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Abbreviations

AAA   ATPases associated with various cellular activities
AMFR   autocrine motility factor receptor
AMP   adenosine 5’-monophosphate
AMPPNP  adenosine 5’-(β,γ-imido)triphosphate
Arg (R)   arginine
ATP   adenosine 5’-triphosphate
BiP   immunoglobulin binding protein
BSA   bovine serum albumin
CFTR   cystic fibrosis transmembrane conductance regulator
CNX   calnexin
CPY   carboxypeptidase Y
CRT   calreticulin
DHFR   dihydrofolate reductase
DMSO   dimethyl sulfoxide
DNA    deoxyribonucleic acid
DTT   dithiothreitol
E1   ubiquitin-activating enzyme
E2 or UBC  ubiquitin-conjugating enzyme
E3   ubiquitin protein ligase
EDEM   ER degradation enhancing α-mannosidase-like protein
EDTA   ethylenediaminetetraacetic acid
EGTA   ethylene glycol-bis(beta-aminoethyl ether)-N,N,N’,N’- tetraacetic acid
EndoH   endoglycanase H
ER   endoplasmic reticulum
ERAD   ER-associated (protein) degradation
ERAAP   ER aminopeptidase associated with antigen processing
f-Ub   Oregon Green-labeled ubiquitin
GFP   green fluorescent protein
GST   glutathione S-transferase
HA   haemagglutinin
HC   heavy chain
HCMV   human cytomegalovirus
HEPES   4-(2-hydroxyethyl)-1-piperazineethane sulfonic acid
HLA   human leucocyte antigen
HMGR   3-hydroxy 3-methylglutarylcoenzyme A reductase
IP   immunoprecipitation
kDa   kilodalton
Lys (K)   lysine
MALDI-TOF  matrix-assisted laser desorption/ionization time-of-flight
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MARCH   membrane-associated RING-CH
MHC   major histocompatibility complex
mRNA   messenger RNA
MS   mass spectrometry
NaCl   sodium chloride
PB   permeabilization buffer
PBS   phosphate buffered saline
PDI   protein disulfide isomerase
RING   really interesting new gene
RNA   ribonucleic acid
RT   room temperature
SDS-PAGE  sodium dodecyl sulfate polyacrylamide gel electrophoresis
SRP   signal recognition particle
Staph A   Staphylococcus aureus
TAP   transporter associated with antigen presentation
TCR   T cell receptor
TRIS   2-amino-2-hydroxymethyl-1,3-propanediol
tRNA   transfer RNA
Ub   ubiquitin
Ubal   ubiquitin-aldehyde
UBC or E2  ubiquitin-conjugating enzyme
US   unique short (region)
UPR   unfolded protein response
VCP   valosin-containing protein
VIMP   VCP interacting membrane protein
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Proteins are both building blocks as well as machines that carry out diverse functions in the cell. 
As expected, like in real life where buildings are damaged and machines break, proteins are prone 
to damage as well. Damage occurs particularly under stressful conditions. To ensure that a cell 
continues to perform its specific functions, damaged proteins need to be replaced. Besides damaged 
proteins, proteins that function in processes such as the cell cycle need to be removed in a regulated 
manner as well. The cell has several quality control systems such as DNA repair and RNA quality 
control mechanisms in place at different levels that monitor damage and ensure that the genetic 
code is properly expressed. Such quality control mechanisms also exist at the protein level. One of 
the best-studied examples is the endoplasmic reticulum (ER) quality control system, which monitors 
the folding state of proteins in the ER and ensures that only properly folded proteins or protein 
complexes exit the ER to the Golgi on their journey to their destinations. In the following, I will 
give an overview of the literature at the start of my thesis. More recent advances in the field will be 
discussed in the final chapter.

Protein synthesis and translocation into the ER

In eukaryotic cells, the endoplasmic reticulum (ER) is a crucial compartment for the biogenesis of 
secretory or membrane proteins. Protein synthesis is initiated in the cytosol by the ribosome, a multi-
subunit structure containing rRNA and proteins. The ribosome is designed to read mRNA and use 
its code to assemble amino acids into the corresponding protein. Proteins are directed to specific 
compartments in the cell via a signal sequence. For secretory or membrane proteins that need to 
enter the ER, the N-terminal signal sequence contains a small core sequence of typically 7-15 amino 
acids [1]. As the protein emerges from the ribosome, a small protein called the signal recognition 
particle (SRP) recognizes this signal sequence and directs it to the ER membrane through binding 
to the SRP receptor (Fig. 1) (for review, see [2, 3]). Subsequently, the ribosome docks onto the Sec61 
protein translocation channel (or translocon), which was found to form a channel [4, 5] through 
which the nascent protein chain is moved as it is being elongated. This mode of translocation is called 
co-translational translocation. The major force that drives co-translational translocation into the ER 
is likely the continued synthesis of protein by the ribosome. Among proteins translocated in this 
manner are ER- or Golgi-resident proteins, cell membrane proteins and secretory proteins. Another 
mode of translocation is post-translational, in which case the protein is translocated after completion 
of the protein in the cytosol. These proteins only carry a weakly hydrophobic signal sequence and 
are targeted to the ER via a mechanism distinct from that for co-translationally translocated proteins 
(for review, see [6]). It was suggested that translocation of such proteins could be mediated by the 
ER luminal chaperone BiP (Kar2p). Sequential binding of BiP to parts of the nascent polypeptide that 
are newly-exposed to the ER lumen would prevent movement of the protein back into the cytosol, 
and thus promote unidirectional movement into the ER [7]. In addition to a ratcheting mechanism, 
a more active mechanism has been proposed in which BiP would move the polypeptide in an ATP-
dependent manner [8, 9]. Proteins directed to the mitochondria, peroxisomes, chloroplasts, and the 
nucleus are also translocated post-translationally.
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Insertion of integral membrane proteins is more complex as the membrane domains need to 
be integrated into the ER lipid bilayer. It is thought that the hydrophobic membrane domain of 
such proteins diffuses into the ER membrane laterally through a small opening in the translocation 
channel during translocation [10-12].

Protein folding in the ER

Once in the ER, the signal sequence of the nascent protein can be cleaved by signal peptidase [13], 
after which the protein can be folded with the help of molecular chaperones such as BiP (Kar2p). 
These chaperones act to shield hydrophobic regions from other proteins, thereby preventing ag-
gregation and allowing the protein to fold (for review, see [14]). Since BiP has been shown to bind 
to the luminal side of the translocon [15, 16], and appears to be involved in translocation [7], it is 
likely the first chaperone to act on the nascent protein. Maturation of the nascent polypeptides into 
their correct conformation may require disulfide bridge formation, which is facilitated by protein 
disulfide isomerase (PDI). Additionally, it may require N-linked glycosylation by the translocon-
associated oligosaccharyl transferase (OST) complex, which usually occurs during translocation. 
This N-linked Glc3Man9GlcNAc2 glycan is subject to trimming by glucosidase I and II [17], after 
which chaperones such as calnexin and calreticulin can associate with the glycoprotein [18]. ERp57, 
a member of the PDI family, interacts with the chaperones calnexin and calreticulin to facilitate the 
folding of glycoproteins [19-22]. Additional trimming of the glycan groups by α-mannosidase I is 
another required step in the maturation of a glycoprotein [23, 24]. Such modifications are important 
for solubility, structure and function of proteins. Once proteins are folded properly, they exit the 
ER and enter the Golgi, where they undergo additionally modifications before they continue their 
journey to their destinations (Fig. 1).

Misfolding of proteins and the unfolded protein response

Given the large number of modifications involved in the folding of proteins in the ER and the sheer 
amount of proteins synthesized and in need of folding, it is not surprising that sometimes errors 
occur and proteins are not folded properly. It is thought that proteins that are folded improperly 
may continue to associate or re-associate with some molecular chaperones, which could function 
in part of the quality control process as well. Such proteins need to be dealt with simply because 
misfolded proteins may interfere with the primary function of the ER compartment by forming 
aggregates with newly-synthesized proteins and occupying chaperones that facilitate folding, or 
because aberrant proteins may be harmful to the cell. A cell can deal with misfolded proteins in two 
ways. One way is to help them refold by increasing the amount of available molecular chaperones, 
and the other is to dispose of these proteins. 

Cells have developed a special mechanism to deal with increased concentrations of misfolded 
proteins in the ER. When the luminal levels of misfolded proteins are elevated, it elicits a so-called 
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unfolded protein response (UPR) [25-27]. The UPR senses this increase and elicits a signaling path-
way response that activates mechanisms to overcome increased misfolding of proteins in the ER. 
It is not surprising that the UPR is mediated by several ER membrane-spanning proteins: PERK, 
Ire1, and ATF6. Both PERK (double-stranded RNA-activated protein kinase (PKR)-like endoplasmic 
reticulum kinase) and Ire1 (inositol requiring kinase 1) are ER-resident transmembrane proteins that 
sense the state of protein folding in the ER. In their inactive state, the luminal domains bind the ER 
chaperone BiP [28, 29]. When the concentration of misfolded proteins increases, BiP is sequestered to 
these misfolded proteins to assist in their folding [28]. Dissociation of BiP from the luminal domain 
of PERK results in homodimerization, autophosphorylation and activation of the cytosolic domain 
of PERK. This domain can then phosphorylate the eukaryotic translation initiation factor 2α (eIF2α) 
[30]. The phosphorylation inhibits general translation of proteins by preventing the formation of 
the ribosome-eIF2-tRNAMet pre-initiation complex. This ensures that no additional misfolding of 
newly-synthesized proteins will occur in the ER. On the other hand, phosphorylation of eIF2α can 
lead to increased translation of mRNAs encoding several short upstream open reading frames 
(uORFs) [31], leading to increased expression of activating transcription factor 4 (ATF4) [32] and 
subsequent upregulation of several target genes.

The activation of Ire1 is similar to that of PERK. The activated domain of Ire1 contains both a 
kinase and an endoribonuclease activity [33-36]. In yeast, the endoribonuclease activity has been 

Fig. 1. Synthesis of proteins in the exocytic pathway. Protein synthesis starts in the cytosol after assembly of the 
mRNA-ribosome complex. While the nascent protein is being elongated, the exposed signal sequence can be bound by 
the signal recognition particle (SRP). The ribosome-nascent chain complex docks onto the Sec61 translocon via initial 
binding to SRP receptor. The protein can then be co-translationally translocated into the ER (1). In the ER, proteins 
are folded before they exit the ER, to continue their journey through the Golgi (3) onto their final destinations (5). 
Adapted from Lippincott-Schwartz et al. Annu Rev Cell Dev Biol (2000) 16:557-89 and Wickner and Schekman (2005) 
Science 310:1452-6.
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shown to target HAC1 mRNA for alternative splicing [37]. Under normal conditions, the unspliced 
mRNA is not translated efficiently [37-39]. However, when the concentration of misfolded proteins 
in the ER increases, splicing of the HAC1 mRNA generates an mRNA that is readily translated 
into Hac1p. Hac1p functions as a transcriptional activator for unfolded protein response element 
(UPRE) containing genes [40]. The functional homolog for Hac1p in mammals is XBP-1 [41-43]. In 
mammalian cells, the active domain of Ire1 appears to be located in the nucleus [42], which is the 
most expected localization for its endoribonuclease and kinase activity. It is unclear whether the 
translation of unspliced XBP-1 mRNA is attenuated as occurs for unspliced HAC1 mRNA in yeast. 
However, similar to splicing of HAC1 mRNA, the splicing of XBP-1 mRNA yields a version of XBP-1 
that differs in its C-terminus, and is a more potent transcriptional activator [43-45]. Additionally, 
differential degradation kinetics may favor the activity of spliced XBP-1 [46].

Similar to PERK and Ire1, association with BiP keeps ATF6 (activating transcription factor 6) 
inactive [47]. However, interactions with calreticulin have also been implicated in ER retention of 
ATF6, although the exact nature of this regulation is not clear [48, 49]. Release of BiP from the luminal 
domain exposes the Golgi localization sequence (GLS) of ATF6, and allows transport of ATF6 to the 
Golgi [50]. Site-1 protease (S1P) and site-2 protease (S2P) can then cleave ATF6 [51, 52], allowing the 
cytosolic domain to enter the nucleus and carry out its function as a transcription factor.

In conclusion, the UPR is part of the ER quality control system, and serves to correct misfol-
ding of proteins in the ER. Its first response is to lower the folding demand in the ER by decreasing 
transcription and translation of proteins in general, and to raise the folding capacity of the ER by 
selectively increasing the amount of ER chaperones and by increasing the size of the ER. Transcrip-
tion factor ATF6 is involved in a fast response and regulates expression of another factor involved 
in the early response, XBP-1 [42]. Both are involved in the upregulation of ER chaperones [53, 54]. 
A later response includes the upregulation of factors involved in the ER-associated degradation 
(ERAD) pathway [55-57], which is mediated by the ubiquitin-proteasome pathway. This suggests 
that a backup plan to dispose of misfolded proteins is in place should the proteins fail to fold. 
Under conditions of extreme and prolonged stress, a final response of the UPR is to upregulate 
factors that induce apoptosis [58-61]. The differential expression of transcription factors and the 
manner by which they interact with each other determines the timing of the different responses 
during the UPR. 

Degradation of proteins by the ubiquitin-proteasome pathway

Ubiquitin

The degradation of a subset of cellular proteins is mediated by the ubiquitin-proteasome system. In 
this pathway, degradation is selectively regulated by marking the protein destined for degradation 
with a small regulatory protein of 8,500 Daltons, called ubiquitin [62, 63]. It is usually synthesized 
as a long pro-protein containing multiple ubiquitin moieties, and then cleaved by specific proteases 
to form the 76-amino acid polypeptide. The ubiquitin tag allows the proteasome, a multi-subunit 
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proteolytic complex, to recognize the protein that is to be degraded. Ubiquitin was initially disco-
vered in the mid-1970s [64-66] in an unrelated search for polypeptide hormones from the thymus. 
It appeared to be distributed ubiquitously over tissues, and was therefore initially called ubiquitous 
immunopoietic polypeptide (UBIP). Only a few years later the pioneering research was done that 
would eventually lead to the identification of ubiquitin as a mediator of ATP-dependent proteolysis 
of proteins. In an attempt to find factors involved in energy-dependent protein turnover, which takes 
place in all cells, a cell-free system was established from reticulocytes [67, 68]. Initially, proteolysis of 
an abnormal globin was studied, but later it was found that other proteins could also be degraded in 
this cell-free system. Upon fractionation of reticulocyte lysate, a heat-stable factor of approximately 
9,000 Daltons was found, which was initially called APF-1 (for ATP-dependent proteolysis factor 1) 
[69, 70]. After further analysis of APF-1, it was found to be identical to the previously found protein 
ubiquitin [71, 72]. Analysis of the cell-free system of reticulocytes also revealed another property of 
ubiquitin. Although it had already been shown that ubiquitin could covalently attach to histones 
[73, 74], it soon became clear that in fact not just one ubiquitin but multiple ubiquitin molecules 
could be attached to substrates prior to proteolysis [75].

Ubiquitination

The process by which ubiquitin is covalently attached to a target protein is called ubiquitination 
(or ubiquitinylation) (for review, see [62, 76, 77]. It requires the concerted action of two or three 
enzymes specifically designed to covalently attach a free ubiquitin to a target protein (Fig. 2A). The 
initial step requires a 110-kDa enzyme, called E1 or ubiquitin-activating enzyme, of which there 
is usually only one. Ubiquitin is activated by modifying the C-terminal glycine residue so that it 
can react in a subsequent step. This modification is initiated by E1 binding both ATP and ubiquitin 
[78]. Upon hydrolysis of ATP, a ubiquitin-adenylate intermediate is formed, still associated with 
the E1 enzyme, while pyrophosphate is released. Ubiquitin is then transferred to a thiol group of 
a cysteine in the active site of the enzyme, forming a thiolester, while AMP is released. It has been 
shown that E1 can also bind another ATP and ubiquitin to form another ubiquitin-adenylate after the 
ubiquitin thiolester with E1 has been formed. It is not clear whether this second ubiquitin-adenylate 
formation is a requirement for the subsequent step in the cascade. This subsequent step entails the 
transfer of the newly-formed ubiquitin thiolester to an E2 or ubiquitin-conjugating enzyme, also 
via a thiolester linkage on an active site cysteine. There are 11 known E2s in S. cerevisiae, and many 
more in higher eukaryotes. In fact, often multiple homologs are found in mammals.

Ubiquitination of the target protein can be accomplished in conjunction with a third enzyme, 
the E3 enzyme or ubiquitin protein ligase. It is thought that the E3 enzyme provides selectivity 
towards the substrate by binding to specific recognition signals. There is a variety of recognition 
signals that determine a protein’s fate. Recognition signals include the so-called PEST elements, 
which contain regions enriched in Pro, Glu, Ser, and Thr residues [79, 80]. For some proteins, phos-
phorylation of the latter two residues is also a requirement for recognition [81-83]. Other examples 
of proteins targeted for ubiquitination by phosphorylation signals are β-catenin, cyclin D, cyclin E, 
and IKBα, an inhibitor of transcriptional regulator NF-KB [84-88]. In these proteins, phosphorylation 
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at specific sites is required for recognition by the E3 enzyme before the protein can be ubiquitinated. 
The best-characterized degradation signal is possibly the N-end rule system, in which the nature 
of the N-terminal amino acid determines whether the protein is ubiquitinated and degraded (for 
review, see [89]). In addition, it is also possible that an adaptor protein or the E2-E3 complex provides 
a specific interaction pocket for a specific substrate.

