recruitment. Mutations of two of the critical cysteine residues abrogate mK3 

ability to ubiquitinate and downregulate HC, presumably because this mutation 

imparts a structural change in the RING domain which does not allow recruitment 

of E2~Ub (42). These results highlight the critical role ubiquitination plays in 

mK3-mediated degradation of HC.  
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Due to the homology between mK3 and kK5, chimeric proteins were 

generated and used to study the function of each mK3 domain (77).  A summary 

of these studies is given in Table 1. Each chimera which possessed the C-

terminal domain of mK3 was stably expressed but at lower levels than wildtype 

(77). Despite 40% homology, a chimera in which the RING domain of K5 was a 

replacement for the RING domain of mK3 was unable to mediate ubiquitination of 

HC (77). Hence each domain of mK3 is essential for steady-state expression, 

TAP/Tpn association, and ultimately HC ubiquitination highlighting the critical role 

structure plays in mK3 function (77).    
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Chimera  Surface Class I 

Steady-

state 

expression 

Association 

with Tapasin 

mK3 -- +++ +++ 

kK5/mK3/mK3 ++ ++ ++ 

mK3/kK5/mK3 ++ + ND 

mK3/mK3/kK5 +++ ND ND 

kK5RING-swap + ND +++ 

kK5 +++ - ND 

 

Table 1. Functional domains of mK3. 
mK3, K5 and mK3/K5 chimera were generated by replacing the N-terminal (NT), 
transmembrane (TM), or C-terminal (CT) domains of mK3 with corresponding 
domains of K5 (as depicted above, -- mK3, -- K5) and expressed in either 
wildtype or β2m-/- murine embryo fibroblasts. These cells were then tested for 
surface class I expression, steady-state expression and association with tapasin 
(77).  
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The primary function of mK3 is to downregulate MHC class I surface 

expression to aid in viral immune evasion. As stated above the observation of 

this loss of surface class I led to experiments determining the cause and later the 

mechanism of mK3-mediated class I downregulation. Pulse-chase assays 

determined that mK3-mediated degradation was not due to misfolding of class I 

(42). Additionally these same experiments revealed that mK3 targeted ER-

resident class I molecules and induced rapid turnover of class I (<30 min.) (42). 

Further, class I degradation was found to be ubiquitin mediated and proteasome-

dependent; in the presence of proteasome inhibitors mK3 mediated ubiquitinated 

HC accumulated and degradation was impaired (42). At this point the data 

indicated that ER resident nascent HC were found to be associated with and 

ubiquitinated by mK3 (76). In addition, mK3 was dependent upon associated with 

TAP/Tpn (76). Therefore there was a need to distinguish between mK3 binding to 

HC and mK3 targeting HC bound to TAP/Tpn. Using, HC in which the threonine 

located at position 134 was mutated to lysine, rendering these HC unable to 

associate with the PLC it was determined that mK3 only targeted nascent 

TAP/Tpn-associated HC (76). These data pointed to either recognition of a HC 

sequence, recognition of a HC structure or merely proximity of mK3 and HC, 

which allowed for ubiquitination. To test recognition by sequence or structure, a 

chimeric molecule was generated possessing the luminal and transmembrane 

domains of HC with the cytosolic domain of CD86 (77). The sequence and 

predicted structural homology of the cytosolic domains of HC and CD86 is less 
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than 1% yet the chimeric HC/CD86 molecule supported mK3-mediated 

ubiquitination (77). These observations indicated that mK3-mediated 

ubiquitination was most likely not due to recognition of a sequence or structure 

unique to class I. These results also led to the proposed “proximity model” which 

stated that the association of the C-terminus of mK3 with TAP/tapasin conferred 

structural limitations upon mK3 such that the N-terminal ubiquitin ligase domain 

of mK3 was in the proximity of the cytosolic tail of HC and that this alone allowed 

for mK3-mediated ubiquitination of HC (77).  

Next, studies were done to look at the mechanism of mK3-mediated 

ubiquitination.  Initially, studies were done using HC that had all of the 

cytoplasmic lysines mutated to arginines with the expectation that this would 

result in a loss of mK3-mediated ubiquitination. These HC were ubiquitinated in 

the presence of mK3 and further degraded by the proteasome (78,79).  About 

this time, work looking at the ubiquitination of Class I by KSHV encoded K3 found 

that K3 could mediate ubiquitination on cysteine as well as lysine residues (45). 

After further study it was determined that mK3-mediated ubiquitination could 

occur on non-lysine residues, specifically serine or threonine. Further 

ubiquitination of these alternative residues is via an ester bond proving direct 

ubiquitination (78,79).  

Summary 

MK3, holds a distinct niche, which makes the study of mK3 a valuable 

model aiding to the pursuit of an understanding of immune evasion, ERAD, and 
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MHC class I assembly (Fig. 7). Current gaps in the mechanism of mK3-mediated 

ubiquitination include the precise association of mK3 with TAP/tapasin as well as 

the role this association plays in substrate selection. The work in this dissertation 

provides initial data describing the interactions between mK3 and TAP/tapasin, 

while the majority of work provides insights to adapter-mediated substrate 

selection, an expanding concept for previously presumed single-subunit ligases. 

Further, this work highlights the constraints of ligase substrate recognition and 

how these parameters couple with substrate selection resulting in targeted 

ubiquitination.  
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Figure 7. Summary of mK3-mediated ubiquitination.  
Association of mK3 with TAP/tapasin is necessary for mK3 stabilization and 
function, mK3 associates with TAP/tapasin independent of MHC class I HC, and 
neither TAP nor tapasin are detectably ubiquitinated or rapidly degraded in the 
presence of mK3. mK3 ubiquitinates and rapidly degrades TAP/tapasin 
associated MHC class I HC. mK3 can only target HC with a cytoplasmic tail and 
does not recognize a certain tail sequence. mK3 can mediate ubiquitination of 
lysine, serine, or threonine residues in the cytoplasmic tail of HC.   
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Specific Aims 

The studies in this dissertation focus on the mechanisms of ERAD. Our 

model system has several advantages in that much is known about mK3-

mediated ubiquitination. Previous studies gave us a foundation and showed that 

mK3 targets a TAP/tapasin-associated protein. Working within these well-defined 

parameters this model could be manipulated to answer further questions, 

specifically, the basis for substrate recruitment and ligase requirements for 

ubiquitination.  

The specific aims of this project are: 

Aim I: Characterize the binding of mK3 to the peptide-loading complex. 

Aim II: Determine the mechanism of substrate recognition by mK3.   

Aim III: Define the role of proximity in mK3-mediated ubiquitination. 
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Chapter 2 Materials and Methods 

Cell lines and cell culture 

 

All cells were maintained in complete RPMI 1640 (Mediatech, Manassas, 

VA) supplemented with 10% fetal calf serum (HyClone, Logan, Utah), 1 mM 

HEPES (Invitrogen, Carlsbad, CA), 2 mM L-glutamine, 0.1 mM nonessential 

amino acids, 1 mM sodium pyruvate, and 100 U/ml penicillin/streptomycin (all 

from Mediatech) and grown at 37°C and 5% CO2 atmosphere. 3KOT are a 

murine embryo fibroblast line (β2m-/-, class I Kb-/-, class I Db-/-) (53), Tpn-/- are a 

tapasin-deficient murine embryo fibroblast line (Tpn-/-, H-2b) (80) and HeLa are a 

human cervical adenocarcinoma cell line. 293T cells (81) were used for the 

production of ecotropic or amphotropic retrovirus.  

According to the supplier’s instructions, 293T cells were transiently 

transfected with the Vpack vector system (Stratagene, La Jolla, CA) using 

FuGene 6 (Roche Diagnostics, Indianapolis, IN) to generate retrovirus-containing 

supernatants which were collected 48–72 hours post-transfection, and added to 

target cells in the presence of hexadimethrine bromide (Polybrene) (Sigma, St. 

Louis, MO) at a concentration of 8 µg/ml.  Stable transductants were produced by 

selection with the appropriate antibiotics, at the following concentrations for 
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murine cell lines: puromycin, 2.5 ug/ml; zeocin, 0.2 mg/ml; hygromcyin, 0.2 

mg/ml; geneticin, 0.5 mg/ml; for human cells: puromycin, 5 ug/ml; zeocin, 0.2 

mg/ml; hygromcyin, 0.2 mg/ml; geneticin, 0.5 mg/ml. 

