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ABSTRACT 

From virology to cell biology, 
understanding unconventional ubiquitination 

 
by 
 

Veronica Gina Anania 
 

Doctor of Philosophy in Molecular and Cell Biology 
 

University of California, Berkeley 
 

Professor Laurent Coscoy, Chair 
 
 
 

Kaposi sarcoma-associated herpesvirus (KSHV) encodes for MIR2, a RING-
finger E3 ubiquitin ligase that mediates ubiquitination and degradation of cellular 
proteins important for the establishment of an efficient antiviral immune response. How 
MIR2 targets its cellular substrates is poorly understood. I found that palmitoylation, a 
post-translational modification, is important for MIR2 function and is required for 
interaction with a subset of its substrates. Palmitoylation may act to regulate MIR2 
function and localization during viral infection by allowing MIR2 to gain greater access 
to immunostimulatory molecules localized to lipid rafts; specialized subcellular 
compartments known to be important for immune cell activation.  

 
 The molecular mechanisms involved in MIR-mediated ubiquitination of cellular 

substrates have not been well characterized. Ubiquitination is a highly conserved process 
known to be involved in a wide range of cellular pathways. This modification involves 
the covalent attachment of an ubiquitin molecule directly to the amino group of a 
substrate lysine. Our lab recently showed that the MIR proteins can ubiquitinate substrate 
molecules on non-lysine residues, a process now referred to as unconventional 
ubiquitination. I investigated whether this was a unique property of the MIR proteins or if 
this is a property shared among many E3 ubiquitin ligases. Interestingly, I identified a 
cellular E3 ubiquitin ligase (Hrd1) that can also perform unconventional ubiquitination in 
a globally used pathway (ER-Associated Degradation pathway). Altogether, these results 
strongly suggest that unconventional ubiquitination is more prevalent than once thought, 
and may be necessary to ensure the degradation of a highly diverse array of substrates, 
especially when lysine residues are inaccessible. 
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INTRODUCTION 

   

The Herpesviridae family of viruses have been evolving and cospeciating with 
their hosts for millions of years (McGeoch et al., 1995). Eight herpesviruses have been 
identified that infect humans with variable levels of seroprevalence among the human 
population; see Table 1-1. In healthy individuals, herpesviruses can cause a variety of 
diseases that are typically not life threatening. However, both human  γ−herpesviruses 
identified thus far are known to cause cancer, especially in immunocompromised 
individuals. This study focuses on the γ2−herpesvirus Kaposi’s sarcoma-associated 
herpesvirus (KSHV, HHV-8), which causes lifelong infection of its host. Study of this 
virus provides a unique opportunity to understand sophisticated immune evasion 
strategies and to elucidate poorly understood cellular pathways. 

KSHV Pathogenesis 

KSHV is endemic to certain parts of the Mediterranean and parts of sub-Saharan 
Africa. For an immunocompetent host, there is minimal disease associated with KSHV 
infection. However, for immunocompromised individuals, such as those affected by HIV 
or organ transplant recipients, KSHV infection can lead to several different diseases. The 
most common is Kaposi’s sarcoma (KS), an aggressive and often lethal connective tissue 
tumor. KSHV is also the causative agent of two lymphoproliferative disorders: primary 
effusion lymphoma and multicentric Castleman’s disease (Cesarman E, 1999). Since 
there is currently no cure for KSHV, treatment strategies are generally aimed at treating 
the underlying cause of immunosuppression. With the advent of HAART to treat HIV-
infected patients, KSHV-associated death has drastically declined, however, KS remains 
one of leading causes of cancer in several African countries because HAART is still 
prohibitively expensive (reviewed in (Orem et al., 2004)).  

Molecular Biology of KSHV 

Kaposi’s sarcoma-associated herpesvirus (KSHV) is a large, double stranded 
DNA γ2-herpesvirus. Upon infection, the virus establishes latency in lymphocytes where 
it restricts viral gene expression to only a few proteins. These latent viral proteins are 
required to maintain the virus as a circular piece of DNA called an episome in the host 
cell nucleus (Ballestas et al., 1999). The ability to suppress production of viral proteins 
during latency is beneficial for the virus because it prevents presentation of viral antigens 
on major histocompatability complex I (MHC-I), thus allowing the virus to evade 
immune detection. During latency, generally no immune suppression is required for 
maintenance of the viral episome and no productive virions are formed.  Various cellular 
signals such as inflammation or stress can cause the virus to lytically reactivate, which is 
followed by rampant viral replication, full viral gene expression, virion production, and 
eventually host cell lysis.  

The virus encodes 87 open reading frames (ORFs), most of which are only 
expressed during the lytic cycle. These genes are thought to be copies of cellular genes, 
stolen and manipulated by the virus, in order to effectively evade the immune system. For 
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instance, KSHV has genes that encode for proteins with strong homology to the cellular 
complement-binding protein, IL-6, interferon regulatory factors, Bcl-2, G-protein coupled 
receptor, Flice inhibitory protein (FLIP), and membrane-associated RING-CH (MARCH) 
proteins (reviewed in (Coscoy, 2007). Many of these genes are thought to interfere with 
cellular tumor-suppressor pathways, and while the genes themselves are unique to 
KSHV, other oncoviruses have evolved mechanisms to inhibit other aspects of the same 
cellular pathways, presumably because it is required for oncogenesis. 

KSHV Strategies of Immune Evasion  

KSHV is a persistent virus that has developed many different strategies to evade 
detection by the host immune system. During the lytic cycle, many viral proteins 
facilitate viral subversion by suppressing the innate immune response. For example, 
KSHV inhibits complement by encoding for KSHV complement proteins (KCP) that 
dampen the classical complement pathway by accelerating the decay of C3 convertase 
(Mark et al., 2004; Spiller et al., 2003a; Spiller et al., 2003b). KSHV also contains several 
of its genes that encode for proteins aimed at blocking interferon (IFN), a cytokine that is 
extremely important for triggering the immune system to activate protective defense 
mechanisms against an intracellular pathogen. The KSHV-encoded viral interferon 
response factors 1-4 (vIRFs 1-4) modulate the activity of p300, a regulator of 
transcriptional activation for many genes, including IFN-stimulated genes (Fuld et al., 
2006; Lin et al., 2001; Lubyova and Pitha, 2000; Moore et al., 1996). Additionally, the 
KSHV proteins ORF45 and RTA have both been shown to inhibit IRF7, thereby blocking 
production of type I IFNs (Yu et al., 2005; Zhu et al., 2002). KSHV has also been 
suggested to block IFN-induced cell-cycle arrest and encodes many genes known to play 
a role in blocking apoptosis (K1, vIL-6, vIAP, vBcl-2, ORF45, RTA, vIRF1, vIRF3, 
vFLIP, and LANA) (reviewed in (Coscoy, 2007)). 

In addition to avoiding or suppressing innate immune responses and preventing 
apoptosis, KSHV also targets several aspects of the adaptive immune response. The 
virally encoded chemokines viral CC-chemokine ligand 1, 2, and 3 (vCCL1-3) are 
thought to act as agonists of host chemokine receptors present on T helper 2 (Th2) cells 
and regulatory T cells (Moore et al., 1996; Nicholas et al., 1997; Sozzani et al., 1998; 
Stine et al., 2000). This could skew the immune response from a T helper 1 (Th1) cell 
response to a Th2 cell response, which is less effective against intracellular pathogens. 
Viral IL-6 (vIL-6), a homologue of IL-6, may be playing a similar role by inhibiting 
neutrophil infiltration and promoting Th2 cell responses (Diehl and Rincon, 2002; 
Fielding et al., 2005). K1 and K15 are thought to inhibit various aspects of B cell 
function, which substantially diminish any potential antibody-mediated immune response 
(reviewed in (Coscoy, 2007). In addition, KSHV also interferes with antigen presentation 
of MHC-I using two virally encoded E3 ubiquitin ligases Modulator of Immune 
Response 1 and 2 (MIR1 and MIR2), which are the focus of this study (Coscoy, 2007; 
Coscoy and Ganem, 2000).  

MHC-I Presentation and the MIR Proteins 

Since CD8+ cytotoxic T cells (CTLs) play a critical role in viral clearance, many 
viruses suppress antigen presentation on MHC-I as a way of avoiding CTL-mediated 
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killing. In the cytosol, peptides are generated from intracellular proteins by the 
proteasome. They are then transported into the ER via the transporter associated with 
antigen processing (TAP), and loaded onto MHC-I molecules. Loaded MHC-I molecules 
traffic to the cell surface where they can display a sampling of the cells intracellular 
milieu to CTLs. If CTLs detect a foreign peptide loaded on MHC-I, for example of viral 
origin, they can induce lysis of the infected cell in order to restrict viral replication. 
However, many virally encoded proteins, like the MIR proteins, interfere with MHC-I 
presentation, thus allowing the infected cell to remain invisible to CTLs. This CTL 
evasion strategy is likely necessary for KSHV pathogenesis by allowing the virus to 
avoid immune detection. In the murine model for KSHV, murine γ−herpesvirus 68 
(MHV-68), there is strong evidence that suggests the MIR homologue K3 is required for 
viral pathogenesis. A paper published in 2002 showed that a mutant MHV-68 virus that 
lacks K3 is deficient in its ability to establish latency (Stevenson et al., 2002). The K3-
deficient virus was not cleared more rapidly from the lung as compared to wild-type 
virus, suggesting that K3 is not required to establish a primary infection. Interestingly, the 
frequency of MHV-68-specific CTLs was increased in mice infected with K3-deficient 
virus and importantly, the deficiency in latently infected cells could be rescued by 
depleting CTLs. This strongly suggests that K3 plays an important role in CTL-evasion 
during viral latency expansion. Establishment of latency is thought to be critical for 
KSHV pathogenesis, and therefore, MIR-mediated CTL evasion is most likely essential 
for KSHV persistence. 

Molecular Biology of the MIR Proteins 

 The MIR proteins are transmembrane RING (Really Interesting New Gene) 
finger E3 ligases that mediate ubiquitination and downregulation of plasma membrane 
proteins involved in the immune response. They were discovered through a functional 
screen aimed at identifying which KSHV-encoded ORFs facilitate downregulation of 
MHC-I from the cell surface (Coscoy and Ganem, 2000). Both MIR1 and MIR2 are type 
III transmembrane proteins with a cytosolic N-terminus containing a variant RING finger 
(RING-CH), two transmembrane domains with a very small extracellular domain, 
followed by a cytosolic C-terminus that consists of putative cellular protein interaction 
domains (Coscoy and Ganem, 2003; Sanchez et al., 2002) (Figure 1-1A).  

Although MIR1 and MIR2 are homologous proteins, sharing >70% protein 
sequence identity, their substrate preference varies. MIR1 downregulates all human class 
I MHC (MHC-I), IFN-γR, and CD1d, whereas MIR2 downregulates a subset of MHC-I 
molecules (HLA-A and HLA-B), IFN-γR, CD1d, PECAM-1, ICAM-1, B7.2, BST-2, 
Syntaxin-4 and ALCAM (CD166) (Bartee et al., 2006; Coscoy and Ganem, 2000; 
Coscoy and Ganem, 2001; Ishido et al., 2000a; Ishido et al., 2000b; Li et al., 2007; 
Mansouri et al., 2006; Mansouri et al., 2009; Sanchez et al., 2005). The immunological 
relevance of some of these substrates is not obvious, and further investigation is required 
to determine their effect on KSHV pathogenesis.  

There are many viral and cellular homologues of the MIR proteins, and those that 
have been studied function similarly to MIR1 and MIR2 (reviewed in (Nathan and 
Lehner, 2009)), see Table 1-2. It is thought that the MIR proteins associate with substrate 
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molecules at the plasma membrane via transmembrane-transmembrane domain 
interactions. After the target has been selected, the MIR proteins can recruit other factors 
necessary for inducing ubiquitination and degradation of the substrate. Interestingly, 
some of viral and mammalian homologues of the MIR proteins display similar 
localization and substrate specificity to MIR1 and MIR2. For example, overexpression of 
two mammalian homologues, MARCH IV and MARCH IX, results in downregulation of 
cell surface class I MHC (Bartee et al., 2004). Endogenous expression profiles of the ten 
mammalian homologues show distinct tissue specificity; however, their role in vivo is 
still unclear. Future investigation is required to determine if the general mechanism of 
MIR-mediated ubiquitination is conserved among the viral and cellular MIR homologues.  

Mechanisms of Ubiquitination  

Ubiquitination is a conserved and highly regulated process in all eukaryotic 
species (reviewed in (Clague and Urbe, 2010; Deshaies and Joazeiro, 2009; Schulman 
and Harper, 2009; van Wijk and Timmers, 2010)). Through an ATP hydrolysis reaction, 
the C-terminal glycine residue of ubiquitin forms a thioester bond with the catalytic 
cysteine of the E1 enzyme. The activated E1 can then transfer ubiquitin to the active 
cysteine residue of an E2 enzyme. RING finger E3 ligases, such as the MIR proteins, 
mediate the transfer of ubiquitin from an E2 directly to the substrate. There are two main 
types of E3 ligases; HECT domain E3 ligases and RING finger E3 ligases. HECT domain 
E3 ligases interact with an E2 enzyme and capture the activated ubiquitin moiety, then 
directly ubiquitinate their substrate molecule. Conversely, RING finger E3 ligases, such 
as the MIR proteins, never actually form a bond with ubiquitin. Instead, they mediate the 
transfer of ubiquitin from an E2 enzyme directly to the substrate. Thus, by providing 
substrate specificity, E3 ligases act as key regulatory determinants for the ubiquitination 
reaction (illustrated in Figure 1-2). 

The general model for MIR-mediated downregulation of substrate molecules has 
been studied extensively and Figure 1-1B illustrates our functional model. The MIR 
proteins interact with their substrates via transmembrane-transmembrane interactions 
while simultaneously interacting with an E2 enzyme (Coscoy and Ganem, 2003). Some 
reports have suggested that MIR1 and MIR2 utilize the E2s UbcH13 and Ubc5 (Boname 
et al., 2010; Duncan et al., 2006), although this result remains somewhat controversial, as 
we could not reproduce it in our laboratory. Once association between the MIR proteins, 
the E2 enzyme, and the substrate has been established, the MIR proteins facilitate 
ubiquitination of the substrate on the intracytoplasmic tail, usually on lysine residues. 
After the substrate has been polyubiquitinated, it is recognized by the cellular endocytosis 
machinery, it is endocytosed, sorted through the multi-vesicular body, and targeted for 
degradation via the lysosome. Several cellular adaptors have been shown to be required 
for MIR-mediated degradation, specifically, dynamin, epsin1 and hepatocyte growth 
factor-regulated tyrosine kinase substrate (HRS) have been implicated in trafficking MIR 
substrates towards the lysosome (reviewed in (Coscoy, 2007)). MIR-mediated 
degradation presumably requires the concerted action of many more cellular proteins, and 
with the advancements made in both siRNA whole library screening and mass-
spectrometry, it is likely that many will be identified and characterized in the next few 
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years.  

Palmitoylation and its effect on MIR2 

 Although the MIR proteins were discovered over a decade ago, several 
fundamental questions remain unanswered. For instance, a major focus of MIR-related 
research has focused on determining how the MIR proteins target their substrates. It has 
been reported that the MIR proteins function in a post-golgi compartment, and up until 
recently it was thought that both MIR1 and MIR2 function similarly at the plasma 
membrane. Surprisingly, however, I discovered that MIR2 is post-translationally 
modified with palmitic acid, whereas MIR1 is not. Palmitoylation is a type of fatty acid 
modification in which palmitic acid is attached to sulfur atoms of cysteine residues, 
making polypeptides more hydrophobic. This increase in affinity for more hydrophobic 
regions of the plasma membrane is believed to be important for targeting proteins to lipid 
rafts (reviewed in (Linder and Deschenes, 2007)). Lipid rafts are cholesterol rich sub-
domains of the plasma membrane that serve as organizing centers for immunostimulatory 
molecules, especially after immune activation. We have shown that MIR2 palmitoylation 
is important for its ability to interact with and ubiquitinate a subset of its substrates, 
including MHC-I (described in detail in chapter 2, (Anania and Coscoy, 2011)). Our 
results suggest that MIR2 may be palmitoylated as a means of accessing 
immunostimulatory molecules localized to specialized compartments of the plasma 
membrane. 