The transfer of ubiquitin to the target protein can be carried out by two main mechanisms, 
mediated by two groups of E3 enzymes. These are the HECT (for homologous to E6-AP C-terminus) 
domain family and the RING (for really interesting new gene) domain family (for review, see [90]). 
E6-AP was found to be responsible for the ubiquitination and subsequent degradation of p53 in 
HPV-infected cells [91]. It did not bind p53 directly however, and was found to require an adaptor 
protein, namely the papillomavirus E6 oncoprotein. Since the initial finding of E6-AP, several E3s 
have been found carrying a 350-amino acid C-terminal region homologous to that of E6-AP [92]. 
The ubiquitination mechanism in this group of E3s consists of an E2 initially transferring ubiquitin 
to a cysteine in the active site of the E3 [93]. The E3 in this case would be the donor of ubiquitin to 
the substrate. In the RING domain family, no ubiquitin thiolester is formed on the E3, and it appears 
these E3 enzymes have both a catalytic and a recognition/adaptor function. In effect, all non-HECT 
E3 enzymes belong to the RING domain family [94, 95]. The RING domain is about 40-60 amino 
acids long and has a characteristic globular conformation, which is due to the arrangement of His 
and Cys residues and the two zinc ions that lie within [96]. The RING domain is thought to play 
a role in catalyzing the transfer of ubiquitin from the E2 to the substrate. Since the E3 binds both 
the E2 and the substrate, ubiquitin can be transferred from the E2 directly to the substrate. In both 
mechanisms, the final conjugation of ubiquitin to a target protein involves the formation of a peptide 
bond between the C-terminal Gly residue of ubiquitin and a free NH

2
-group on the target protein, 

i.e. an internal lysine (Lys) or the N-terminus. The target protein can either be mono-ubiquitinated, 
which occurs in processes such as endocytosis of cell surface receptors, or it can be ubiquitinated 
with several ubiquitin molecules. Initially, it was considered that substrates that are multi-ubiqui-
tinated would have ubiquitin molecules attached on multiple available Lys residues in the target 
protein. However, it soon became apparent that more ubiquitin molecules could be linked than 
there were lysines available, suggesting a linkage within ubiquitin itself [97-99]. Methylating the 
Lys residues of ubiquitin blocked the formation of large protein-ubiquitin conjugates [97], which 
suggested that the large conjugates might arise from the isopeptide linkage of ubiquitin to other 
ubiquitin moieties. In this case, a polyubiquitin chain would be formed by linking the C-terminus 
of a ubiquitin moiety to any of seven available Lys residues of the previously attached ubiquitin. In 
1989, the first experiments providing such evidence were carried out on a synthetic β-galactosidase 
substrate [100]. In these experiments it was shown that ubiquitin could be branched together through 
Lys48 in ubiquitin itself to form a polyubiquitin chain, and moreover that this Lys48 linkage was 
essential for degradation of the β-galactosidase substrate. Since then, several other linkages have 
been identified (Lys11, Lys29, Lys63), which have been linked to different processes in the cell [101-
105]. The best-defined linkage remains the linkage via Lys48 of ubiquitin, which has been shown to 
be required for degradation by the proteasome [106].
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Fig. 2. The Ubiquitin-Proteasome System. (A) General scheme of ubiquitination of a substrate (S) protein. Free ubiquitin 
can be activated by E1, and transferred to an E2 enzyme via transthiolation. In conjunction with an E3 enzyme from 
either the RING domain or HECT domain family, the substrate is ubiquitinated on a free NH2-group, usually of a lysine 
(Lys) residue. Ubiquitin molecules can be linked together via Lys residues to form a polyubiquitin chain. A specific 
linkage via Lys48 of ubiquitin has been implicated in degradation of proteins by the proteasome. Adapted from Kerscher 
et al. Annu Rev Cell Dev Biol (2006) 22:159-80. (B) Model of the structure of the 26S proteasome from Drosophila. The 
20S subunit structure was based on electron microscopy and using the crystal structure of the 20S proteasome from 
Thermoplasma [185]. The 19S regulatory particle can attach to both sides of the 20S core particle. (C) Two nomenclatures 
are used to designate subunits for the lid and the base of the 19S complex. The S (subunit) or RP (regulatory particle) 
designations refer to the mammalian and yeast Saccharomyces cerevisiae 19S subcomplex, respectively [186, 187]. The 
subunits are ordered by their molecular mass, and in yeast, a differentiation is made between ATPase (Rpt) and non-
ATPase (Rpn) subunits as well. The 20S particle is composed of four stacked rings of α and β subunits stacked in the 
order α1-7β1-7β1-7α1-7. Adapted from Voges et al. Annu Rev Biochem (1999) 68:1015-68.
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The Proteasome

Intracellular protein degradation is an essential cellular process. A large portion of cellular proteins 
is degraded by a large cytosolic and nuclear protease complex, called the proteasome, which is re-
sponsible for ATP-dependent protein degradation [107, 108]. Initially, the proteasome was regarded 
primarily as a ‘recycler’ of misfolded proteins, but the function of this multi-enzyme complex has 
proven to be multifaceted. The 26S proteasome is a 2.5MDa molecular degradation machine that 
consists of more than 31 different subunits, and is formed by two major subcomplexes (Fig. 2B). 
One is a cylinder-shaped multimeric complex referred to as the proteolytic 20S proteasome or core 
particle (CP), which is responsible for proteolysis, and can exert its proteolytic activity without 
ubiquitin and ATP. The other multimeric protein complex is called the 19S regulatory particle (RP) 
or PA700, which is involved in binding of ubiquitinated substrates, and regulating the entry into 
the 20S core. Mammalian cells also contain a second regulatory complex, the 11S regulator or PA28, 
which is involved in antigen presentation [109].

-20S core particle- The 20S proteasome of eukaryotes contains fourteen subunits. The barrel-shaped 
20S core unit is about 15 nm long and 11.5 nm wide, and consists of two rings of α subunits and two 
rings of β subunits, stacked in the order of αββα (Fig. 2B). Both α and β ring contain seven distinct 
subunits. The crystal structure of the 20S core showed that the catalytically inactive α subunits are 
mainly structural and play an essential role in stabilizing the two-ring structure of the β chains. 
The interior of the free core particle is usually inaccessible for substrates as the N-termini of the 
α subunits close the entrance to the channel [110-112], thereby preventing random degradation of 
proteins and providing a high level of substrate specificity. The α-subunits forming the outer rings 
have no catalytic activity, but play a role in the interaction of the 20S and 19S regulatory particle 
[111]. The three catalytic sites are generated topologically by adjacent pairs of identical β subunits 
(β1, β2 and β5) in opposing β rings. They each have a specific cleavage site: a chymotrypsin-like 

activity that cuts hydrophobic residues, a trypsin-like site that cleaves basic amino acids and a 
caspase-like site (or post-glutamyl peptide hydrolase-like site), which cleaves acidic residues. The 
length of peptides after cleavage will depend on the amino acid composition of the protein, and 
varies between 2-25 amino acids [113]. Knowledge of the 20S proteasome in general and specifically 
about these proteolytic sites has aided the development of specific proteasome inhibitors such as 
lactacystin, a metabolite from Streptomyces, and synthetic compounds such as MG-132, which have 
proven invaluable for research into the function of the ubiquitin–proteasome pathway in different 
cellular processes [114].

-19S regulatory particle- The 19S regulator has many different functions, and its multifaceted nature 
is shown by the many different tasks it needs to perform. As its name implies, the 19S cap regulates 

the activity of the proteasome, including selecting substrates, preparing them for degradation and 
translocating them into the core particle. All these different activities reside in the 19S cap, which 
has two structural subcomplexes: the ‘lid’ and the ‘base’. The 19S regulatory particle can bind to 
both ends of the 20S core to form the 26S proteasome holoenzyme. Binding involves subunits of 
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the base of the 19S cap, and is thought to open up the ‘gate’ to the interior, otherwise blocked by 
the N-termini of the 20S α subunits [111]. The lid has been implicated in binding of polyubiquitin 
chains [115, 116], and it is thought that this is essential in the first stage of proteolysis, namely for 
targeting the substrate to the proteasome. In addition, a ubiquitin hydrolysis activity has also been 
attributed to the lid of the 19S cap [117]. It is likely that the ubiquitin chain attached to the substrate 
will sterically hinder entry into the 20S proteasomal core and therefore needs to be removed. Other 
functions of the base of the 19S cap have been attributed to six specific subunits in the base. These 
subunits are AAA (ATPases associated with various cellular activities) ATPases, and are thought 
to play a role in unfolding of the substrate on the proteasome and moving the substrate into the 
proteasome core prior to proteolysis [115, 118-121]. In contrast to the 20S particle, these functions 
of the 19S cap are dependent on ATP hydrolysis and ubiquitin.

Endoplasmic Reticulum-Associated Degradation

The ubiquitin-proteasome pathway functions in many important biological processes such as degra-
dation of time-dependent regulatory proteins (e.g. cell cycle proteins, signal transduction proteins), 
generation of antigenic peptides for antigen presentation, and degradation of proteins that are mis-
folded in the ER. The latter is an important part of the ER quality control system, which ensures that 
only properly folded proteins or properly assembled protein complexes progress through the ER to 
the Golgi [122]. As described previously, after proteins are synthesized and translocated into the ER, 
occasionally proteins fail to fold properly. Such misfolded proteins could cause potential problems 
by overloading the ER, thereby preventing proper functioning of the ER. In addition, if aberrant 
proteins progress past the ER, they could have harmful effects to cells or tissues (for secreted pro-
teins). Therefore, it is important to dispose of such proteins. The ER quality control system removes 
these proteins via the ERAD pathway. Initially, it was believed that degradation would occur inside 
the ER [123, 124]; however, evidence later suggested that this is not the case.

Degradation of ERAD substrates is carried out by the proteasome. However, since proteasomes 
reside in the cytosol and not in the ER, the misfolded protein or unassembled subunit needs to be 
moved from the ER to the cytosol. This process is called retro-translocation or dislocation. Recogni-
tion of misfolded proteins in the ER lumen is likely accomplished by chaperones that are involved 
in the folding process such as BiP, PDI, calnexin or calreticulin. Perhaps, these chaperones could 
also direct them to an ER membrane receptor involved in ERAD. The actual movement across the 
membrane is likely to occur through some channel environment, and some reports suggest that 
the Sec61 channel, involved in the forward translocation of newly-synthesized proteins, may be 
involved [125-130]. Early steps inside the ER lumen remain unclear; however, it is known that 
some of the later steps are mediated by the ubiquitin-proteasome system. When the retro-trans-
locating protein emerges on the cytosolic side of the ER, it is polyubiquitinated and degraded by 
the proteasome. Most of the components of the ubiquitination machinery were initially identified 
from genetic screens in yeast [131-136]. Work done mainly on ERAD substrates such as HMG CoA 
reductase (HMGR) and mutant carboxypeptidase Y (CPY*), revealed the involvement of mostly 
membrane-associated E2s and E3s (Fig. 3). The HRD (for HMG CoA reductase degradation) genes 
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encoded proteins include Hrd1p (E3), Hrd2p (Rpn1, proteasome subunit), Hrd3p (stabilizes Hrd1p), 
Hrd10p (E2, Ubc7p), and Hrd13p (Cue1p, anchors Ubc7p to ER membrane). The DER (for degra-
dation from/in the ER) genes were found in screens using the ERAD substrate CPY*, and encode 
proteins such as Der2p (Ubc7p), Der3p (Hrd1p), Ubc1p, and the multi-spanning ER membrane 
protein Der1p, which appeared to be required for luminal substrates [137]. Of the three ubiquitin-
conjugating enzymes (E2s) that have been implicated in the ubiquitination of ERAD substrates 
in yeast, Ubc7p clearly plays the most prominent role, while Ubc1p and Ubc6p play a lesser role 
[133, 138, 139]. Ubc6p and Ubc7p are both membrane-associated E2s. Ubc7p associates with the 
ER membrane through an interaction with a membrane protein called Cue1p [133]. Ubc1p and 
Ubc7p appeared to function in the same pathway mediated by the E3 enzyme Hrd1p/Der3p. The 
E3 Hrd1p/Der3p is a multi-spanning ER membrane protein bearing a cytosolic C-terminal RING-
H2 domain, which can bind the E2s Ubc1p and Ubc7p. Some known substrates targeted by ERAD 
include CPY*, HMGR, mutant cystic fibrosis transmembrane conductance regulator CFTRΔF508 
and Pdr5* [130, 131, 135, 140, 141]. Obviously, before luminal substrates or membrane proteins that 
do not have lysines in their cytosolic domains can be ubiquitinated they need to be at least partially 
dislocated from the ER membrane. However, usually substrates are ubiquitinated while they are 
still associated with the ER. How these substrates then exit the ER remains unclear. It is likely that 
an ATP-dependent activity is required for the extraction of substrates from the ER membrane. An 
AAA ATPase called Cdc48p/p97, previously implicated in membrane fusion events [142, 143], has 
recently been suggested to be involved in ERAD [144]. In membrane fusion events, the hexameric 
ATPase p97 interacts with the co-factor p47, whereas in ERAD events it appears to interact with 
the dimeric co-factor Ufd1-Npl4 [144, 145]. On the other hand, the 19S cap of the proteasome also 

Fig. 3. ER-associated degradation in yeast. Components thought to be involved in ERAD in the yeast Saccharomyces 
cerevisiae include several E2s and the E3 enzyme Hrd1p, and involves the ubiquitin-proteasome system. Recognition 
inside the ER was thought to be carried out by chaperones such as Kar2p /BiP and Cne1p/calnexin (CNX). Adapted 
from Bonifacino and Weissman Annu Rev Cell Dev Biol (1998) 14:19-57.
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consists of six AAA ATPases in a ring arrangement, which are proposed to unfold the substrate 
and feed it into the proteolytic chamber [115, 118-121]. Therefore, it is possible that the proteasome 
has a role in extracting ERAD substrates. In addition, a subset of proteasomes is localized to the 
ER membrane [146, 147], possibly via the Sec61 translocon [148]. If the translocon were indeed in-
volved in retro-translocation, this would provide a convenient way to feed substrates directly into 
the proteasome for proteolysis.

The proteasome and the immune system

Higher organisms have a well-developed immune surveillance system that monitors small peptides 
presented on the surface of the cell by the major histocompatibility complex (MHC) (for review, 
see [149]). There are two distinct pathways for antigen presentation: one mediated by MHC class 
I complexes and one by MHC class II complexes. The latter complex presents peptides on B lym-
phocytes and macrophages to circulating CD4+ T lymphocytes. The peptides can be derived from 
several different sources such as cell surface proteins, or from pathogens that were internalized by 
phagocytosis. These peptides are loaded onto the MHC complexes in specialized vesicles of the 
endocytic pathway where the MHC class II complexes and processed antigens meet. The MHC 
class I mechanism is different as the peptides for presentation are in fact mainly generated by 
the proteasome, and loading of the peptides takes place in the ER (Fig. 4). MHC class I molecules 
tightly bind antigenic peptides that are derived from peptides generated during the degradation of 
intracellular proteins, and display them on the cell surface of virtually all cells. Circulating cytotoxic 
CD8+ T lymphocytes monitor these cells and discriminate between healthy and infected cells by 
distinguishing between MHC class I bound antigenic peptides derived from an organism’s own 
proteins or from pathogens [150-152]. Upon binding to a non-self antigenic peptide, the lymphocyte 
becomes activated and exerts its cytotoxic actions by lysing the target cell. The MHC class I complex 
consists of the MHC class I heavy chain associated with β2-microglobulin, and an antigenic peptide. 
Peptides have to fulfill specific criteria for length (8-10 residues) and composition to fit the pep-
tide-binding pocket of the complex [153, 154]. It is thought that especially in immune tissues these 
peptides can be generated by a specialized version of the proteasome, called the immunoprotea-
some [150, 155]. The immunoproteasome can be induced by interferon-γ [156], which suggests an 
intriguing possibility of it being regulated in response to infection. Instead of associating with the 
19S regulatory particle, the 20S core can associate with a different cap, the 11S or PA28 regulatory 
particle [155]. In addition, different catalytic subunits (LMP2, MECL1 and LMP7) are induced by 
interferon-γ [155]. These subunits replace the three standard catalytic subunits β1, β2 and β5. The 
different beta subunits would then alter the cleavage and length preferences of the proteasome. In 
fact, it has been found that these proteasomes preferentially generate longer peptides [157], which 
would be preferred since peptides smaller than 8 residues would not fit in the MHC complex. It has 
been shown that cleavages by proteasomes define the C-terminal residues of MHC class I-presented 
peptides [158], leaving the N-termini to be trimmed by aminopeptidases. Many aminopeptidases 
reside in the cytosol, and are usually responsible for turnover of the peptides to single amino acids. 
However, for antigen presentation the aminopeptidase resides within the ER [159-161]. Before they 
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can be trimmed, the generated peptides are transported by TAP (transporter associated with antigen 
presentation) into the ER lumen [162-164]. There they are trimmed to size by the recently identified 
aminopeptidase ERAP-1 or ERAAP (ER aminopeptidase 1 or ER aminopeptidase associated with 
antigen processing) [165-168] before being mounted onto the MHC class I complex, and transported 
to the cell surface for presentation.

Viral targeting of immune surveillance

While antigen presentation and immune surveillance are created for controlling invading pathogens, 
some viruses can persist in the cell without detection. A large number of viruses, such as human 
immunodeficiency virus (HIV), Kaposi’s Sarcoma associated virus, murine γ-herpesvirus-68, or 
human cytomegalovirus (HCMV) target this well-developed immune surveillance system, and 
succeed in evading detection [169-172]. Usually, the elimination of virus-infected cells depends on 
the presentation of virus-derived peptides by the MHC class I complex and subsequent recognition 

Fig. 4. Assembly of the MHC class I complex for antigen presentation. (A) Peptides for antigen presentation are 
derived from various different sources. A major portion of these peptides is generated by the proteasome. Peptides are 
transported into the ER by the TAP transporter, where they are trimmed to the correct length by the aminopeptidase 
ERAAP (ERAP-1) and loaded onto the MHC class I complex, before they are transported to the cell surface for antigen 
presentation. Adapted from Trombetta and Mellman Annu Rev Immunol (2005) 23:975-1028.
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of the complex by cytotoxic CD8+ T lymphocytes. Ironically, HCMV attacks an integral part of the 
immune system specifically designed to expose pathogens, namely the MHC class I complex [173]. 
During HCMV infection, several viral gene products are expressed that affect different aspects of 
antigen presentation (Fig. 5) [172]. The viral US6 protein prevents transport of peptides for antigen 
presentation into the ER [174-176]. US3 binds the MHC complex and retains it in the ER [177-180]. 
More interestingly, US2 and US11 affect the stability of the MHC class I complex by specifically 
targeting MHC class I heavy chains and causing rapid degradation of these chains [125, 178, 181]. 
Heavy chains are retro-translocated from the ER membrane to the cytosol, where they are deglyco-
sylated and ultimately degraded by the proteasome [125, 181]. A role for the Sec61 complex in the 
retro-translocation of heavy chain has been suggested as an interaction was shown between Sec61 
and heavy chains in co-immunoprecipitation experiments, although these were carried out under 
low stringency conditions [125]. During the retro-translocation process, the heavy chains are also 
ubiquitinated [182]. These observations suggested that the HCMV proteins US2 and US11 utilize 
the cellular ERAD pathway to degrade MHC class I heavy chains. The lack of specific mammalian 
ERAD substrates and the rapid kinetics of heavy chain degradation made the US2 and US11 system 
a great model system to further study the ERAD pathway in mammalian cells.

MHC complex
 ER retention

MHC complex assembly
   and peptide loading MHC HC dislocation

US6
US3

US2/US11

ER

cytosol

putative antigenic peptide

Fig. 5. HCMV utilizes different strategies for preventing antigen presentation. Viral proteins of the human cyto-
megalovirus (HCMV) are involved in retaining the MHC complex in the ER (US3), preventing transport of peptides 
into the ER (US6), and degradation of MHC class I heavy chains (US2 and US11). More details in the text. Adapted 
from Ploegh Science (1998) 280:248-53.
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Outline of this thesis

In order to obtain a better understanding of the fundamental processes involved in ER quality 
control, and more specifically in the process of degradation of proteins misfolded in the ER, we 
employed a model system in which the human cytomegalovirus protein US11 targets MHC class I 
heavy chain (HC) for degradation [181, 182]. Using this system, we attempted to resolve the mecha-
nism and factors involved in ERAD. In particular, this thesis addressed the importance of ubiquitin 
and the ubiquitination machinery in ER quality control.