 To harvest cells media was removed and Triple Select (Invitrogen, Carlsbad, 

CA) was added and allowed to incubate for 5 min at 37°C and 5% CO2 

atmosphere. Non-adherent cells were then removed and washed 2X with sterile 

PBS. 

DNA constructs 

The vectors used for expression of each cDNA were all Murine Stem Cell 

Virus-derived non-replicating retroviral vectors.  Each vector is bicistronic with the 

gene of interest upstream of an IRES (internal ribosome entry site) element that 

precedes the antibiotic resistance marker.  pMIP and pMIB are derivatives of 

pMSCV-IRES-GFP (pMIG) (82) in which the GFP cDNA was replaced with either 

puromycin (MIP) or bleomycin (MIB) resistance genes. pMIN and pMIH have 

been described (83) and encode neomycin and hygromycin resistance, 

respectively.  All cDNAs used in this study were expressed from one of these 

vectors.   

The cDNA clones for soluble human β2m, mouse B7.2 (CD86), MHC class 

I Ld heavy-chain, and mouse tapasin were all obtained by RT-PCR using human- 

and mouse-derived cells as RNA sources, respectively. Cloning of the mK3 gene 

has been described (84) and it was expressed here from pMIH. The generation 



 48 

of the LdT134K mutant has been described (85) and was expressed here from 

pMIN.   

Transmembrane versions of human β2m all contain the entire open 

reading frame of hβ2m including the N-terminal signal peptide fused in frame with 

various C-terminal domains. Tβ2m.B7.B7 consists of hβ2m fused to residues 208-

284 of murine B7.2 (TM and cytosolic domains). Tβ2m.Tpn.Tpn consists of hβ2m 

fused to residues 381-442 of murine tapasin (TM and cytosolic domains). 

Tβ2m.B7.Tpn consists of hβ2m fused to residues 208-239 of B7.2 (TM domain) 

and residues 418-442 of tapasin (cytosolic tail). These chimeric constructs were 

generated by overlap-extension (fusion) PCR with the respective templates. 

Truncations of cytosolic domains were generated by PCR in which the reverse 

oligo incorporated a stop codon at the desired location.  The class I Ld tail-

deletion mutant (HC-Δcyt) retained only 6 residues (KRRRNT).  The Tβ2m.B7.B7 

tail-deletion mutant (Tβ2m.B7-Δcyt) retained only 5 residues (CHRRP; the two 

ariginine residues are lysines in the native B7.2 sequence).  All site-directed 

mutagenesis was performed using the Quick Change Mutagenesis Kit 

(Stratagene) according to the manufacturer’s instructions.  A sequence 

comparison of the cytosolic tail sequences present in the various constructs are 

given in Figures 1 and 6.  The correct sequence for all of the constructs was 

confirmed by DNA sequence analysis.  
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Antibodies 

BBM1 recognizes native and denatured hβ2m (86),  Anti-ubiquitin monoclonal 

antibody (mAb) P4D1 was obtained from Santa Cruz Biotech (Santa Cruz, CA).  

MAb 64-3-7 recognizes open forms (unassembled) of the Ld class I HC, or 

epitope-tagged class I heavy chains; mAb 30-5-7 is specific for fully conformed 

(β2m-associated) class I Ld; 5D3 is a hamster anti-mouse tapasin mAb; mAb HC-

10 is specific for HLA-B; all have been described previously (53).  Rabbit antisera 

against C-terminal sequences of mK3 (residues 167 to 187), rabbit anti-human 

tapasin against the N-terminal tapasin peptide and mouse TAP-1 have been 

described (53).  MAb ACTN05 (C4) against actin was purchased from Abcam 

(Cambridge, MA).  Mouse anti-CD86 (B7.2) clone GL1 was purchased from 

eBioscience (San Diego, CA).  

 

Flow cytometry 

All flow cytometric analyses were performed using a FACSCalibur (Becton 

Dickinson, San Jose, CA) and data were analyzed using CellQuest software 

(Becton Dickinson). Cells were grown in media to 80% confluence and treated 

with 100U/ml of IFN-γ for 24 hrs. Staining of cells was done in the presence of 

cold 1% BSA buffer (1% BSA in PBS). Cells were aliquoted at 0.25x10^5 

cells/tube and were stained on ice with the appropriate dilution of the indicated 

unconjugated primary antibodies for 20 min. Excess antibody was removed via 

washing 3X with 200ul/tube of 1% BSA buffer and spinning at 400rpm at 4°C for 
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3 min. PE-conjugated goat anti-mouse IgG (BD Pharmingen, San Diego, CA) 

was used to visualize the bound primary antibodies. This secondary antibody 

was added under the same conditions as primary antibody with the addendum 

that the 20 min. incubation was done in the dark. Excess antibody was removed 

via washing 3X with 200 ul/tube of 1% BSA buffer and spinning at 400 rpm at 

4°C for 3 min. Cells were then resuspended in 200 ul of 1% BSA buffer and 200 

ul of 2% paraformaldhyde buffer. Cells that were not immediately run on the flow 

cytometer were kept in the dark at 4°C.  

To determine the surface expression transmembrane molecules, cells 

were first harvested as above and then resuspended in 200 ul of 0.5% glycine 

buffer (pH 2.8) for 3 min. at 37°C.  Excess complete culture medium (10 ml) was 

added to neutralize the samples. Treated cells were washed 2X with excess PBS 

and then stained as stated above.  

 

Immunoprecipitation 

Depending upon the assay one of two lysis (1%) and wash (0.1%) buffers 

were used; either Digitonin buffer to preserve complexes or IGEPAL CA-630 for 

everything else. Buffers, kept at 4°C, were made as follows: Lysis buffer - 

phosphate-buffered saline (PBS) containing 1% digitonin or (Wako, Richmond, 

VA) 1% IGEPAL CA-630 (Sigma), 20mM iodoacetamide, 1mM PMSF (both from 

Sigma), and Protease Inhibitor Cocktail III (Calbiochem, Gibbstown, NJ) and 

Wash buffer - phosphate-buffered saline (PBS) containing 0.1% digitonin or 
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(Wako, Richmond, VA) 0.1% IGEPAL CA-630 (Sigma) and 20mM iodoacetamide 

(Sigma).  

Cells were harvested as described with an additional final wash in 20 mM 

IAA PBS with 20 mM IAA. All cell pellets were lysed via vortexing in buffer for 30 

sec. Lysates were kept on ice for 1 hr with occasional vortexing.  To remove 

nuclear debris lysates were spun at 10,000 x g for 20 min at 4°C. 

Protein-A sepharose beads (GE Healthcare; Buckinghamshire, UK) were 

incubated on a rocker for 4 hrs at 4°C with saturating amounts of antibody with 

the addition of wash buffer. To remove excess antibody, bead pellets were 

collected by spinning at 6,000 xg at 4°C for 1 min, then the supernatant was 

removed and beads were then resuspended in 1 ml wash buffer and then 

repeated 3X. 

For co-immunoprecipitation, cells were lysed in 1% Digitonin lysis buffer. 

Post-nuclear lysates were incubated with immobilized antibody overnight with 

rocking at 4°C. Beads were washed 4X with 0.1% digitonin- PBS buffer and 

bound antigens were eluted by boiling in non-reducing 1X LDS sample buffer 

(Invitrogen, Carlsbad, CA).   

Sequential immunoprecipitations were preformed as described above with 

the exception of the elution step following the primary immunoprecipitation, which 

was performed by boiling in 0.5% SDS in 10 mM Tris-Cl, pH 6.8.  Samples were 

diluted with 1% IGEPAL CA-630 (NP-40) in PBS for a final concentration of 0.1% 

SDS. Supernatants were incubated with the second Protein-A-immobilized 
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antibody overnight at 4°C.  Beads were washed 4X with 0.1% IGEPAL CA-630 in 

PBS and proteins were eluted by boiling in non-reducing LDS sample buffer.   

Direct denaturing IP were performed essentially as described above, 

except that IGEPAL CA-630 was substituted for digitonin.  Cells were lysed in 

buffer containing 1% IGEPAL in PBS and protease inhibitors.  Post nuclear 

lysates were denatured by the addition of 0.5% SDS and then boiled for 5 min. 

Samples were diluted with 1% IGEPAL CA-630 buffer for a final concentration of 

0.1% SDS prior to incubation with immobilized antibody. Beads were washed 

four times with 0.1% IGEPAL-PBS and proteins were eluted by boiling in non-

reducing LDS sample buffer.  