Unconventional Ubiquitination and the MIR Proteins 

In addition to the MIRs ability to dampen the immune response by causing the 
degradation of a wide range of substrates, they also possess the unique ability to 
ubiquitinate non-lysine residues (Cadwell and Coscoy, 2005). Ubiquitination of 
substrates was long thought to occur exclusively on lysine residues, forming an 
isopeptide bond between the amino group of lysine and the C-terminus of ubiquitin. 
However, previous work from our laboratory demonstrated that in the absence of 
intracytoplasmic lysine residues, MIR1 is capable of mediating the degradation of MHC-I 
via a cysteine residue present in the intracytoplasmic tail, presumably through the 
formation of thioester bonds (Cadwell and Coscoy, 2005). In this study, we provide 
evidence that in addition to ubiquitinating lysine and cysteine residues, MIR1 can also 
ubiquitinate serine and threonine residues, although to a lesser extent (See Chapter 3).  

The discovery that MIR1 can mediate unconventional ubiquitination was initially 
controversial, however, since it was first published in 2005, several specific examples of 
non-lysine ubiquitination have been reported. In 2007, Wang et al. demonstrated that the 
MIR homologue K3 could facilitate ubiquitination of serine and threonine residues 
present in the intracytoplasmic domain of MHC-I in the ER (Wang et al., 2007). 
Interestingly, they later showed that the ability of K3 to ubiquitinate serine and threonine 
residues is dependent upon the E2 enzyme Ube2j2, which may in fact prefer serine and 
threonine ubiquitination over conventional lysine ubiquitination (Wang et al., 2009). 
These results demonstrated that the ability to unconventionally ubiquitinate substrates is 
not unique to KSHV, but that other herpesviruses utilize this ability as well. 
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Cellular Examples of Unconventional Ubiquitination 

Since the MIR proteins are thought be pirated cellular genes, unconventional 
ubiquitination is unlikely to be unique to virally encoded E3 ligases. Several instances of 
cellular unconventional ubiquitination have been described in the literature. For example 
in yeast, the yeast protein Pex5p has been reported to be ubiquitinated on both a lysine 
and a cysteine residue. Pex5p is a peroxisomal protein import receptor that is modified by 
ubiquitin both in an Ubc4p-dependent and -independent manner. It has been shown that 
while the E2 enzyme Ubc4p ubiquitinates two lysine residues, the E2 enzyme Pex4p 
(Ubc10p) monoubiquitinates a conserved cysteine residue on Pex5p, and this cysteine 
ubiquitination is required for Pex5p function (Williams et al., 2007). Intriguingly, this 
process is conserved in mammalian cells, as mammalian Pex5p is also 
monoubiquitianated on a cysteine residue by a Pex4p homologue, UbcH5a/b/c (Carvalho 
et al., 2007). In both yeast and mammals, the E3 ligase responsible for facilitating this 
ubiquitination is still unknown. 

Another interesting example of unconventional ubiquitination known to occur in 
mammalian cells is Bid. Bid is a pro-apoptotic member of the BCL-2 family and is 
important for the regulation of programmed cell death. Interestingly, apoptosis induced 
by Bid has been shown to be dependent upon unconventional ubiquitination. In order for 
Bid to become activated, proteolytic cleavage of its unstructured loop is required. This 
cleavage event creates an activated BH3 domain containing C-terminal fragment (tBid-C) 
and a small N-terminal fragment (tBid-N). While tBid-C is required for activating 
caspase cleavage, tBid-N must be degraded despite the fact that it contains no lysine 
residues. Tait et al. showed that this ubiquitination occurs on either cysteine, serine, or 
threonine residues, however the E3 ligase responsible was not identified (Tait et al., 
2007). 

Until recently, no cellular E3 ligase had been definitively shown to ubiquitinate 
non-lysine residues. Because several examples of cellular unconventional ubiquitination 
had been reported, we were confident in the existence of cellular E3 ligases capable of 
facilitating unconventional ubiquitination. We reasoned that perhaps this phenomenon 
had been missed due to preferential ubiquitination on lysine residues. In order to identify 
a cellular E3 ligase capable of ubiquitinating non-lysine residues, we decided to focus on 
the ER-associated degradation pathway (ERAD) mainly because there are only a few E3 
ligases responsible for the degradation of an extremely diverse array of substrates.  

The ER-associated Degradation Pathway (ERAD) 

 ERAD is a cellular pathway responsible for disposing of a broad range of nascent, 
misfolded proteins from the ER. As transmembrane or secreted proteins are translated 
they are cotranslocated via the heterotrimeric Sec61 complex into the ER (Meusser et al., 
2005). Once in the ER these proteins interact with foldases, molecular chaperones, the 
lectins calnexin, calreticulin, Mnl1p/Htm1p/ER degradation-enchancing a-mannosidase-
like protein (EDEM), as well as N-linked oligosaccharide processing enzymes that aid 
the nascent protein in folding properly (Schroder and Kaufman, 2005). If this occurs in a 
timely fashion, these proteins are allowed to continue on through the secretory pathway, 
and can carry out their cellular function. Since protein folding is an imperfect process, 
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many proteins are misfolded and must be targeted for degradation from a pre-Golgi 
compartment by the ubiquitin-proteasome system (UPS). 

Most of the ERAD machinery is localized to the ER membrane and substrate 
ubiquitination is thought to be fundamental to the ERAD process (Figure 1-3A). 
Defective proteins are retrotranslocated out of ER and into the cytoplasm through a 
putative channel, most likely Hrd1 for glycosylated proteins, and complete membrane 
dislocation is accomplished with the help of the AAA ATPase Cdc48/p97 (Carvalho et 
al., 2010). Once on the cytoplasmic side of the ER, doomed proteins are 
polyubiquitinated on lysine residues generally mediated by one of several ERAD RING-
domain E3 ligases: Hrd1/Synoviolin, Teb4/MARCH VI/DOA10, TRC8 and 
gp78/RNF45/AMF (Kostova et al., 2007). Ubiquitin binding proteins, such as Ufd2 (a so-
called E4), Ufd3 (function still unknown), Otu1 (a deubiquitinating enzyme (DUB)), and 
Rad23/Dsk2 escort ubiquitinated substrates to the proteasome for degradation 
(Nakatsukasa and Brodsky, 2008).  

T cell Receptor α (TCRα) Is A Model Substrate For ERAD 

There are a variety of model ERAD substrates that have ben used to probe various 
aspects of the ERAD pathway. TCRα has been used to study ERAD for decades because 
when it is expressed in non-T cells, it cannot fold properly due to the lack of TCRβ and 
CD3, therefore, the majority of TCRα is targeted for degradation via ERAD (Yu et al., 
1997; Yu and Kopito, 1999) (Figure 1-3B). Surprisingly, a mutant TCRα lacking lysine 
residues is still targeted for degradation by the ERAD pathway (Yu et al., 1997), although 
the mechanism by which this occurs was still unclear. In this study, we show that lysine-
less TCRα is ubiquitinated on internal residues in an Hrd1-dependent manner (described 
in detail in Chapter 3). Interestingly, mass spectrometry indicates that wild-type TCRα is 
ubiquitinated on lysine residues within the ecto-domain. Together these data indicate that 
Hrd1 conjugates ubiquitin to TCRα, in the presence or absence of lysine residues. Our 
results indicate that unconventional mechanisms are in place, in order to ensure the 
degradation of certain substrates even in the absence of available lysine residues. 
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Table 1-1: List of Human Herpesviruses 

Herpesvirus Subfamily Target Cell 
Type 

Latency Transmission 

Herpes simplex 
virus-1, (HHV-1) 

Alpha Mucosal 
epithelial 

Neuron Close contact 

Herpes simplex 
virus-2, (HHV-2) 

Alpha Mucosal 
epithelial 

Neuron Sexual 
contact 

Varicella zoster, 
(HHV-3) 

Alpha Mucosal 
epithelial 

Neuron Respiratory 
and close 
contact 

Epstein-Barr 
virus, (HHV-4) 

Gamma B cells and 
epithelial 

B cells Saliva 

Cytomegalovirus, 
(HHV-5) 

Beta Monocytes, 
B cells, 
epilthelial 

Monocytes,  
Lymphocytes 

Contact, 
blood, 
congenital 

Roseolavirus, 
(HHV-6) 

Beta T cells and 
other 

T cells Contact, 
respiratory 

Roseolavirus, 
(HHV-7) 

Beta T cells and 
other 

T cells Unknown 

Kaposi’s 
sarcoma-
associated 
herpesvirus, 
(HHV-8) 

Gamma Endothelial 
and other 

B cells Unknown, 
saliva? Sexual 
contact? 
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Table 1-2: Membrane-associated RING-CH (MARCH) proteins 

MARCH protein Origin Substrates 
MIR1 Viral, KSHV MHC-I, CD1d, IFN-

γR 
MIR2 Viral, KSHV HLA-A and HLA-B, 

IFN-γR, CD1d, 
PECAM-1, ICAM-1, 

B7.2, BST-2, 
Syntaxin-4 and 

ALCAM (CD166) 
mK3 Viral, MHV-68 MHC-I 
IE1 Viral, BHV-4 MHC-I 

ORF12 Viral, HVS Unknown 
RF3 Viral, RFHV Unknown 
R12 Viral, RHVP Unknown 
LAP Viral, LSDV MHC-I, CD4 
N1R Viral, Shope Fibroma Unknown 

m153R Viral, Myxoma virus MHC-I, CD4 
C7L, LAP Viral, Swinepox Unknown 

5L Viral, YLDV Unknowm 
MARCH I Cellular B7.2, ICAM-I, MHC-

II 
MARCH II Cellular B7.2, ICAM-I, 

Transferrin Receptor 
MARCH III Cellular B7.2, ICAM-1 
MARCH IV Cellular CD81, MHC-I, CD4, 

A2.1, ICAM-1, B7.2 
MARCH V Cellular Unknown 

MARCH VI, Teb4 Cellular ERAD substrates 
MARCH VII Cellular Unknown 
MARCH VIII Cellular CD44, CD81, Bap31, 

Fas, A2.1, B7.2, 
ICAM-1, MHC-II 

MARCH IX Cellular MHC-I, CD4, A2.1, 
ICAM-I 

MARCH X Cellular Unknown 
MARCH XI Cellular Unknown 
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Table 1-2 Abbreviations: MIR1/2-Modulator of Immune Response 1/2, KSHV-Kaposi’s 
sarcoma-associated herpesvirus, MHC-I/II-Major Histocompatability Complex I/II, IFN-
γR-Interferon gamma receptor, PECAM-1- platelet/endothelial cell adhesion molecule, 
ICAM-1- Inter-Cellular Adhesion Molecule 1, BST-2- BST2 bone marrow- stromal cell 
antigen 2, ALCAM- activated leukocyte cell adhesion molecule, MHV-68-murine 
herpesvirus 68, IE1-immediate early gene1, BHV-4-bovine herpesvirus 4, HVS-
herpesvirus saimiri, RFHV- Retroperitoneal Fibromatosis-associated herpesvirus, RHVP- 
rodent herpesvirus Peru, LSDV- Lumpy skin disease virus, YLDV-Yaba-like disease 
virus, ERAD-Endoplasmic reticulum-associated degradation 
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Figure 1-1. MIR protein architecture and functional model 
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Figure 1-1. MIR protein architecture and functional model 

(A) MIR1 and MIR2 are type III transmembrane proteins that contain a cytosolic, 
catalytic RING-CH finger near the N-terminus, a small extracellular region, and a highly 
conserved region on the intracytoplasmic C-terminal tail. (B) MIR1 and MIR2 are 
thought to function by associating with their substrate at or near the plasma membrane 
via transmembrane-transmembrane interactions. They recruit an activated E2 enzyme via 
their RING-CH domain and then they facilitate the transfer of ubiquitin from the E2 
enzyme to the intracytoplasmic tail of a substrate molecule, generally on a lysine residue. 
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Figure 1-2. The steps of ubiquitination for a RING domain E3 ligase 
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Figure 1-2. The steps of ubiquitination for a RING domain E3 ligase 

Ubiquitination is a multi-step process. (A) In a reaction requiring ATP hydrolysis, the E1 
enzyme is conjugated to ubiquitin via a high-energy thioester bond. (B) The E1 enzyme 
can then transfer this high-energy thioester-linked ubiquitin moiety to an E2 ubiquitin-
conjugating enzyme. (C,D) RING domain E3 ligases simultaneously interact with an 
activated E2 enzyme via their RING domain and their substrates, thus providing substrate 
specificity. (E) RING domain E3 ligases subsequently facilitate the transfer of ubiquitin 
from the E2 enzyme to the substrate, generally onto lysine residues, thus forming an 
isopeptide bond. 
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Figure 1-3. Model of the ERAD pathway and using TCRα  as a model substrate to 
study ERAD 
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Figure 1-3. Model of the ERAD pathway and using TCRα  to study ERAD 

(A) Model of ERAD pathway. As transmembrane or secreted proteins are translated they 
are cotranslocated via the heterotrimeric Sec61 complex into the ER. Once in the ER 
these proteins interact with foldases, molecular chaperones, the lectins calnexin, 
calreticulin, EDEM, as well as N-linked oligosaccharide processing enzymes that aid the 
nascent protein in folding properly. If this occurs in a timely fashion, these proteins are 
allowed to continue on through the secretory pathway, and can carry out their cellular 
function. Defective proteins are retrotranslocated out of ER and into the cytoplasm 
through a putative channel, most likely Hrd1, and complete membrane dislocation is 
accomplished with the help of the AAA ATPase Cdc48/p97. Once on the cytoplasmic 
side of the ER, they are polyubiquitinated on lysine residues generally mediated by one 
of several ERAD RING-domain E3 ligases: Hrd1/Synoviolin, Teb4/MARCH VI/DOA10, 
TRC8 and gp78/RNF45/AMF and are then targeted for proteasomal degradation. (B) 
TCRα is a model substrate for ERAD. In cells that express TCRβ and CD3, such as T 
cells, TCRα is incorporated into the T cell receptor (TCR) which is stable, and therefore, 
it traffics to the plasma membrane. When it is expressed in non-T cells, it cannot fold 
properly due to the lack of TCRβ and CD3, therefore, the majority of TCRα is targeted 
for degradation via ERAD. 
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CHAPTER TWO 

Palmitoylation is required for MIR2 function 
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ABSTRACT 

 

Kaposi sarcoma-associated herpesvirus (KSHV) encodes two RING-finger E3 
ubiquitin ligases (MIR1 and MIR2) that mediate ubiquitination and degradation of 
cellular proteins important for the establishment of an efficient antiviral-immune 
response. MIR1 and MIR2 share thirty percent sequence identity, however, their substrate 
preferences are varied. MIR1 has been shown to primarily downregulate MHC-I, whereas 
MIR2 can downregulate a wide range of cell-surface proteins. Many of the MIRs 
substrates are thought to be present in lipid raft microdomains, a subregion of the plasma 
membrane known to be important for a wide range of signal transduction events. 
Palmitoylation is a post-translational modification that increases recruitment of 
transmembrane proteins to lipid rafts. In this study, we investigated the importance of 
palmitoylation for MIR function. We present evidence that MIR2-mediated 
downregulation of MHC-I and PECAM-1, but not other substrates, is inhibited in the 
presence of the drug 2-Bromohexadecanoic acid (2-Br), a chemical inhibitor of 
palmitoylation. Biochemical analysis indicates that MIR2 is directly palmitoylated on 
Cysteine 146. Mutation of this cysteine to a phenylalanine prevents MIR2 palmitoylation 
and blocks the ability of MIR2 to downregulate MHC-I and PECAM-I but not B7.2 and 
ICAM-I, consistent with the phenotype observed after 2-Br treatment. Unpalmitoylated 
MIR2 does not interact with MHC-I and is thus unable to ubiquitinate and downregulate 
MHC-I from the cell surface. Furthermore, we observed that MIR2 is palmitoylated in 
vivo during lytic infection. Palmitoylation may act to regulate MIR2 function and 
localization during viral infection by allowing MIR2 to properly interact with and 
downregulate multiple substrates known to play an important role in the host immune 
response.  
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INTRODUCTION 

 

Kaposi’s sarcoma-associated herpesvirus (KSHV) is a large, double stranded 
DNA γ2-herpesvirus that is the causative agent of Kaposi’s sarcoma as well as two 
lymphoproliferative disorders: primary effusion lymphoma and multicentric Castleman’s 
disease (Ganem, 1997; Whitby and Boshoff, 1998). KSHV is a persistent virus that 
devotes a large fraction of its genome to encode for proteins involved in immune evasion 
(Coscoy, 2007) . Two such viral products are the Modulator of Immune Responses 1 and 
2 (MIR1 and MIR2). These proteins are transmembrane RING finger E3 ligases that 
cause ubiquitination and downregulation of MHC-I molecules as well as other plasma 
membrane proteins involved in immune responses (reviewed in (Coscoy, 2007)). The 
MIR proteins are homologous to the Membrane-associated RING-CH protein family 
(MARCH) of E3 ubiquitin ligases (Lehner et al., 2005) found in a broad range of 
mammals (see Table 1-2).  