In addition, comparison of virus-induced ERAD substrates with cellular ERAD substrates 
could additionally provide us with information about possible differences between the two con-
ditions. Finding features that are unique to viruses could ultimately lead to the development of 
drugs to counter the actions of viruses such as HCMV, which often results in secondary infections 
in patients with a comprised immune system. Antiviral drugs are urgently needed, as treatment 
options for viral infections are very limited.

In chapter 2 of this thesis, we looked at the role of ubiquitin in the ERAD process. A model 
system was used in which MHC class I HC is rapidly degraded under the influence of the HCMV 
protein US11. In a permeabilized cell system, the endogenous cytosol could be replaced with cytosol 
that was selectively depleted of ubiquitin using a novel technique. The effects of this depletion on 
degradation of MHC class I HC could be examined in pulse-chase experiments. In these experiments, 
it became evident that polyubiquitination was not only required for degradation of MHC class I HC 
but that it also mediated retro-translocation from the ER membrane. In chapter 3, we explored the 
role of polyubiquitin in retro-translocation of MHC class I HC. We found that polyubiquitination 
alone is insufficient for the movement of substrate out of the ER, and that an energy-dependent 
process is involved in this movement. In addition, a specific Lys48 linkage within the polyubiquitin 
chain was found to be required. We suggest that polyubiquitin likely functions as a recognition 
signal for downstream components during retro-translocation. In chapter 4, we looked specifically 
for the components of the ubiquitination machi-nery involved in retro-translocation of the HC 
substrate. The ubiquitin-conjugating enzyme E2-25K, the proposed mammalian homolog of yeast 
Ubc1p, was found to support both ubiquitination and retro-translocation of HC. This was a novel 
finding as no function had been attributed to E2-25K previously. In addition, we found two possible 
E3s that interact with E2-25K namely the Hrd1p homolog gp78 and the novel MARCH-VII protein. 
The gp78 protein has been implicated in ERAD of several substrates. MARCH-VII would be of great 
interest if it were found to be involved in only HCMV-induced ERAD of MHC class I HC. In the last 
experimental chapter, we examined an interaction between the newly discovered ER membrane-
spanning protein Derlin-1, postulated to be part of a central pore complex for retro-translocation 
of ERAD substrates [183, 184], and US11-triggered ERAD substrate MHC class I HC. In addition, 
we determined using a novel proteasome inhibitor that the proteasome is likely not the component 
downstream of polyubiquitination, involved in the extraction of substrates from the ER. Another 
ATPase, called p97, which was proposed to have a function in retro-translocation [144], therefore 
remains the main candidate for being responsible for the extraction of ERAD substrates from the 
ER. In the final chapter, the results in this thesis and recent developments in ERAD are discussed.
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Abstract

The human cytomegalovirus protein US11 induces the dislocation of major histocompatibility com-
plex (MHC) class I heavy chains from the endoplasmic reticulum (ER) into the cytosol for degra-
dation by the proteasome. With the use of a fractionated, permeabilized cell system, we find that 
US11 activity is needed only in the cell membranes and that additional cytosolic factors are required 
for heavy chain dislocation. We identify ubiquitin as one of the required cytosolic factors. Cytosol 
depleted of ubiquitin does not support heavy chain dislocation from the ER, and activity can be 
restored by adding back purified ubiquitin. Methylated ubiquitin or a ubiquitin mutant lacking 
all lysine residues does not substitute for wild-type ubiquitin, suggesting that polyubiquitination 
is required for US11-dependent dislocation. We propose a new function for ubiquitin in which 
polyubiquitination prevents the luminal domain of the MHC class I heavy chain from moving back 
into the ER lumen. A similar mechanism may be operating in the dislocation of misfolded proteins 
from the ER in the cellular quality control pathway.

Introduction

The MHC class I complex binds intracellularly-derived peptides and presents them at the cell surface 
to the cytotoxic T cells of the immune system. The MHC class I heavy chain contains the peptide-
binding site and is a type I transmembrane protein with a large luminal/extracellular domain and 
a short cytosolic tail. Human class I heavy chains have a molecular mass of 43 kDa and contain a 
single N-linked glycan. Human cytomegalovirus (HCMV) evades detection by the immune system 
by targeting class I heavy chains for destruction soon after they are synthesized. To do this, HCMV 
seems to co-opt the quality control process by which the cell normally disposes of misfolded or 
misassembled secretory proteins in the endoplasmic reticulum (ER) [1-3]. Like proteins targeted 
for destruction by the ER quality control pathway, class I heavy chains in HCMV-infected cells are 
reverse-translocated, or dislocated, across the ER membrane into the cytosol, where they undergo 
proteasome-dependent degradation. Proteins are probably dislocated across the membrane via the 
Sec61 complex, which forms the channel through which they originally entered the ER [3-6].

There are two HCMV proteins responsible for targeting MHC class I heavy chains for destruc-
tion, US11 and US2 [7]. Either protein, when stably expressed in human astrocytoma cell lines, 
causes constitutive destruction of class I heavy chains. The process is very rapid: the half-life of the 
heavy chains is less than 3 minutes. In the presence of proteasome inhibitors, degradation is inhi-
bited, but the heavy chains are still quickly dislocated into the cytosol, where they are deglycosylated 
by the activity of an N-glycanase and are found as soluble species [2, 3]. US11 and US2 are small (<30 
kDa), transmembrane glycoproteins that are localized to the ER. Both bind to class I heavy chains 
[8], but the mechanism by which they act to effect heavy chain dislocation is unknown.

The actual dislocation process might involve the function of ubiquitin. In human cells expres-
sing US11, class I heavy chains are ubiquitinated before they are degraded [1]. Because ubiquitinated 
heavy chains are associated with membranes, ubiquitination may occur early during dislocation. 
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However, it has not yet been shown that ubiquitination is actually required for US11-dependent 
dislocation and degradation. Moreover, it is unclear whether ubiquitination would simply signal 
degradation of the heavy chain after its dislocation into the cytosol, act as a targeting signal du-
ring the dislocation process (by analogy with ubiquitin’s role as a signal during endocytosis [9]), or 
possibly function in a novel way.

A robust system that can be dissected biochemically is required to understand in detail the 
mechanisms underlying protein dislocation across the ER membrane. We have previously reported 
the development of a permeabilized cell system for dislocation that allows cytosolic factors to be 
manipulated [1]. The system recapitulates important features of US11-dependent dislocation and 
degradation of MHC class I heavy chains found in living cells. Most importantly, the half-life of 
MHC heavy chains in permeabilized US11-expressing cells is ~ 10 min, much shorter than the half-
lives of misfolded proteins degraded by the standard ER quality control pathway [10-14]. With the 
use of this permeabilized cell system, we show that US11 activity is required in the cell membranes 
and that cellular proteins from the cytosol are required for heavy chain dislocation. We also show 
that ubiquitin-depleted cytosol does not support heavy chain dislocation across the ER membrane. 
Purified wild-type ubiquitin rescues the activity of ubiquitin-depleted cytosol, but ubiquitin unable 
to form polyubiquitin chains does not. Thus, polyubiquitination is required for the US11-dependent 
dislocation of class I heavy chains, and not just for their degradation by proteasomes. A similar 
mechanism may apply for degradation of ER proteins in the cellular quality control pathway.

Results

US11-dependent dislocation of MHC class I heavy chain from the ER requires cytosolic factors

To study the mechanism of US11-dependent class I heavy chain movement from the ER to the cyto-
sol, we used a permeabilized cell system. Astrocytoma cells were labeled with 35S-methionine/-cys-
teine, permeabilized with the use of low concentrations of the mild detergent digitonin, as described 
previously [1], and then centrifuged in a microfuge. Centrifugation separated permeabilized cells 
into a membrane pellet and a cytosol fraction (Fig. 1A). The cell membrane pellet contained, among 
many other proteins, US11 (Fig. 1B) and the dislocation substrate MHC class I heavy chain integrated 
into the ER membrane (see below). The cytosol fraction contained a large number of proteins with 
a wide range of molecular masses, suggesting that it comprises a significant portion of the cytosol 
(Fig. 1A, lane 3). However, some of the cytosolic chaperone Hsc70 and the 26S proteasome frac-
tionated with the membrane pellet, as determined by immunoblot with antibodies to Hsc70 and 
to the proteasome subunits α1 (iota), α2 (C3), and S7 (Mss1) (Fig. 1B and our unpublished data). 
Thus, permeabilization and centrifugation results in release of a substantial fraction, but not of all, 
cytosolic proteins.

We next asked whether the proteins present in the membrane pellet were sufficient to promote 
US11-dependent dislocation and degradation of heavy chain. 35S-methionine-labeled membranes 
from US11-expressing and control cells were resuspended in buffer or in a variety of different 
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mammalian cytosols. The extent of heavy chain dislocation and degradation was assayed for each 
condition by incubating the resuspended membranes at 37 °C and observing the fate of the heavy 
chain over time by immunoprecipitation. We found that the heavy chain was not dislocated or 
degraded efficiently from US11-containing membranes resuspended in buffer alone (Fig. 1C, lanes 
1-3). In contrast, heavy chain dislocation and degradation were observed when the membranes 
were resuspended in mammalian cytosol from control astrocytoma cells (lanes 7-9), cow liver (lanes 
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Fig. 1. A variety of different mammalian cytosols support US11-dependent dislocation and degradation of class I 
heavy chain. Astrocytoma cells expressing US11 were permeabilized (+dig) or mock-permeabilized (-dig) according 
to the procedure described in the Materials and Methods. The squeezed-out cytosol fractions (S) and the membrane 
pellet fractions (P) were run on SDS gels and either (A) Coomassie-stained or (B) processed for immunoblotting. Mi-
gration of molecular mass markers is indicated at the left of the Coomassie-stained gel. The blots were probed with 
antibodies directed against cytosolic hsc70 protein and the ER membrane protein US11, as well as with antibodies 
against the proteasome subunits α1 (iota) and S7 (Mss1). (C) MHC class I heavy chain dislocation assays were carried 
out using membrane pellets from 35S-methionine-labeled, permeabilized US11-expressing or control cells. The mem-
branes were resuspended in buffer (lanes 1-6), in cytosol squeezed out from control astrocytoma cells (lanes 7-12), or in 
cow liver cytosol (lanes 13-18). The bands corresponding to glycosylated heavy chain (HC+CHO) and deglycosylated 
heavy chain (HC-CHO) are labeled.
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13-15), or cow brain (our unpublished data). Importantly, none of the conditions supported degrada-
tion of heavy chain from control cell membranes not containing US11. Moreover, in the absence of 
cytosol, heavy chains remained integrated in the ER membrane during the course of the dislocation 
assay (see below). Cytosol from astrocytoma cells, cow liver and cow brain had approximately the 
same dislocation and degradation activity, although more of a lower molecular weight heavy chain 
species accumulated when US11 cell pellets were incubated in liver cytosol (Fig. 1C, lanes 14 and 
15). This species is deglycosylated heavy chain (our unpublished data). Because deglycosylated 
heavy chain accumulates in US11-expressing astrocytoma cells only in the presence of proteasome 
inhibitors [2], its accumulation under these conditions suggests that the activity of the proteasomes 
in the liver cytosol was not well preserved during cytosol preparation.

Taken together, these results demonstrate that the proteins present in US11 cell membrane 
pellets are not sufficient to promote dislocation and degradation of MHC class I heavy chain and 
that cytosolic factors are required. These factors are inactivated by a 5-min incubation at 65 °C and 
are larger than 3.5 kDa, as determined by dialysis (our unpublished results). Moreover, because 
cytosols from cells lacking US11 support efficient dislocation and degradation of heavy chain, US11 
is required in the membrane fraction only.

Ubiquitin is required for class I heavy chain dislocation

US11-dependent heavy chain degradation is accompanied by the formation of ubiquitinated heavy 
chains [1]. To test whether ubiquitination is essential for dislocation and degradation, we depleted 
ubiquitin from liver cytosol. Liver cytosol was incubated with a GST-tagged mutant ubiquitin-
conjugating enzyme, SerE214K, in which the active site cysteine has been mutated to serine. SerE214K 
covalently binds ubiquitin at a rate that is only ~ 3 times slower than that of the wild-type E214K 
enzyme (V.C., unpublished observations). However, instead of forming a thiolester bond with 
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Fig. 2. Monitoring the extent of ubiquitin depletion. 
Oregon Green-labeled ubiquitin (Ub*) was added to 
cow liver cytosol to a final concentration of 1 μM be-
fore the depletion procedure. Samples were taken at 
various stages during the procedure, run on a non-
reducing 12% Tricine-SDS polyacrylamide gel, and 
visualized with the use of a FluorImager (Molecular 
Dynamics, Sunnyvale, CA). Lane 1, cow liver cytosol 
with Oregon Green Ub and GST-tagged SerE214K (E2). 
Lane 2, same as lane 1, except 1 mM ATP was also 
added and the sample was incubated at 37 °C for 10 
min. Lane 3, same as lane 2, except the sample was 
further treated with glutathione Sepharose beads to 
remove GST-tagged SerE214K. We were able to repro-
ducibly deplete >90% of the Oregon Green ubiquitin 
from the liver cytosol. We could also monitor ubiquitin 
depletion by Western Blot, using αUb antibodies, but 
this method was much less sensitive than the Oregon 
Green ubiquitin method (our unpublished data).
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ubiquitin, SerE214K forms a stable ester bond that prevents the subsequent transfer of ubiquitin to E3 
enzymes or to target proteins. Thus, SerE214K-ubiquitin conjugates accumulate over time and ubiquitin 
can be removed from the cytosol by precipitating SerE214K with glutathione beads (see Materials and 
Methods for details). With the use of this method, we were able to reproducibly deplete more than 
90% of ubiquitin from cytosol (Fig. 2).

35S-methionine-labeled membranes from US11-expressing cells were resuspended in buffer, in 
whole liver cytosol, or in ubiquitin-depleted (Ub-depleted) cytosol and dislocation assays were car-
ried out as described above. We found that heavy chains were not significantly degraded in the Ub-
depleted cytosol (Fig. 3A, compare lanes 4-6 with lanes 10-12), showing that ubiquitin is required for 
degradation. Interestingly, incubation with Ub-depleted cytosol did not result in the accumulation 
of deglycosylated heavy chains, suggesting that dislocation was also impaired. This was confirmed 
by fractionation experiments, which showed that in assays with Ub-depleted cytosol, the heavy 
chain remained associated with the membrane fraction (Fig. 3B, lanes 3 and 4). Furthermore, in the 
absence of ubiquitin, the heavy chain luminal domain remained largely protected from protease 
digestion (Fig. 3C, lanes 7-12). Thirty minutes into the dislocation assay, only the cytosolic tail of 
the heavy chain was susceptible to trypsin digestion (lanes 10-12), indicating that the heavy chain 
remains integrated in the ER membrane in the absence of cytosolic ubiquitin. This dislocation defect 
is due solely to the absence of ubiquitin and not due to the removal of unknown, co-precipitating 
factors, because the addition of purified bovine ubiquitin (Fig. 3A, lanes 7-9; Fig. 3B, lanes 5 and 
6; Fig. 3C, lanes 13-18) or bacterially expressed ubiquitin (our unpublished data) fully restored the 
ability of the extracts to support heavy chain dislocation and degradation. We found that 5-10 μM 
bovine ubiquitin was sufficient to restore full activity to the Ub-depleted cytosol (Fig. 3D). This is 
the same range in which other in vitro ubiquitination reactions are optimal [15].

To confirm that depletion of ubiquitin affected polyubiquitination of heavy chains, we sub-
jected the class I heavy chains immunoprecipitated with the αHC serum to a second round of im-
munoprecipitation with anti-ubiquitin serum (αUb) (Fig. 3A, bottom panels). In ubiquitin-depleted 
cytosol, very few high molecular weight bands, representing polyubiquitinated heavy chains, were 
seen (lanes 16-18). When ubiquitin was added back, polyubiquitinated heavy chains were prominent 
at the 30-min timepoint and decreased thereafter (lanes 19-21). The polyubiquitinated chains were 
found largely in the cytosol fraction (Fig. 3B, lane 13). It should be noted that, in these samples, 
ubiquitin-aldehyde was present during the dislocation assay to inhibit deubiquitination. When the 
inhibitor was absent, polyubiquitinated chains were less abundant and rapidly degraded (Fig. 3A, 
lanes 22-24). Overall, these experiments clearly demonstrate a requirement for ubiquitin in US11-
dependent heavy chain dislocation.

Polyubiquitination is required for heavy chain dislocation

We next tested whether formation of polyubiquitin chains is required for heavy chain dislocation 
or if mono-ubiquitination is sufficient. Polyubiquitin chains are attached to lysine residues in ubi-
quitinated protein substrates and are extended by isopeptide bond formation between an ε-amino 
group of a lysine in one ubiquitin molecule and the C-terminal glycine in another. Ubiquitin that 
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lacks available lysines, through methylation (Meth-Ub; [16]) or mutation (K0-Ub; [17]), does not 
form polyubiquitin chains. When Meth-Ub or K0-Ub were added back to Ub-depleted cytosol, they 
were much less active than wild-type ubiquitin in supporting dislocation and degradation of class I 
heavy chain from US11 membranes (Fig. 4A, compare lanes 13-16 with lanes 21-24; Fig. 4B, compare 
lanes 1-4 with lanes 5-8 and 13-16). Quantitation of the heavy chain in these experiments shows 
some degradation in the presence of Meth-Ub or K0-Ub, but clearly less than in the presence of 
wild-type Ub (our unpublished data). US11-dependent dislocation was restored to assays containing 
Meth-Ub or K0-Ub when an equal amount of wild-type ubiquitin was added (Fig. 4B, lanes 9-12 
and 17-20), demonstrating that potential impurities in the Meth-Ub and K0-Ub preparations are 
not poisoning the reactions.

We know that our preparations of Meth-Ub and K0-Ub are capable of being coupled as mono-
ubiquitin adducts to substrates because they conjugate to S. cerevisiae Cdc34p in vitro (our unpu-
blished data). Moreover, when the dislocation assays were carried out in the presence of higher 
concentrations of ubiquitin-aldehyde, heavy chain species running between 43 kDa and 66 kDa were 
seen in samples where only Meth-Ub or K0-Ub was added. These can be re-immunoprecipitated 
with anti-ubiquitin antibodies (Fig. 4B lanes 28 and 36) and anti-heavy chain antibodies (Fig. 4C, 
lanes 10 and 12). Thus, they either are heavy chains that have been mono-ubiquitinated on multiple 
lysine residues or heavy chains that bear very short polyubiquitin chains capped by Meth-Ub or 
K0-Ub. Interestingly, these low molecular weight ubiquitinated heavy chains fractionate with the 
cell membrane pellets, while more highly ubiquitinated heavy chains present in the same samples 
are found in the soluble, cytosolic fractions (Fig. 4B and 4C). This observation supports a model for 
heavy chain dislocation in which ubiquitination of heavy chain occurs early, while the heavy chain 
is still associated with the ER membrane [1]. Furthermore, these results suggest that polyubiquitina-
tion is required for US11-dependent heavy chain dislocation.