For Endoglycosidase-H (Endo-H) treatment of precipitates, post-IP 

samples were eluted by boiling in 10 mM Tris-Cl, pH 6.8 with 0.5% SDS.  Eluates 

were mixed with an equal volume of 100 mM sodium acetate, pH 5.4 and either 

digested (or mock-digested) at 37°C for >1 hr with 1 mU Endo-H (New England 

Biolabs, Ipswich, MA) that was reconstituted in 50 mM sodium acetate, pH 5.4. 

 

SDS-PAGE and Immunoblotting 

For immunoblot of cell lysates, cells were lysed in 1% IGEPAL-PBS. Post 

nuclear lysates were mixed with 4X LDS sample buffer and 2-mercaptoethanol 

(1X LDS and 1% 2-ME final concentration).  Protein content was determined 

using the BCA protein assay from Thermo Scientific (Rockford, IL).  Samples 

were electrophoresed on Nu-PAGE SDS polyacrylamide gels (Invitrogen). 
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Separated proteins were then transferred to Immobilon-P PVDF membranes 

(Millipore, Bedford, MA). Membranes were blocked for 1 hr with either 5% dried 

milk, 0.1% Tween-20 (Sigma), 0.1% SDS in PBS, or 0.1% Tween-20, 0.1% SDS 

in PBS.  The latter formulation (no milk) was used for the ubiquitin blots.  After 

washing three times with 0.1% Tween-20, 0.1% SDS in PBS, membranes were 

incubated with the appropriate dilution of primary antibody for >1 hr, washed 3X, 

incubated with appropriate biotin-conjugated secondary antibodies for 1hr, 

followed by incubation with streptavidin-conjugated horseradish peroxidase 

(Zymed, San Francisco, CA) for 1 hr.  Membranes were incubated with 

SuperSignal West Femto chemiluminescent substrate (Thermo Scientific) and 

visualized using x-ray film or a Chem-Doc imager (BioRad, Hercules, CA). 

 

Pulse-chase metabolic labeling 

Cells (at 107 cells/ml) were pre-incubated for 20 min in Cys- and Met-free 

medium (Sigma) with 5% dialyzed FCS, 1 mM HEPES (Invitrogen, Carlsbad, 

CA), 2 mM L-glutamine, 1 mM sodium pyruvate, and 100 U/ml 

penicillin/streptomycin (all from Mediatech). Next, Express 35S-Cys/Met labeling 

mix (Perkin-Elmer Life Sciences, Boston, MA) was added at 200 µCi/ml for 10 

min.  Cells were then pelleted and the supernatant was removed. Chase was 

initiated by the addition of medium containing excess of unlabeled Cys/Met (5 

mM each).  At the appropriate time points cells were pelleted and washed 3X 

with cold 20 mM IAA in PBS and then cell pellets were frozen. Direct denaturing 
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immunoprecipitations were preformed from lysates of labeled cells as described 

in the previous section.  Samples were subjected to SDS-PAGE and transferred 

to Immobilon-P PVDF membranes.  Membranes were fixed with methanol for 10 

sec., dried, and then exposed to BioMAX-MR film (Kodak, New Haven, CT) at -

80°C. 

Proteasome inhibition 

 Where indicated, the proteasome inhibitor MG132 (Calbiochem) was 

added at a concentration of 50 µM. For these samples all of the steps starve, 

pulse and chase were performed in the presence of inhibitor, using an equal 

volume of DMSO for control samples.  

Statistical analysis 

Data are representative of three independent experiments, and are 

presented as the mean ± standard error of the mean. Statistical analysis was 

performed using an unpaired Student’s t test at a significance of P < 0.05.  
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Chapter 3 

 Characterize the binding of mK3 to the peptide loading 

complex 

Rational for experimental approach 

Ubiquitin ligases are thought to belong to one of two broad classifications: 

single or multi-subunit ligases. Single-subunit E3 ligases possess discreet 

domains that mediate substrate binding and E2-recruitment.  In contrast, multi-

subunit E3 ligases are dependent upon a complex of protein subunits, which act 

together to mediate substrate binding and ubiquitin conjugation. Like many of its 

viral homologs, mK3 is a presumed single-subunit E3 ligase, however the 

dependence of mK3 on TAP/tapasin for stable expression is distinctive. 

Experiments utilizing co-immunoprecipitation show that mK3 is found in a 

complex with TAP, tapasin and HC (84). In cells deficient for either TAP or 

tapasin mK3 expression is considerably lower when compared to wildtype 

(53,75). Further, in cells deficient for HC, mK3 is still found to associate with 

TAP/tapasin. In fact, HC unable to associate with the loading complex is resistant 

to mK3-mediated ubiquitination (53). Taken together these data indicate an 

association of mK3 with the PLC independent of HC interaction with tapasin.  
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Interestingly, mK3 has been to shown to have a species-specific 

interaction with TAP/tapasin; in human cells transduced with mK3, the steady-

state levels are low compared to wildtype and the surface expression levels of 

HLA unaffected (25). Indeed, mK3 is unable to ubiquitinate murine HC expressed 

in mK3 transduced human cells (25). Conversely, mK3 can downregulate surface 

expression of both HLA and H-2 molecules, in murine cells, indicating a specific 

association with murine TAP/tapasin (74). 

Using the chimeric proteins mK3/mK3/kK5 and mK3/kK5/mK3 (N-

terminal/TM/C-terminal), it was determined that the C-terminal and possibly as an 

accessory, the TM region of mK3 is necessary for association with TAP/tapasin 

(77). Using C-terminal deletions of mK3, it was shown that the last 12aa are vital 

but not adequate for stable expression (77). Further investigation revealed the 

cysteines within this 12aa deletion are necessary for stable expression of mK3 

(77). However, the specific nature of the interaction remains undefined.  

Each subunit, TAP1, TAP2, and tapasin are essential for the formation of 

a complete PLC. If one subunit is missing the efficiency of class I assembly is 

compromised (87). While the current data point to TAP1/2 as being needed for 

mK3 stability, the reality is that, the cooperative interactions within the 

TAP/tapasin complex make it difficult to assess the individual role each has in 

mK3 stability. Previous data show that a complete and functional PLC can be 

generated using subunits of TAP and tapasin from different species resulting in 

an interspecies hybrid PLC (88). To circumvent our initial problem of not being 
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able to evaluate each member of the murine PLC per its role in mK3 binding we 

generated human/murine hybrid PLC in HeLa cells, which express all of the 

typical MHC class I assembly machinery.  

MK3 associates with TAP1 and TAP2 

The series of murine subunits in HeLa cells was made with or without mK3 

expression. We determined expression of murine subunits TAP1, TAP2 and 

tapasin (mTAP1, mTAP2, and mTpn respectively) as well as mK3 by western 

blot of whole cell lysates prepared in 1%NP-40 buffer. We blotted with antibody 

to mTAP1, mTAP2 and mTpn to determine the HeLa cells were in fact 

expressing these proteins. Next we blotted for mK3 using rabbit anti-sera to the 

N-terminal residues of mK3 and found that mK3 steady state levels are 

detectable in the presence of mTAP2 + mTpn, but are greater in the presence of 

both mTAP1 + mTpn with optimal expression achieved with mTAP1/2 + mTpn 

(Fig. 8). This indicates an interaction of mK3 with mTAP1 and to a lesser degree 

mTAP2. We speculate that the increase in mK3 expression in cells expressing all 

murine subunits is due to the formation of a complete murine PLC.  
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Figure 8.  mTAP1 and mTAP2 associate with mK3.   
A.  Immunoblot for steady-state levels of peptide-loading complex proteins in 
HeLa cells expressing the indicated constructs.  Actin blot is included as a 
loading control.   
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Future Directions  

Mapping the association of mK3 with the murine PLC will allow a better 

understanding of ligase and adapter interactions. These results will aid in the 

advancement of a definition for presumed single-subunit ligases, which actually 

have a dynamic multi-subunit phenotype. Mouse TAP molecules are about 75% 

homologous to human TAP molecules; both species contain two conserved 

domains, the ABC transporter transmembrane region and the NBD. Based upon 

the aforementioned the next experiments that we project will include the 

generation of mTAP N-terminal truncations and eventually human/mouse 

chimeric TAP molecules to elucidate the region or regions of mTAP essential for 

mK3 association. Further, upon stable expression of mK3 in a human cell line, 

we would like to observe the affect of mK3 on HLA. These studies can aid in 

elucidating the E2(s) essential for mK3-mediated ubiquitination.  