Ubiquitination is a conserved and highly regulated process in all eukaryotic 
species (reviewed in (Hicke and Dunn, 2003; Pickart, 2001)). Through an ATP 
hydrolysis reaction, the C-terminal glycine residue of ubiquitin forms a thioester bond 
with the catalytic cysteine of the E1 enzyme. The activated E1 can then transfer ubiquitin 
to the active cysteine residue of an E2 enzyme. RING finger E3 ligases, such as the MIR 
proteins, mediate the transfer of ubiquitin from an E2 directly to the substrate. Thus, by 
providing substrate specificity, E3 ligases act as key regulatory determinants for the 
ubiquitination reaction. MIR1 downregulates all human class I MHC (MHC-I), IFN-γR, 
and CD1d, whereas MIR2 downregulates a subset of MHC-I molecules (HLA-A and 
HLA-B), IFN-γR, CD1d, PECAM-1, ICAM-1, B7.2, BST-2, Syntaxin-4 and ALCAM 
(CD166) (Bartee et al., 2006; Coscoy and Ganem, 2000; Coscoy and Ganem, 2001; 
Ishido et al., 2000a; Ishido et al., 2000b; Li et al., 2007; Mansouri et al., 2006; Mansouri 
et al., 2009; Sanchez et al., 2005). Most of these substrates are known to reside in or, 
upon activation, are recruited to lipid rafts (Damjanovich et al., 1995; Kovacs et al., 
2005; Sardjono et al., 2006; Zhang et al., 2009), microdomains of the plasma membrane 
thought to be important for a wide range of signal transduction events including T cell 
and B cell activation. 

Post-translational modifications can target proteins to specific regions of the 
plasma membrane. Palmitoylation is a type of fatty acid modification in which palmitic 
acid is attached to sulfur atoms of cysteine residues, making polypeptides more 
hydrophobic. This increase in affinity for more hydrophobic regions of the plasma 
membrane is believed to be important for targeting proteins to lipid rafts (reviewed in 
(Linder and Deschenes, 2007)). Palmitoylation can occur either near a transmembrane 
region or on an intracytoplasmic cysteine where it acts as an anchor to secure the 
polypeptide in the membrane.  

We tested whether palmitoylation is important for MIR-mediated downregulation 
of their substrates. Interestingly, we found that while MIR1 does not require 
palmitoylation for proper function, palmitoylation is required for MIR2 to downregulate a 
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subset of its substrates, such as MHC-I. We observed that MIR2 is directly palmitoylated 
both in vitro and in vivo, and that this modification is required for MIR2 interaction with 
MHC-I. Palmitoylation may act to regulate MIR2 function and localization during viral 
infection, allowing MIR2 to properly interact with and downregulate multiple substrates 
known to play an important role in the host immune response. 
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MATERIALS AND METHODS 

 

Cell culture and reagents 

HEK293T cell line (number CRL-11268; American Tissue Culture Collection), 
SLK endothelial cell line (provided by Don Ganem, University of California, San 
Francisco, CA), Phoenix cells (number SD-3443, American Tissue Culture Collection), 
and HeLa S3 cells (number CCL2.2; American Tissue Culture Collection) were 
maintained in Dulbecco’s modified Eagle’s medium supplemented with 10% Fetal 
Bovine Serum and 100 μg/ml Penicillin/Streptomycin and transfected using Fugene HD 
(Roche) according to manufacturer’s instructions. TREx-BCBL1-Rta cell line (provided 
by Jae Jung, University of Southern California, Ca) was maintained in RPMI 1640 with 
10% Fetal Bovine Serum and 100μg/ml Penicillin/Streptomycin. This cell line is 
described in detail in (Nakamura et al., 2003).  

2-Bromohexadecanoic acid (2-Bromopalmitic acid, 2-Br) was purchased from 
Sigma Aldrich, cells were treated with 100μM 2-Br for 16 hours. N-ethylmaleimide 
crystalline was purchased from Sigma Aldrich. EZ-Link Biotin-BMCC, high capacity 
NeutrAvidin Agarose Resin, and hydroxylamine hydrochloride were purchased from 
Thermo Fisher Scientific.  

Plasmids 

pIRES2-EGFP is from BD Biosciences. pCR3.1 vectors expressing either MIR1 
or MIR2 fused to EGFP have been previously described (Sanchez et al., 2002). The 
MIR2 cysteine mutants were created by site-directed mutagenesis and cloned into 
pIRES2 EGFP using the BglII and SalI restriction sites. FLAG-tagged MIR2 and MIR2-
C146F were cloned into the BamHI and NotI sites of pMG hygro (provided by Michael 
Curran, University of California, Berkeley, CA) Cloning of pBMN B7.2 IN was 
previously described (Coscoy et al., 2001). PECAM-1 was amplified by PCR from HeLa 
cDNA using the forward (5’ 
ATGCAAGAAAACTCTTTCACAATCAACAGTGTTGAC 3’) and reverse (5’ 
CTAAGTTCCATCAAGGGAGCCTTCC 3’) primers. ICAM-1 was amplified by PCR 
from BJAB cDNA using the forward (5’ ATGCAGACATCTGTGTCCCCCTCA 3’) and 
reverse (5’ TCAGGGAGGCGTGGCTTGT 3’) primers. 3xFLAG tags were added to the 
N-terminus of PECAM-1 and ICAM-1 by overlap PCR and were then cloned into 
pQCXIN using the NotI and PacI restriction sites. pBMN HLA-A2 IN was created by 
amplifying HLA-A2 from pCDNA3.1 (+) HLA-A2 (Kikkert et al., 2001) using the 
forward (5’ CTAGGGATCCATGGCCGTCATGGCGCC 3’) and reverse (5’ 
CTAGGTCGACTCACACTTTACAAGCTGTGAGAGACACATC 3’) primers. The 
PCR product was digested with BamHI and SalI and ligated into pBMN IN. pBMN 
HLA-B7-IN construction was previously described (Coscoy et al., 2001).  

Transfection and Retroviral transduction  

HeLa, HEK293T, SLK and Phoenix cells were transfected using Fugene HD 
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(Roche) according to manufacturer’s instructions. Upon transfection with the retroviral 
vectors (pMG hygro, pBMN IN, or pQC IN) the Phoenix packaging cell line produces 
replication-defective viral particles that can be used to stably transduce mammalian cells. 
Phoenix cells were transfected, and the virus-containing supernatant was harvested 48 
hours after the transfection, filtered through a 0.45-µm filter, and diluted with Polybrene 
(4 µg/ml final dilution). HeLa cells were infected by spin infection (800g for 2 hours at 
20°C) using 2 ml of viral supernatant. Selection of transduced cells was started 36 hours 
after infection by adding 600μg/ml hygromycin B or 1500μg/ml G418 (neomycin).  

Immunoprecipitation, Western blot analysis, and antibodies 

 10-cm dishes of HeLa cells stably expressing vector, MIR2, or MIR2-C146F were 
grown to confluence, the medium was removed, and the plates were washed with PBS, 
then lysed in RIPA buffer (50 mM Tris pH 8, 150 mM NaCl, 1% Nonidet P-40, 0.5% 
sodium deoxycholate, 0.1% SDS, and anti-protease). For co-immunoprecipitation, a 
special lysis buffer was used (0.5% NP-40, 150 mM NaCl, 20 mM Tris pH 7.4, 10% 
glycerol, and protease inhibitor cocktail). The cells were scraped from the dishes and 
incubated at 4°C for 30 min. The lysates were cleared of debris by centrifuging in a 
microcentrifuge at 4°C for 20 min and incubated with 1 µg antibody (anti-MHC-I, anti-
B7.2, or anti-MIR2). The antibody-bound proteins were then incubated and precipitated 
with protein A/G+-agarose beads. The bound proteins were eluted with 25 µl loading 
buffer (31 mM Tris pH 6.8, 1% SDS, 0.002% Bromophenol Blue, 5% Glycerol and 5% 
β- mercaptoethanol). Samples were run on a 12% polyacrylamide gel and transferred to a 
PVDF membrane. Blots were probed with anti-Ubiquitin, anti-FLAG, anti-MHC-1 or 
anti-MIR2 antibodies. 

 For flow cytometry analysis, all antibodies were used at a concentration of 1 µg per 
106 cells. For Western blot analysis all antibodies were used at a dilution of 1/1,000. 
Phycoerythrin (PE)-conjugated anti-MHC-I (w6/32) was purchased from Dako, anti-B7.2 
(CD86) and anti-HLA-A2 were purchased from BD Pharmingen, anti-FLAG M2 
antibody was purchased from Sigma-Aldrich, anti- HLA-B7 was purchased from AbD 
Serotec, Goat F(ab’) anti-mouse IgG R-PE was purchased from Caltag laboratories, anti-
Ubiquitin (P4D1) and Protein A/G+- Agarose were purchased from Santa Cruz 
Biotechnology, anti-MHC-I (HC10) was a gift from Dr. Hidde Ploegh and anti-MIR2 
was a gift from Dr. Klaus Früh.  

Biotin-switch Assay 

This technique has been previously described in (Drisdel and Green, 2004; Wan 
et al., 2007). After transfection of HEK293T cells, total cell lysates were treated with 
25mM N-ethylmaleimide to block free sulfhydral groups on unmodified cysteine residues 
for 30 min on ice. Lysates were cleared by microcentrifugation at maximum speed for 20 
min at 4°C. The lysate was treated (+) or untreated (-) with 600 mM hydroxylamine (pH 
7.4) to remove palmitate. Free cysteines were then biotinylated with 300µM biotin-
BMCC for 2 hours at 4°C. Biotinylated proteins were then precipitated with 100µl 
NeutrAvidin beads (Pierce) for 1 hour at 4°C. Samples were run on 12% polyacrylamide 
gels, transferred to PVDF and blotted with anti-FLAG or anti-MIR2. For in vivo studies, 
TREx BCBL1-Rta cells were activated 24 hours prior to cell lysis with 20 µg/ml phorbol 



24 

 

 

12-myristate 13-acetate (PMA), 1 µg/ml doxycycline, and 0.5 µg/ml ionomycin (all 
purchased from Sigma Aldrich). The same number of latent and activated cells (107 cells) 
were used in the assay.  
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RESULTS 

 

Palmitoylation is required for MIR2 function 

In order to investigate the role of palmitoylation in MIR-mediated downregulation 
of their substrates, HeLa cells stably expressing MIR1 or MIR2 were treated with the 
drug 2-Bromohexadecanoic acid (2-Br), a non-metabolizable analog of palmitate, known 
to block palmitoylation. MIR–mediated downregulation of MHC-I was examined by 
staining for surface MHC-I 24 hours after the addition of the drug. Remarkably, while 
MIR1 activity was unaffected by the presence of 2-Br, MIR2 downregulation of MHC-I 
was greatly inhibited (Figure 2-1A). Although MIR1 and MIR2 are thought to function 
similarly, our results suggest that palmitoylation is required for the function of MIR2, but 
not MIR1, highlighting a substantial difference between these two highly conserved E3 
ligases.  

 
We next examined the effect of 2-Br on several other MIR2 substrates. HeLa cells 

stably expressing FLAG-tagged PECAM-1, FLAG-tagged ICAM-I, or B7.2 were 
transfected with MIR2 fused to EGFP (MIR2-EGFP) or EGFP alone. Cells were then 
treated with 2-Br (or ethanol as a control) for 24 hours, and surface levels of PECAM-I, 
ICAM-I and B7.2 in GFP positive cells were examined by flow cytometry. We observed 
that in the presence of 2-Br, MIR2’s ability to downregulate its substrates varies: while 
B7.2 and ICAM-I downregulation was not (or modestly) affected, PECAM-I 
downregulation was completely abrogated (Figure 2-1B). These results indicate that 
MIR2 requires a functioning palmitoylation system to downregulate a subset of its 
substrates (MHC-I, PECAM-I).  

Substrate palmitoylation is not required for MIR2-mediated downregulation of 
MHC-I 

Next we addressed whether palmitoylation of the substrate itself is required for 
MIR2-mediated downregulation. MIR2 is known to downregulate only some MHC-I 
molecules: HLA-A and HLA-B, but not HLA-C. Furthermore, MIR2 downregulates 
HLA-B7 from the cell surface to a greater extent than HLA-A2 for reasons that still 
remain unclear (Figure 2-2A, data not shown). Studies of MHC-I palmitoylation have 
shown that HLA-A molecules do not have a cysteine residue in an optimal position for 
palmitoylation, and therefore are unpalmitoylated (Gruda et al., 2007). By contrast, HLA-
B proteins contain either one or two candidate cysteines, both of which are palmitoylated 
(Gruda et al., 2007). We tested whether downregulation of HLA-A and HLA-B by MIR2 
was affected differentially upon treatment with 2-Br. Figure 2-2A shows that in the 
presence of 2-Br, surface expression of both molecules was rescued to a similar extent 
(30% for HLA-A2, 38% for HLA-B7). This suggests that substrate palmitoylation is not 
responsible for the effect of 2-Br on MIR2. Additionally, we mutated the two cysteine 
residues in HLA-B7 that are known to be palmitoylated (cysteines 309 and 326 on the 
intracytoplasmic tail) (Gruda et al., 2007) and examined their contribution to MIR2 
downregulation. HeLa cells stably expressing HLA-B7, HLA-B7-C309W, or HLA-B7-
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C309W C326S were transfected with MIR2-EGFP and HLA-B7 surface expression was 
analyzed by flow cytometry. All three HLA-B7 molecules were expressed to similar 
levels and were downregulated from the cell surface by MIR2 to the same extent (Figure 
2-2B). Our results indicate that MIR2 is capable of downregulating HLA-B7 in the 
absence of palmitoylation, providing additional evidence that substrate palmitoylation is 
unnecessary for MIR2-mediated downregulation.  

 
MIR2 is palmitoylated on Cysteine 146 

We next examined whether MIR2 is directly palmitoylated using the biotin-switch 
assay (Drisdel and Green, 2004; Wan et al., 2007). This assay specifically biotinylates 
proteins that are palmitoylated in a cellular lysate. Biotinylated proteins are 
immunoprecipitated and the presence of the protein of interest in the immunoprecipitate 
is determined by Western blot. 293T cells were transfected with FLAG-tagged MIR1 or 
FLAG-tagged MIR2, lysates were subjected to the biotin-switch assay and the presence 
of MIR1 or MIR2 was determined using an anti-FLAG antibody. Our results indicate that 
while both MIR1 and MIR2 are expressed in cellular lysates (Figure 2-3A, right panel), 
only MIR2 is palmitoylated (Figure 2-3A, left panel).  

Upon examination of the MIR2 sequence, we identified three cysteines (Cys 104, 
Cys 129, and Cys 146) that were located within, or close to, the transmembrane regions, 
and thus were likely candidates for palmitoylation. These residues were notably absent 
from MIR1 (Figure 2-3B). We individually mutated these three cysteines to the cognate 
amino acid found in the transmembrane regions of MIR1, in an attempt to minimize 
transmembrane perturbation. HeLa cells were transfected with wild-type MIR2, MIR2-
C104A, MIR2-C129V, or MIR2-C146F fused to EGFP and cell surface expression of 
MHC-I was examined by flow cytometry. While MIR2-C104A and MIR2-C129V were 
able to downregulate MHC-I to the same extent as wild-type MIR2, MIR2-C146F was 
substantially inhibited (Figure 2-3C).  