Fig. 3. Ubiquitin is required for the dislocation and degradation of MHC class I heavy chain. (A) Membrane pellets 
were prepared from 35S-methionine–labeled, permeabilized US11 cells, resuspended as indicated in buffer or cytosol 
mix. The cytosols used were either whole liver cytosol, Ub-depleted cytosol (ΔUb) with permeabilization buffer added, 
or Ub-depleted cytosol (ΔUb) with 20 μM bovine ubiquitin (Ub) added. Heavy chain dislocation assays were carried out 
as described in the Materials and Methods. A first immunoprecipitation was carried out with αHC serum followed by 
incubation with Staph A. Bound material was eluted with SDS and one-third of each sample was analyzed directly by 
SDS PAGE and autoradiography (lanes 1-12). The remaining two-thirds of each sample were diluted into NP-40 buffer 
and re-immunoprecipitated with anti-ubiquitin serum (αUb) before SDS-PAGE (lanes 13-24). Background bands that 
precipitate with Staph A alone are identified by the asterisk [1]. Exposure time of the gels for lanes 1-12 is 16 hours, 
and for lanes 13-24 is 3 weeks. (B) Samples taken at the 30-min timepoint from the experiment described in (A) were 
fractionated by centrifugation before lysate preparation into supernatant (S) and pellet (P) fractions (see Materials and 
Methods). Immunoprecipitations with αHC and αUb serum were carried out as described in (A). Exposure time of the 
gels for lanes 1-8 is 24 hours, and for lanes 9-16 is 3 weeks. (C) The heavy chain in US11 cell pellets is protected from 
trypsin proteolysis unless complete liver cytosol is added. 35S-methionine–labeled membrane pellets were prepared from 
permeabilized US11 and control cells, resuspended in buffer (with 1 μM ubiquitin-aldehyde) or the indicated cytosol 
mix, and dislocation assays were carried out. At 0 and 30 min, samples from the dislocation assays were treated on ice 
with trypsin at the final concentrations indicated. Denaturing SDS lysates were made and MHC class I heavy chains 
were immunoprecipitated with αHC serum. Where added in the cytosol mix (lanes 13-24), bovine ubiquitin was at 20 
μM. Proteolysis produced a glycosylated heavy chain species that lacks its cytosolic tail (HCΔtail+CHO). (D) Heavy 
chain dislocation assays were carried out as described above using permeabilized US11 cell membranes resuspended 
in buffer, whole liver cytosol, or Ub-depleted cytosol (ΔUb) supplemented with permeabilization buffer or increasing 
concentrations of bovine ubiquitin. Ubiq. HC indicates ubiquitinated heavy chains.
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Discussion

Our results have implications for the function of US11 in the specific pathway of MHC class I 
degradation, as well as more general implications for the process of protein movement from the 
ER into the cytosol. To identify and characterize factors that are required for the US11-dependent 
dislocation and degradation of MHC class I heavy chains, we have fractionated a permeabilized 
cell system into cytosolic and membrane components. We find that cytosolic proteins are essential 
for dislocation and that US11 is required only in the membrane. US11 probably functions to initiate 
heavy chain dislocation, feeding heavy chain into the cellular ER degradation pathway at one of 
its early steps. Because US11-dependent heavy chain degradation is much faster than degradation 
of misfolded proteins that accumulate in the ER, this would suggest that the initial dislocation step 
is usually rate-limiting.

We have identified ubiquitin as one of the cytosolic proteins required for US11-dependent 
heavy chain dislocation. Previous experiments in other systems suggested that ubiquitination is re-
quired for the dislocation and degradation of misfolded/unassembled ER proteins. However, these 
studies were performed in vivo, employing either loss-of-function or dominant-negative mutants in 
the components of the ubiquitination machinery [12, 18-20]. The effects of such mutants are likely 
pleiotropic and therefore difficult to interpret. We have used a new method, the use of the modified 
conjugating enzyme SerE214K, to deplete ubiquitin from the cytosol. This in vitro method is less likely 
to give rise to indirect effects because it allows for a positive control, the re-addition of ubiquitin 
to the depleted extract, and is performed on a short time scale. Moreover, the in vitro approach 
has allowed us to demonstrate that the attachment of only one or a few ubiquitin molecules is not 
sufficient for heavy chain dislocation and that polyubiquitination is necessary. A requirement for 
polyubiquitination in the dislocation of proteins from the ER has been claimed previously [20], but 
had not been directly demonstrated.

US11-dependent dislocation of heavy chain differs from recently characterized endocytic 
pathways in which modification with a single ubiquitin molecule is sufficient to target substrate 
proteins for movement between cellular compartments [21]. In the absence of ubiquitin, the heavy 

Fig. 4. Polyubiquitination is required for heavy chain dislocation and degradation. (A) Heavy chain dislocation 
assays were carried out using permeabilized US11 cell membranes resuspended in buffer alone (lanes 1-4), in whole 
liver cytosol (lanes5-8), or in Ub-depleted cytosol supplemented with permeabilization buffer, 20 μM methylated 
bovine ubiquitin (Meth-Ub), 40 μM Me-Ub, or 20 μM wild-type (wt) bovine ubiquitin (lanes 9-24). Fractionation of 
the sampes at the 30 min timepoints before lysate preparation was carried out as described in Materials and Methods. 
In this experiment, additional Uba1p E1 enzyme and ubiquitin-aldehyde were not added to the Ub-depleted cytosol 
after it was thawed for use in the dislocation assay (see Materials and Methods). (B) Heavy chain dislocation assays 
were carried out using permeabilized US11 cell membranes resuspended in Ub-depleted cytosol supplemented with 
20 μM wt Ub, Meth-Ub, or K0-Ub (which lacks all lysine residues), or a mixture of 20 μM each wt Ub and Meth-Ub or 
K0-Ub. Note that additional Uba1p E1 enzyme and ubiquitin-aldehyde were added to the Ub-depleted cytosol after it 
was thawed for use in this experiment. Immunoprecipitations with αHC and αUb serum were carried out as described 
in Fig. 3A. The low molecular weight ubiquitinated heavy chains seen in the presence of Meth-Ub or K0-Ub, running 
between 46 and 66 kDa, appear to be less efficiently immunoprecipitated with the αUb serum than the more highly 
polyubiquitinated heavy chains. Exposure time of the gel for lanes 1-20 is 20 hours, and for lanes 21-40 is 3 weeks. 
(C) A portion of each αHC immunoprecipitation from the experiment shown in lanes 1-20 of (B) was eluted from the 
Staph A with SDS and DTT, diluted into NP-40 buffer, and re-immunoprecipitated with αHC serum to confirm that 
the immunoprecipitated bands were indeed heavy chains. The samples were run on very long polyacrylamide gels in 
wide lanes to enhance separation of the different heavy chain species.
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chain remains tightly associated with, and probably integrated in, the cell membranes, as shown 
by fractionation and protease protection experiments. The polyubiquitination step required for 
US11-dependent heavy chain degradation must therefore occur very early in the process, before 
the heavy chain is released from the ER membrane and before it is deglycosylated.

The simplest interpretation of our data is that polyubiquitination of the class I heavy chain 
itself is required for its dislocation. However, it could be that the modification of a different protein 
is actually important. If we assume that modification of the heavy chain is essential, the required 
sites of ubiquitination are probably not in the cytosolic tail, because a mutant heavy chain lacking 
lysines in the tail is still dislocated and degraded [1]. Thus, the key ubiquitination step would have 
to occur after at least part of the luminal domain of the heavy chain has been dislocated from the 
ER. The relevant ubiquitinating enzymes may be bound to the ER membrane, as are the ubiquitin-
conjugating enzymes Ubc6p and Ubc7p, the ubiquitin-ligase Hrd1p and Hrd3p, all of which are 
involved in ER-associated degradation in yeast [18, 22-25].

Figure 5 illustrates one model for the mechanism of heavy chain dislocation. In this model, 
dislocation is initiated, by an as-yet-uncharacterized mechanism, involving proteins in the ER that 
include US11. This leads to exposure of a luminal portion of the heavy chain to the cytosol. The 
partially dislocated heavy chain is free to slide backwards and forwards through the dislocation 

lumen

membrane

cytosol

+ US11
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(pulling?) (polyubiquitin

binding proteins)

Degradation
(proteasome)
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Fig. 5. A tentative model for US11-dependent heavy chain dislocation. For energetic reasons, we favor the possibility 
that the heavy chain N-terminus exits the ER first, leaving the transmembrane domain in the ER membrane until 
the last stage of dislocation. The luminal domain would then be able to slide back and forth through the channel. 
Polyubiquitination, either alone or in conjunction with a polyubiquitin binding protein, would prevent back-sliding 
into the ER (ratcheting). Release of the heavy chain from the membrane likely involves an active pulling mechanism, 
possibly again involving a polyubiquitin binding protein.
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channel. Polyubiquitination of the heavy chain acts as part of a molecular ratchet, preventing por-
tions of heavy chain that have already been dislocated into the cytosol from slipping back into the 
ER lumen. Polyubiquitin chains would be ideal in such a ratcheting role, not only would they be 
covalently attached to the heavy chain substrate but also they would be too massive to fit through 
the channel in the ER membrane. In addition, the polyubiquitin chain may be recognized by a 
binding partner that may also prevent back-sliding and could additionally act in the next step of 
dislocation (see below). While a single ubiquitin molecule may simply be too small for ratcheting, 
a single polyubiquitin adduct may be sufficiently large to keep a portion of the heavy chain on the 
cytosolic side of the membrane. This may explain why a substrate thought to be ubiquitinated only 
at its N-terminus can still be efficiently dislocated [20]. An interesting feature of our model is that it 
proposes a new function for ubiquitin, distinct from its previously identified functions as a signal 
for degradation or endocytosis.

The final step in retrograde translocation is the release of the heavy chain from the ER mem-
brane. Although the proposed ratcheting mechanism allows for the retention of the luminal domain 
of heavy chain in the cytosol, it is likely that a pulling force would be required to fully extract 
the protein from the membrane. Indeed, ubiquitin is not the sole cytosolic factor required for re-
lease of the heavy chain from the ER membrane into the cytosol. When ubiquitin and the purified 
ubiquitin-activating enzyme Uba1p were added together in buffer to US11 cell membranes, heavy 
chain dislocation was not observed (our unpublished data). One possibility is that an additional, 
cytosolic polyubiquitin-binding protein or protein complex is required, which would actively pull 
the ubiquitinated heavy chain out of the ER membrane. An obvious candidate for this role is the 
19S regulatory subunit of the proteasome, acting either on its own, or as part of the 26S proteasome 
complex [13, 26]. Components of the 19S subunit include ATPases as well as polyubiquitin-bin-
ding proteins and one of its well-known functions is to feed polyubiquitin-tagged proteins into the 
proteasome 20S core.

To further elucidate the mechanism of US11-dependent heavy chain dislocation, including the 
role of ubiquitin, the additional cytosolic and membrane components required for the process must 
be identified. The fractionated permeabilized cell system described here should provide a useful 
experimental starting point.

Materials and Methods
Cells and Cell Culture
Control and US11-expressing U373MG human astrocytoma cells were cultured as described previously [2].

Antibodies 
Anti-heavy chain (αHC), anti-US11, and anti-Ub (αUb) antibodies were described previously [1]. Anti-hsc70 
mouse monoclonal antibodies (1B5) were purchased from Stressgen (Victoria, British Columbia, Canada). 
Antibodies directed against the α1 (iota/p27) subunit of the 20S proteasome were purchased from ICN 
Pharmaceuticals (Aurora, OH). Antibodies against the S7 (Mss1) ATPase subunit of the 19S proteasomal cap 
were purchased from Affiniti Research Products (Mamhead, United Kingdom).

Preparation of Bovine Liver Cytosol
Bovine livers were obtained immediately after slaughter. The tissue was kept in ice-cold homo-genization 
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buffer (50 mM Hepes pH 7.5, 80 mM KCl, 15 mM NaCl, 3 mM MgCl2, 250 mM sucrose, 1 mM DTT, 0.5 mM 
PMSF; 0.2mM spermine, 0.5 mM spermidine) and cut into small pieces to remove blood vessels and connec-
tive tissue. The resulting 500 g of liver was washed with 2 liters of homogenization buffer to remove as much 
blood as possible. Homogenization buffer (~ 750 ml), containing extra protease inhibitors (10 μg/ml leupeptin, 
5 μg/ml chymostatin, 3 μg/ml elastatinal, 1 μg/ml pepstatin), was added. The liver was crudely homogenized 
in a Polytron blender and then further homogenized using a Potter homogenizer, rotating at ~ 1000 rpm. The 
homogenate was centrifuged at 9000 rpm in a Beckman JA-10 rotor for 15 min. The supernatant was filtered 
through eight layers of cheesecloth, re-centrifuged in the JA-10 rotor at 9000 rpm for 30 min, and filtered through 
cheesecloth a second time. The clarified supernatant was then centrifuged in a Beckman Ti45 rotor at 45,000 rpm 
for 3 hours. The cytosol supernatant was removed carefully, avoiding the top fat layer and the loose membrane 
pellet. The protein concentration of this liver cytosol was 20-30 mg/ml, as measured using a Micro BCA Protein 
Assay (Pierce, Rockford, IL).

Permeabilized Cells and Heavy Chain Dislocation Assays
MHC class I heavy chain dislocation assays were carried out on membrane pellets isolated from permeabilized 
astrocytoma cells. Cells were labeled intact for 3 min with 35S-methionine and -cysteine as described previously 
[1]. They were washed once with ice-cold PBS, containing 0.9mM CaCl2, and permeabilized on ice for 10 min in 
permeabilization buffer (PB; 25 mM Hepes pH 7.3, 115 mM potassium acetate, 5 mM sodium acetate, 2.5 mM 
MgCl2, 0.5mM EGTA) containing 0.025% digitonin, an ATP regenerating system, and protease inhibitors [1]. 
Cytosol was squeezed out of the permeabilized cells by centrifuging in a microfuge at 14,000 rpm at 4 °C for 
10 min. This “squeezed-out” astrocytoma cytosol was 3-5 mg/ml protein and contained proteins with a wide 
range of molecular masses (see Fig. 1A). Cytosol made in this way from control astrocytoma cells was used in 
the experiment shown in Fig. 1C. The permeabilized cell membrane pellets were washed once with ice-cold PB 
containing the ATP-regenerating system and protease inhibitors but no digitonin, and then resuspended in ice-
cold permeabilization buffer (containing an ATP-regenerating system and protease inhibitors but no digitonin) 
or in cytosol. Dislocation assays were started by incuba-ting the resuspended membranes at 37 °C. Samples were 
taken at various timepoints and lysates were made as described below.

In several experiments, timepoints from the dislocation assays were processed further before lysate prepa-
ration. Fractionation of samples from dislocation assays was carried out in the experiments shown in Figs. 3B 
and 4. At the 30-min timepoint, two samples were taken from each dislocation assay. Lysis buffer was added 
immediately to one sample (Total). The second sample was centrifuged in a microfuge at 14,000 rpm at 4 °C for 
10 min. The supernatant was removed and saved. The pelleted fraction was resuspended in PB containing the 
ATP-regenerating system and protease inhibitors but no digitonin. Lysates were made of each fraction (total, 
supernatant, and pellet) and immunoprecipitations were carried out, as described below. Proteolysis protection 
experiments shown in Fig. 3C were carried out on samples from the dislocation assays following a protocol 
described previously [1].

Lysate Preparation and Immunoprecipitation
Non-denaturing NP-40 lysates were made from samples taken during dislocation assays as described previously 
[1], except that SDS and DTT were added to all lysates after the clarifying spin to final concentrations of 0.1% and 
0.2 mM, respectively. Denaturing SDS lysates, made after the proteolysis protection experiment (Fig. 3C), were 
as described previously [1]. All immune complexes were recovered by precipitation with fixed Staphylococcus 
aureus (Staph A) bacteria. Fluorography of gels was carried out as described [27].

Ubiquitin reagents
Bovine ubiquitin was purchased from Sigma (St. Louis MO). The bovine ubiquitin was methylated (Meth-Ub) 
according to the protocol described by Hershko and Heller [16]. Ubiquitin with all lysine residues replaced by 
arginine (K0-Ub) was purified in recombinant form from bacteria as described previously [28]. Ubiquitin was 
modified with the fluorescent probe Oregon Green by derivatizing an engineered ubiquitin in which the amino 
acid sequence MCHHHHHH has been fused to the N-terminus of human ubiquitin protein. The engineered 
ubiquitin fusion was obtained by expression in bacteria and purified by metal-affinity chromatography. Labeling 
was carried out by adding 0.8 mg of 2’,7’-difluorofluorescein (Oregon Green) iodoacetamide “mixed isomer” 
(Molecular Probes, Eugene, OR) in 50 μl of DMSO to a 1-ml solution, containing 2 mg of MCH6-ubiquitin in 
0.05 M Hepes, pH 7.0. The reaction was incubated at room temperature for 4 h. At the end of the incubation, 
protein was separated from other reaction components by filtration on a P10 column (Pierce). Analysis of the 
labeled protein by SDS-PAGE revealed a small percentage of labeled protein that migrated with slower mobility 
than ubiquitin. These contaminants were removed by size exclusion chromatography on Superdex G75 16/60 
(Amersham Pharmacia Biotech, Arlington Heights, IL). The purified labeled protein was stored at -70 °C until 
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use. Incorporation of the fluorophore Oregon Green into MCH6-ubiquitin was indicated by the presence of 
fluorescence in the purified protein, with excitation and emission maxima at 487 and 515 nm, respectively. 
Under our reaction conditions, incorporation of label was estimated to be 0.7 mol/mol of protein, calculated 
by assu-ming a molar extinction coefficient of 7.1 x 104 cm-1M-1 at 491nm for the fluorescent label and protein 
determination by Bradford analysis.

The active site serine mutant of E214K was obtained by replacing the C88 codon TGT in the human Ubc2B 
gene (GenBank accession NM_003337) with TCC to code for serine. The mutated sequence was inserted between 
the BamHI and EcoRI sites in the vector pGEX-4T2 (Amersham Pharmacia Biotech) to express the mutant GST-
tagged SerE214K in bacteria. The fusion protein was purified by glutathione-affinity chromatography. The concen-
tration of SerE214K was calculated by active-site titration with Oregon Green-labeled ubiquitin. The Saccharomyces 
cerevisiae ubiquitin-activating enzyme Uba1p was purified from yeast cells that harbor a plasmid that encodes 
a polyHis-tagged UBA1 gene (kindly provided by Jurgen Dohmen, Heinrich-Heine-Universitat, Dusseldorf). 
The enzyme was purified by metal-chelation chromatography, followed by ubiquitin-affinity chromatography. 
E1 activity was tested by its ability to form thiol-ester bonds with ubiquitin.