This project also has the potential to advance an understanding in class I 

assembly and TAP/Tpn interactions. Initially, co-immunoprecipitations using 

conditions to preserve the PLC interactions, can show the preference, if any, 

murine subunits have for associating with complimenting murine or human 

subunits and what percentage of murine/human subunits integrate. These 

studies can then be expanded to include our chimera and truncation molecules to 

clarify the associations among TAP/tapasin, a much-needed advancement in 

class I assembly.  
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Chapter 4 

 Determine the mechanism of substrate recognition by 

mK3  

Rational for experimental approach 

 The mK3 protein includes a cytosol-facing RING domain of the RING-CH 

subtype, which places it within a larger family of ubiquitin ligases found in viruses 

and diverse eukaryotes (89,90). The relationship between mK3 and cellular E3 

ligases suggests that mK3 can be utilized as a model system to address issues 

related to substrate selection.  In particular, mK3 represents a unique system 

with which to study substrate selection by E3 ligases during ERAD, due in part to 

its defined set of interacting proteins and its restricted pool of available 

substrates.  Further, the degradation pathway downstream from mK3 has clear 

similarities to ERAD induced by cellular E3 ligases, since many of the same 

molecules are involved (91,92).  The mK3 protein functions to inhibit MHC class I 

antigen presentation during virus infection (93). Class I molecules are comprised 

of a type-I transmembrane protein, the heavy-chain (HC), and a soluble light-

chain (β2-microglobulin; β2m), that assemble in the ER lumen along with a 

peptide antigen. Once assembled with peptides, class I molecules traffic to the 

cell surface where the peptides are displayed for sampling by CD8+ T cells, 

which can respond if they detect the presence of “foreign” peptides (virus-
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derived, for example) bound to the class I HC. Peptide acquisition by class I HC 

is aided by the peptide-loading complex, which includes the polytopic 

transmembrane peptide transporter TAP (a heterodimer of TAP-1 and TAP-2), 

and tapasin (among other molecules; see Figure 9A). The type-I transmembrane 

protein tapasin stabilizes the TAP-1/2 heterodimer and bridges TAP-1/2 with 

class I (94). Importantly, the functional interaction between class I HC and mK3 

leading to ubiquitination occurs in the context of peptide-loading complex in the 

ER membrane (53). 

 Available data indicate that the specificity of mK3 for the class I HC – and 

resistance of β2m, tapasin, or TAP-1/2 to ubiquitination – is due to the relative 

position of each of these molecules within the peptide-loading complex. A 

prediction of this model is that any protein that can associate with TAP/tapasin in 

a similar orientation as class I HC will be a target for mK3-mediated 

ubiquitination, so long as the new potential substrate possesses a cytosolic 

domain of at least 13 residues, including a ubiquitin-acceptor residue (79,83). 

The fact that entry of the class I HC into the peptide-loading complex during 

biogenesis involves complex interactions with tapasin presented a difficulty for 

directly testing our model. Indeed, class I HC with a point mutation that prevents 

tapasin binding (T134K; (95,96)) is resistant to mK3-dependent ubiquitination 

((53) and Figure 9D). To circumvent this problem, we turned to β2m, the soluble 

light-chain of class I molecules. We reasoned that since it pairs with the class I 
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HC, it might be in a favorable position for mK3-dependent ubiquitination – if it 

was engineered to contain transmembrane (TM) and cytosolic domains. 

 We reported previously that B7.2 does not associate with the peptide-

loading complex and is not degraded by mK3 (97); this latter finding is confirmed 

here (Figure 9E).  However, earlier studies showed that the cytosolic tail of B7.2 

could substitute for the endogenous class I HC tail and support ubiquitination by 

mK3, consistent with the strict requirement that mK3 substrates associate with 

the peptide-loading complex (97). We therefore generated a chimeric molecule 

consisting of full-length human β2m appended to the TM and cytosolic domains 

of mouse B7.2. Human β2m was used since it is capable of pairing with mouse 

class I HC and it can be distinguished from any endogenous mouse β2m with a 

specific antibody (98,99). The resulting transmembrane β2m chimeric molecule is 

denoted as Tβ2m.B7.B7 and is depicted in Figure 9B and 9C. The tripartite name 

indicates (in this case) the ectodomain (β2m), TM domain (B7.2), and cytosolic 

domain (B7.2).  

 

 



 63 

Figure 9 
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Figure 9.  Model of mK3 association with MHC class I peptide-loading 
complex.  
A.  Each member of the peptide-loading complex is indicated and those most 
relevant here are underlined.  B.  Depiction of the Tβ2m.B7.B7 molecule paired 
with the class I HC; mK3 is also shown.  Tβ2m.B7.B7 consists of hβ2m fused to 
the transmembrane and cytosolic domains of murine B7.2 (CD86).  C.  Sequence 
comparison of class I HC (H2-Ld), Tβ2m.B7.B7, and derivatives.  Only the TM 
domains (shaded) and cytosolic domains are shown.  In some cases, ubiquitin 
acceptor residues are indicated in red. D. Class I HC, either wildtype or a T134K 
mutant, from 3KO fibroblasts were denatured and immunoprecipitated using mAb 
64-3-7.  Precipitates were then treated with endoglycosidase H, separated by 
SDS-PAGE, and blotted for ubiquitin and class I HC. E. 3KO cells were stably 
transduced with class I HC (Ld), hβ2m, and B7.2 +/- mK3.  Left panels = 
Immunoblot for steady-state levels of peptide-loading complex proteins and B7.2 
+/- mK3.  Actin blot is included as a loading control. Right panels = cells were 
stained for surface expression of fully-conformed class I HC (top row) or B7.2 
(bottom row) (right panel).  Samples were then analyzed by flow cytometry to 
quantify the expression levels.  In each histogram, background staining 
(secondary antibody alone or isotype control) is indicated in black, staining of –
mK3 cells in blue, and staining of +mK3 cells in red. 
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Tβ2m.B7.B7 supports class I and mK3 function 

 A functional transmembrane version of β2m was described previously, in 

which the TM and cytosolic domains were derived from CD3ζ (100). Therefore, 

we expected that the Tβ2m.B7.B7 molecule would also perform the normal 

function of β2m and support mK3-mediated downregulation of MHC class I HC. 

To determine if this was the case, we expressed Tβ2m.B7.B7 in a murine embryo 

fibroblast cell line (designated 3KO) derived from mice deficient in MHC class I 

HC and β2m (53). In these cells, we could control the expression of MHC class I 

HC and β2m following stable retroviral transduction with encoding various 

combinations of Tβ2m.B7.B7, class I HC (mouse H2-Ld in this case), and mK3. 

We also expressed normal (soluble) human β2m (denoted as hβ2m) in 

combination with class I HC and mK3 for comparative purposes. To test the 

structure and function of Tβ2m.B7.B7, the surface expression of both 

Tβ2m.B7.B7 and class I HC was evaluated under normal conditions and following 

treatment with low pH for 3 min, which causes MHC class I molecules to 

denature at the cell surface (101). In untreated cells, we found that the surface 

levels of fully conformed MHC class I (as detected with an antibody that 

recognizes β2m-associated class I HC) was comparable when class I HC is 

paired with hβ2m or Tβ2m.B7.B7. Further, when cells were treated with low pH, 

we observed that the surface level of conformed MHC class I molecules had 

decreased, indicating that the treatment caused dissociation of the class I HC 
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and β2m, as expected. Consistent with this result, low pH treatment resulted in a 

loss of surface hβ2m (following dissociation from the class I HC), but not of 

Tβ2m.B7.B7 since it is membrane-anchored (Fig. 10A). Lastly, we determined 

that Tβ2m.B7.B7 was capable of supporting the ubiquitination of the class I HC 

by mK3 at levels that are comparable to those supported by hβ2m (Fig. 10B). 