We further examined the ability of MIR2-C146F to downregulate additional 
MIR2 substrates. HeLa cells stably expressing FLAG-tagged PECAM-1, FLAG-tagged 
ICAM-I, or B7.2 were transfected with MIR2-EGFP, MIR2-C146F-EGFP, or EGFP 
alone. Cell surface levels of MIR2 substrates were examined by flow cytometry 24 hours 
after transfection. In addition to its inability to downregulate MHC-I, MIR2-C146F was 
unable to downregulate PECAM-I, whereas B7.2 and ICAM-I downregulation was 
unaffected (Figure 2-3D). Altogether, these results support the data obtained with 2-Br 
treatment (Figure 2-1) and further suggest that MIR2 is palmitoylated on Cys 146. 

Next we examined which MIR2 cysteine mutants were palmitoylated using the 
biotin-switch assay. 293T cells transfected with FLAG-tagged MIR2, MIR2-C104A, 
MIR2-C129V, MIR2-C146F were lysed and subjected to the biotin-switch assay. 
Palmitoylated proteins were precipitated using NeutrAvidin beads and the presence of 
MIR2 or the MIR2 mutants in the precipitate was determined by Western blot using an 
anti-FLAG antibody (Figure 2-3E, left panel). As a control, FLAG expression in lysate 
samples was also examined by Western blot to verify that MIR2 and the MIR2 mutants 
were expressed to the same extent (Figure 2-3E, right panel). Our results indicate that 
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while MIR2, MIR2-C104A, and MIR2-C129V are palmitoylated, MIR2-C146F is not. 
These results indicate that MIR2 is palmitoylated on Cys 146 and that palmitoylation is 
important for MIR2-mediated degradation of a subset of its targets.  

Palmitoylation of MIR2 is required for its ability to ubiquitinate MHC-I 

Our previous data indicate that MIR2-C146F is defective in its ability to 
downregulate MHC-I from the cell surface. We next determined whether this defect was 
due to an inability of MIR2 to ubiquitinate MHC-I, or whether the defect was 
downstream of ubiquitination, such as MHC-I endocytosis and degradation. Lysates from 
HeLa cells expressing MIR2 or MIR2-C146F were immunoprecipitated with an anti-
MHC-I antibody. MHC-I ubiquitination status was determined by Western blot using an 
anti-ubiquitin antibody (Figure 2-4A, top left panel). In addition, HeLa cells stably 
expressing B7.2 were transfected with MIR2 or MIR2-C146F and immunoprecipitated 
with an anti-B7.2 antibody to examine the ubiquitination status of B7.2 (Figure 2-4A, top 
right panel). FLAG-MIR2 and FLAG-MIR2-C146F were also immunoprecipitated from 
the same cellular lysates with an anti-FLAG antibody and FLAG expression was 
examined by Western blot to verify equal expression levels (Figure 2-4A, bottom panels). 
As shown in Figure 2-4A, we observed that MHC-I is poorly ubiquitinated in cells 
expressing MIR2-C146F, in contrast to MHC-I immunoprecipitated from cells expressing 
MIR2. However, B7.2 is ubiquitinated by both MIR2 and MIR2-C146F to a similar 
extent. These data indicate that downregulation of MIR2 substrates from the cell surface 
by MIR2-C146F is associated with its ability to ubiquitinate its substrate. This suggests 
that MIR2 palmitoylation directly correlates with MIR2’s ability to ubiquitinate its 
substrate and therefore, to carry out its function as an E3 ligase. 

Palmitoylation is required for MIR2 to interact with MHC-I 

The inability of MIR2-C146F to ubiquitinate MHC-I could result from an 
inability of MIR2 to directly interact with its substrate, or an inability of MIR2 to interact 
with proteins important for substrate ubiquitination, for instance, an E2-conjugating 
enzyme. In order to determine if MIR2-C146F is still able to interact with MHC-I, HeLa 
cells stably expressing FLAG-tagged MIR2 or FLAG-tagged MIR2-C146F were lysed, 
subjected to immunoprecipitation with an anti-FLAG antibody, and the presence of co-
immunoprecipitating MHC-I was examined using an anti-MHC-I antibody (Figure 2-4B, 
top panel). Blots were stripped and reprobed using an anti-FLAG antibody to verify equal 
expression levels of MIR2 and MIR2-C146F (Figure 2-4B middle panel). To ensure that 
equal quantities of proteins were immunoprecipitated, lysate samples were run on a 
Western blot and probed for MHC-I (Figure 2-4B, bottom panel). Figure 2-4B clearly 
shows that while MHC-I can co-immunoprecipitate with wild-type MIR2, it does not 
interact with MIR2-C146F. These results suggest that MIR2 palmitoylation is required 
for proper interaction of MIR2 with its substrate. 

MIR2 is palmitoylated in vivo 

We next determined whether MIR2 was palmitoylated in vivo. TREx-BCBL1-Rta 
cells are derived from a human B cell lymphoma that harbors latent KSHV (Nakamura et 
al., 2003). Addition of phorbol esters, doxycycline, and ionomycin to these cells allows 
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the virus to lytically reactivate. MIR2 is expressed only during lytic replication. To 
determine if MIR2 is palmitoylated in the context of an infection, latently infected or 
lytically reactivated TREx-BCBL1-Rta cells were lysed, and lysates were subjected to the 
biotin-switch assay. Palmitoylated proteins were precipitated using NeutrAvidin beads 
and the presence of MIR2 in the precipitate was determined by Western blot using an 
anti-MIR2 antibody. Figure 2-5 shows that MIR2 is palmitoylated in vivo following lytic 
reactivation. This result validates the data we obtained by transfection of MIR2, 
suggesting that MIR2 palmitoylation plays a key role in MIR2 function in vivo.  
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CONCLUCSIONS AND DISCUSSION 

 

Our results from 2-Br treatment in conjunction with the results of the biotin-
switch assay indicate that MIR2 is palmitoylated on Cys 146 and that palmitoylation is 
required for MHC-I and PECAM-I downregulation. Palmitoylation of MIR2 is required 
for MIR2 to interact with, and subsequently ubiquitinate, MHC-I. Therefore, 
palmitoylation is likely an important prerequisite for MIR2-mediated immune evasion 
during viral infection.  

While other lipid modifications (myristoylation, O-palmitoleoylation and 
prenylation) can be postranslationally added to proteins, they are unlikely to account for 
the observed phenotype (reviewed in (Hannoush and Sun, 2010)). For instance, 
myristoylation and O-palmitoleoylation are attached to non-cysteine residues and thus 
cannot account for the modification observed on Cys 146. Although prenylation occurs 
on cysteine residues, it forms a thioether bond, which should be insensitive to 
hydroxylamine hydrochloride cleavage (and thus would not be detectable in our biotin-
switch assay). In addition, prenylation does not occur near transmembrane domains (such 
as Cys 146) but at the C-terminus of proteins generally on a cysteine residue present in a 
CAAX consensus sequence which is absent from MIR2. For these reasons, we believe 
our experiments examine the direct effect of palmitoylation on a virally-encoded E3 
ligase.  

 To our knowledge, only two other E3 ligases have been shown to require 
palmitoylation for proper function, RNF11 and Sakura. In both cases, palmitoylation is 
thought to be required for proper membrane localization (Araki et al., 2003; Santonico et 
al., 2010). Similarly, it is possible that palmitoylation of MIR2 may favor MIR2 
trafficking to some subcellular compartments, such as the plasma membrane (lipid raft) 
or other post-golgi endosomal compartment where MIR2 is thought to act on MHC-I. 
Unfortunately, the vast majority of MIR2 expression is localized to the endoplasmic 
reticulum (ER), and therefore our attempts to address this possibility using microscopy 
and fractionation have been extremely difficult to interpret (data not shown). Further 
studies are required to definitively determine whether MIR2 is found in a subcellular 
compartment that MIR2-C146F cannot access. Intriguingly, some of the viral and 
mammalian homologues of the MIR proteins display comparable localization and 
substrate specificity to MIR1 and MIR2. Similar to MIR2, MARCH proteins contain 
cysteine residues proximal to the transmembrane regions (data not shown), suggesting 
that the function of these proteins may also be regulated by palmitoylation.  

It is unknown whether MIR1 and MIR2 target MHC-I from a similar or distinct 
subcellular compartment. Unlike MIR2, MIR1 does not require palmitoylation to 
downregulate MHC-I, suggesting that both of these highly similar E3 ligases may act in 
different compartments. Palmitoylation may also be required for MIR2 to overcome 
difficult interactions with some of its substrates. For example, palmitoylation of MIR2 
may juxtapose regions in the tertiary structure, potentially increasing MIR2’s affinity for 
some of its substrates. MIR1 and MIR2 have slightly different transmembrane regions, 
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and it is possible that MIR1 transmembrane domains have a greater affinity for MHC-I 
(summarized in Figure 2-6).  

Since only MIR2 is palmitoylated, and not MIR1, this strongly suggests that these 
two similar KSHV-encoded E3 ligases are functioning in distinct compartments. While 
this discovery was surprising, it seems quite illogical that KSHV would encode two 
highly similar E3 ubiquitin ligases that target substrates from the same compartment. 
Rather, by encoding for E3 ubiquitin ligases that can target substrates in distinct 
subcellular compartments, KSHV is able to cast a broader net and potentially mediate the 
degradation of a more diverse array of cellular proteins that are important for mounting a 
proper immune response.  

The result that downregulation of only a subset of MIR2s substrates is dependent 
upon MIR2 palmitoylation was unexpected and suggests that MIR2 may be targeting its 
substrates via multiple pathways. Several groups have reported that MIR2-mediated 
downregulation of PECAM-I and B7.2 can occur in both the endoplasmic reticulum (ER) 
and from the plasma membrane (Mansouri et al., 2006; Means et al., 2002; Means et al., 
2007). Intriguingly, ability to downregulate a substrate from the ER does not seem to 
correlate with palmitoylation as palmitoylation of MIR2 is required to downregulate 
MHC-I and PECAM-I, but not B7.2 (Anania and Coscoy, 2011). Palmitoylation is 
known to occur in the ER, along the secretory pathway, and at the plasma membrane 
(reviewed in (Drisdel et al., 2006)), therefore MIR2’s palmitoylation status while in the 
ER is unknown. If nascent MIR2 is unpalmitoylated in the ER, it is possible that 
palmitoylated MIR2 traffics back to the ER in order to downregulate PECAM-1. 
Alternatively, unpalmitoylated MIR2 may be able to downregulate PECAM-1 from the 
ER, while only palmitoylated MIR2 can downregulate PECAM-1 from the cell surface. It 
will be interesting to determine precisely where palmitoylated MIR2 is downregulating 
its substrates from, and whether certain substrates are targeted in multiple compartments.  

 There are several examples of viral proteins requiring palmitoylation for proper 
localization. For instance, Epstein-Barr virus (EBV) encoded LMP1 and LMP2A are both 
palmitoylated, associate with lipid rafts, and are thought to play a substantial role in 
manipulating host signal transduction events to promote viral survival (Matskova et al., 
2001). It is quite likely that other KSHV-encoded proteins are also palmitoylated, and 
this palmitoylation may be integral to their function. For example, K15, a homologue of 
LMP2A, is thought to target the major B cell Src kinase-Lyn to lipid rafts (Cho et al., 
2008; Pietrek et al., 2010). There are many cysteine residues present in K15, and at least 
one predicted to be cytosolic. It would be quite interesting to determine if K15 is 
palmitoylated and if this palmitoylation is required for K15-mediated activation of Lyn, 
which is known to modulate transcription of NFAT and AP1 (Cho et al., 2008). Another 
attractive candidate is K1, a transmembrane glycoprotein with structural similarities to 
the B cell receptor. K1 has several cysteine residues located close to or within the 
intracytoplasmic tail that could potentially be palmitoylated. K1 has been shown to be 
constitutively active, possibly due to oligomerization via conserved extracellular cysteine 
residues (Lagunoff et al., 1999). It is possible that K1 is palmitoylated, and this 
palmitoylation could potentially prolong its presence in lipid rafts allowing for increased 
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interaction with cellular partners.  

In conclusion, our work has shown that palmitoylation of MIR2 is required for its 
ability to downregulate MHC-I and PECAM-1. This host-acquired post-translational 
modification allows MIR2 greater access to its substrates, thereby providing KSHV an 
additional mechanism to control cellular signaling pathways. 
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Figure 2-1. Palmitoylation is required for MIR2 function  
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Figure 2-1. Palmitoylation is required for MIR2 function 

(A) HeLa cells were transfected with either MIR1 (left panel) or MIR2 (right panel) fused 
to enhanced green fluorescent protein (EGFP), or EGFP alone. Cells were either treated 
with 100 µM 2-Bromohexadecanoic acid (2-Br) or vehicle alone, stained with 
phycoerythrin (PE)-conjugated antibody against MHC-I (w6/32), and analyzed by flow 
cytometry. (B) HeLa cells stably transduced with B7.2 (left panel), FLAG-tagged ICAM-
1 (center panel), or FLAG-tagged PECAM-1 (right panel) were transfected with MIR2-
EGFP or EGFP alone, treated with 100 µM 2-Br or vehicle alone, stained with mouse-
raised primary antibody against B7.2 or against FLAG, stained with PE-conjugated 
secondary antibody against mouse IgG, and analyzed by flow cytometry. Histograms 
represent GFP + cells only.  
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Figure 2-2. Substrate palmitoylation is not required for MIR2-mediated 
downregulation of MHC-I 
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Figure 2-2. Substrate palmitoylation is not required for MIR2-mediated 
downregulation of MHC-I  

(A) HeLa cells stably transduced with HLA-A2 or HLA-B7 were transfected with MIR2-
EGFP or EGFP alone, treated with 100 µM 2-Br or vehicle alone, stained with mouse-
raised primary antibody against HLA-A2 or HLA-B7, stained with PE-conjugated 
secondary antibody against mouse IgG, and analyzed by flow cytometry. The level of 
MHC-I expression in MIR2 expressing cells was calculated by determining the ratio of 
MHC-I expression (mean PE value in GFP + cells) in MIR2-EGFP expressing cells 
compared to EGFP alone. Bar graphs represent the results of three consecutive 
experiments. (B) HeLa cells stably transduced with wild-type HLA-B7, HLA-B7 C309S, 
or HLA-B7 C309S C326W (unpalmitoylated) were transfected with MIR2-EGFP or 
EGFP alone. Samples were stained with a mouse-raised primary antibody against HLA-
B7, stained with PE-conjugated secondary antibody against mouse IgG, and analyzed by 
flow cytometry.  
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Figure 2-3. MIR2 is palmitoylated on Cysteine 146  
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Figure 2-3. MIR2 is palmitoylated on Cysteine 146  

(A) Palmitoylation of MIR1 or MIR2 was detected by a biotin-switch assay where 
protein palmitoylation is replaced with biotinylation. After transfection of HEK293T 
cells, total cell lysates were treated with N-ethylmaleimide to block free sulfhydral 
groups on unmodified cysteine residues. The lysate was treated (+) or untreated (-) with 
hydroxylamine to remove palmitate. Free cysteines were then biotinylated with biotin-
BMCC. Biotinylated proteins were then precipitated with NeutrAvidin beads (Pierce) and 
blotted for FLAG (left panel). Lysate samples from MIR expressing cells were also 
probed with FLAG to verify MIR expression (right panel). Equal amounts of protein 
were loaded in each lane. (B) An alignment of MIR1 and MIR2 transmembrane domains. 
(C) MIR2 or MIR2 mutants fused to EGFP were individually transfected into HeLa cells. 
24 hours post-transfection, cells were stained with PE-conjugated antibody against MHC-
I and analyzed by flow cytometry. Histograms were gated on GFP + cells. (D) MIR2 or 
MIR2-C146F fused to EGFP was transiently transfected into HeLa cells stably 
transduced with B7.2 (left panel), FLAG-tagged ICAM-I (center panel), or FLAG-tagged 
PECAM-I (right panel). Cells were stained with mouse-raised primary antibody against 
B7.2 or against FLAG, stained with PE-conjugated secondary antibody against mouse 
IgG, and analyzed by flow cytometry. (E) Palmitoylation status of MIR2 mutants was 
determined using the biotin-switch assay where protein palmitoylation is replaced with 
biotinylation. 293T were transfected with individual MIR2 mutants, total cell lysates 
were subjected to the treatment described above in (A) and the presence of biotinylated 
MIR2 was detected by probing Western blots for FLAG (left panel). Lysate samples from 
MIR2 or MIR2 mutant expressing cells were also probed with FLAG to verify expression 
(right panel). Equal amounts of protein were loaded in each lane.  
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Figure 2-4. Palmitoylation of MIR2 is necessary for MIR2-mediated ubiquitination 
of MHC-I  
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Figure 2-4. Palmitoylation of MIR2 is necessary for MIR2-mediated ubiquitination 
of MHC-I 