Depleting Ubiquitin from Liver Cytosol
Ubiquitin was depleted from cow liver cytosol with the use of the recombinant GST-tagged ubiquitin-con-
jugating enzyme GST- SerE214K, which was described above. The depletion mixture contained liver cytosol, 16 
μM SerE214K, 0.2 μg/ml Uba1p, and an ATP regenerating system [29] and was incubated at 37 °C for 10-15 min. 
Ubiquitin-aldehyde (Calbiochem, San Diego, CA), an inhibitor of deubiquitinating enzymes, was then added 
to a final concentration of 1 μM and the depletion mixture was incubated in batch with glutathione Sepharose 
beads (Amersham Pharmacia Biotech) at 4 °C for 15 min. The beads, bound to ubiquitin-conjugated SerE214K, were 
pelleted by centrifugation. The resulting supernatant was collected as the ubiquitin-depleted (Ub-depleted or 
ΔUb) cytosol and was stored in aliquots at -80 °C. When thawed for dislocation assays, additional ATP-regen-
erating system components were added to the Ub-depleted cytosol along with the buffer or purified ubiquitin 
protein. In all but the experiment shown in Fig. 4A, Uba1p (0.26 μg/ml), and ubiquitin-aldehyde (1 μM) were 
also added to the thawed Ub-depleted cytosol before use.
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Abstract

Polyubiquitination is required for retro-translocation of proteins from the endoplasmic reticulum 
(ER) back into the cytosol, where they are degraded by the proteasome. We have tested whether the 
release of a polypeptide chain into the cytosol is caused by a ratcheting mechanism in which the at-
tachment of polyubiquitin prevents the chain from moving back into the ER. Using a permeabilized 
cell system, in which MHC class I heavy chains are retro-translocated under the influence of the 
human cytomegalovirus protein US11, we demonstrate that polyubiquitination alone is insufficient 
to provide the driving force for retro-translocation. Substrate release into the cytosol requires an 
additional ATP-dependent step. Release requires a Lys48 linkage of ubiquitin chains. It does not 
occur when polyubiquitination of the substrate is carried out with glutathione S-transferase (GST)-
ubiquitin, and this correlates with poly-GST-ubiquitin not being recognized by a ubiquitin-binding 
domain in the Ufd1-Npl4 co-factor of the ATPase p97. These data suggest that polyubiquitin does 
not serve as a ratcheting molecule. Rather, it may serve as a recognition signal for the p97-Ufd1-Npl4 
complex, a component implicated in the movement of substrate into the cytosol.

Introduction

In eukaryotic cells, a quality control system in the endoplasmic reticulum (ER) ensures that only 
proteins with a native, folded conformation leave the organelle for other destinations, such as the 
plasma membrane. Misfolded proteins that cannot reach their native state are retro-translocated 
from the ER into the cytosol, where they are subsequently degraded by the proteasome [1-3]. This 
cellular pathway is hijacked by certain viruses, such as the human cytomegalovirus (HCMV). Two 
HCMV proteins, US2 and US11, are able to direct newly-synthesized major histocompatibility com-
plex (MHC) class I heavy chains into the ER degradation pathway [4-7]. Human MHC class I heavy 
chain is a 43-kDa type I transmembrane protein with a large luminal/extracellular domain and a 
short cytosolic tail. The protein is initially inserted into the ER membrane and glycosylated, but 
under the influence of either US2 or US11, it is rapidly moved into the cytosol, where its N-linked 
glycan is cleaved off and the polypeptide chain is degraded by the proteasome [5]. The absence of 
MHC class I molecules at the cell surface allows the virus to propagate without the infected cell 
being detected by cytotoxic T cells.

Most substrates destined to be degraded are polyubiquitinated while undergoing retro-trans-
location. Our previous results showed that polyubiquitination is not only required for degradation 
by the proteasome but also for retro-translocation per se [8]. Lys48-linked polyubiquitin chains are 
required for protein degradation by the proteasome [9, 10] but given that other linkages are required 
for other processes [11-15], it would be important to know which kind of polyubiquitin chains are 
involved in retro-translocation. The role of polyubiquitination in retro-translocation also remained 
unclear. In one model, polyubiquitin provides the driving force for moving the substrate into the 
cytosol by acting as a ratcheting molecule (for discussion, see [3]). The attachment of the bulky 
polyubiquitin moiety to a polypeptide segment on the cytosolic side of the membrane would bias 
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random movements of the substrate across the ER membrane by preventing it from sliding back 
into the ER lumen. This model would be analogous to the one describing post-translational trans-
location in the forward direction. In this case, the binding of the luminal chaperone BiP prevents 
the translocating polypeptide chain from moving back into the cytosol, eventually resulting in 
its complete transport into the ER lumen [16]. If a polyubiquitin-mediated ratcheting mechanism 
functioned in a similar way in retro-translocation, polyubiquitination alone should be sufficient to 
move a substrate into the cytosol. Alternatively, it is possible that the polyubiquitin chain serves as 
a recognition signal for a downstream component. One candidate for this downstream component 
is the ATPase p97 (called Cdc48 in yeast), which together with its co-factor Ufd1-Npl4 has been 
implicated in moving polypeptides from the ER membrane into the cytosol [17-21].

In this study, we have addressed the role of polyubiquitination in retro-translocation. We 
show that polyubiquitination is not sufficient to move a substrate into the cytosol. Rather, a subse-
quent ATP-dependent step is required, during which polyubiquitin in a Lys48 linkage serves as a 
recognition signal. Our in vitro experiments suggest that the downstream component may be the 
p97-Ufd1-Npl4 complex.

Results

Retro-translocation requires polyubiquitination and a subsequent ATP-dependent step

To study the mechanism of retro-translocation, we used a permeabilized cell system, in which native 
cytosol can be replaced with cow liver cytosol [8], allowing for convenient manipulation of cytosol. 
Human astrocytoma cells, stably expressing the HCMV protein US11, were pulse-labeled with 
35S-methionine and -cysteine. The cells were permeabilized by addition of a low concentration of 
digitonin, pelleted, and resuspended in cytosol from cow liver in the presence of ATP and an ATP-
regenerating system (ARS). After chase-incubation at 37 °C, one portion of the samples was analyzed 
directly, and the other was separated into membrane pellet (P) and supernatant (S) fractions. The 
samples were solubilized in detergent, subjected to immunoprecipitation with antibodies to MHC 
class I heavy chains (αHC), and analyzed by SDS-PAGE and autoradiography (Fig. 1A, lanes 9-12). 
As reported previously [5, 7], the heavy chains were degraded during the chase period (lane 10 
vs. 9). In addition, the characteristic deglycosylated, faster migrating heavy chain species, which 
fractionated with the cytosol, appeared (lane 11 vs. 12). To detect polyubiquitinated heavy chains, 
a portion of the samples was subjected to a second round of immunoprecipitation with ubiquitin 
antibodies (lanes 29-32). Polyubiquitinated heavy chains, appearing as a smear of high molecular 
weight species, accumulated over time (lane 30 vs. 29). Most of the polyubiquitinated heavy chains 
were found in the cytosolic fraction (lane 31 vs. 32), indicating that they had been released from the 
ER membrane. In control cells not expressing US11, the heavy chains were stable (lanes 1-8) and 
no polyubiquitination was observed (lanes 21-28). It should be noted that previous experiments 
showed that polyubiquitination is required for retro-translocation [8], implying that the majority of 
the retro-translocated heavy chains, visible in the cytosolic fraction as the deglycosylated species, 
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Fig. 1. Polyubiquitinated heavy chains can be formed and stabilized on the membrane in the presence of AMPPNP. 
(A) Control cells or cells expressing the human cytomegalovirus protein US11 were labeled with 35S-methionine and 
-cysteine, permeabilized and incubated in cow liver cytosol either in the presence of ATP and an ATP-regenerating 
system (ARS), in the absence of ATP (ΔATP), or in the absence of ATP but presence of AMPPNP (ΔATP + AMPPNP). 
After incubation for 0 or 45 min at 37 °C, one portion of the sample was directly analyzed, the other was fractionated 
into supernatant (S) and membrane pellet (P). The samples were subjected to immunoprecipitation (IP) with heavy 
chain antibodies (αHC), and to a second round of immunoprecipitation with ubiquitin antibodies (αUb). Analysis was 
done by SDS-PAGE and autoradiography. The band migrating around 43 kDa is possibly heavy chain, deubiquitinated 
during sample preparation (*). HC-CHO and HC+CHO indicate heavy chains without or with carbohydrate chain. 1 
μM ubiquitin-aldehyde was present during incubation. (B) US11 cells stably expressing either HA-tagged wild-type 
or K-R heavy chains were treated as in (A), except that cells were preincubated with proteasome inhibitor and that 
recovery of the heavy chains from the lysates was carried out with HA antibodies (αHA). 1 μM ubiquitin-aldehyde 
was present during incubation.
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must have under-gone deubiquitination, even in the presence of 1 μM ubiquitin-aldehyde.
When permeabilized cells expressing US11 were incubated with ATP-depleted cow liver 

cytosol (ΔATP), the degradation of the heavy chains was greatly reduced, and the majority of the 
material stayed on the membrane (lane 16 vs. 15). As expected from the ATP requirement of the 
ubiquitin-activating enzyme, no polyubiquitination was observed (lanes 33-36). The addition of 
AMPPNP to the ATP-depleted sample did not increase the degradation of heavy chains (lanes 
17-20), but it partially restored polyubiquitination (lane 38), in agreement with the expectation that 
the ubiquitin-activating enzyme can utilize the ATP analog because it hydrolyzes ATP into AMP and 
PPi [22, 23]. The polyubiquitinated chains that were formed fractionated with the membrane, rather 
than with the cytosol (lane 40 vs. 39). The apparent incomplete restoration of polyubiquitination by 
AMPPNP may in part be due to deubiquitination occurring during sample preparation (a band at 
the approximate size of unmodified heavy chains (indicated by an asterisk) was consistently gene-
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Fig. 2. ATP is required for both polyubiquitination and a downstream step. (A) US11-expressing cells were per-
meabilized and incubated in cow liver cytosol containing ATP and an ATP-regenerating system (ARS), lacking ATP 
(ΔATP), or lacking ATP and containing instead AMPPNP (ΔATP + AMPPNP). 125I-ubiquitin was added for 45 min at 
37 °C and MHC class I heavy chains were recovered by immunoprecipitation with heavy chain antibodies (αHC). The 
samples were analyzed by SDS-PAGE and autoradiography. (B) As in (A), but with US11 cells also expressing HA-
tagged wild-type or K-R heavy chains. Immunoprecipitations were carried out with HA antibodies (αHA).
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rated even in the presence of protease inhibitors).To show that this polyubiquitination occurs in a 
domain of the heavy chain that was originally in the ER lumen, we employed a mutant (K-R) heavy 
chain, in which the lysines in the C-terminal tail were mutated to arginines. Because ubiquitination 
can only take place on free amino groups (internal Lys residues or the extreme N-terminus), the 
cytoplasmic domain of this mutant heavy chain cannot be ubiquitinated. For these experiments, 
we used stable cell lines that express HA-tagged MHC class I heavy chains in addition to US11. 
In the presence of ATP, a fraction of both the wild-type and the mutant (K-R) heavy chains were 
deglycosylated during the chase period (Fig. 1B, lane 2 vs. 1 and lane 10 vs. 9) and appeared in the 
cytosolic fraction (lanes 3 and 11). Polyubi-quitinated heavy chains accumulated during the chase 
period (lane 18 vs. 17 and lane 26 vs. 25) and were mostly released into the cytosol (lanes 19 and 
27). In the presence of AMPPNP, however, retro-translocation was blocked (lane 7 vs. 8 and lane 
15 vs. 16). Polyubiquitinated heavy chains were generated (lanes 22 and 30), but remained in the 
membrane fraction (lanes 24 and 32).

To detect polyubiquitin chains directly, 125I-ubiquitin was added to cow liver cytosol and in-
cubated with permeabilized astrocytoma cells expressing US11. The samples were subjected to im-
munoprecipitation with heavy chain antibodies and analyzed by SDS-PAGE and autoradiography 
(Fig. 2A). Polyubiquitinated heavy chains accumulated over time (lane 2 vs. 1) and the majority was 
found in the cytosolic fraction (lane 3 vs. 4). When ATP was depleted (ΔATP), polyubiquitination 
was significantly reduced (lanes 5-8). The residual modified chains were found in the membrane, 
rather than in the cytosolic fraction (lane 8 vs. 7). When AMPPNP was added to the ATP-depleted 
sample, polyubiquitination was restored (lane 10), and essentially all modified chains fractionated 
with the membranes (lane 12 vs. 11). When similar experiments were performed with US11 cells 
expressing the HA-tagged wild-type or K-R mutant heavy chains, we observed that in the presence 
of ATP polyubiquitination occurred on both the wild-type and mutant heavy chains, with most 
modified chains appearing in the cytosolic fraction (Fig. 1B, lane 4 vs. 3 and lane 12 vs. 11). When 
polyubiquitination was performed with AMPPNP, the chains failed to be moved into the cytosol 
and remained associated with the membrane (lane 8 vs. 7 and lane 16 vs. 15). These chains appear 
to have a higher molecular mass than in the presence of ATP and ATP-regenerating system (lanes 
5-8 vs. 1-4, and lanes 13-16 vs. 9-12), which may reflect the existence of an ATP-dependent deubi-
quitinating step. Taken together, these results indicate that polyubiquitination occurs on a segment 
that was originally in the ER lumen and that modification of these residues alone is insufficient to 
move the substrate into the cytosol. An additional ATP-dependent step that requires hydrolysis of 
the γ-phosphate of ATP appears to be involved.

To provide further evidence that an additional ATP-dependent step is required for the release 
of heavy chains into the cytosol, we performed experiments in the absence of AMPPNP, thus ex-
cluding the possibility that the ATP analog blocked a step following polyubiquitination. Permea-
bilized cells labeled with 35S-methionine and -cysteine were resuspended in cow liver cytosol in 
the absence of ATP and chase-incubated for 20 min. Then either buffer or 0.1 mM ATP was added, 
and the incubation was continued for another 10 min (30 min total). The polyubiquitinated heavy 
chains formed during the labeling period stayed on the membrane in the absence of ATP (Fig. 3, 
lanes 1-7, P). However, when ATP was added, about half of the polyubiquitinated chains were 
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released into the cytosol (lane 13 vs. 14). In the presence of ATP, some shorter polyubiquitinated 
species appeared in the membrane fraction, either because existing chains were deubiquitinated 
or because new polyubiquitin chains were formed. These results confirm that polyubiquitination 
alone is insufficient, and that ATP is required for the release of modified substrate from the ER 
membrane into the cytosol.

Lys48 linkage of polyubiquitin chains is required for retro-translocation

Different lysines in the ubiquitin molecule can serve for chain elongation, resulting in polyubiq-
uitin chains with distinct roles in the cell. For example, polyubiquitin chains with Lys48 linkages 
are required for proteasomal degradation [9], whereas chains with Lys63 linkages are implicated 
in non-proteolytic events [11, 13-15]. We therefore wished to determine whether a specific linkage 
is required for retro-translocation. US11 cells were pulse-labeled with 35S-methionine/-cysteine, 
permeabilized and resuspended in ubiquitin-depleted cytosol replenished with buffer, wild-type 
(wt) ubiquitin, or ubiquitin mutants lacking specific attachment sites (K48R or K63R ubiquitin). The 
cells were incubated for 30 min at 37 °C, and then a portion of the samples was analyzed directly, 
whereas the other was separated into a membrane pellet (P) and a cytosolic supernatant (S) fraction. 
After solubilization in detergent, the samples were subjected to immunoprecipitation with heavy 
chain antibodies (αHC), and analyzed by SDS-PAGE and autoradiography. In the absence of ubi-
quitin (Fig. 4, lanes 1-4), MHC class I heavy chains were retained in the membrane (lane 4). In the 
presence of wild-type ubiquitin (lanes 5-8), the deglycosylated heavy chain species appeared in the 
cytosolic fraction (lane 7 vs. 8). When the K48R mutant was present (lanes 9-12), however, hardly any 

Fig. 3. Polyubiquitinated heavy chains can be released from the membrane by addition of ATP. Cells were incubated 
at 37 °C in the presence of proteasome inhibitor and 35S-methionine/-cysteine. They were then permeabilized and 
incubated in cow liver cytosol lacking ATP (-ATP) containing 1 μM ubiquitin-aldehyde. Cells were incubated for 20 
min, and then supplemented with either buffer or 0.1 mM ATP (indicated by the arrow). Incubation was continued for 
another 10 min, and samples were analyzed either directly (T) or after fractionation into supernatant (S) and membrane 
pellet (P). Polyubiquitinated heavy chains were analyzed by consecutive immunoprecipitations (IP) with heavy chain 
(αHC) and ubiquitin (αUb) antibodies. Samples were analyzed by SDS-PAGE and autoradiography. The band migrating 
around 43 kDa is possibly heavy chain, deubiquitinated during sample preparation (*).
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deglycosylated species was observed in the cytosolic fraction (lane 11). The K63R mutant behaved 
like wild-type ubiquitin (lanes 13-16 vs. 5-8). These results indicate that polyubiquitin chains with 
Lys48 linkages are required for retro-translocation.

Poly-GST-ubiquitination of MHC class I heavy chain prevents its retro-translocation

Because polyubiquitination with a specific linkage is required for retro-translocation but on its 
own is insufficient, we tested whether polyubiquitin chains may function as a recognition signal. 
Specifically, we investigated whether modification of polyubiquitin chains by addition of a GST 
moiety to the N-terminal part of ubiquitin would influence retro-translocation. We reasoned that 
GST-ubiquitin molecules may still be linked with one another to form poly-GST-ubiquitinated heavy 
chains but that these chains may no longer be recognized by a downstream component.