Taken together, these data reveal that Tβ2m.B7.B7 is analogous to hβ2m with 

regard to association with the class I HC and mK3-mediated ubiquitination of 

class I HC. 
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Figure 10 
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Figure 10. Tβ2m.B7.B7 is membrane-anchored and supports class I 
expression and mK3 function.  
A.  3KO fibroblasts (β2m-/-, class I Kb-/-, class I Db-/-) were stably transduced 
with class I HC (Ld), hβ2m, and Tβ2m.B7.B7, as indicated.  Cells were then 
stained for surface expression of hβ2m (top row) or fully-conformed class I HC 
(bottom row), with or without low pH treatment to denature surface class I 
molecules.  Samples were then analyzed by flow cytometry to quantify the 
expression levels.  In each histogram, background staining (secondary antibody 
alone) is indicated in black, staining of untreated cells in blue, and staining of low 
pH-treated cells in red.  B.  Class I HC were denatured and immunoprecipitated 
from 3KO cells (+ class I HC and hβ2m, or + class I HC and Tβ2m.B7.B7) +/- 
mK3 using mAb 64-3-7.  Precipitates were then treated with endoglycosidase H, 
separated by SDS-PAGE, and blotted for ubiquitin and class I HC. 
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Tβ2m.B7.B7 is ubiquitinated in the presence of mK3 

 We initially examined the steady-state levels of TAP-1, tapasin, class I 

HC, and Tβ2m.B7.B7 (or hβ2m) in the presence or absence of mK3. As 

anticipated, the steady-state levels of TAP-1 and tapasin were unaffected by 

mK3. It should be noted that, in some cell lines, mK3 expression can reduce the 

steady-state levels of TAP-1 and tapasin (102). However, this is not 

accompanied by detectable ubiquitination or rapid turnover (102), and was not 

evident in the cells used here. By contrast, the steady-state levels of class I HC, 

Tβ2m.B7.B7, and hβ2m were markedly decreased in the presence of mK3 (Fig. 

11A). The loss of class I HC correlates with its ubiquitination by mK3 (Fig. 10B); 

the loss of Tβ2m.B7.B7 and hβ2m could be due to direct ubiquitination or due to 

the loss of the class I HC leading to an indirect effect on either version of the 

light-chain. To determine if the loss of light chain is due to direct targeting of light 

chain by mK3, or merely due to the loss of its binding partner (class I HC), we 

assessed ubiquitination of light chain in the presence of mK3. 

Immunoprecipitation and immunoblot of the total pool of cellular Tβ2m.B7.B7, but 

not soluble β2m, revealed a low basal level of ubiquitination that was independent 

of mK3 expression. It should be noted that we often observe similar, low-level 

ubiquitination of MHC class I heavy-chains in normal cells lacking any viral 

ubiquitin ligases. This ubiquitination is curious, but does not appear to influence 

the turnover of class I HC or Tβ2m.B7.B7, since both proteins are quite stable at 
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the surface of cells lacking mK3. This is likely due to ubiquitination at the cell 

surface, since in the case of class I HC it occurs on endoglycosidase H-resistant 

glycoforms. 

To more clearly reveal any potential effects of mK3, we performed 

sequential immunoprecipitation to isolate TAP-associated light chain exclusively 

from the ER, followed by anti-ubiquitin immunoblot. This technique provides an 

additional advantage in that the secondary precipitation (for Tβ2m.B7.B7 or 

hβ2m) follows a denaturation step, thereby removing any associated proteins, 

which may carry ubiquitin. Under these conditions, we found that Tβ2m.B7.B7 is 

not ubiquitinated in the absence of mK3. However, unlike hβ2m, TAP-bound 

Tβ2m.B7.B7 is ubiquitinated in cells that express mK3 (Fig. 11B). A ladder of 

ubiquitin bands was observed with Tβ2m.B7.B7, which is characteristic of poly-

ubiquitination and similar to what occurs with class I HC. This provides the first 

indication that mK3 is able to directly target the Tβ2m.B7.B7 molecule for 

ubiquitination, but not hβ2m which lacks the TM and cytosolic domains. In turn, 

these results demonstrate that a heterologous protein with no primary sequence 

relationship to class I HC can be ubiquitinated by mK3, if it is recruited into the 

peptide-loading complex, consistent with the adapter-mediated substrate 

selection model. 
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Figure 11.   Membrane-anchored β2m, but not soluble β2m, is ubiquitinated 
by mK3.   
A.  Immunoblot for steady-state levels of peptide-loading complex proteins in 
3KO cells expressing the indicated constructs, +/- mK3.  Actin blot is included as 
a loading control. *Indicates the specific band.  B.  Sequential 
immunoprecipitations were performed from cells expressing the indicated 
constructs.  Primary anti-TAP-1 precipitates were denatured, and Tβ2m.B7.B7 or 
hβ2m were recovered by immunoprecipitation, followed by immunoblot for 
ubiquitin and β2m.   
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Ubiquitination of Tβ2m.B7.B7 leads to rapid, proteasome-dependent 

degradation 

 Since Tβ2m.B7.B7 is ubiquitinated in the presence of mK3, we next asked 

whether this ubiquitination leads to rapid degradation. Pulse-chase metabolic 

labeling (with 35S) and immunoprecipitation experiments were performed, 

analyzing the turnover of class I HC and Tβ2m.B7.B7 in cells +/- mK3. Data 

presented in Figure 12A show that in the presence of mK3, Tβ2m.B7.B7 is 

degraded with kinetics that are similar to those observed for class I HC. In cells 

that express hβ2m, there is little loss of its signal over time in the presence of 

mK3, even though class I HC is degraded in these same cells (Fig. 12B). This 

result, coupled with the lack of detectable ubiquitination, indicates that hβ2m is 

not a direct target of mK3 and that the steady-state decrease of hβ2m induced by 

mK3 is an indirect effect on hβ2m resulting from the loss of class I HC. 

Additionally, we determined whether the rapid degradation of Tβ2m.B7.B7 that 

we observed is proteasome-dependent. In cells treated with the proteasome 

inhibitor, MG132, during labeling and chase, increased levels of labeled 

Tβ2m.B7.B7 were recovered during chase as compared to untreated cells, and 

the extent of recovery was comparable to class I HC from these same cells (Fig. 

12C). Collectively, these results reveal that Tβ2m.B7.B7 is ubiquitinated in the 

presence of mK3 and degraded by proteasomes with kinetics akin to those seen 

with class I HC. 
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Figure 12 
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Figure 12.  Proteasome-dependent degradation of Tβ2m.B7.B7 induced by 
mK3.   
A. 3KO cells (+ class I HC and Tβ2m.B7.B7) +/- mK3 were pulse labeled 10 
minutes with 35S-Met/Cys and then chased for the indicated times in medium 
containing an excess of unlabeled Met/Cys.  Lysates from cells harvested at 
each time point were immunoprecipitated for either class I HC or Tβ2m.B7.B7.  
Precipitates were separated by SDS-PAGE and bands were visualized by 
autoradiography.  Bands intensities were quantified from gels from three 
independent experiments using Image J software and plotted as the signal 
remaining at each time point as percentage of the signal at time zero. (* = 
P<0.05).  B. 3KO cells (+ class I HC and hβ2m) +/- mK3 were treated, quantified 
and analyzed as in A. (* = P<0.05).  C.  Pulse-chase labeling and 
immunoprecipitation was performed similar to above, but with a single chase 
point – 1 hour.  Where indicated, cells were chased in the presence of the 
proteasome inhibitor MG132.   
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Features of Tβ2m.B7.B7 that confer mK3 sensitivity   

 The findings presented above demonstrate that class I HC and 

Tβ2m.B7.B7 behave similarly, in terms of the downstream effects resulting from a 

functional interaction with mK3. In addition to entry of each molecule into the 

peptide-loading complex, does mK3 have similar structural and sequence 

requirements of each substrate? For class I HC, ubiquitination (and all 

downstream consequences thereof) requires a cytosolic tail that contains 

ubiquitin acceptor residues. In the case of mK3, lysine, serine, and threonine 

residues can be ubiquitinated on the class I HC (79); a similar finding (“non-

lysine” ubiquitination) was reported for an mK3-related protein encoded by 

Kaposi’s Sarcoma Herpesvirus (45). To address this issue of sequence 

requirements for mK3-mediated ubiquitination of Tβ2m.B7.B7, we generated 

mutant forms of this chimeric molecule. First, we generated a truncated version 

of Tβ2m.B7.B7 (Tβ2m.B7.Δ-Cyt), which contains only the first five amino acids of 

the cytosolic tail (CHRRP). Tβ2m.B7.Δ-Cyt functionally mimicked Tβ2m.B7.B7 

with respect to supporting class I HC expression; it ushered class I HC into the 

peptide-loading complex, supported high levels of surface expression in the 3KO 

cells, and permitted ubiquitination of class I HC (Fig. 13A and B). However, 

Tβ2m.B7.Δ-Cyt itself was resistant to ubiquitination and rapid degradation in the 

presence of mK3, suggesting that the cytosolic tail of Tβ2m.B7.B7 is the site of 

ubiquitination (Fig. 13A and B). This is analogous to class I HC lacking its 

cytosolic domain (HC-Δ-cyt), which is also resistant to ubiquitination and rapid 
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degradation (53,103). Note that the steady-state level of HC-Δ-cyt drops in the 

presence of mK3, but this is not due to rapid degradation (Fig. 13 C and D). 