 (A) HeLa cells or HeLa cells stably transduced with B7.2 were transfected with FLAG-
tagged MIR2, FLAG-tagged MIR2-C146F, or vector. MHC-I or B7.2 was 
immunoprecipitated from cellular lysates using an anti-MHC-I or anti–B7.2 antibody and 
the ubiquitination status of MHC-I (top left panel) or B7.2 (top right panel) was analyzed 
by Western blot analysis using an anti-ubiquitin antibody. FLAG-MIR2 and FLAG-
MIR2-C146F were also immunoprecipitated from cellular lysates using an anti-FLAG 
antibody  and analyzed by Western blot analysis to verify equal expression levels (bottom 
panels). (B) HeLa cells stably transduced with FLAG-tagged MIR2 or FLAG-tagged 
MIR-C146F were lysed in co-IP lysis buffer. FLAG-MIR2 and FLAG-MIR2-C146F 
were immunoprecipitated from cellular lysates using an anti-FLAG antibody and the 
levels of co-immunoprecipitating MHC-I were determined using the HC10 antibody (top 
panel). FLAG-MIR2 or FLAG-MIR2-C146F levels were analyzed by Western blot 
analysis using an anti-FLAG antibody (middle panel). As a control, levels of MHC-I in 
lysate samples were determined using the HC10 antibody (bottom panel).  
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Figure 2-5. MIR2 is palmitoylated in vivo  
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Figure 2-5. MIR2 is palmitoylated in vivo  

Cells infected with KSHV were used to determine the palmitoylation status of MIR2. 
Cellular lysates from latently infected TREx-BCBL1-Rta cells or TREx-BCBL1-Rta cells 
that were lytically reactivated were subjected to the biotin-switch assay where protein 
palmitoylation is replaced with biotinylation as described in Fig. 2-3A. The presence of 
biotinylated MIR2 was detected by probing Western blots for MIR2. MIR2 was also 
immunoprecipitated from cellular lysates using an anti-MIR2 antibody to confirm the 
presence of MIR2 in reactivated cellular lysates.  
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Figure 2-6. Models illustrating how palmitoylation could be affecting MIR2 function 
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Figure 2-6. Models illustrating how palmitoylation could be affecting MIR2 function 

(A) It is possible that MIR1 and MIR2 function in distinct post-Golgi subcellular 
compartments. For instance, MIR2 could associate with MHC-I in lipid raft 
compartments of the plasma membrane, while MIR1 may facilitate ubiquitination of 
MHC-I in an endocytic vesicle proximal to the plasma membrane. (B) Palmitoylation 
may effect MIR2 confirmation and conformational changes associated with 
palmitoylation may be required for MIR2 to physically interact with MHC-I. (C) 
Transmembrane domains of MIR1 may have a higher affinity for MHC-I than MIR2. 
Disrupting palmitoylation of MIR2 may decrease MIR2’s affinity for MHC-I sufficiently 
to prevent association of MIR2 with MHC-I.  
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CHAPTER THREE 

Evidence for unconventional ubiquitination in ER-associated 
degradation 
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ABSTRACT 

Endoplasmic reticulum-associated degradation (ERAD) is a cellular pathway 
responsible for disposing of nascent, misfolded proteins from the endoplasmic reticulum 
(ER). Defective proteins are retro-translocated out of the ER and into the cytoplasm 
where they are ubiquitinated and degraded by the proteasome. Ubiquitination is 
conventionally observed on lysine residues, although recent publications have described 
instances where cysteine, serine, or threonine residues may also be modified. While 
ubiquitination is thought to be fundamental to the ERAD process, a mutant T cell 
receptor a (TCRα) lacking lysine residues is surprisingly still targeted for degradation by 
the ERAD pathway. Here we show that this mutant form of TCRα is ubiquitinated and 
degraded by the proteasome. Ubiquitination of both wild-type and lysine-less TCRα 
require the ERAD-associated ubiquitin ligase Hrd1. Ubiquitination of the lysine-less 
mutant TCRα, but not wild-type TCRα, is sensitive to mild alkaline hydrolysis, 
suggesting that ubiquitin is attached to lysine-less TCRα via ester bonds to serine or 
threonine residues. In support of this, tandem mass-spectrometry coupled with stable 
isotope labeling in cell culture (SILAC) show that a specific lysine-less TCRα peptide 
becomes modified, although direct evidence of a –GG signature peptide is lacking. On 
wild-type TCRα, we can show ubiquitination of three lysines present in the ecto-domain. 
Together these data indicate that Hrd1 is capable of ubiquitinating lysine as well as non-
lysine residues. Although a role for non-lysine ubiquitination in general processes is 
unknown, our results indicate that unconventional ubiquitination may be necessary to 
ensure the degradation of a highly diverse array of substrates in instances where lysine 
residues are unavailable. 
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INTRODUCTION 
 
 

Approximately one third of newly synthesized proteins are targeted for 
degradation by the proteasome within minutes of their synthesis as a result of premature 
termination or misfolding. ER-associated degradation (ERAD) is a specialized pathway 
that targets misfolded nascent proteins in the endoplasmic reticulum (ER) for degradation 
via the proteasome (Meusser et al., 2005). In the ER, misfolded proteins are recognized 
by several quality control mechanisms that escort them to a channel for retro-
translocation to the cytosol. Soon after retro-translocation, these proteins are 
ubiquitinated and extracted from the ER membrane with the help of the Cdc48p/p97 
complex. Ubiquitination acts as a signal to target proteins to the proteasome, and thus is 
an essential process in the degradation of newly synthesized defective proteins.  

 
Ubiquitination is a post-translational modification that regulates many cellular 

events such as protein degradation, endocytosis, and the cell cycle. The process of 
ubiquitination involves the concerted action of an E1 ubiquitin-activating enzyme, an E2 
ubiquitin-conjugating enzyme, and an E3 ubiquitin ligase. The last step of ubiquitination 
is mediated by an E3 ubiquitin ligase that provides specificity to the pathway by binding 
both the target substrate molecule and an E2 ubiquitin-conjugating enzyme (E2) loaded 
with an ubiquitin molecule. Ubiquitin is then transferred from a cysteine residue on the 
E2 to a lysine residue of the substrate, forming an isopeptide bond between the substrate 
and ubiquitin (Pickart, 2001). Accordingly, proteins that are normally regulated by 
ubiquitination have evolved to encode a binding site for an E3 ubiquitin ligase, as well as 
at least one lysine located at an optimal position for ubiquitination (Cardozo and Pagano, 
2004; Petroski and Deshaies, 2003; Wu et al., 2003).  

 
Not all misfolded or defective proteins necessarily encode or contain accessible 

lysine residues for ubiquitination, yet these proteins must still be degraded. Thus, it is 
tempting to speculate that degradation of misfolded or defective proteins relies on a 
mechanism that is not solely dependent on lysine residues. Interestingly, it was recently 
reported that proteins can be ubiquitinated on non-lysine residues. For example, N-
recognins, a particular class of E3 ligases, have the ability to ubiquitinate the α-amino 
group on the N-terminus of their substrates in order to mediate their degradation (Mogk 
et al., 2007). More recently, viral E3 ubiquitin ligases encoded by Kaposi’s sarcoma-
associated herpesvirus (MIR1) and its murine homologue, mK3 from MHV68, have been 
reported to mediate degradation of surface molecules by promoting their ubiquitination 
on cysteine and serine/threonine residues (described in detail in Figure 3-1)(Cadwell and 
Coscoy, 2005; Wang et al., 2007). We were interested in understanding whether this 
ability to ubiquitinate non-lysine residues was unique to virally encoded E3 ligases, or 
whether this property might be shared by other E3 ligases. Interestingly, several cellular 
proteins are also known to undergo unconventional ubiquitination, including Pex5p, 
which is ubiquitinated on serines/threonines and Bid, which is ubiquitinated on cysteine 
residues (Tait et al., 2007; Williams et al., 2007). Given the large number of cellular E3 
ubiquitin ligases present (>700 identified), we thought it likely that at least a portion have 
the capabilities to mediate non-lysine ubiquitination, so-called unconventional 
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ubiquitination. 
 
Degradation by the ERAD pathway is a useful system to investigate the 

mechanism of unconventional ubiquitination since there is no selective pressure on 
proteins to encode lysine residues for ubiquitination. Many proteins may not contain 
lysine residues in accessible locations or they may be completely devoid of lysine 
residues. A portion of these proteins will misfold during maturation and will therefore 
need to be ubiquitinated via ERAD E3 ligases. Interestingly a mutant form of the T cell 
receptor a subunit (TCRα) that lacks lysine residues can still be targeted by the ERAD 
pathway for degradation by the proteasome (Yu et al., 1997; Yu and Kopito, 1999). The 
molecular mechanisms of this degradation are unknown.  

 
In this study we show that lysine-less TCRα is ubiquitinated on internal non-

lysine residues, in contrast to wild-type TCRα, which is ubiquitinated on lysine residues. 
Both lysine and non-lysine ubiquitination of TCRα are dependent upon a functional Hrd1 
E3 ligase indicating that one E3 ligase can facilitate both lysine and non-lysine 
ubiquitination. In contrast to the bond between ubiquitin and wild-type TCRα, the bond 
between ubiquitin and lysine-less TCRα is sensitive to mild alkaline hydrolysis, 
implicating the involvement of serine or threonine residues. Moreover, using stable 
isotope labeling in cell culture (SILAC) combined with tandem mass-spectrometry, we 
have shown modification of the peptide VVGFNLLMTLR (aa 254-264) from lysine-less 
TCRα, and further studies confirm that this modification is most likely occurring on Thr 
262.  

 
To determine if these results are applicable to endogenous proteins as well, we 

investigated several human proteins naturally devoid of lysine residues. Intriguingly, an 
endogenous protein that does not contain any lysine residues (Neutrophil Elastase, NE) is 
ubiquitinated and degraded in a proteasomal-dependent manner, similar to lysine-less 
TCRα. These results strongly suggest that in the absence of lysine residues, the cellular 
protein degradation machinery has acquired the ability to ubiquitinate non-lysine residues 
in order to prevent the accumulation of defective peptides.  
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MATERIALS AND METHODS 

 

Cell culture and reagents 

721.221 cells were maintained in RPMI media 1640 supplemented with 10% 
Fetal Bovine Serum and 100 µg/ml Penicillin/Streptomycin. HeLa cells, Phoenix cells 
and HEK293T cells (number CRL-11268; American Tissue Culture Collection) were 
maintained in Dulbecco’s modified Eagle’s medium supplemented with 10% Fetal 
Bovine Serum and 100 µg/ml Penicillin/Streptomycin and transfected using Fugene HD 
(Roche) according to manufacturer’s instructions. Restriction grade thrombin was 
purchased from Novagen and used according to manufacturer’s instructions. PNGase F 
(NEB) digestions were carried out according to manufacturers instructions. 
Cycloheximide solution was purchased from Sigma and cells were treated with 100ug/ml 
for 0, 1, or 2 hours prior to lysis.  

Plasmids 
 

 pBMN-HLA-B7-AGX-IN constructs were cloned using site-directed PCR 
mutagenesis and cloned in using BamHI and SalI restriction sites. pMG-K3GFP-IH and 
pCR3.1 K3GFP have been previously described ((Anania and Coscoy, 2011; Sanchez et 
al., 2002), and Ken Cadwell’s PhD Thesis). pCDNA3.1 vectors expressing an HA tagged 
version of WT-TCRα and KR-TCRα were gifts from Dr. Ron Kopito (Stanford 
University). The HSV-epitope tag (QPELAPEDPED) was inserted downstream of the 
TCRα signal sequence (MQRNLGAVLGIL) using overlap PCR. The thrombin cleavage 
site (LVPRGS) was cloned downstream of the HSV-epitope tag using a similar method. 
Threonine 262 and Serine 267/268 mutations to alanine and modified HA tags 
(YPYDVPDYASL YPYDVPDYAL) were cloned using PCR site-directed 
mutagenesis. pCDNA3.1 vectors expressing a myc tagged version of either wild-type 
Hrd1-mycHis or a dominant negative form of Hrd1 (C240A)-mycHis were gifts from Dr. 
Emmanuel Wiertz (Leiden University Medical Center, Netherlands). The NE (Neutrophil 
elastase) construct was provided by Dr. Marshall Horowitz (University of Washington, 
Seattle, WA) and subcloned into pCDNA3.1 using BamHI and XhoI restriction sites. 
MSCV HA-HLA-A2 was provided by Dr. Kathleen Collins (University of Michigan 
Medical School). 
 
Transfection and Retroviral transduction  
 

HeLa, HEK293T, and Phoenix cells were transfected using Fugene HD (Roche) 
according to manufacturer’s instructions. Upon transfection with the retroviral vectors 
(pMG hygro, pBMN IN) the Phoenix packaging cell line produces replication-defective 
viral particles that can be used to stably transduce mammalian cells. Phoenix cells were 
transfected, and the virus-containing supernatant was harvested 48 hours after the 
transfection, filtered through a 0.45-µm filter, and diluted with Polybrene (4 µg/ml final 
dilution). 721.221 (1x 106 cells) and HeLa cells were infected by spin infection (800g for 
2 hours at 20°C) using 2 ml of viral supernatant. Selection of transduced cells was started 
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36 hours after infection by adding 600μg/ml hygromycin B for HeLa or 50μg/ml 
hygromycin B for 721.221 or 1500μg/ml G418 (neomycin) for both.  
 
Immunoprecipitation, Western blot analysis, and antibodies 

 
For flow cytometry analysis, anti-MHC-I (Dako) and anti-HLA-B7-PE were used 

at a concentration of 1 µg per 106 cells. Cells were transfected 48 hrs prior to cell lysis. 
Cells were treated with 10 µM MG132 (unless otherwise noted) for 3 hrs and then lysed 
in RIPA lysis buffer (50 mM Tris-HCl pH 8, 150 mM NaCl, 1% Nonidet P40, 0.5% 
Sodium Deoxycholate, and 0.1% SDS) supplemented with Protease inhibitor cocktail 
EDTA-free (Roche). Cellular lysates were quantified using the BCA Protein Assay kit 
(Pierce) according to manufacturer’s protocol. For immunoprecipitation, 1 mg of protein 
was incubated with 1 µg of anti-MHC-I (w6/32) or anti-HA (Santa Cruz Biotech) 
antibody and 30 µl Protein A/G agarose beads (Santa Cruz Biotech) overnight. Samples 
were run on 12% polyacrylamide gel and transferred to PVDF membrane. Blots were 
probed with either anti-HA (Santa Cruz Biotech), anti-β-actin (Abcam), anti-ubiquitin 
P4D1 (Santa Cruz Biotech), anti-His (Santa Cruz Biotech) or anti-HSV (Genscript 
Corp.). For double immunoprecipitation, samples were re-immunoprecipitated with 25µl 
anti-HSV agarose overnight in RIPA lysis buffer. 
 

Reverse transcription quantitative real-time PCR (RT-qPCR) 

293T were transfected with siRNA against Hrd1 (ON-TARGETplus SMARTpool 
Human SYVN1, Dharmacon) or a negative control siRNA (AllStars Neg. Control 
siRNA, Qiagen) using Lipofectamine 2000 (Invitrogen) according to manufacturers 
instructions. 24 hours post transfection, RNA was extracted in Trizol (Invitrogen), treated 
with RQ1 DNase (Promega) and total RNA was reverse transcribed using oligo (dT) 15 
primer (Promega) and SuperScriptII (Invitrogen) at 42°C for 50 minutes. cDNAs were 
extracted to analyze levels of GAPDH and Hrd1 mRNA using ABI7300 Real Time PCR 
System. The GAPDH primers used were: (fw: GAAATCCCATCACCATCTTCCAGG, Rv: 
GAGCCCCAGCCTTCTCCATG). Hrd1 primers used were: (Fw: 
AGTTGACTGAAGTGGCAGGC, Rv: CCTGCGTAACATCCACACAC) 

Alkaline hydrolysis 

Cells were transfected 48 hrs prior to hydrolysis. Cells were incubated with 10 
µM MG132 for 3 hrs and then washed 3 times with 10 ml PBS. Cells were washed with 
10 ml of 100 mM NaCl and then resuspended in 100 mM Na2CO3 pH 11.5. Samples were 
dounced 10 times in a 2 ml glass dounce homogenizer (tight pestle) and then incubated 
on ice for 30 min. Samples were then ultracentrifuged (TLA100.2 rotor, 60 min, 68K 
rpm, 4°C). Membrane fractions were recombined with soluble fractions and added to 2X 
RIPA plus protease inhibitor cocktail. Samples were quantified and immunoprecipitated 
with the same protocol listed above.  