We incubated 35S-labeled permeabilized cells with cow liver cytosol supplemented with GST-
ubiquitin. Compared with control cow liver cytosol, the appearance of deglycosylated heavy chains 
in the cytosol was reduced (Fig. 5A, lanes 16-20 vs. 11-15). In addition, a high molecular mass species 
appeared during the chase period, which was not seen in the absence of GST-ubiquitin. The high 
molecular mass species were GST-ubiquitinated heavy chains as demonstrated by re-immunopre-
cipitation with either ubiquitin antibodies (bottom panel, lanes 41-45) or GST antibodies (Fig. 5B, 
lanes 13-16). In most experiments, a fraction of 15-20% of the total population of heavy chains present 
at the beginning of the chase period was poly-GST-ubiquitinated but occasionally up to 55% was 
modified. This is a much higher percentage of modification than seen with wild-type ubiquitin (see 
lanes 11-15 and 36-40), which may suggest that deubiquitination is impaired by GST-ubiquitin. A 
significant fraction of GST-ubiquitinated heavy chains was membrane-associated (lane 20 vs. 19 and 
lane 25 vs. 24). Some deglycosylated chains were released into the cytosol even in the presence of 
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Fig. 4. Retro-translocation requires a lysine 48 linkage in polyubiquitin chains. US11 expressing cells were pulse-
labeled with 35S-methionine/-cysteine, permeabilized, and incubated at 37 °C in cow liver cytosol depleted of ubiquitin 
(ΔUb), and supplemented with buffer, wild-type (wt) ubiquitin, K48R ubiquitin, or K63R ubiquitin for 30 min. The 
samples were analyzed either directly or after fractionation into supernatant (S) and membrane pellet (P) fractions. Im-
munoprecipitation (IP) was carried out with heavy chain antibodies (αHC). Samples were analyzed by SDS-PAGE and 
autoradiography. HC-CHO and HC+CHO indicate heavy chains without or with carbohydrate chain, respectively.
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GST-ubiquitin (lane 19), and some poly-GST-ubiquitinated molecules could be immunoprecipitated 
from the cytosolic fraction (lane 44). This is probably due to chains containing endogenous ubiquitin 
in addition to GST-ubiquitin. Indeed, when ubiquitin was depleted from the cytosol [8] before ad-
dition of GST-ubiquitin, the appearance of the deglycosylated species was completely blocked and 
essentially all modified chains remained in the membrane (lanes 21-25). The maximum amount of 
GST-ubiquitinated heavy chains was reached after 20 to 30 min of incubation (Fig. 5B), and these 
adducts were stable for at least 2 hours. Similar results were obtained with both the wild-type and 
K-R mutant heavy chains (data not shown). The GST-ubiquitin modified heavy chains were sensitive 
to protease treatment (data not shown), as expected from the fact that ubiquitination is a cytosolic 
event. These results show that the attachment of multiple GST-ubiquitin molecules to heavy chains 
is not sufficient for their release into the cytosol. They suggest that poly-GST-ubiquitin prevents 
retro-translocation by disrupting a recognition signal for a downstream component. Apparently, 
the GST moiety also prevents the recognition by deubiquitinating enzymes.

Poly-GST-ubiquitin is not recognized by a ubiquitin-binding domain in the Ufd1-Npl4 co-factor
 

of the ATPase p97

One of the candidates for a downstream component is the ATPase p97, which has been shown to 
function together with its co-factor Ufd1-Npl4 in retro-translocation [17-21]. We first tested whether 
poly-GST-ubiquitination of MHC class I heavy chains would abrogate substrate recognition by p97, 
which would provide an explanation why these chains can no longer be moved into the cytosol. To 
determine substrate binding by p97, astrocytoma cells expressing US11 and HA-tagged wild-type 
heavy chains were treated with proteasome inhibitor, labeled, and permeabilized. The endogenous 
cytosol was replaced with cow liver cytosol that was either depleted of ubiquitin as described [8], or 
first depleted and then replenished with ubiquitin or GST-ubiquitin (Fig. 6A). Where indicated, His-
tagged recombinant p97 protein was added and the samples were chase-incubated for 30 min and 
then separated into pellet (P) and supernatant (S) fractions. Immunoprecipitation of the heavy chains 
showed that in the presence of ubiquitin, the deglycosylated species appeared in the supernatant, 
regardless of whether p97 was added or not (upper panel, lanes 4 and 8). In the absence of ubiquitin, 
retro-translocation was blocked (lanes 9-12). In the presence of GST-ubiquitin, retro-translocation 
was also reduced, and the characteristic high molecular mass adducts appeared in the membrane 
fraction (lanes 13-16). To detect p97-associated heavy chains, the samples were first immunopre-
cipitated with His antibodies, and then with HA antibodies (lanes 17-32). Binding of heavy chains 
was seen regardless of whether or not ubiquitin was present during the incubation (lanes 21-24 vs. 
25-28), demonstrating that p97 can interact with non-modified substrate. In the absence of His-p97, 
no material was immunoprecipitated (lanes 17-20). p97 also interacted with poly-GST-ubiquitinated 
heavy chains (lanes 29-32). Thus, the fact that poly-GST-ubiquitinated heavy chains cannot be re-
leased into the cytosol cannot be explained by disruption of substrate recognition by p97.

Because previous experiments implicated the co-factor Ufd1-Npl4 in the recognition of the 
poly-ubiquitin chains [24], we next tested whether poly-GST-ubiquitin may not be recognized by 
this co-factor, providing a possible explanation why this modification disrupts retro-translocation. 
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Fig. 5. GST-ubiquitin stabilizes MHC class I heavy chains in the membrane. US11 cells and control cells were incuba-
ted with proteasome inhibitors and 35S-methionine/-cysteine, permeabilized, and incubated in cow liver cytosol or cow 
liver cytosol first depleted of ubiquitin (ΔUb) in the presence or absence of GST-ubiquitin (GST-Ub). After incubation 
at 37 °C for different time periods, the lysates were analyzed either directly or after fractionation into supernatant (S) 
and membrane pellet (P). The heavy chains were recovered by immunoprecipitation (IP) with heavy chain antibodies 
(αHC) (A, lanes 1-25 and B, lanes 1-8), followed by a second round of immunoprecipitation with ubiquitin antibodies 
(αUb) (A, lanes 26-45 and B, lanes 9-12) or GST antibodies (B, lanes 13-16). HC-CHO and HC+CHO indicate heavy 
chains without or with carbohydrate chain. Molecular mass marker (M) bands are 220, 97, 66, 45, and 30 kDa. The band 
migrating around 43 kDa is possibly heavy chain, deubiquitinated during sample preparation (*).
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Polyubiquitin chains were synthesized in vitro using purified recombinant proteins. The assay 
contained ubiquitin, the ubiquitin-activating enzyme (E1), the ubiquitin-conjugating enzyme Ubc7 
(E2), and a GST fusion to a cytosolic fragment of the ubiquitin-ligase gp78 (E3). We employed Ubc7 
and gp78 because they are known to be involved in the ER degradation of at least some proteins 
[25-28]. When all of the components were incubated together in the presence of ATP, polyubiquitin 
chains were synthesized (Fig. 6B, upper panel, lane 1). These chains were tested for interaction with 
the Ufd1-Npl4 (U/N) complex. The mammalian co-factor complex has two polyubiquitin-binding 
domains: one in Ufd1 and one in a zinc finger domain of Npl4. Because the Npl4 ubiquitin-binding 
domain is lacking in yeast [29] and the complex likely functions analogously to the mammalian one, 
the binding site in Ufd1 appears to be most important in retro-translocation. We therefore tested the 
binding of both wild-type Ufd1-Npl4 and of a mutant complex that lacked the zinc finger domain 
in Npl4 (U/NΔZF). Polyubiquitin chains were incubated with these complexes, and binding was 
assessed by immunoprecipitation with Ufd1 antibodies followed by immunoblotting with ubiquitin 
antibodies. With the wild-type complex, a significant fraction of the polyubiquitin chains was bound 
(Fig. 6B, upper panel, lane 3; the lower panel demonstrates co-precipitation of Ufd1 and Npl4). As 
expected, the mutant complex (U/NΔZF), containing only the Ufd1 binding site for polyubiquitin, 
had reduced but still significant binding activity (lane 4). Next, we performed binding experiments 
with poly-GST-ubiquitin instead of wild-type polyubiquitin. The polymerization reaction with 
GST-ubiquitin was less efficient but high molecular mass adducts were generated (lane 5). The poly-
GST-ubiquitin chains bound to U/N, but not to U/NΔZF, as demonstrated with both anti-ubiquitin 
and anti-GST blots (lanes 7 and 8 vs. lanes 3 and 4 in upper and lower panels). The generated poly-
GST-ubiquitin chains were linked through Lys48 of ubiquitin, as demonstrated by the fact that 
poly-GST-ubiquitin chains could not generated with GST-K48R or GST-K0 ubiquitin, which lacks 
all 7 lysines in ubiquitin (Fig. 6C, compare lane 4 with lanes 5 and 6). Taken together, these results 
show that poly-GST-ubiquitin chains are not recognized by the Ufd1 ubiquitin-binding domain of 
the co-factor Ufd1-Npl4, even though the chains have the correct ubiquitin linkage. On the other 
hand, intact Ufd1-Npl4 can interact with poly-GST-ubiquitin, likely through the zinc finger domain 
in Npl4. Our data are consistent with the hypothesis that poly-GST-ubiquitinated heavy chains may 
not be recognized by the co-factors of p97 during retro-translocation.

Fig. 6. Interaction of the ATPase p97 and its co-factor Ufd1-Npl4 with poly-GST-ubiquitin. (A) US11 cells stably 
expressing HA-tagged wild-type heavy chain were labeled with 35S-methionine/-cysteine and permeabilized. The cell 
pellet was resuspended in cow liver cytosol that was either depleted of ubiquitin (ΔUb) or replenished with ubiquitin 
or GST-ubiquitin. Where indicated recombinant His-tagged p97 was added. The samples were then incubated at 37 °C 
for 0 or 30 min and separated into supernatant (S) and membrane pellet (P) fractions. One portion was subjected directly 
to immunoprecipitation (IP) with HA antibodies (αHA; lanes 1-16), and another was first immunoprecipitated with 
His antibodies for p97, followed by a second round of immunoprecipitation with αHA (lanes 17-32). All samples were 
analyzed by SDS-PAGE and autoradiography. After immunoprecipitation with His antibodies, part of the sample was 
analyzed by Coomassie Blue staining to show amounts of precipitated His-tagged p97 (lanes 33-48). (B) Polyubiquitin 
chains were synthesized in vitro using ubiquitin or GST-ubiquitin as substrate (see Material and Methods). The samples 
were incubated with buffer (-) or with the complex of purified Ufd1 and either Npl4 (U/N) or Npl4 lacking the zinc 
finger domain (U/NΔZF). Bound polyubiquitin chains were analyzed after immunoprecipitation with Ufd1 antibodies 
by blotting with ubiquitin antibodies. The lower panel shows an immunoblot with antibodies to Ufd1, Npl4, and GST. 
30% of the material used for the binding experiments was subjected directly to SDS-PAGE (input). (C) Polyubiquitin 
chains were synthesized in vitro using either wild-type ubiquitin, or GST-fusions to wild-type ubiquitin, K48R or K0 
ubiquitin (in the latter all lysines are changed to arginines). In lane 3, the reaction contained wild-type ubiquitin and 
GST. The chains were separated by SDS-PAGE and analyzed by immunoblotting with ubiquitin antibodies.
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Discussion

Our previous results showed that polyubiquitination is required for retro-translocation of MHC 
class I heavy chains from the ER membrane into the cytosol [8]. Now, we demonstrate that poly-
ubiquitination is insufficient for retro-translocation. When the modification reaction was performed 
in the presence of AMPPNP or when GST-ubiquitin instead of wild-type ubiquitin was employed 
in the reaction, polyubiquitinated heavy chains stayed on the membrane and were not moved into 
the cytosol. In addition, membrane-associated heavy chains modified with wild-type polyubiquitin 
could be released into the cytosol by the addition of ATP. Together, these data show that there is an 
ATP requirement in at least two steps of retro-translocation: one for polyubiquitination, which can 
be satisfied by AMPPNP, and another for a downstream component that requires hydrolysis of the 
γ-phosphate of ATP. Because polyubiquitination alone was insufficient to move a polypeptide into 
the cytosol, we conclude that the driving force for retro-translocation is not provided by a simple 
ratcheting mechanism. This is in contrast to posttranslational translocation in the forward direction, 
in which a secretory protein can be moved completely into the ER lumen by a ratcheting mechanism 
[16]. Although polyubiquitination does not suffice to move a polypeptide chain completely into the 
cytosol, it may still prevent movement back into the ER lumen. The initial steps of retro-transloca-
tion must be independent of polyubiquitination of the substrate, because the modification occurs on 
segments that were originally in the ER lumen. It may not be too surprising that polyubiquitination 
does not provide a simple ratcheting mechanism, because the distances between consecutive lysine 
residues, the usual attachment sites in a polypeptide chain, would make the ratchet in general inef-
ficient. In addition, some proteins contain few or even no lysines.

Our data not only indicate the existence of an ATP-dependent step following poly-ubiquitina-
tion, but also suggest that polyubiquitin serves as recognition signal for a downstream component, 
because a substrate that is poly-GST-ubiquitinated could not be moved into the cytosol. This idea of 
polyubiquitin as a recognition signal is strengthened by the fact that a specific Lys48 linkage within 
the polyubiquitin chain is required for retro-translocation, the same linkage that is required for the 
proteasome that acts subsequent to retro-translocation in substrate degradation.

The simplest model is that a downstream component recognizes polyubiquitin and functions 
in an ATP-dependent process. Previously, the ATPase p97 and its co-factor Ufd1-Npl4 have been 
implicated in retro-translocation. Our data suggest that this complex may be involved in the ATP- 
and polyubiquitin-dependent step. A requirement for ATP hydrolysis by p97 would explain why 
AMPPNP did not allow retro-translocation. Furthermore, a p97 mutant defective in ATP hydrolysis 
leads to a similar phenotype as AMPPNP, i.e. the accumulation of polyubiquitinated substrate on 
the ER membrane [24]. The binding of polyubiquitin to the p97 complex is also consistent with it 
being the immediate downstream component. The binding occurs to an N-terminal domain of Ufd1 
in the co-factor complex [24]. Although the zinc finger domain in Npl4 can also bind polyubiquitin 
[30], this interaction is likely not important for retro-translocation. It does not discriminate between 
Lys48 and Lys63 linkages [24], and the yeast homolog of Npl4 lacks the zinc finger domain [29] 
altogether but likely functions analogously to the mammalian protein in retro-translocation. The 
fact that this domain can even interact with mono-ubiquitin [31] may explain the interaction we 
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observe with poly-GST-ubiquitin. In contrast, the ubiquitin-binding domain in Ufd1 is specific for 
Lys48 linkages in polyubiquitin chains and does not recognize Lys63 linkages [24], consistent with 
our finding that Lys48 is required for retro-translocation. We have found that Ufd1-Npl4 lacking 
the zinc finger domain in Npl4 does not bind poly-GST-ubiquitin, even though the chains have the 
correct Lys48 linkages. The lack of interaction of poly-GST-ubiquitin with the ubiquitin-binding 
domain in Ufd1 could explain why this modification blocks the movement of MHC class I heavy 
chains into the cytosol. However, it is possible that other polyubiquitin-binding proteins, such 
as the proteasome or deubiquitinating enzymes, are also prevented from binding and cause the 
retro-translocation defect. For example, deubiquitinating enzymes may be important to remove the 
polyubiquitin chains from polypeptides so that they can be moved through the relatively narrow 
pore in the double-barrel structure of the p97 ATPase [32]. This function would be similar to the 
role suggested for deubiquitinating enzymes in the degradation of proteins by the proteasome. The 
inhibitory effect of AMPPNP on deubiquitination seen in our experiments could be explained by 
an enzyme similar to that found on the proteasome [33, 34].

Interestingly, p97 itself can bind to both non-ubiquitinated and polyubiquitinated substrate 
molecules. This suggests that there are two consecutive interactions of the p97-Ufd1-Npl4 complex 
with retro-translocating heavy chains. It first binds to non-ubiquitinated segments of the substrate 
and then, following ubiquitination, to the polyubiquitin chain. How exactly the polypeptide sub-
strate would subsequently be moved into the cytosol remains unclear, and our data do not exclude 
that a component other than the p97-Ufd1-Npl4 complex could be involved. However, one of the 
possibilities is that the interaction of the co-factor with the polyubiquitin chain activates the ATPase 
p97 to “pull” the polypeptide chain out of the membrane. 

Material and Methods

Pulse-Chase Analysis with Permeabilized cells
Control and US11-expressing U373-MG astrocytoma cells [4] were cultured as described previously [5]. The 
cells were detached from tissue culture flasks with trypsin and incubated in suspension in methionine- and cys-
teine-free Dulbecco’s Minimal Essential medium (DME) for 1 h at 37 °C. Where indicated 50 µM of proteasome 
inhibitor MG-115 (Calbiochem) was present during incubation. Cells resuspended at 1 × 107/ml were pulse-
labeled for 3-5 min at 37 °C in 290 μCi/ml 35S-methionine and -cysteine (35S-Protein Express Labeling Mix; New 
England Nuclear). They were then placed on ice and washed once with PBS supplemented with 0.9 mM CaCl2, 
and resuspended at 1.6 × 107 cells/ml in PB (25 mM Hepes pH 7.3, 115 mM potassium acetate, 5 mM sodium-
acetate, 2.5 mM MgCl2, 0.5 mM EGTA) containing 0.04% digitonin (Merck, purified as described in [35]), and 
protease inhibitor mix (10 μg/ml leupeptin, 5 μg/ml chymostatin, 3 μg/ml elastatinal, and 1 μg/ml pepstatin). 
The samples were centrifuged, and the pellets were washed in PB without digitonin and resuspended in cow 
liver cytosol. Where indicated 1 μM ubiquitin-aldehyde, an inhibitor of deubiquitinating enzymes, was added. 
The samples were then chase-incubated at 37 °C for different time periods. After centrifugation in a microfuge 
at 14,000 rpm at 4 °C for 10 min, the supernatant of the samples was removed and saved, while the pellet frac-
tion was resuspended in PB. Lysates were made from the samples and immunoprecipitations were carried out 
as described below. Cow liver cytosol was prepared as described previously [8].

Lysate Preparation and Immunoprecipitations
Lysates were made from samples corresponding to 1-2 × 106 cells in 0.5% NP-40 (Igepal; CA-630; Sigma Chemi-
cal Co.), 50 mM Tris, pH 8, 150 mM NaCl, and 10 mM MgCl2. The buffer also contained 1 mM PMSF, and the 
previously mentioned protease inhibitor mix. Samples were agitated for 20 min at 4 °C and then clarified by 
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centrifuging in a microfuge at full speed for 10 min. The resulting supernatant was used for immunoprecipita-
tion after SDS and DTT were added to final concentrations of 0.1% and 0.2 mM, respectively. Denaturing SDS 
lysates were made by resuspending cell pellets or cell fractions in 100 µl of 2% SDS and 5 mM DTT. Samples 
were heated to 95 °C for 5 min, cooled to room temperature, agitated vigorously, and diluted into NP-40 buffer 
so that the final concentration in the lysate used for immunoprecipitation were approximately 0.2% SDS, 0.5 mM 
DTT, 0.5% Igepal, 50 mM Tris, pH 8, 150 mM NaCl, and 10 mM MgCl2. All immune complexes were recovered 
by precipitation with fixed Staphylococcus aureus bacteria (Staph A).

Anti-heavy chain serum and antibodies against bovine ubiquitin were described previously [7]. The mono-
clonal antibody 12CA5, which recognizes the influenza haemagglutinin (HA) epitope, was purified from tissue 
culture cell supernatants by standard methods [36] or purchased from Sigma. Immunoprecipitation with heavy 
chain antibodies and re-precipitation with ubiquitin antibodies were done as described [7].

Ubiquitin Depletion
Ubiquitin was depleted from cow liver cytosol as described, using a recombinant GST-tagged Ubc2 that carries 
a serine instead of a cysteine in the active site [8]. The depletion reaction mixture contained 16 µM GST-tagged 
Ubc2Ser, and an ATP-regenerating system [37]. The reaction was allowed to proceed for 10 min at 37 °C. The 
reaction mixture was subsequently transferred to glutathione Sepharose 4B beads and incubated at 4 °C for 
15-30 min. The non-bound material was frozen at -80 °C.