Instead, the lack of light-chain (Tβ2m.B7.B7) in these cells has an indirect effect 

on class I stability over time, similar to cells lacking any light chain (104). 
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Figure 13 
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Figure 13.  Sequence requirements for mK3-mediated ubiquitination and 
degradation of Tβ2m.B7.B7.  
 A.  Left panel = sequential immunoprecipitations were performed from cells 
expressing the indicated constructs.  Primary anti-TAP-1 precipitates were 
denatured, and Tβ2m.B7.Δ-Cyt or Tβ2m.B7.B7 were recovered by 
immunoprecipitation, followed by immunoblot for ubiquitin, and β2m. Right panel 
= class I HC were denatured and immunoprecipitated from 3KO cells (+ class I 
HC and Tβ2m.B7.Δ-Cyt) +/- mK3 using mAb 64-3-7.  Precipitates were then 
treated with endoglycosidase H, separated by SDS-PAGE, and blotted for 
ubiquitin and class I HC. B. Pulse-chase metabolic labeling and 
immunoprecipitation were performed with cells expressing Tβ2m.B7.Δ-Cyt and 
class I HC, as described in Figure 4.  After labeling, Tβ2m.B7.Δ-Cyt or class I HC 
were directly precipitated.  Samples were separated by SDS-PAGE and 
visualized by autoradiography.  Data are plotted as the signal remaining at each 
time point as percentage of the signal at time zero. (* = P<0.05) C.  Left panel = 
sequential immunoprecipitations were performed from cells expressing 
Tβ2m.B7.B7 and class I HC Δ-Cyt.  Primary anti-TAP-1 precipitates were 
denatured, and Tβ2m.B7.B7 was recovered by immunoprecipitation, followed by 
immunoblot for ubiquitin, and β2m. Right panel = class I HC Δ-Cyt were 
denatured and immunoprecipitated using mAb 64-3-7.  Precipitates were then 
treated with endoglycosidase H, separated by SDS-PAGE, and blotted for 
ubiquitin and class I HC.  D.  Pulse-chase metabolic labeling and 
immunoprecipitation were performed as described in Figure 4.  After labeling, 
Tβ2m.B7.B7 and class I HC Δ-Cyt were directly precipitated.  Samples were 
separated by SDS-PAGE and visualized by autoradiography.  Bands intensities 
were quantified from gels from three independent experiments using Image J 
software and plotted as the signal remaining at each time point as percentage of 
the signal at time zero.  (* = P<0.05).  E.  Tβ2m.B7.B7 mutants lacking either 
lysine residues (K-less), or lysine, serine, and threonine residues (KST-less) in 
the cytosolic domain were expressed in 3KO (with class I HC) +/- mK3 (see 
Figure 1 for sequence comparison).  Sequential immunoprecipitation was 
performed; primary anti-TAP-1 precipitates were denatured, and the indicated 
Tβ2m.B7.B7 mutant molecules or Tβ2m.B7.B7 were recovered by 
immunoprecipitation, followed by immunoblot for ubiquitin and β2m. 
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To test the specific sequence requirements for ubiquitination of the 

cytosolic tail of Tβ2m.B7.B7, we generated and expressed Tβ2m.B7.K-less, in 

which all five of the lysine residues in the cytosolic tail were mutated to arginine. 

When expressed in cells along with mK3, we observed that TAP-associated 

Tβ2m.B7.K-less was ubiquitinated and rapidly degraded (Fig. 13E and data not 

shown). Thus, as is the case for class I HC, ubiquitination of Tβ2m.B7.B7 by mK3 

is lysine-independent. It should be noted that the low level of mK3-independent 

ubiquitination of Tβ2m.B7.B7 mentioned previously was not seen with 

Tβ2m.B7.K-less, indicating that this post-ER ubiquitination event is lysine-

dependent, whereas mK3-mediated ubiquitination does not require lysines. To 

ascertain whether ubiquitination by mK3 of Tβ2m.B7.K-less was occurring on 

serine or threonine residues, the cytosolic serine and threonine residues (seven 

total residues) were mutated to produce Tβ2m.B7.KST-less. In the presence of 

mK3, this molecule was not detectably ubiquitinated, demonstrating that mK3 

can ubiquitinate non-lysine residues (serine or threonine) on Tβ2m.B7.B7 (Fig. 

13E), as determined for class I HC (79). Overall, our results with Tβ2m.B7.B7 

reveal that this chimeric protein is ubiquitinated and degraded in the presence of 

mK3 in a manner that is essentially indistinguishable from what occurs with class 

I HC. This, in spite of the fact that Tβ2m.B7.B7 bears no sequence similarity to 

class I HC, argues that targeting (ubiquitination) of these molecules by mK3 has 

little dependence on primary recognition sequences. Instead, consistent with the 

adapter model, the placement of class I HC and Tβ2m.B7.B7 within the peptide 
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loading complex appears to be the key determinant for their ubiquitination by the 

RING domain of mK3 leading to ERAD. 

Future directions 

 The current dogma within ubiquitin ligase research is that the ligase 

recognizes the substrate by some distinct structure or sequence. This view is 

rooted in the idea that the ligase possesses a level of intelligence. However, 

these data hint to an opposing view - that the ligase is merely a tool utilized by 

the adapter proteins. These data also indicate that the substrate once recruited 

by the adapters must possess certain features, which allow for ubiquitination. 

The system developed in this chapter, utilized overexpression of the substrate, 

which can be further manipulated to characterize ligase mechanisms. Notably, 

using proteomic based assays, we can determine the type of ubiquitin linkage, 

and if this is affected by the placement or type of ubiquitin acceptor residue both 

of which will aid in our understanding of the complete function of the ligase. 

 Additionally, the mechanism of ERAD dislocation is, at best, ill defined. 

Our system can be used to look at two critical questions: what are the proteins 

involved in dislocation? And how are complexes treated when one subunit is 

targeted for degradation? Again the overexpression of our substrate allows for 

ideal conditions to begin examining the proteins recruited to the ER membrane 

during dislocation. Further, the pairing of two transmembrane proteins, which can 

be truncated to resist ubiquitination, sets up a model to determine the fate of non-

ubiquitinated subunits. 
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Chapter 5 

 Define the role of proximity in mK3-mediated 

ubiquitination 

Rational for experimental approach 

 As stated above, the class I HC is the only known target of mK3-mediated 

ubiquitination, and the other members of the PLC - β2m, tapasin, and TAP-1/2 

are resistant. The proposed model explains that mK3 substrate targeting is a 

result of the association of mK3 with TAP/tapasin, which positions the RING 

domain of mK3 such that only a protein in a similar position/orientation as HC 

would be a substrate.  It has been shown that neither TAP nor tapasin are 

detectably ubiquitinated or rapidly degraded in the presence of mK3. Further 

mK3 does not target the chimeric molecule tapasin.HC, which associates with 

TAP as tapasin but has the cytoplasmic sequence of HC.  

While these data are consistent with the model, we want to stringently test 

the role substrate placement plays in mK3-mediated ubiquitination. We reasoned 

that if tapasin was in a similar orientation as HC with respect to mK3 it would 

become a substrate for mK3. To test this model we generated two chimera: 1) 

Tβ2m.B7.Tpn consisting of hβ2m, the transmembrane domain of B7.2 and the 

cytosolic domain of tapasin and 2) Tβ2m.Tpn.Tpn expressing hβ2m and the 

transmembrane and cytosolic domains of tapasin. Initially, we expressed each of 
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these in 3KO cells, utilizing the model outlined in Chapter 4 with the expectation 

that Tβ2m.Tpn.Tpn would only associate with TAP as tapasin, while Tβ2m.B7.Tpn 

would only associate with HC as β2m. For a more stringent test of positioning we 

next expressed each of these chimera in tapasin deficient murine embryo 

fibroblast cell line with the expectation that Tβ2m.Tpn.Tpn would associate with 

TAP as tapasin (with no endogenous tapasin to compete with), while 

Tβ2m.B7.Tpn would associate with HC as β2m. These systems while not as 

straight forward in practice have allowed for the manipulation of PLC orientation.   