SILAC/Mass-spectrometry  

HEK293T cells were cultured in SILAC DMEM (Pierce) lacking lysine and 
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arginine that was supplemented with isotopically enriched forms of L-lysine (13C6,15N2 
hydrochloride; 50μg/ml) and L-arginine (13C6, 15N4 hydrochloride; 40μg/ml) (Heavy) or 
the corresponding unlabeled form of each at the same concentration (Light). Both Heavy 
and Light forms of DMEM were further supplemented with L-Proline (200μg/ml; to 
prevent metabolic conversion of ArgPro), and L-glutamine (2mM) (2mM)) and 10% 
dialyzed FBS (Pierce). After 5 days of metabolic labeling, cells were transfected with the 
denoted constructs and allowed to express the constructs for 48 hr prior to treatment with 
MG132 (10 µM, 3 hr). Cells were lysed in RIPA lysis buffer, and immunoprecipitated 
with 2 μg anti-HA antibody and 50 µl Protein A/G agarose beads for 3 hours. 
Immunoprecipitations were washed and TCRα was eluted using 30 µl HA peptide (1 
mg/ml in TBS) for 30 min at room temperature. Elutions were transferred to clean tubes, 
and digested with PNGase F (New England Biolabs) according to the manufacturer’s 
instructions. Samples were seperated by SDS-PAGE and then stained with Simply Blue 
Coomassie stain (Invitrogen) according to the manufacturer’s instructions. Regions of the 
gel containing unmodified TCRα (low molecular weight) and modified TCRα (high 
molecular weight) were excised, diced into 1 mm cubes and then combined in a single 
tube. Proteins were subjected to overnight in gel trypsin digestion in the presence of 10 
ng/ml trypsin resuspended in 50 mM ammonium bicarbonate/5% acetonitrile. Peptides 
were extracted with 50% acetonitrile/5% formic acid and then dried to completion, then 
resuspended in 4% acetonitrile/5% formic acid/0.01% hydrogen peroxide for analysis.  

For LC-MS/MS analysis, samples were analyzed on an LTQ-Orbitrap XL 
(ThermoFisher, San Jose, CA) with an ADVANCE electrospray ionization source 
(Michrom, Auburn, CA). Peptides were loaded onto a 0.1 mm × 100 mm Waters 1.7 μm 
BEH-130 C18 column for 10 min and separated at 1.0 μl/min by a gradient where solvent 
B (98% acetonitrile/0.1% formic acid) was ramped from 5% to 25% over 35 min and 
then from 25% to 50% over 2 min. The mass spectrometer was operated such that a duty 
cycle was comprised of one full MS scan collected at 60000 resolution in the Orbitrap 
and eight MS/MS scans in the ion trap.  For targeted analysis, four of the eight scan 
events were devoted to ions corresponding to ggSP from KR-TCRα. Quantitative data 
was manually interrogated using QualBrowser v2.07 (ThermoFisher).  For peptide 
identification, MS/MS spectra were searched using Mascot against a concatenated target-
decoy database comprised of human protein sequences, known contaminants, TCRα 
sequences of interest, and the reversed versions of each with a 50 ppm precursor ion 
tolerance and 0.8 Da fragment ion tolerant.  Variable modifications were permitted for 
methionine oxidation (+15.9949 Da) and ubiquitin di-glycine remnant (-GG signature) on 
lysine, cysteine, serine or threonine (+114.0429 Da).  No more than three variable 
modifications were permitted in a given search. Precursor ion mass accuracy was used as 
an orthogonal filter for validation of peptide spectral matches. 

In vitro ubiquitination of UbcH5c (E2 charge assay)  
 

The standard reactions (15 μl) of a E2-Ubiquitin thioester (or ester for DN) 
formation assay contained 0.028 μM E1, 0.5–10 μM E2 (UbcH5c or UbcH5c-
DN), 0.2 μM ubiquitin in a buffer (50 mM Tris–HCl, pH 7.5, 50 mM NaCl, 5 mM 
MgSO4, and 5 mM ATP) and incubated for 30 min at 37°C. Samples were boiled 
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held in boiling water for 5 min, and visualized by SDS-PAGE, and stained with 
Coomassie Blue. Samples were analyzed by mass-spectrometry as described 
above.  
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RESULTS 

 
Lysine-less TCRα is ubiquitinated and degraded by the proteasome 
 

We used lysine-less TCRα to probe the molecular mechanism that targets lysine-
less proteins to the ERAD pathway. HEK293T cells were transiently transfected with an 
empty vector control, a vector encoding HA-tagged wild-type TCRα (WT-TCRα) or HA-
tagged mutant TCRα (KR-TCRα) in which all available lysines were mutated to 
arginines. Cells were either left untreated, or treated for 3 hours with the proteasome 
inhibitor MG132. Cellular lysates were subjected to immunoprecipitation using an anti-
HA antibody, and the presence of ubiquitinated TCRα was examined by Western blot 
analysis. As shown in Figure 3-2A, MG132 treatment caused a large increase in 
polyubiquitination of both WT-TCRα and KR-TCRα compared to untreated samples.  

 
To verify the specificity of the anti-ubiquitin antibody, HEK293T cells were co-

transfected with a vector encoding 6XHis-tagged ubiquitin (6XHis-Ub) together with a 
vector containing HA-tagged WT-TCRα or KR-TCRα. Cellular lysates were 
immunoprecipitated with an anti-HA antibody, and 6XHis-Ubiquitin incorporation into 
high molecular weight species of TCRα was visualized by Western blot using an anti-His 
antibody. Figure 3-2B shows that 6xHis-Ubiquitin is indeed incorporated into both WT-
TCRα and KR-TCRα high-molecular weight species indicating that both are heavily 
polyubiquitinated.  

 
Western blots were stripped and reprobed with an anti-HA antibody to verify all 

constructs were expressed at comparable levels (Figure 3-2A and 3-2B). Interestingly, 
MG132 treatment revealed the appearance of additional low molecular weight species. 
Misfolded proteins that are retro-translocated into the cytosol are known to be 
deglycosylated prior to proteasomal degradation. To determine whether these low 
molecular weight species present in Figure 3-2A represented deglycosylated TCRα, 
immunoprecipitates were subjected to PNGase F digestion prior to their analysis by 
immunoblotting, which cleaves all ER and Golgi carbohydrate modifications. In 
accordance with previous work (Yu et al., 1997), PNGase F treatment resulted in a 
complete disappearance of the high molecular weight species and an accumulation of the 
low molecular weight species (Figure 3-3). These experiments show that proteasome 
inhibition results in the accumulation of deglycosylated TCRα proteins in the cytoplasm. 
Altogether, these results indicate that KR-TCRα is ubiquitinated and degraded in a 
proteasome-dependent manner.  

 
The E3 ubiquitin ligase Hrd1 is involved in the ubiquitination of both wild-type and 
lysine-less TCRα  

Ubiquitination of WT-TCRα is known to require Hrd1 (Kikkert et al., 2004; 
Shimizu et al., 2010), an E3 ubiquitin ligase of the RING finger family that mediates 
degradation of many ER substrates (Meusser et al., 2005). To determine whether Hrd1 is 
also required for the degradation of KR-TCRα, HEK293T cells were co-transfected with 



53 

 

 

expression vectors for the different TCRα constructs together with vectors encoding 
wild-type Hrd1 or a dominant negative version of Hrd1 (Hrd1-DN). Degradation of 
TCRα was assessed by Western blot analysis. As shown in Figure 3-4A, expression of 
Hrd1-DN is associated with an accumulation of the glycosylated form and a decrease in 
the deglycosylated form of both WT-TCRα and KR-TCRα. By contrast, expression of 
wild-type Hrd1 led to a complete loss of the glycosylated forms of both WT-TCRα and 
KR-TCRα, indicating that Hrd1 is responsible for degradation of both WT-TCRα and 
KR-TCRα. Additionally, siRNA knockdown of Hrd1 led to accumulation of glycosylated 
forms of both WT-TCRα and KR-TCRα (Figure 3-4B) relative to a nontargeting control 
siRNA. The level of Hrd1 knockdown was determined by reverse transcription 
quantitative real-time PCR (Figure 3-4C), and the level of knockdown (~40%) is 
comparable with what other groups have achieved for Hrd1(Shimizu et al., 2010). 
Altogether, these results indicate that Hrd1 mediates KR-TCRα retro-translocation and 
strongly suggest that Hrd1 is the E3 ubiquitin ligase responsible for degradation of both 
wild-type and lysine-less TCRα. These results are in agreement with recent data 
published showing that Hrd1 is also required for ubiquitination of a lysine-less version of 
NS-1, another model ERAD substrate (Shimizu et al., 2010).  

Lysine-less TCRα is directly ubiquitinated  
 
The presence of ubiquitin in KR-TCRα immunoprecipitate suggests that this 

protein is ubiquitinated in a lysine-independent manner. Alternatively, this ubiquitination 
could result from an unknown cofactor associated with KR-TCRα that is ubiquitinated, 
and this association could be required for the transport of KR-TCRα to the proteasome. If 
this were the case, one would expect this ubiquitinated cofactor to co-immunoprecipitate 
with TCRα. To test this possibility, HEK293T cells were transiently transfected with an 
empty vector control, or vectors expressing either WT-TCRα or KR-TCRα tagged with 
both an HA and an HSV tag (QPELAPEDPED). Cells were treated with MG132, lysed 
and subjected to immunoprecipitation using an anti-HA antibody. Immunoprecipitates 
were then incubated for 1 hour at 37ºC (or 5 minutes at 100ºC, data not shown) in TBS 
with 1% SDS to allow for complete dissociation and denaturing of potential complexes. 
The supernatant was extracted from the Protein A/G beads, diluted and then subjected to 
a second round of immunoprecipitation with anti-HSV agarose beads before being 
analyzed by Western blot using an anti-ubiquitin antibody. As shown in Figure 3-5A, we 
were still able to detect a strong ubiquitination signal with both WT-TCRα and KR-
TCRα, indicating that these proteins are directly ubiquitinated. The blot was stripped and 
reprobed using an anti-HA antibody to verify equal expression levels of both WT-TCRα 
and KR-TCRα (Figure 3-5B). Additionally, longer exposure times using an anti-HA 
antibody revealed a high molecular weight smear, similar to that seen with an anti-
ubiquitin antibody, providing further evidence that KR-TCRα is directly ubiquitinated 
(data not shown). 

 
The N-terminus of lysine-less TCRα is not ubiquitinated 

 
N-terminal ubiquitination has been described for several proteins and is lysine-

independent. To determine whether KR-TCRα is ubiquitinated on the N-terminus, an 
HSV tag followed by a thrombin cleavage site (TMB) was introduced downstream of the 
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TCRα signal peptide in the WT-TCRα or KR-TCRα backbone (Figure 3-6A). Constructs 
lacking TMB were also generated as controls (Figure 3-6A). HEK293T cells were 
transfected with these constructs and treated with MG132. Cellular lysates were 
immunoprecipitated with an anti-HA antibody, and the resulting immunoprecipitates 
were digested with thrombin and washed extensively to eliminate the N-terminal 
peptides. The products were then analyzed by Western blot using an anti-ubiquitin 
(Figure 3-6B), an anti-HA (Figure 3-6C) or an anti-HSV (Figure 3-6D) antibody. As 
shown in Figure 3-6B, ubiquitination was readily detectable with the various TCRα 
constructs, regardless of whether the N-terminus was present. As expected, thrombin 
digestion reduced the apparent molecular weight of the constructs containing TMB 
(Figure 3-6C) and resulted in the disappearance of the HSV tag (Figure 3-6D). 
Altogether, these results indicate that ubiquitination of KR-TCRα is occurring on 
internal, non-lysine residues.  
 
Lysine-less TCRα ubiquitination is sensitive to mild alkaline hydrolysis 
 

Ubiquitination on cysteine, serine and threonine residues has recently been 
reported (Cadwell and Coscoy, 2005; Ishikura et al., 2010; Shimizu et al., 2010; Tait et 
al., 2007; Wang et al., 2007; Williams et al., 2007). Cysteine ubiquitination is associated 
with the formation of thioester bonds, which are sensitive to reducing conditions. 
Because experiments illustrated in Figures 3-2 and 3-4 were performed in the presence of 
the reducing agent β2-mercaptoethanol, it is unlikely that cysteine ubiquitination is 
contributing to ubiquitination of KR-TCRα. Ubiquitination of serine and threonine 
residues would presumably result in the formation of ester bonds that are not reduced 
under standard denaturing conditions, but would be susceptible to mild alkaline 
hydrolysis. Alkaline hydrolysis treatment does not affect isopeptide bonds, which are 
formed by ubiquitination of lysine residues.  

 
To test if KR-TCRα is ubiquitinated on serine or threonine residues, we 

transiently transfected HEK293T cells with WT-TCRα, KR-TCRα, or a vector control 
and were treated with MG132 to allow for the accumulation of ubiquitinated TCRα 
proteins. Cells were then lysed and subjected to mild alkaline hydrolysis for two hours. 
Cellular lysates were immunoprecipitated using an anti-HA antibody and analyzed by 
Western blot using an anti-ubiquitin antibody. The level of ubiquitination in hydrolyzed 
samples was quantified relative to unhydrolyzed samples using densitometry (Figure 3-
7A, right panel). As shown in Figure 3-7A, ubiquitination of WT-TCRα is not affected 
by this treatment. By contrast, ubiquitination of KR-TCRα is substantially diminished 
upon mild alkaline treatment (Figure 3-7A, left panel), even though the quantity of 
unmodified TCRα is similar in all samples (Figure 3-7B). This level of hydrolysis is in 
accordance with what other groups have shown for serine/threonine ubiquitination 
(Shimizu et al., 2010; Tait et al., 2007; Wang et al., 2007). Altogether, these data suggest 
that KR-TCRα can be ubiquitinated, via ester linkages, in the absence of lysine residues, 
presumably on serine or threonine residues. In contrast, ubiquitination of WT-TCRα is 
insensitive to alkaline hydrolysis, suggesting that when lysine residues are present, they 
are preferentially ubiquitinated.  
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Wild-type TCRα is ubiquitinated on lysine 118, 144, and 178 
 

We used mass-spectrometry to determine which residues on WT-TCRα could be 
modified by ubiquitin. HEK293T cells were transfected with TCRα or vector alone, 
incubated with MG132 and then lysed. Lysates were subjected to immunoprecipitation 
with an anti-HA antibody and examined by SDS-PAGE followed by Coomassie staining 
(Figure 3-8A). Four separate regions (labeled 1-4, Figure 3-8A) were excised, and 
subjected to in-gel trypsin digestion. Trypsinization of a ubiquitinated protein yields a 
diglycine signature as a remnant at the position where ubiquitin was bound, resulting in a 
mass increase of 114.0429 Da. Samples were analyzed by LC-MS/MS, and the resulting 
spectra were searched for –GG signature peptides using the Mascot search algorithm. Of 
the twelve lysine-containing peptides of WT-TCRα, ubiquitination of Lys 118, and Lys 
144 were detected in the two highest molecular weight regions examined (regions 1 and 
2) (Figure 3-8B, C, D). In region 2, ubiquitination of Lys 178 was also detected (Figure 
3-8B, E), while in region 3, ubiquitination of Lys 118 and Lys 178 was observed (Figure 
3-8B, C, E). We did not detect ubiquitination of any lysine residues from region 4, which 
corresponds to unmodified TCRα, nor were any –GG signature peptides detected in 
digested KR-TCRα samples. Data collected from digested WT-TCRα samples were 
subsequently searched for the presence of –GG signature peptides where Ser/Thr residues 
were modified, but none were identified. These data support the hypothesis that when 
lysines are accessible, they are the preferred sites of ubiquitination. Similar LC-MS/MS 
analyses were also performed in an attempt to ascertain the sites of ubiquitination on KR-
TCRα. Database searches for –GG signature peptides with modification of Ser/Thr 
residues again did not yield any modified peptide spectral matches. 