Ubiquitin Reagents
Bovine ubiquitin was purchased from Sigma (St. Louis, MO). For the experiment in Fig. 2, ubiquitin was labeled 
using the following procedure. Bovine ubiquitin was iodinated using IODOGEN Iodination Reagent (Pierce). 
Each 90-µl iodination reaction mixture contained 8.9 mg/ml ubiquitin and 22.2 mCi/ml Na125I (NEN Life Science 
Products) in 44.4 mM potassium phosphate, pH 7.6. The reaction tube was coated with 100 µl 1 mg/ml Iodogen in 
Chloroform. The reaction was carried out on ice for 30 min after which the reaction was stopped by the addition 
of 100 µl 0.4 mg/ml tyrosine and 16 µl 0.1 M non-radioactive NaI. Iodinated ubiquitin was purified by passing 
it through a Sephadex G-25 spin column equilibrated with PB. The final concentration was estimated at 300 µM, 
labeled to 16,500 cpm/pmol. 125I-ubiquitin was added to the cow liver cytosol at a concentration of 20 µM.

The pGEX-Ubiquitin plasmids coding for GST-ubiquitin and GST-K48R were provided by T. Sommer. All 
GST-ubiquitin proteins were expressed in BL21 (DE3) E.coli. Cells were grown to OD~1.0 and induced with 0.4 
mM IPTG for 6 hrs. They were lysed and centrifuged at 42,000 rpm in an ultracentrifuge to remove non-soluble 
material. The fusion protein was purified from the supernatant by glutathione-affinity chromatography.

Binding of p97 to Heavy Chains in Permeabilized Cells
The experiments were performed essentially as described [18]. Cell fractions were solubilized in 1% deoxyBig 
CHAP, 30 mM Tris/HCl pH 7.4, 150 mM potassium acetate, 4 mM magnesium acetate, 1 mM ATP and protease 
inhibitors. Immunoprecipitations were carried out with His antibodies followed by a second precipitation with 
HA antibodies.

Binding of Polyubiquitin and Poly-GST-ubiquitin to Ufd1-Npl4
Plasmids encoding mammalian C-terminally His-tagged Ufd1, Npl4, and Npl4ΔZF, lacking the Zn-finger do-
main, were described previously [30]. The plasmids pGEX-gp78c and pGEX-MmUBC7 were provided by A. 
Weissman. p97, GST-gp78c, and GST-Ubc7 were purified as described [18, 24]. Polyubiquitin chains were syn-
thesized at 37 °C with 4 µM Ubc7, 1 µM GST-gp78c in 25 mM Tris/HCl pH 7.4, 2 mM magnesium/ATP, 0.1 mM 
DTT, 110 nM E1 enzyme, and 20 µM ubiquitin. The binding experiments were carried out at 4 °C in 0.3 ml of 50 
mM HEPES pH 7.3, 150 mM potassium chloride, 2.5 mM magnesium chloride, 5% glycerol, 2 mM β-mercapto-
ethanol, 0.1% Triton X-100, 1 mg/ml BSA. 20 µl samples of polyubiquitination reactions were incubated with 
1 µg of the various purified recombinant proteins. The proteins were then precipitated with specific antibodies 
and bound ubiquitin chains were detected by immunoblotting with ubiquitin antibodies.

Miscellaneous Methods
For ATP depletion, the cytosol was incubated for 20 min at 37 °C with 0.1 U/µl hexokinase (HK) and 20 mM 
glucose. Where indicated, 3 mM AMPPNP and 3 mM MgOAc were added during the chase period. Wild-type 
HA/A2 and K-R HA/A2 constructs and cell lines were described previously [7].
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Abstract

In cells expressing human cytomegalovirus US11 protein, newly-synthesized major histocompa-
tibility complex (MHC) class I heavy chain (HC) is rapidly dislocated from the endoplasmic reticu-
lum (ER) and degraded in the cytosol, a process that is similar to ER-associated degradation (ERAD), 
the pathway used for degradation of misfolded ER proteins. US11-triggered movement of HC into 
the cytosol requires polyubiquitination, but it is unknown which ubiquitin-conjugating and ubi-
quitin-ligase enzymes are involved. To identify the ubiquitin-conjugating enzyme (E2) required for 
dislocation, we used a permeabilized cell system, in which endogenous cytosol can be replaced by 
cow liver cytosol. By fractionating the cytosol, we show that E2-25K can serve as the sole E2 required 
for dislocation of HC in vitro. Purified recombinant E2-25K, together with components that convert 
this E2 to the active E2-ubiquitin thiolester form, can substitute for crude cytosol. E2-25K cannot be 
replaced by the conjugating enzymes HsUbc7/Ube2G2 or Ube2G1, even though HsUbc7/Ube2G2 
and its yeast homolog Ubc7p are known to participate in ERAD. The activity of E2-25K, as measured 
by ubiquitin dimer formation, is strikingly enhanced when added to permeabilized cells, likely by 
membrane-bound ubiquitin protein ligases. To identify these ligases, we tested RING domains of 
various ligases for their activation of E2-25K in vitro. We found that RING domains of gp78/AMFR, 
a ligase previously implicated in ERAD, and MARCH-VII/axotrophin, a ligase of unknown func-
tion, greatly enhanced the activity of E2-25K. We conclude that in permeabilized, US11-expressing 
cells, polyubiquitination of the HC substrate can be catalyzed by E2-25K, perhaps in cooperation 
with the ligase MARCH-VII/axotrophin.

Introduction

The expression level of a large set of proteins in eukaryotes is regulated by proteolysis, in which 
proteins are modified with polyubiquitin chains and subsequently degraded by the 26S proteasome 
[1, 2]. Ubiquitin-mediated proteolysis also functions in protein quality control, resulting in the de-
gradation of misfolded or damaged proteins. A particularly well studied quality control system 
is found in the endoplasmic reticulum (ER) [3, 4]. A large number of diseases are known in which 
mutant proteins fail to fold properly in the ER and are degraded. Examples include the CFTR protein 
in cystic fibrosis, α1-antitrypsin in childhood liver disease and adult emphysema, low-density 
lipoprotein receptor in familial hypercholesterolemia and myeloperoxidase deficiency, and insulin 
receptor in Type A insulin resistance [1, 5]. It was initially believed that protein degradation occurs 
inside the ER [6], but it is now accepted that misfolded proteins are transported back into the cytosol, 
a process termed dislocation or retro-translocation, before they are degraded by the proteasome 
[4, 7]. In this ER-associated degradation (ERAD) pathway most substrates are polyubiquitinated 
before being moved into the cytosol [8, 9]. 

Polyubiquitination of proteins requires the concerted action of a ubiquitin-conjugating enzyme 
(E2) and a ubiquitin protein ligase (E3). Ubiquitin is linked via its C-terminal carboxyl group to a 
cysteine in an E2 to form a thiolester, a reaction that is catalyzed by the ubiquitin-activating enzyme 
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(E1) in the presence of ATP. This E2-ubiquitin thiolester complex interacts with an E3 that is bound 
to a substrate, leading to the transfer of ubiquitin to the substrate protein. Our understanding of 
the specificity of E2-E3 interactions is incomplete, but available evidence indicates that most indi-
vidual E3 enzymes utilize a specific cognate E2 enzyme. In Saccharomyces cerevisiae, Ubc7p is the 
E2 that plays the most prominent role in ERAD, although Ubc1p and, to a lesser extent, Ubc6p can 
also participate [10-17]. Although the mammalian homolog of Ubc7p, HsUbc7/Ube2G2, has been 
demonstrated to function in ERAD [18-20], it is not clear whether it has a similar general role as its 
counterpart in yeast. In fact, mammals have many more E2 enzymes than yeast, and the functions 
of most ubiquitin-conjugating enzymes have not yet been clarified.

The ERAD pathway can be hijacked by certain viruses. In human cells infected with the human 
cytomegalovirus (HCMV), newly-synthesized MHC class I heavy chain (HC) is rapidly dislocated 
from the ER and degraded by the proteasome, in a manner resembling the dislocation and degrada-
tion of misfolded ER proteins [21, 22]. Expression of either US2 or US11, two small virally encoded 
proteins that are inserted into the host ER membrane, is sufficient for this process, indicating that 
the dislocation of HC from the ER membrane utilizes mostly host protein components. The process 
is best understood for the US11-triggered pathway. It begins with the recognition of HC by US11. 
US11 probably delivers the substrate to the US11-interacting, multi-spanning membrane protein 
Derlin-1, postulated to be a component of a protein-conducting channel [23, 24]. On the cytosolic 
side of the ER membrane, a polyubiquitin chain is attached to a part of the HC that was previously 
in the ER lumen [22]. The polyubiquitin chain is subsequently recognized by an ATPase complex 
[25-27], consisting of the AAA ATPase p97 and a co-factor (Ufd1-Npl4). It is thought that the ATPase 
complex moves the substrate into the cytosol in a process that requires ATP hydrolysis [4, 25, 27]. 
Much of our current understanding of the US11-dependent dislocation pathway comes from the 
use of a permeabilized cell system [8] in which astrocytoma cells, stably expressing US11, are per-
meabilized with digitonin and the cytosol is exchanged or manipulated. 

One of the most important steps in the US11-dependent dislocation pathway is polyubiqui-
tination, and yet this process is only poorly understood, particularly because neither the E2 nor 
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Fig. 1. HC dislocation in permeabilized cells ini-
tiated with exogenously added cytosolic proteins. 
Cells expressing the human cytomegalovirus US11 
protein were pulse-labeled with 35S-methione/-cys-
teine, permeabilized, pelleted and washed to deplete 
their cytosol. Dislocation reactions were initiated by 
the addition of ATP together with cytosol or cyto-
solic proteins as specified. HC Immunoprecipitates 
were analyzed by SDS-PAGE and autoradiography. 
Radiolabeled proteins corresponding to glycosylated 
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either 1 cM E1 (lanes 1-4), cow liver cytosol (lanes 
5-8), FI (supplemented with 1 µM E1, lanes 9-12), or 
FII (lanes 13-16). In Fig. 1B, reactions contained 1 µM 
E1 (lanes 1-2), enriched E1/E2 fraction (lanes 3-4, or 
FII from cow liver cytosol (lanes 5-6). Ubiquitin was 
added to all reactions at 20 µM.
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the E3 enzymes involved have been identified. In the present study, we have employed the per-
meabilized cell system to identify a ubiquitin-conjugating enzyme (E2-25K) that, together with 
ubiquitin, ATP, and E1, is sufficient to replace crude cytosol in the HC dislocation assay. We also 
identify E3 enzymes that activate the activity of E2-25K and are thus candidates for playing a role 
in the dislocation process.

Results

We previously described a permeabilized cell system to follow US11-mediated dislocation of MHC 
class I HC [8]. HC dislocation in such permeabilized cells relies on exogenously added cytosol, 
which can be manipulated to address the role of cytosolic factors in this reaction. Since polyubi-
quitinated HC is an intermediate in the dislocation reaction [8, 22, 27], it is reasonable to expect 
that the required cytosolic factors include proteins involved in HC polyubiquitination. Because 
most known E2 enzymes are cytosolic proteins, we first concentrated on the identification of an E2 
enzyme involved in the dislocation of HC.

US11-expressing astrocytoma cells were pulse-incubated with 35S-methionine and -cysteine, 
and permeabilized in digitonin, after which the cytosol was removed by sedimentation. The cells 
were resuspended in cow liver cytosol and incubated for an additional 30 min in the presence of 
unlabeled amino acids. Immunoprecipitation showed that a large fraction of HC was converted into 
a faster migrating species (Fig. 1A, lane 6 vs. 5). Previous experiments have shown that the conver-
sion is caused by the removal of a carbohydrate chain from HC, which is catalyzed by a cytosolic 
N-glycanase, and by deubiquitination of previously polyubiquitinated HC [8, 22]. The gel mobility 
shift is thus an indication of dislocation of HC from the ER lumen to the cytosol. Upon fractionation 
of the sample by low-speed centrifugation, deglycosylated HC appeared in the supernatant (lane 7), 
whereas residual, non-dislocated material was found in the pellet (lane 8). We also observed some 
discrete species with slower mobility that likely corresponds to ubiquitinated HC (lane 7). When 
cytosol-depleted cells were incubated with purified ubiquitin and E1, instead of cytosol, no shift in 
gel mobility of HC was observed and no material appeared in the supernatant fraction (lanes 1-4), 
indicating that these proteins alone are insufficient to support dislocation of HC. 

As part of our initial effort to identify the relevant E2, we subdivided cow liver cytosol into two 
fractions, one that was retained on an anion-exchange gel matrix (FII) and another that was not (FI).  
Both fractions contain E2 enzymes and FI contains ubiquitin, whereas FII is depleted of ubiquitin 
(data not shown). When added to permeabilized cells, complementation was found with FII (Fig. 
1A, lanes 13-16), but not with FI (lanes 9-12), and combining FI and FII did not increase the efficiency 
of HC dislocation seen with FII alone (data not shown). Next, we used a well established procedure 
to further enrich all E2 enzymes from FII [28, 29]. The proteins in this fraction were incubated with 
ubiquitin-coupled gel beads, which led to the binding of all E2 enzymes via a thiolester bond linkage. 
Elution was performed with a reducing agent that cleaves the thiol bonds [28, 29]. Because E1 also 
forms a thiolester linkage with ubiquitin, it is also present in the eluate. When this E1/E2-enriched 
fraction was added together with ubiquitin to cytosol-depleted permeabilized cells, dislocation of 
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HC, as well as the appearance of slower migrating species characteristic of ubiquitinated HC, were 
observed (Fig. 1B, lanes 3 and 4). A portion of HC in the supernatant remained glycosylated (lane 
4), indicating that the E1/E2-enriched fraction may be deficient in N-glycanase activity.

To identify the E2 enzyme, the E1/E2-enriched protein mixture was bound to a Mono-Q co-
lumn and eluted with a linear salt gradient. Twenty-five fractions were collected and tested for the 
presence of E2 enzymes by the generation of E2-ubiquitin thiolesters. Twelve fractions contained 
one or more distinct E2s (data not shown). When these fractions were tested for HC dislocation with 
cytosol-depleted permeabilized cells, E1, and ubiquitin, fraction 9 was found to be most active (f9, 
Fig. 2A, lanes 5 and 6; and data not shown). When tested for E2-ubiquitin thiolester formation with 
fluorescently labeled ubiquitin, two E2 enzyme activities were found, the ubiquitin thiolesters of 
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Fig. 2. The E2 activity for HC ubiquitination is supplied by E2-25K. (A) SDS-gel analysis of HC immunoprecipitates 
from reactions using permeabilized cells with added E1/E2-enriched mixture (lanes 1-2), 1 µM E1 (lanes 3-4), or f9 
(supplemented with 1 µM E1, lanes 5-6). All reactions were done in the presence of 20 µM ubiquitin. (B) Assay of E2-
ubiquitin thiolester. In lanes 1-3, fractions (8-10) from Mono-Q anion-exchange separation of the E1/E2 mixture were 
incubated with f-Ub, E1 and ATP for 10 min. Proteins were separated on SDS-gels, and visualized by fluorescence. In 
lanes 4-5, proteins from fractions 8 and 9 were separated on SDS-gels and stained with Sypro Ruby Protein Stain and 
visualized by fluorescence. (C) HC immunoprecipitates from reactions with permeabilized cells supplemented with 
1 µM E1 and 20 µM Ub alone, or together with a recombinant E2-25K (5 µM) were either analyzed directly (lanes 1-
8) or precipitated further with ubiquitin-specific (αUb) antibodies (lanes 9-16) and then analyzed by SDS-PAGE and 
autoradiography. The band denoted by * has a mobility similar to heavy chain. (D) Comparison of HC dislocation in 
assays containing E1, cow liver cytosol, E1/E2-enriched fraction, recombinant HsUbc7, Ube2G1 or E2-25K. Reactions 
contained equivalent amounts of permeabilized cells, and E2s were used at 5 µM, E1 at 1 µM, and ubiquitin at 25 µM. 
Analysis was done by SDS-PAGE and autoradiography.
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which migrated on SDS gels with apparent molecular weights of 35 kDa and 27 kDa (Fig. 2B, lane 
2). The same assay performed with the adjacent fractions indicated that the 35-kDa thiolester was 
most prominent in fraction 9 (Fig. 2B, lanes 1-3), indicating that the corresponding E2 enzyme shows 
a good correlation with the activity in the dislocation assay. Fraction 9 contains at least four protein 
species (lane 5), two of which, labeled as A and C, have molecular weights consistent with E2s that 
could form ubiquitin thiolesters of 35 kDa and 27 kDa, respectively. The bands corresponding to 
proteins A and C were excised, treated with trypsin, and the resulting peptides were subjected to 
MALDI-TOF analysis. The peptide mass data were used to search the protein data base and identi-
fied proteins A and C as the ubiquitin-conjugating enzymes E2-25K and Ubc13, respectively. Band 
D was identified in a similar way as UEV2, an E2 variant that functions with Ubc13 in a heterodimer 
[30, 31]. The identity of these proteins was confirmed by additional MS/MS analyses of two tryptic 
peptides from each protein, which in all cases yielded fragmentation patterns consistent with the 
expected peptide sequence. Thus, the two E2 activities seen in f9 are due to the presence of E2-25K 
and Ubc13, and E2-25K is the better candidate for being involved in the dislocation of HC.

To directly test a role for E2-25K in HC dislocation, we used purified recombinant protein made 
in E. coli. When purified E2-25K, ubiquitin, and E1 were added to cytosol-depleted permeabilized 
cells, efficient dislocation of HC was observed (Fig. 2C, lanes 5-8). Sequential immunoprecipitation 
with antibodies against HC and ubiquitin demonstrated directly that HC is ubiquitinated in the pre-
sence of added E2-25K (Fig. 2C, lanes 13-16), but not with E1 alone (lanes 9-12). Thus, we conclude 
that E2-25K can act as the sole E2 for polyubiquitination and subsequent dislocation of HC.