The relative position of Tβ2m.B7.B7 in the peptide-loading complex 

determines its susceptibility to mK3-dependent ubiquitin conjugation 

 The data presented in Chapter 4, coupled with previous results indicates 

that the RING-domain of mK3 is positioned via association of mK3 with 

TAP/tapasin such that only proteins in a similar orientation as HC are accessible 

for ubiquitination; that is the precise location of molecules within the peptide-

loading complex determines the accessibility of their cytosolic domains to the 

RING domain of mK3. Such a model then predicts that the reason tapasin, for 

example, is not detectably ubiquitinated or rapidly degraded by mK3 is its relative 

location. We tested this prediction by replacing the cytosolic tail of Tβ2m.B7.B7 

with the tail from mouse tapasin to create Tβ2m.B7.Tpn. Figure 14A shows a 

sequence comparison between these two cytosolic domains; no obvious 

sequence similarity is apparent.  Nonetheless, when expressed in 3KO cells with 

mK3, TAP-associated Tβ2m.B7.Tpn molecules are ubiquitinated (Figure 14B; left 
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panel). Thus, the cytosolic domain of tapasin is fully capable of supporting robust 

ubiquitination by mK3.  This finding is consistent with the idea that tapasin is 

normally resistant to ubiquitination by mK3 because of its relative position within 

the peptide-loading complex. 

Next, we tested this hypothesis more directly by creating an additional 

chimera designed to occupy the position in the peptide-loading complex normally 

assumed by tapasin. We generated transmembrane β2m with the TM and 

cytosolic domains of mouse tapasin (Tβ2m.Tpn.Tpn; see Figure 14A), with the 

intention that this molecule should bind to TAP as though it were tapasin.  This is 

based on the fact that the TM domain of tapasin is known to be sufficient for TAP 

association (105-107). Would Tβ2m.Tpn.Tpn be resistant to mK3-dependent 

ubiquitination owing to its different location within the peptide-loading complex? 

We first expressed Tβ2m.Tpn.Tpn in 3KO cells +/- mK3. Sequential 

immunoprecipitation of TAP-associated Tβ2m.Tpn.Tpn molecules and 

immunoblot revealed the clear presence of a poly-ubiquitin ladder (Figure 14B; 

right panel), a finding contrary to our prediction. However, in these cells which 

contain endogenous tapasin, the manner in which Tβ2m.Tpn.Tpn associates with 

the peptide-loading complex is not clear; it could bind in place of tapasin and/or it 

could be paired with class I HC performing its normal “β2m function”. 

 To remove this confounding issue of how Tβ2m.Tpn.Tpn associates with 

the peptide-loading complex, we repeated these experiments in tapasin-deficient 

cells (fibroblasts derived from tapasin knockout mice (80)). In this case, 
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Tβ2m.Tpn.Tpn can only associate with TAP as a “tapasin mimic” and not as 

“β2m” (Figure 14C), since class I molecules do not enter into the peptide-loading 

complex in the absence of tapasin (108).  We confirmed that Tβ2m.Tpn.Tpn 

could associate with TAP-1/2 in these tapasin-deficient cells by screening for an 

increase in TAP-1 protein levels caused by any stabilizing effects of 

Tβ2m.Tpn.Tpn (as compared to tapasin). Expression of the Tβ2m.Tpn.Tpn 

molecule, but not Tβ2m.B7.Tpn (which is incapable of binding directly to TAP), 

led to an increase in the steady-state level of TAP-1 (Figure 14D). This increase 

in TAP-1 levels caused by Tβ2m.Tpn.Tpn was comparable to that obtained with 

full-length tapasin, and indicates that Tβ2m.Tpn.Tpn binds to TAP in a similar 

manner as tapasin (and not as β2m).  TAP stabilization by Tβ2m.Tpn.Tpn also led 

to an increase in mK3 levels, indicating that mK3 binds to the residual peptide-

loading complex in these cells (Figure 14D, lower panel). 
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Figure 14 

 

 

 



 86 

Figure 14.  Transmembrane β2m is not ubiquitinated by mK3 when it binds 
to the peptide-loading complex in the place of tapasin.   
 A.  Depiction and sequence comparison of the constructs used in these 
experiments.  Potential ubiquitin-acceptor residues are indicated in red.  The TM 
and cytosolic domains are shown.  Tβ2m.B7.Tpn contains the B7.2 TM domain 
and the cytosolic tail of tapasin.  Tβ2m.Tpn.Tpn contains the TM and cytosolic 
domains of tapasin (upper panel).  Schematics of the potential arrangements of 
Tβ2m.B7.Tpn or Tβ2m.Tpn.Tpn in tapasin-sufficient 3KO cells (lower panel).  B. 
Tβ2m.B7.Tpn or Tβ2m.Tpn.Tpn was expressed in 3KO cells (with class I HC) +/- 
mK3. Sequential immunoprecipitation was performed; primary anti-TAP-1 
precipitates were denatured, and the indicated transmembrane β2m chimeric 
molecules were recovered by immunoprecipitation, followed by immunoblot for 
ubiquitin and β2m.  C.  Depiction of the possible arrangements of the indicated 
molecules in tapasin-deficient cells (Tpn-/-).  D. Immunoblot for steady-state 
levels of peptide-loading complex proteins were examined in tapasin-deficient 
fibroblasts following transduction of the indicated constructs, including full-length 
tapasin. *Indicates the specific band.  E.  Sequential anti-TAP-1/anti-β2m 
immunoprecipitations were performed from Tpn-/- cells expressing the indicated 
constructs.  In some cases, full-length tapasin was transduced into the cells.  
Samples were blotted for ubiquitin and β2m.  
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Next, we asked whether TAP-bound Tβ2m.Tpn.Tpn is ubiquitinated by 

mK3. Sequential immunoprecipitation of TAP-associated molecules from cells 

expressing Tβ2m.Tpn.Tpn or Tβ2m.B7.Tpn revealed that only Tβ2m.Tpn.Tpn 

could be co-precipitated along with TAP-1/2 (Fig. 14E, right panel). This result 

was expected, since Tβ2m.Tpn.Tpn can bind directly to TAP-1/2, whereas 

Tβ2m.B7.Tpn is incapable of associating with TAP-1/2 in the absence of 

endogenous tapasin (which recruits the class I HC/β2m dimers into the peptide-

loading complex). Surprisingly, immunoblot revealed some ubiquitinated forms of 

Tβ2m.Tpn.Tpn in the absence of mK3. This same molecule (Tβ2m.Tpn.Tpn) in 

3KO cells did not show this level of basal ubiquitination in the absence of mK3. 

Thus, Tβ2m.Tpn.Tpn bound directly to TAP-1/2 is constitutively ubiquitinated by 

an unknown, but mK3-independent mechanism. However, it is important to note 

that mK3 expression does not increase the levels of ubiquitination of TAP-

associated Tβ2m.Tpn.Tpn (Fig. 14E, right panel). This indicates that when 

Tβ2m.Tpn.Tpn is bound to TAP-1/2 in the place of tapasin, it cannot be accessed 

by the RING-CH domain of mK3. By contrast, in tapasin-sufficient 3KO cells 

where Tβ2m.Tpn.Tpn can potentially bind to the peptide-loading complex in 

association with the class I HC, it can be ubiquitinated by mK3. Indeed, when we 

restored tapasin expression in the tapasin-deficient cells, Tβ2m.Tpn.Tpn now 

showed significantly higher levels of ubiquitination in the presence of mK3 (Fig. 

14E, left panel). This is likely due to tapasin recruiting class I HC/Tβ2m.Tpn.Tpn 

dimers into the peptide-loading complex.  Tapasin reconstitution also restored 
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the association of Tβ2m.B7.Tpn with the peptide-loading complex and mK3-

dependent ubiquitination. Comparison of the fate of Tβ2m.Tpn.Tpn between 

tapasin-sufficient and -deficient cells supports the proposal that location within 

the peptide-loading complex determines accessibility of the proteins to mK3. 

Indeed, we show that the very same protein (Tβ2m.Tpn.Tpn) in these two cell 

types adopts distinct fates - sensitivity versus resistance to ubiquitination by 

mK3. Clearly, this cannot be accommodated by a simple “recognition sequence” 

which is common to substrates of mK3, and instead requires a position-

dependent substrate recruitment mechanism. 