Lysine-less TCRα is directly modified on the peptide VVGFNLLMTLR 

There are twenty-eight serine residues and twenty-five threonine residues present 
in KR-TCRα. Because such a substantial portion of KR-TCRα is composed of serine or 
threonine residues, combinatorial mutagenesis of these residues would most likely cause 
unpredictable changes to protein function and stability. Therefore, we used Stable Isotope 
LAbeling in Cell culture coupled with tandem mass-spectrometry (SILAC-MS) in an 
attempt to generate evidence for ubiquitin modification on Ser/Thr residues of KR-TCRα 
by determining whether a peptide is preferentially diminished in high molecular weight 
forms of Ub-KR-TCRα relative to unmodified TCRα. HEK293T cells were transfected 
with either empty vector or a vector expressing KR-TCRα and incubated in media 
supplemented with either the heavy (13C6,15N2-Lys, 13C6,15N4-Arg) or light forms of 
arginine and lysine. Cells were treated with MG132, lysed and then ubiquitinated TCRα 
(Ub-TCRα) was immunoprecipitated with an anti-HA antibody. The samples were 
separated by SDS-PAGE and stained with Coomassie. Proteins corresponding to 
isotopically heavy, modified (high molecular weight) TCRα and isotopically light, 
unmodified TCRα (low molecular weight) were excised in separate gel bands. A portion 
of the low molecular weight unmodified band of TCRα (Light) was mixed with the high-
molecular weight gel piece containing Ub-TCRα (Heavy). In gel trypsin digest of the 
light and heavy (unmodified and modified) TCRα was performed for analysis by SILAC-
MS. Quantitative analysis was performed based on Full MS spectra to determine the 
relative abundance of heavy and light peptides. The assumption is that for unmodified 
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peptides, the heavy to light ratios will be consistent across the sequence of the protein. 
Alternatively, modified peptides will show a decreased relative abundance in the high-
molecular weight ubiquitinated sample compared to its unmodified counterparts. Peptides 
from the N-terminal portion of the protein were identified and found to have consistent 
ratios between high and low molecular weight regions. However, for peptides in the C-
terminal portion of the protein we observed marked decrease in relative abundance in the 
high molecular weight region. This was particularly apparent for peptides 
SFETYMNLNLSVMGLR (residues 230-248) and VVGFNLLMTLR (residues 254-264) 
from the modified, isotopically heavy form of KR-TCRα (Figure 3-9A). These results 
strongly suggest that these peptides are modified, and therefore no longer detectable at 
the same m/z ratio as the unmodified version. Notably, each of these peptides contains at 
least one Ser or Thr residue. 

We used the peptide VVGFNLLMTLR (residues 254-264) for further mass-
spectrometry analysis because this peptide only has one threonine residue and therefore is 
well suited for targeted analysis. The individual spectra for three representative peptides 
as well as the peptide VVGFNLLMTLR are shown in Figure 3-9B. The top panel is the 
SILAC/tandem mass-spectrometry results from region 1 of the gel, and the bottom panel 
is the results from region 2. Interestingly, in the less modified region of high molecular 
weight TCRα (region 2), we do not see the same loss of the peptide VVGNLLMTLR as 
we do in the more modified region (region 1). This result is reasonable because as the 
protein becomes more modified, it is possible that the number of ubiquitin acceptor 
residues also increases (increased multi-ubiquitination); therefore, more of the 
unmodified peptide is lost in the highest molecular weight region.  

In the peptide VVGNLLMTLR, the most likely ubiquitin acceptor residue is Thr 
262. To determine whether this peptide was indeed modified, we used SILAC/tandem 
mass-spectrometry. We created mutant versions that have Thr 262 replaced with either a 
serine or an alanine to analyze the behavior of these peptides in the absence of Thr 262. If 
serine can support modification of this peptide, we should see the same SILAC/tandem 
mass-spectrometry results seen with Thr 262. Furthermore, since an alanine residue 
cannot be ubiquitinated, mutation of Thr 262 to an alanine should block modification of 
this peptide and therefore rescue its presence in the modified TCRα population. 
HEK293T cells transfected with vectors expressing KR-TCRα, KR-TCRα-T262S, or 
KR-TCRα-T262A were subjected to the same treatment as described in the previous 
SILAC/tandem mass-spectrometry experiment. In support of our hypothesis, we observed 
the same decrease in the peptide VVGFNLLMSR from the high molecular weight region 
of the gel, indicating that serine can also sustain this modification. Additionally, mutation 
of Thr 262 to an alanine results in a substantial increase of the peptide VVGFNLLMAR 
relative to its serine or threonine-containing counterparts. This suggests that in the 
absence of a threonine or serine (Figure 3-9C), this peptide is considerably less modified. 
It is curious that we do not completely rescue the presence of this peptide in high 
molecular weight fractions. One potential explanation for this result is that modification 
of the C-terminal peptide (directly downstream of VVGFNLLMTLR) impedes the ability 
of trypsin to cleave the VVGFNLLMTLR peptide from TCRα. Therefore, even in the 
absence of modification, the peptide would still be absent from the high molecular weight 
region. Unfortunately, the C-terminal protein could not be quantified using 
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SILAC/tandem mass-spectrometry, because it does not contain any arginines. Thus, we 
cannot conclude whether the C-terminal peptide is significantly modified.  

To determine if Thr 262 was ubiquitinated directly, we performed targeted 
tandem mass-spectrometry analysis to specifically search for the peptide 
VVGFNLLMTLR modified with the di-glycine signature motif (+114 Da mass). We did 
not detect an ester-linked di-glycine motif attached to Thr 262, however using an in vitro 
E2 charge assay with a mutant version of the E2 ubiquitin conjugating enzyme UbcH5c, 
we can detect ubiquitination of a serine residue by tandem mass-spectrometry (Figure 3-
10). While the absence of data is never definitive, these results suggest that non-lysine 
ubiquitination may be more complex than a simple ester bond-linked ubiquitin.  

An endogenous protein naturally devoid of lysine residues is ubiquitinated and 
degraded in a proteasome-dependent manner 

An analysis of the annotated human proteome revealed roughly a dozen validated 
proteins that are naturally devoid of lysines (Table 3-1). One protein, Neutrophil Elastase 
(NE), was of particular interest because mutations known to exist within the human 
population are known to induce the unfolded protein response and are correlated with 
variable levels of disease (Grenda et al., 2007). HEK293T cells were transiently 
transfected with a vector, an HA-tagged version of NE, or an HA-tagged version of HLA-
A2, a class I major histocompatability (MHC-I) molecule, as a control. Cells were either 
left untreated or treated with MG132 for 3 hours. Cellular lysates were subjected to 
immunoprecipitation using an anti-HA antibody, and the ubiquitination status of NE and 
HLA-A2 was analyzed by Western blot analysis. As shown in the top panel of Figure 3-
11, treatment with MG132 resulted in an accumulation of polyubiquitinated NE, but not 
HLA-A2, even though both proteins are expressed at similar levels in cellular lysates 
(Figure 3-11, bottom panel). This result suggests that NE is ubiquitinated and degraded in 
a proteasome-dependent manner even though this protein lacks lysine residues.  
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CONCLUSIONS AND DISCUSSION 

 

In this study, we have shown that a lysine-less substrate of ERAD is directly 
ubiquitinated and degraded in a proteasome-dependent manner. This ubiquitination is 
sensitive to mild-alkaline hydrolysis, consistent with the possibility that ubiquitin is 
attached to serine and threonine residues. In support of this, we have also shown using 
SILAC-MS that the unmodified form of the KR-TCRα peptide VVGFNLLMTLR is 
depleted relative to other TCRα peptides in high-molecular weight Ub-TCRα. With only 
a single Thr residue, and no Lys, Cys or Ser, it suggests that Thr 262 may indeed be 
carrying ubiquitin. In a sample where lysine residues are available for ubiquitin 
modification, we observe that WT-TCRα is directly ubiquitinated on three lysine residues 
within the ecto-domain. This is in support of previous studies suggesting that lysine 
residues are in fact preferred over non-lysine residues (Cadwell and Coscoy, 2008). 
Altogether, our data support a model in which the cellular protein degradation machinery 
has evolved to ubiquitinate non-lysine residues in cases where lysine residues may not be 
available. Such a system would prevent the accumulation of misfolded or defective 
proteins that may be devoid of lysine residues. In support of this hypothesis, we have 
shown that the endogenous protein NE, which lacks lysine residues, can also be 
ubiquitinated and degraded in a proteasome-dependent manner. 

 
Ubiquitination of substrates has long been thought to occur exclusively on lysine 

residues, or alternatively on the N-terminus of proteins. The recent findings that lysine-
less substrates can be ubiquitinated on cysteine, serine, or threonine residues were 
unexpected. Because such modifications have been observed in only a discrete number of 
substrates, one could argue that lysine-independent ubiquitination is restricted to a few 
specialized E3 ligases and a limited number of substrates. Here we show that lysine-
independent ubiquitination can occur during ERAD, a process aimed at targeting any 
defective peptide in the secretory pathway. This supports a recent report by Shimizu et al. 
that shows targeting of NS-1 for ERAD by non-lysine ubiquitination. They also suggest 
that this is mediated by serine and threonine residues even though this protein contains 
lysine residues (Shimizu et al., 2010). However, in our system, when lysines are present, 
they are ubiquitinated. Our results indicate that in the absence of accessible lysines, Hrd1 
is capable of ubiquitinating non-lysine residues. Perhaps NS-1 and TCRα utilize different 
ERAD components that influence which residues are accessible for ubiquitination. It will 
be interesting to determine what regulates lysine residue accessibility and whether other 
factors are involved in ubiqitinating non-lysine residues. It is also possible that a large 
number of E3 ligases have the potential to perform both lysine and lysine-independent 
ubiquitination, and perhaps this property was previously unappreciated due to preferential 
ubiquitination on lysine residues. Despite multiple published reports of ubiquitination on 
Ser and Thr residues, direct evidence of this phenomenon is lacking. This is conspicuous 
given that careful studies looking for –GG signatures on Ser/Thr residues have been 
performed (Shimizu et al., 2010). Furthermore, we show that a peptide bearing a –GG 
signature on Ser can be identified by traditional LC-MS approaches. 
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 The protein region ubiquitinated during ERAD varies depending on the substrate 
and the E3 ubiquitin ligase involved. MK3 is a virally encoded E3 ligase that targets 
MHC-I proteins for degradation from the ER. Recent data indicate that ubiquitination of 
the intracytoplasmic domain of MHC-I on either lysine, serine or threonine is essential 
for this process (Wang et al., 2007). TCRα has a small intracytoplasmic domain (-
RLWSS), with only two serine residues as potential ubiquitin acceptors. In addition, a 
recent publication suggested that these two serine residues are required for WT-TCRα to 
undergo ERAD. To determine what role these serines played in the degradation of both 
WT-TCRα and KR-TCRα in our system, we created versions of both WT-TCRα and 
KR-TCRα which contain two alanines in place of Ser 267 and Ser 268 as well as a 
modified C-terminal HA tag with the serine residue deleted (YPYDVPDYAL*). Our 
results indicate that these two serines are not required for ubiquitination of both WT-
TCRα and KR-TCRα. However, in the absence of these two serine residues, TCRα 
degradation is substantially impeded, as judged by cycloheximide treatment (Figure 3-
12). This suggests a potential role for these two serine residues in membrane extraction, 
rather than primary targets of ubiquitination.  

Since we suspected Thr 262 to be one of the ubiquitin acceptor sites for KR-
TCRα, we mutated Thr 262 to an alanine to determine if this residue is required for 
degradation of KR-TCRα. The sequence of this peptide, which contains only a single 
Ser/Thr residue, offered an opportunity to perform targeted studies for a singly modified 
–GG signature peptide without concerns over stoichiometric dilution. Figure 3-13 shows 
that even in the absence of Thr 262, KR-TCRα is still heavily ubiquitinated and degraded 
in a proteasome-dependent manner. Considering that there are over fifty serine or 
threonine residues present in KR-TCRα, many of which are likely to be ubiquitinated, 
this result was somewhat predictable. Even if Thr 262 is a primary ubiquitin target, it is 
possible that many residues can compensate, allowing the overall protein ubiquitination 
levels to remain unchanged. 

The only residues present in or proximal to the intracytoplasmic domain of KR-
TCRα that may act as primary ubiquitination sites are Thr 262, Ser 267, and Ser 268. A 
triple mutant of KR-TCRα where Thr 262, Ser 267, and Ser 268 have all been mutated to 
alanines is also ubiquitinated to the same extent as KR-TCRα (Figure 3-14). Since these 
residues are unnecessary for KR-TCRα ubiquitination, our data suggest that the luminal 
and transmembrane domains are the sites of ubiquitination for KR-TCRα. This is in 
accordance with a model in which the luminal domain is first retro-translocated in an 
ubiquitin-independent manner, until an ubiquitin acceptor site present on the luminal 
domain of the substrate is exposed to an E3-ubiquitin ligase located on the cytosolic side 
of the ER.  

Attempts to conclusively characterize the type of bond formed between a serine or 
threonine residue and ubiquitin have proved to be challenging for us and others. In our 
system, one obstacle is the large number of possible ubiquitin acceptor sites. Not only is 
the potential for multi-ubiquitination quite high, but there is also a strong probability that 
alternative residues can compensate if primary ubiquitination sites are rendered unusable 
by site-directed mutagenesis. Even though the ubiquitination of KR-TCRα is not 
completely absent in hydrolyzing conditions, a substantial portion of the ubiquitination is 
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abolished, indicating that the ubiquitination may be ester-linked (Figure 3-7). 
Additionally, there may be structural complications that somehow protect these linkages 
from hydrolysis. Alternatively, MS data argues by absence of evidence that the ubiquitin 
linkage to TCRα may not be through the predicted ester linkage, but instead through 
some other partially hydrolyzable bond. It is curious that even targeted MS/MS analysis 
did not detect a –GG signature peptide corresponding to ubiquitination of Thr 262. This 
could be due to the labile nature of the bond, although identification of a –GG signature 
on the mutated active site serine of UbcH5c argues against this possibility. This may 
indicate that the nature of this bond is not as straightforward as we and others in the field 
anticipated. For example, serines or threonines may be modified in vivo prior to being 
ubiquitinated, to facilitate subsequent ubiquitination. Our results from the alkaline 
hydrolysis experiment suggest that ester bonds are playing a role; however, further 
investigation is required to define the exact chemical composition. This will likely 
require a simpler, more defined substrate as well as sophisticated new algorithms 
designed to process the mass-spectrometry data to search for peptides with unexpected 
mass modifications. 