Future directions 

 Tapasin is a dedicated MHC class I chaperone and has been shown to 

localize to the Golgi and the ER (22,109).  Tapasin has been reported to 

associate with coat protein I (COPI), a protein responsible for the retrograde 

transport of molecules from the Golgi to the ER. The interaction of COPI and 

transport molecule is thought to occur through the molecule’s ER-retention signal 

(109). As stated in the introduction tapasin has such an ER-retention signal 

KKXX and has been shown to associate with COPI (109). Further, TAP and MHC 

class I are also shown to associate with COPI, but only in the presence of 

tapasin, indicating that tapasin acts to retrieve MHC class I to be reloaded with 

an optimal peptide (109).  

The studies above show ubiquitination of tapasin in the absence of mK3. 

These results have been confirmed in data not shown and raise the questions of 
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why is tapasin ubiquitinated? Interestingly, we typically observe mono or di-

ubiquitination of tapasin, which would indicate the ubiquitination, is for trafficking 

of tapasin. Further, we found that ubiquitination occurred even if the di-lysine 

motif was mutated to di-arginine indicating this ubiquitination most likely occurs 

on one of the two remaining cytoplasmic lysines. Studies aimed at deciphering 

the role of tapasin ubiquitination would aid in understanding MHC class I 

trafficking as well as cellular trafficking mechanisms dictated by mono-

ubiquitination. 
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Discussion 

 The substantial data pointing to an association of mK3 with TAP/tapasin 

coupled with adapter-mediated substrate selection function of these proteins 

makes defining the mK3/TAP interaction imperative. Our initial results indicate an 

association of mK3 with TAP1 and tapasin, with increased association in the 

presence of TAP1/2 and tapasin. Further, the experiments we have set forth will 

unveil the exact subunit(s) needed for stable mK3 expression as well as enhance 

our understanding of the residues of mK3 and TAP involved in binding. Again, 

due to the definition that exists for mK3 mechanisms we can apply the data 

revealed concepts to guide the study of cellular ligase interactions. The proximity 

model supported by the work in this dissertation defines the ability of mK3 to 

ubiquitinate HC as dependent on the interaction between mK3 and TAP/tapasin. 

Therefore defining how mK3 interacts with TAP/tapasin will i) expand our 

understanding of ER associated ubiquitin ligases ii) enhance our understanding 

of how mK3 targets HC and iii) enable us to define other interactions essential to 

mK3 ubiquitination.  

Using the mK3 system, we directly tested a model of substrate selectivity 

during ERAD wherein the complex of proteins in the ER membrane with which 

mK3 is associated (the peptide-loading complex) serves to deliver substrates to 

the RING domain of mK3 for ubiquitination.  We show that proteins with no 

sequence homology to class I HC (our Tβ2m chimeras) can be targeted for 

ubiquitination if recruited into the peptide-loading complex.  However, mK3 
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requires some core sequence features of its substrates (class I HC and Tβ2m) in 

order to mediate ubiquitination.  This indicates that substrate recruitment 

(adapter-mediated) positions potential target molecules in a favorable orientation 

with respect to the RING domain of the ligase, but that the E3 ligase has 

additional specific requirements for ubiquitination.  Overall, contrary to the initial 

presumption that mK3 is a “single-subunit” E3 ligase, it is clear that adapter 

molecules play an essential role in substrate recruitment. 

This requirement for adapter (or cofactor) proteins in substrate recruitment 

is somewhat suggestive of multi-subunit E3 ligases.  Probably the best 

understood multi-subunit E3 ligases are the Cullin-RING Ligases (sometimes 

referred to as SCF ligases; Skp, cullin, F-box protein) (110,111). Structural 

analyses demonstrate that the spatial array of these proteins along the cullin 

scaffold serves to position the substrate such that specific lysine residues are 

placed in the immediate vicinity of the ligase subunit to permit ubiquitination of 

diverse targets (111-117).  This is supported by the finding that F-box proteins 

can be engineered to interact with new proteins and target them for destruction 

by SCF ligases (118).  Thus, analogous to what we demonstrate for mK3, proper 

recruitment of the substrate with respect to the RING domain of the ligase 

subunit is critical for selectivity.  This mechanism permits the ubiquitination of 

disparate substrates, while simultaneously regulating/restricting ligase activity 

toward desired target proteins.  However, the well-ordered SCF complexes may 

represent the extreme end of the spectrum, whereas mK3 and other E3 ligases 
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of the ER membrane may be more dynamic in their interactions with cofactors 

that facilitate substrate recruitment. 

The peptide-loading complex clearly selects substrates for mK3-mediated 

ubiquitination, allowing only those proteins, which associate, in a similar 

orientation as class I HC to be ubiquitinated. However, mK3 must recognize the 

substrate to complete the targeted degradation; the substrate must possess a 

cytosolic tail, and must have an ubiquitin acceptor residue (serine, threonine or 

lysine). Indeed, using HC it was shown that ubiquitination occurs when the 

ubiquitin acceptor residue is located close to the C-terminus and not when it is 

membrane proximal (78,79).  Kaposi’s sarcoma herpesvirus encodes two 

ubiquitin ligases (kK3 and kK5) that act to downregulate immune molecules at 

the cell surface, targeting them for lysosomal degradation.  Data show that kK5 

will optimally downregulate a substrate when the ubiquitin acceptor residue 

(lysine or cysteine) is proximal to the transmembrane domain, while the converse 

is true for kK3 (46).  While the specific E3 imposed substrate requirements are 

unknown for most cellular ERAD E3, further studies will most likely reveal similar 

requirements specific to each E3, which would provide yet another checkpoint 

ensuring proper targeting.   

 Evidence for the pivotal role of adapter complexes in substrate recruitment 

by cellular ERAD E3 ligases is rapidly expanding.  Probably the best 

characterized ERAD E3 is Hrd1 (also called Der3) involved primarily in the 

degradation of ER lumenal and membrane substrates (51).  There are some 
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interesting parallels between Hrd1 and mK3, including the fact that Hrd1 has an 

obligatory binding partner, an ER localized transmembrane protein, Hrd3 (SEL1L 

in mammals) that is required for stable expression of Hrd1 (52).  Since, like all 

ERAD E3 ligases, the ligase domain of Hrd1 is cytosolic, a mechanism must 

exist to expose lumenal substrates to the ligase.  In some cases, recognition of a 

potential substrate is mediated by ER resident lectins (54,55).  These lectins 

recognize modified N-linked glycans (56,57) and include Yos9 in yeast and OS-9 

and XTP3-B in mammals (58-61).  These lectins interact with substrates either 

directly or via molecular chaperones (i.e. GRP94) and SEL1/Hrd3 (61).  Thus, 

SEL1/Hrd3 bridges substrates and the ligase, highlighting the varied roles of 

adapter proteins in substrate selection.  

 Beyond ERAD, our findings with mK3 raise the question of whether 

adapter complexes are involved in substrate recruitment for other viral and 

cellular RING-CH proteins. It is notable that the list of molecules known to be 

targeted by the kK5 protein of Kaposi’s Sarcoma Herpesvirus continues to grow 

(119,120), yet most of these substrates share no obvious sequence relationship.  

It seems plausible that a mechanism exists to localize kK5 with its substrates and 

position them so that the RING-CH domain of kK5 can ubiquitinate the cytosolic 

domains of these targets.  In addition to viral E3 ligases, similar concepts may be 

invoked for substrate selection by endogenous cellular RING-CH molecules. The 

MARCH proteins were discovered recently by virtue of their similarity to the viral 

RING-CH proteins, and these E3 ligases have been implicated in many cellular 
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processes including antigen presentation by the immune system (89,119).  In the 

case of MARCH-I and MARCH-VIII, it has been demonstrated these proteins 

downregulate the surface expression of multiple, unrelated substrates including 

MHC class II, CD86, and Fas (121-123). It will be interesting to see whether 

adapter complexes are utilized by these E3 ligases to recruit their substrates.   

In summary, the mK3 system afforded the opportunity to probe the basis 

for substrate recruitment during ERAD.  We find that the peptide-loading complex 

serves to deliver the class I HC to the RING domain of mK3 for ubiquitination.  

Since MHC class I heavy-chains exhibit sequence variability in their cytosolic 

domains, this mechanism imparts specificity for class I without a requirement for 

direct binding by mK3 to each allelic class I gene product.  This concept may 

help to explain the ability of other E3 ligases to target the degradation of multiple, 

seemingly unrelated substrates.  
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