In conclusion, we have shown that Hrd1 can ubiquitinate and degrade ERAD 
substrates using both conventional, lysine ubiquitination and unconventional, lysine-
independent ubiquitination. Although the accumulation of defective proteins is observed 
in certain diseases such as cystic fibrosis or Parkinson’s disease (Soto, 2001), ERAD and 
cellular quality control systems in general, are highly efficient at eliminating misfolded 
proteins. The existence of alternative modes of ubiquitination in these cellular processes 
may be essential to ensure the degradation of a highly diverse array of substrates. 
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Figure 3-1. MIR1 can mediate downregulation and ubiquitination of MHC-I via 
serine and threonine residues 
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Figure 3-1. MIR1 can mediate downregulation and ubiquitination of MHC-I via 
serine and threonine residues 

In order to investigate the nature of this ubiquitination, we created MHC-I chimeras that 
contain the ecto domain of MHC-I fused to a chimeric intracytoplasmic tail containing 
only alanine and glycine residues. Lysine, cysteine, leucine, serine, and threonine 
residues were individually cloned into the alanine-glycine tail and tested for their ability 
to mediate MIR1-induced degradation. (A) On the left, a model of the molecule we 
created, consisting of the ecto-domain and transmembrane domain of MHC-I (HLA-B7) 
followed by a chimeric alanine and glycine intracytoplasmic tail. At position X, each 
amino acid was substituted into the tail individually and tested for its ability to facilitate 
MIR1-mediated downregulation from the surface of the cell. HeLa cells stably expressing 
the individual chimeric MHC-I molecules were transfected with MIR fused to GFP and 
analyzed for MHC-I cell surface expression in GFP + cells by flow cytometry. Four 
sample histograms are shown, where x=K (lysine), x= S (serine), x=L (leucine), and 
x=SSS (three serines). (B) Three individual experiments were averaged and the percent 
of MHC-I remaining at the surface of the cell in the presence of MIR1 is represented in 
the chart. Multiple positions in the intracytoplasmic tail were tested, for instance C10 is 
one cysteine residue present ten amino acids from the plasma membrane and 3T8 is three 
threonines present at position eight, nine, and ten amino acids from the plasma 
membrane. (C, left panel) A simplified version of the chart in (B) representing just the 
MHC-I chimeric molecules whose ubiquitination status in the presence of MIR1 was 
examined by Western blot. Chimeric MHC-I molecules were expressed in 721.221 cells, 
which endogenously express no MHC-I, and then the stable cell lines were transfected 
with MIR1 fused to GFP. MHC-I molecules were immunoprecipitated from cellular 
lysates and the ubiquitination status was examined using an anti-ubiquitin antibody (top, 
right panel). β−actin levels in lysate samples were also examined by Western blot to 
verify equal levels of protein were used in the immunoprecipitation (bottom, right panel). 
From these experiments, I concluded that MIR1 has the ability to facilitate the 
downregulation of MHC‐I from the cell surface by ubiquitinating either lysine, 
cysteine, serine, or threonine. 
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Figure 3-2. Lysine-less TCRα is ubiquitinated and degraded by the proteasome 
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Figure 3-2. Lysine-less TCRα is ubiquitinated and degraded by the proteasome 

 (A) HEK293T cells were transfected with a vector expressing WT-TCRα, or a vector 
expressing KR-TCRα. Cells were either left untreated or incubated with MG132 before 
lysis. Cellular lysates were immunoprecipitated using an anti-HA antibody and the 
ubiquitination status of TCRα was analyzed by Western blot analysis using an anti-
ubiquitin antibody (top panel). Membranes were stripped and reanalyzed using an anti-
HA antibody (bottom panel). (B) HEK293T cells were co-transfected with a vector 
expressing WT-TCRα, or a vector expressing KR-TCRα and 6XHis-Ub. Cells were 
either left untreated or incubated with MG132 before lysis. Cellular lysates were 
immunoprecipitated using an anti-HA antibody and the ubiquitination status of TCRα 
was analyzed by Western blot analysis using an anti-His antibody (top panel). 
Membranes were stripped and reanalyzed using an anti-HA antibody (bottom panel). 
Molecular weight markers (kD) of marker proteins are indicated.  
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Figure 3-3. Wild-type and lysine-less TCRα are glycosylated 
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Figure 3-3. Wild-type and lysine-less TCRα are glycosylated 

 HEK293T cells were transfected with a vector expressing WT-TCRα, or a vector 
expressing KR-TCRα. Cells were treated with MG132 and then lysed. Cellular lysates 
were immunoprecipitated using an anti-HA antibody and the immunoprecipitates were 
either treated or untreated with PNGase F. The ubiquitination status of TCRα was 
analyzed by Western blot analysis using an anti-ubiquitin antibody (top panel). 
Membranes were stripped and reanalyzed using an anti-HA antibody (bottom panel).  
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Figure 3-4. Degradation of WT-TCRα and KR-TCRα is dependent upon the E3 
ubiquitin ligase Hrd1  
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Figure 3-4. Degradation of WT-TCRα and KR-TCRα is dependent upon the E3 
ubiquitin ligase Hrd1  

 

(A) The various TCRα constructs were co-transfected with wild-type Hrd1 or dominant 
negative mutant form of Hrd1. Transfected cells were incubated with MG132 before 
lysis. Cellular lysates were immunoprecipitated with an anti-HA antibody and analyzed 
by Western blot using an anti-HA antibody. (B) 293T were cotransfected with a 
SMARTPool of siRNA against Hrd1 or Negative control siRNA and vector, wild-type, or 
lysine-less TCRα (HA-tagged). 24hrs post transfection, cells were treated with MG132, 
lysed and levels of TCRα were determined by Western blotting with an anti-HA 
antibody. RNA was also extracted at this time to use for RT-qPCR. (C) Levels of Hrd1 
mRNA were normalized to GAPDH levels and represented as a bar graph.  
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Figure 3-5. Lysine-less TCRα is directly modified with ubiquitin  
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Figure 3-5. Lysine-less TCRα is directly modified with ubiquitin  

(A) HEK293T cells were transfected with expression vectors for WT-TCRα or KR-
TCRα, treated with MG132 and lysed. Cellular lysates were immunoprecipitated using 
an anti-HA antibody, denatured for 1hr at 37ºC, and then re-immunoprecipitated with an 
anti-HSV antibody conjugated to agarose beads. Samples were analyzed by Western blot 
using an anti-ubiquitin antibody. (B) Membranes were stripped and reanalyzed using an 
anti-HA antibody. 
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Figure 3-6. Lysine-less TCRα is not ubiquitinated on the N-terminus  
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Figure 3-6. Lysine-less TCRα is not ubiquitinated on the N-terminus  

 (A) Schematic diagram of constructs used. (B-D) HEK293T cells were transiently 
transfected with the different constructs shown. Cells were treated with MG132 before 
lysis. Cellular lysates were immunoprecipitated using an anti-HA antibody and digested 
with thrombin. After washing away unbound protein from the beads, samples were 
analyzed by Western blot using (B) an anti-ubiquitin antibody, (C) an anti-HA antibody 
or (D) an anti-HSV antibody. Asterisks (*) indicate partially glycosylated forms of 
TCRα-HA.  
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Figure 3-7. Lysine-less TCRα ubiquitination is sensitive to alkaline hydrolysis 
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Figure 3-7. Lysine-less TCRα ubiquitination is sensitive to alkaline hydrolysis 

HEK293T cells were transiently transfected with WT-TCRα and KR-TCRα, incubated 
with MG132 and then lysed. Lysates were left untreated or subjected to mild alkaline 
hydrolysis as described in materials and methods. Cellular lysates were then 
immunoprecipitated using an anti-HA antibody and analyzed by Western blot using (A, 
left panel) an anti-ubiquitin antibody or (B) an anti-HA antibody. Band intensity was 
determined using ImageJ, 100% ubiquitination corresponds to the levels of ubiquitination 
present in the unhydrolyzed samples for both wild-type and lysine-less TCRα (A, right 
panel). These results are representative of five independent experiments.  
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Figure 3-8. Tandem mass-spectrometry identification of –GG signature peptides 
from ubiquitinated TCRα on Lys 118, Lys 144, and Lys 178 
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Figure 3-8. Tandem mass-spectrometry identification of –GG signature peptides 
from ubiquitinated TCRα on Lys 118, Lys 144, and Lys 178 

HEK293T cells were transiently transfected with WT-TCRα or vector alone, incubated 
with MG132 and then lysed. Lysates were subjected to immunoprecipitation with an anti-
HA antibody and examined by SDS-PAGE followed by Coomassie staining. Four regions 
of the gel were excised and trypsinized as shown in (A). Samples were analyzed by 
tandem mass-spectrometry and the results are summarized in (B). The presence of the 
peptides containing either Lys 188, Lys 144, or Lys 178 with the signature di-glycine 
motif from the various regions of the gel are indicated by the shaded regions. Spectra for 
each of the ubiquitinated peptides are included: (C) Lys 118, (D) Lys 144, (E) Lys 178.  
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Figure 3-9. KR-TCRα peptide VVGFNLLMTLR (aa 254-264) is modified 
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Figure 3-9. KR-TCRα peptide VVGFNLLMTLR (aa 254-264) is modified 

HEK293T cells were incubated in either heavy or light SILAC media for five days, and 
then transiently transfected with KR-TCRα or vector alone, incubated with MG132 and 
then lysed. Lysates were subjected to immunoprecipitation with an anti-HA antibody and 
examined by SDS-PAGE followed by Coomassie staining. Light unmodified TCRα was 
combined with heavy modified TCRα, trypsinized and analyzed by tandem mass-
spectrometry. (A) This table summarizes the peptides successfully identified and log2 
values of their relative abundance in high molecular weight (HMW) regions of the gel. 
Four representative KR-TCRα peptides are shown (B). The upper panel is the result from 
region 1 and the lower panel is the result from region 2. (C) HEK293T cells were 
incubated in either heavy or light SILAC media for five days, transfected with KR-
TCRα, KR-TCRα-T262S, or KR-TCRα-T262A, and the same experimental procedure 
was followed as in (B). The relative abundance of 4 peptides from region 1 are quantified 
and represented in the bar graph. Numbers represent the peak height of the peptide in the 
high molecular weight region (corresponding to modified TCRα) divided by the peak 
height of the same peptide in the low molecular weight region (corresponding to 
unmodified TCRα).  
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Figure 3-10. Tandem mass-spectrometry identification of -GG signature on active 
site serine based on peptide spectral matches from multiple charge states 
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Figure 3-10. Tandem mass-spectrometry identification of -GG signature on active 
site serine based on peptide spectral matches from multiple charge states 

In vitro E2 charging assays were performed on UbcH5c wild-type or dominant negative 
where the catalytic cysteine has been mutated to a serine residue. Samples were analyzed 
by SDS-PAGE followed by staining with Coomassie Blue (A). Regions in red were 
excised from the gel, trypsinized, and analyzed by tandem mass-spectrometry. The 
charge states spectra for the UbcH5c-DN peptide with Ser 85 modified with the di-
glycine ubiquitin motif are shown: Z=4 (B), Z=3 (C), Z=2 (D). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



81 

 

 

Table 3-1: Endogenously Lysine-less Cellular Proteins 

Protein Number 
of 
amino 
acids 

Description 

neutrophil elastase 
preproprotein 
 

267 serine proteases, Many of these are synthesized as 
inactive precursor zymogens that are cleaved during 
limited proteolysis to generate their active forms 

glycoprotein Ib, beta 
polypeptide precursor 

105 Platelet glycoprotein Ib (GPIb) is a heterodimeric 
transmembrane protein 

protamine 1 
 

51 subunit of the multisubunit NADH:ubiquinone 
oxidoreductase (complex I) 

Protein tyrosine 
phosphatase, receptor 
type, C-associated 
protein 

206 transmembrane phosphoprotein specifically 
associated with tyrosine phosphatase PTPRC/CD45, 
a key regulator of T- and B-lymphocyte activation 
 

sarcolipin 
 

31 Sarcoplasmic reticulum Ca(2+)-ATPases are 
transmembrane proteins that catalyze the ATP-
dependent transport of Ca(2+) from the cytosol into 
the lumen of the sarcoplasmic reticulum in muscle 
cells 

CITED4 
 

184 CITED4; Cbp/p300-interacting transactivator, with 
Glu/Asp-rich carboxy-terminal domain, 4 

G-protein signaling 
modulator 3  

160 G-protein signaling modulator 3 

growth differentiation 
factor 1 precursor 

372 This gene encodes a member of the bone 
morphogenetic protein (BMP) family and the TGF-
beta superfamily 

meteorin, glial cell 
differentiation 
regulator precursor 

293 Meteorin regulates glial cell differentiation and 
promotes the formation of axonal networks during 
neurogenesis 

MAL2 proteolipid 
protein 
 

176 MAL2 proteolipid protein; multispan transmembrane 
protein belonging to the MAL proteolipid family. The 
protein is a component of lipid rafts and, in polarized 
cells, it primarily localizes to endosomal structures 
beneath the apical membrane 

dexamethasone-
induced protein 

95 dexamethasone-induced protein, validated 
 

tumor protein p53 
regulated apoptosis 
inducing protein  

108 tumor protein p53 regulated apoptosis inducing 
protein 1 
 

neuritin 1-like 
precursor 

165 neuritin 1-like precursor 

urocortin 2 
preproprotein 

112 urocortin 2 preproprotein; sauvagine/corticotropin-
releasing factor/urotensin I family 
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Figure 3-11. An endogenous lysine-less protein, Neutrophil Elastase (NE), is 
ubiquitinated and degraded by the proteasome 
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Figure 3-11. An endogenous lysine-less protein, Neutrophil Elastase (NE), is 
ubiquitinated and degraded by the proteasome 

HEK293T cells were transfected with an empty vector or a vector expressing NE-HA, or 
HA-HLA-A2. Cells were either left untreated or incubated with MG132 before lysis. 
Cellular lysates were immunoprecipitated using an anti-HA antibody and the 
ubiquitination status of NE was analyzed by Western blot analysis using an anti-ubiquitin 
antibody (top panel). Membranes were stripped and reanalyzed using an anti-HA 
antibody (bottom panel). 
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Figure 3-12. Ser 267 and Ser 268 are not required for ubiquitination of KR-TCRα 
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Figure 3-12. Ser 267 and Ser 268 are not required for ubiquitination of KR-TCRα 

HEK293T cells were transiently transfected with WT-TCRα, WT-TCRα -SSAA, KR-
TCRα, or KR-TCRα -SSAA, incubated with MG132 where indicated and then lysed. 
Lysates were subjected to immunoprecipitation with an anti-HA antibody and examined 
by SDS-PAGE. The ubiquitination status of these proteins was examined by Western blot 
analysis (A), and the blots were stripped and reprobed with an anti-HA antibody to verify 
equal expression levels (B). These constructs were cloned to contain a modified C-
terminal HA tag –YPYDVPDYAL* such that the serine residue normally present in HA 
tags could not be responsible for the ubiquitination status. (C) HEK293T were transfected 
with WT-TCRα, WT-TCRα -SSAA, KR-TCRα, or KR-TCRα -SSAA, incubated 
with cycloheximide for 0, 1, or 2 hours. Cells were lysed and levels of TCRα were 
examined by Western blot analysis using an anti-HA antibody (top panel). Levels of β-
actin were also analyzed as a loading control (bottom panel).  
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Figure 3-13. Thr 262 is not required for the ubiquitination or degradation of KR-
TCRα 
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Figure 3-13. Thr 262 is not required for the ubiquitination or degradation of KR-
TCRα  

 (A) HEK293T cells were transiently transfected with KR-TCRα, KR-TCRα-T262A or 
vector alone, incubated with MG132 and then lysed. Lysates were subjected to 
immunoprecipitation with an anti-HA antibody and examined by SDS-PAGE. The 
ubiquitination status of these proteins was examined by Western blot analysis (A), and 
the blots were stripped and reprobed with an anti-HA antibody to verify equal expression 
levels (B). (C) HEK293T were transfected with KR-TCRα, KR-TCRα-T262A or vector 
alone, incubated with cycloheximide for 0, 1, or 2 hours. Cells were lysed and levels of 
TCRα were examined by Western blot analysis using an anti-HA antibody (top panel). 
Levels of β-actin were also analyzed as a loading control (bottom panel).  
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Figure 3-14. Thr 262, Ser 267 and Ser 268 are not required for ubiquitination of 
KR-TCRα 
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Figure 3-14. Thr 262, Ser 267 and Ser 268 are not required for ubiquitination of 
KR-TCRα 

HEK293T cells were transiently transfected with WT-TCRα, WT-TCRα -TSSAAA, 
KR-TCRα, or KR-TCRα -TSSAAA, incubated with MG132 where indicated and then 
lysed. Lysates were subjected to immunoprecipitation with an anti-HA antibody and 
examined by SDS-PAGE. The ubiquitination status of these proteins was examined by 
Western blot analysis (A), and the blots were stripped and reprobed with an anti-HA 
antibody to verify equal expression levels (B). These constructs were cloned to contain a 
modified C-terminal HA tag –YPYDVPDYAL* such that the serine residue normally 
present in HA tags could not be responsible for the ubiquitination status. (C) HEK293T 
were transfected with WT-TCRα, WT-TCRα -TSSAAA, KR-TCRα, or KR-TCRα -
TSSAAA, incubated with cycloheximide for 0, 1, or 2 hours. Cells were lysed and 
levels of TCRα were examined by Western blot analysis using an anti-HA antibody (top 
panel). Levels of β-actin were also analyzed as a loading control (bottom panel).  
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