Of the eleven E2s in the yeast S. cerevisiae, E2-25K most closely resembles Ubc1p, both in the 
core UBC domain sequence and in having a C-terminal UBA domain [32, 33]. In yeast, Ubc1p and 
Ubc7p may have overlapping functions in ERAD [10-12, 14, 17]. We therefore tested whether the 
mammalian orthologue of yeast Ubc7p, HsUbc7/Ube2G2, which has been reported to function in 
ERAD [18-20], can also serve as the only E2 in the HC dislocation assay. In contrast to recombinant 
E2-25K, neither recombinant HsUbc7/Ube2G2 nor Ube2G1, which bears a close resemblance to 
Ube2G2, supported HC dislocation (Fig. 2D), even though these E2 enzymes were active in a ubi-
quitin-thiolester formation assay (data not shown). Thus, E2-25K cannot be replaced by HsUbc7/
Ube2G2, an enzyme known to function in ERAD. Recombinant human Ubc2b and Ubc3b, two 
other E2’s present in FII were also unable to support HC dislocation (data not shown), providing 
additional support that the activity seen with E2-25K is specific. A C-terminal truncation mutant of 
E2-25K lacking the UBA domain could effectively replace the full-length protein (Fig. 3), indicating 
that the UBA domain is not essential for the function of E2-25K in HC dislocation.
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20’ S P 0’ 20’ S0’ P 0’ 20’ S P

1 2 3 4 5 6 7 8 9 10 11 12

E1 E2-25K

time (min)

E2-25K∆UBA

Fig. 3. E2-25K does not require its UBA domain for dislocation of HC. Reactions containing radiolabeled permea-
bilized cells were supplemented with 1 μM E1, 25 μM ubiquitin alone, or in the presence of 5 µM of either wild-type 
E2-25K or the UBA domain deletion mutant E2-25KΔUBA (described in Materials and Methods). HC was recovered by 
immunoprecipitation with anti-HC (αHC). Analysis was done by SDS-PAGE and autoradiography.
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Next, we wished to identify potential ubiquitin protein ligase partners of E2-25K, based on 
the assumption that they would stimulate the activity of the E2. To measure the activity of E2-25K, 
we employed the fact that it has the ability to form ubiquitin dimers by transfer of thiolester-linked 
ubiquitin to free ubiquitin. Additional ubiquitin moieties can then be attached, leading to forma-
tion of higher order ubiquitin oligomers with distributive kinetics [34, 35]. While E2-25K on its own 
gave rise to only a small amount of ubiquitin dimers and trimers, the addition of cytosol-depleted 
permeabilized cells greatly stimulated the reaction (Fig. 4A, lane 4 vs. 2). The addition of ubiquitin-
aldehyde, an inhibitor of deubiquitinating enzymes, had only a small effect on dimer formation, 
but boosted the formation of trimers (lane 3). The addition of E1 alone had a small effect as well, 
presumably because some E2 enzyme is still present in the permeabilized cells (lanes 5-8). Taken 
together, these data suggest that a membrane-bound ligase present in permeabilized cells stimulates 
the activity of exogenously added E2-25K. 

Further identification of a potential ligase was based on the previous observation that a similar 
ubiquitin dimer formation activity of HsUbc7/Ube2G2 is activated by its interaction with the RING 
domain of its known ubiquitin protein ligase partners Hrd1 and TEB4 [36, 37]. We therefore tested 
whether E2-25K could also be activated by RING domains of ubiquitin protein ligases. The RING 
domains of several membrane-bound human ubiquitin protein ligases were expressed in E. coli and 
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Fig. 4. Activation of an intrinsic ubiquitin dimer formation activity in E2-25K. (A) Immunoblot showing ubiquitin 
oligomer formation by E2-25K. Reaction mixtures containing 1 µM E1 and 100 µM ubiquitin with or without 5 µM 
E2-25K were added to permeabilized cells and incubated at 37 °C for 20 min. Parallel reactions were also carried 
out in the absence of permeabilized cells. Where indicated, permeabilized cells were pre-treated with ubiquitin C-
terminal aldehyde (Ubal). (B) Ub dimer assay in the absence and presence of the specified RING domains. E2-25K-f-Ub 
thiolester was prepared under single turnover conditions as described in Materials and Methods. Preformed E2-25K-
f-Ub was then incubated for 5 min at 4 °C without and with 15 µM of the indicated RING domain and 10 µM of Ub74. 
Analysis was done by SDS-gel separation of proteins and visualized by fluorescence. (C) Time course of ubiquitin 
dimer formation was carried out with preformed E2-ubiquitin thiolester as described in (B) using 25 µM of Ub74, in 
the absence or presence of 5 µM of the RING domain from MARCH-VII/axotrophin.
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purified. These included the RING domains of the ligases Hrd1, gp78/AMFR, TEB4/MARCH-VI, 
TRC8 and MARCH-I, which activate HsUbc7/Ube2G2 [36, 37], and the RING domains of the li-
gases MARCH-II, III, IV, VII, VIII and IX [38], which do not activate HsUbc7/Ube2G2 (unpublished 
results). When tested with E2-25K, a large stimulation of ubiquitin dimer formation was seen with 
the RING domains of gp78/AMFR or MARCH-VII (Fig. 4B, lanes 4 and 8). Representative time 
courses of this reaction with and without the MARCH-VII/axotrophin RING domain are shown in 
Fig. 4C. The other RING domains, including TEB4, the proposed homolog of Ssm4p/Doa10p, which 
has also been implicated in ERAD [39] showed no significant activity (lanes 3 and 5-7, and data not 
shown). Thus, E2-25K interacts specifically with the RING domains of gp78/AMFR and MARCH-
VII. While at least two different E2s (E2-25K and HsUbc7/Ube2G2) are activated by gp78/AMFR, 
E2-25K is the only known E2 that interacts with MARCH-VII. The two identified ligases are prime 
candidates to be involved in the US11-triggered dislocation of HC.

Discussion

We have identified a ubiquitin-conjugating enzyme, E2-25K, that together with ubiquitin and ubi-
quitin-activating enzyme, can replace crude cytosol in generating polyubiquitinated HC, allowing 
its subsequent dislocation from the ER into the cytosol. Our results suggest that this E2 enzyme 
is involved in the US11-triggered degradation of MHC class I HC, but further experiments are 
required to test its function in vivo. E2-25K was first discovered by the Pickart laboratory [33, 34] 
by tracing an intrinsic activity of this enzyme that allows the formation of ubiquitin dimers linked 
through Lys48 (K48). Although synthetic K48-specific polyubiquitin chains made with the help of 
this enzyme have been instrumental in our understanding of how polyubiquitinated proteins are 
recognized by the proteasome [40-42], a biological function for this enzyme had not been established 
previously to our knowledge. The formation of K48-linked polyubiquitin chains by E2-25K is 
consistent with our previous observation that these types of chains are required for interaction 
with the p97 ATPase complex that functions downstream by moving polyubiquitinated HC into the 
cytosol [25, 26]. Most of the ATPase complex is tightly bound to ER membranes and thus present 
in cytosol-depleted permeabilized cells, explaining why purified E2, E1, and ubiquitin can satisfy 
the cytosol requirement in our assay. Although we have shown that purified E2-25K is sufficient 
to replace crude cytosol, we cannot exclude the possibility that other E2 enzymes with redundant 
function were inefficiently recovered during the purification procedure. Also, it is possible that E2 
enzymes are involved that are already associated with the ER membrane. In yeast, ERAD mediated 
by Doa10p requires Ubc6p, an E2 enzyme that is anchored to the ER membrane via a C-terminal 
transmembrane domain as well as Ubc7p that is recruited to the ER membrane via binding to 
Cue1p [39]. Thus, it remains to be determined whether HC ubiquitination may have an additional 
requirement for a membrane-associated E2. 

The possibility that E2-25K functions in ERAD is further suggested by its resemblance to S. 
cerevisiae Ubc1p, which among the eleven E2 enzymes in yeast is most similar in sequence to E2-25K. 
This includes the presence of a UBA domain not found in other members of this family. However, 
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it is not known whether E2-25K provides the equivalent function(s) in mammals or whether E2-
25K can complement a UBC1 deletion in S. cerevisiae. In yeast, Ubc1p functions with Hrd1p, an 
ER-resident ubiquitin protein ligase that mediates the degradation of ER proteins with misfolded 
luminal or intra-membrane domains [12, 14, 43]. Ubc1p appears to share its function with Ubc7p, 
as either of these two enzymes can interact with the RING domain of Hrd1p [12, 14, 17, 43], and 
HRD1-deletion phenotypes are recapitulated in a UBC1/UBC7 double-deletion mutant, but only 
partially in UBC1 or UBC7 single-deletion mutants [17]. Similar to the dual utilization of Ubc1p and 
Ubc7p by Hrd1p, we have observed that both E2-25K and HsUbc7/Ube2G2 can be activated by the 
RING domain of gp78/AMFR, a ligase that is sequence-related to Hrd1p. Previous studies have 
indeed implicated gp78/AMFR and HsUbc7 in the regulated degradation of HMG CoA reductase 
and the destruction of unassembled T cell receptor [20, 44, 45]. Our results thus raise the possibi-
lity that, as in yeast, E2-25K might function interchangeably with HsUbc7 in these ERAD events. 
Many other aspects of the ERAD pathways are conserved between yeast and mammals, but the 
mammalian system is clearly more complex, with often more than one homolog for a given yeast 
component. For example, there are two mammalian homologs of yeast Ubc7p (HsUbc7/Ube2G2 
and Ube2G1) and of yeast Hrd1p (Hrd1 and gp78/AMFR), and it is possible that they function in 
the polyubiquitination of distinct substrates. 

E2-25K cannot be replaced by HsUbc7/Ube2G2 in its function in US11-triggered HC disloca-
tion, but our data do not exclude that other E2s could also function in HC polyubiquitination; 
the residual levels of E2 in cytosol-depleted permeabilized cells make the assay rather insensitive 
and it is therefore possible that other fractions in our purification steps also contain some activity. 
Nevertheless, the homologs of yeast Ubc1p and Ubc7p are certainly the most obvious candidates 
for a function in ERAD and HC dislocation. It is therefore surprising that only the Ubc1p homolog 
E2-25K, and not the Ubc7p homolog, functions in HC polyubiquitination. Apparently, the ubiquitin 
protein ligase involved in HC polyubiquitination is more selective than gp78/AMFR, which inter-
acts with both E2-25K and the Ubc7p homolog. For this reason, gp78/AMFR is unlikely to be the 
relevant E3 in HC ubiquitination. The only other tested RING domain that activated E2-25K was 
the one derived from MARCH-VII/axotrophin, and this RING domain did not activate HsUbc7/
Ube2G2 (unpublished result). MARCH-VII is therefore a prime candidate to be the ubiquitin protein 
ligase involved in the polyubiquitination of HC. MARCH-VII has two putative transmembrane 
sequences, but its subcellular localization is unknown. Whether this ligase has a function in US11-
triggered HC dislocation remains to be determined.

Material and Methods

Pulse-Chase Analysis with Permeabilized cells
Control and US11-expressing U373-MG astrocytoma cells [46] were cultured as described previously [21]. The 
cells were detached from tissue culture flasks with trypsin and incubated in suspension in methionine- and 
cysteine-free Dulbecco’s Minimal Essential medium for 1 hr at 37 °C. Cells were then centrifuged at 1000Xg for 5 
min and resuspended at 1 × 107/ml. They were pulse-labeled for 3-5 min at 37 °C in 290 μCi/ml 35S-methionine 
and -cysteine (35S-Protein Express Labeling Mix; New England Nuclear), after which all procedures were car-
ried out at 4 ºC. The cells were centrifuged for 15 seconds at 14K rpm in a microfuge, and resuspended at the 
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same cell density in PBS supplemented with 0.9 mM CaCl2. They were then centrifuged as described previously, 
resuspended at 1.6 × 107 cells/ml in PB (25 mM Hepes pH 7.3, 115 mM potassium acetate, 5 mM sodium-acetate, 
2.5 mM MgCl2, 0.5 mM EGTA) containing 0.04% digitonin (Merck, purified as described in [47]), and incubated 
on ice for 10 min with gentle agitation. The digitonin-permeabilized cells were pelleted by centrifugation for 15 
min at 14K rpm in a microfuge, resuspended at the same density in PB without digitonin, and pelleted again 
by centrifugation as described previously.

The chase reaction was initiated by resuspending the permeabilized cell pellets in a buffer of 25 mM 
Tris/HCl, pH7.6, containing 10 μM proteasome inhibitor PS-341, 1 mM ATP, 1 mM magnesium acetate, an 
ATP-regenerating system [48] and other specified protein components. The samples were incubated at 37 ºC 
and aliquots were withdrawn at specified timepoints. Withdrawn samples were divided into two equal parts. 
One part was placed directly into NET lysis buffer, comprising of 0.5% NP-40 (Igepal; CA-630; Sigma Chemical 
Co.), 50 mM Tris/HCl, pH 7.6, 150 mM NaCl, 5 mM EDTA, a mammalian protease inhibitor mix (Sigma), and 
0.2 mg/ml BSA. The other part was centrifuged for 15 min at 14K rpm in a microfuge, to obtain supernatant (S) 
and pellet (P) fractions, which were then separately placed into NET lysis buffer. Lysates were made by agita-
tion on a rotator for 20 min at 4 °C and subsequently centrifuged in a microfuge at 14K rpm for 10 min. The 
resulting supernatant was used for immunoprecipitation after SDS and DTT were added to final concentrations 
of 0.1% and 0.2 mM, respectively. The lysates made from samples corresponded to 1-1.5 × 106 cell equivalents. 
Immunoprecipitations were carried out as described previously [22].

Expression and Purification of Recombinant Proteins
E2-25K was either expressed as a GST-fusion [33, 49] or as a non-tagged protein [49, 50], and purified accord-
ingly. For the GST fusion, the GST moiety was removed by thrombin cleavage, which leaves behind a 13-amino 
acid sequence of RRASVGSHMPMGD fused to the N-terminus of E2-25K. The UBA domain deletion mutant 
of E2-25K (E2-25KΔUBA) was created by changing the codon for residue 156 into a stop codon, expressed as a 
GST-fusion, and purified with the GST removed. HsUbc7/Ube2G2 was obtained by expression as a TEV-protease 
cleavable polyHis-tagged protein and purified as described previously [51]. The purified HsUbc7 contains an 
extra two-residue sequence of Gly-His at its N-terminus. Ube2G1 was expressed as a GST fusion and purified 
with the GST moiety removed but with an extra two-residue sequence of Gly-Ser at its N-terminus.

RING domain constructs for Hrd1 and gp78/AMFR were expressed as Histidine-tagged fusions. The 
coding sequences for the RING domains were inserted between the NdeI and HindIII sites of the pT7 plasmid. 
The inserted sequence for Hrd1 encodes residues 272-342, and 322-394 for gp78/AMFR. All other proteins were 
expressed as GST fusions, where the RING domain coding sequences were inserted between the BamH1 and 
EcoRI sites in pGEX-4T1. The inserted sequence encodes residues 529-599 for TRC8, 46-102 for MARCH-I, 47-120 
for MARCH-II, 52-127 for MARCH-III, 145-221 for MARCH-IV, 1-80 for MARCH-V, 537-619 for MARCH-VII, 
62-137 for MARCH-VIII, and 91-168 for MARCH-IX. The GST-TEB4/MARCH-VI fusion was described previ-
ously [37]. 

A truncated ubiquitin (Ub74) that lacks the C-terminal Gly-Gly sequence was obtained by expressing the 
human sequence that encodes the first 74 residues of the protein.

Fractionation of Cow Liver Cytosol
FI and FII were isolated from cow liver cytosol by using a procedure described previously for reticulocyte ly-
sate [28]. Briefly, 50 ml of cow liver cytosol (1.5 g protein) in 25 mM Tris/HCl, pH7.6) was absorbed onto a 200 
ml Q-sepharose (Pharmacia) column. The pass-through proteins were precipitated by adjusting the solution 
to contain 90% ammonium sulfate to yield FI. Bound proteins were eluted with 25 mM Tris/HCl (pH 7.6) and 
0.6 M sodium chloride and precipitated similarly to yield FII. The precipitated proteins were dialyzed against 
25mM Tris/HCl pH 7.6, containing 0.1 mM DTT and were stored at -80 °C until used. FI contained 72 mg/ml 
and FII contained 31 mg/ml protein. 

Ubiquitin Affinity Column Chromatography
E1 and E2 were obtained from FII using a procedure described previously [28, 29]. Ubiquitin-coupled gel 
beads were obtained by coupling purified ubiquitin (40 mg) to 1.5 ml of activated CH-Sepharose (Amersham 
Pharmacia) according to the manufacturer’s protocol. To obtain an E1 and E2-enriched fraction from FII, 50 mg 
of FII proteins, supplemented with 5 mM ATP and 10 mM magnesium chloride, were applied to the ubiquitin-
coupled gel beads that were previously equilibrated with 25 mM Tris/HCl pH 7.6, containing 5 mM ATP and 
10 mM magnesium chloride. After removal of unbound proteins by washing with equilibration buffer, the gel 
beads were treated with 25 mM Tris/HCl (pH 9) and 25 mM DTT to facilitate the cleavage of thiolester bond 
that leads to release of E1 and E2 enzymes from the gel beads. Eluted proteins from this condition were dialyzed 
against 25 mM Tris/HCl (pH 7.6) and 1 mM DTT and stored at –80 ºC until use.
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E2-ubiquitin thiolester Assays
In vitro assays were carried out at room temperature, in a reaction mixture containing 25 mM Tris/HCl, pH 
7.6, 5 mM ATP, 10 mM magnesium chloride, E1 enzyme (0.1 μM), and Oregon Green-labeled ubiquitin (f-Ub) 
[22]. Reactions were carried out for 5 min, and proteins in the reaction mixture were separated by SDS-PAGE 
under non-reducing conditions. Fluorescence of the Oregon-Green label was visualized by a fluorescence imager 
(Fluorimager 595, Molecular Dynamics).

Ubiquitin Dimer Assays
Reactions were carried out under single-turnover conditions, where ubiquitin in the preformed ubiquitin-E2-
25K thiolester complex is transferred to a free ubiquitin in the reaction mixture [34]. The thiolester complex was 
obtained by incubating 4 μM E2-25K for 5 min at 25 ºC in a mixture containing 50 mM Tris/HCl (pH 7.6), 1 mM 
ATP, 1 mM magnesium chloride, E1 enzyme (0.1 μM), and f-Ub (~1 μM). At the end of the incubation period, 
10 mM EDTA was added to chelate magnesium to block further thiolester formation. Dimer formation reactions 
were initiated upon addition of the preformed E2-thiolester to a mixture containing 25 mM Tris/HCl (pH7.6) 
and 25 mM C-terminally truncated ubiquitin (Ub74), and the indicated E3 RING domains. The mixtures were 
incubated at 4 °C for 5 min (Fig. 4B), or during a time course for the times indicated (Fig. 4C). The reaction was 
stopped by addition of sample buffer without reducing agents. Samples were analyzed by SDS-PAGE and a 
fluorimager.

Mass Spectrometry
Mass spectrometry was done at the Molecular Core facility at Penn State University College of Medicine on a 
fee-for-service basis. Database searches were performed with the program MASCOT [52]. 

Materials
Human ubiquitin was expressed and purified from the bacterial strain AR58 [53]. Oregon Green-labeled ubiq-
uitin [8] and ubiquitin-aldehyde (Ubal) were synthesized as described previously [54, 55]. E1 was purified from 
rabbit reticulocyte lysate [29] as described. Cow liver cytosol was prepared as described previously [8]. Anti-
heavy chain serum and antibodies against bovine ubiquitin were described previously [22].
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Abstract

In eukaryotic cells, a quality control system exists to ensure that proteins that are folded in the en-
doplasmic reticulum (ER) reach their destinations only after they are properly folded or assembled 
into functional protein complexes. Incorrectly folded proteins are degraded via the ER-associate 
degradation (ERAD) pathway, and degradation is mediated by a large proteolytic complex called 
the proteasome, known to be located in the cytosol. Hence, misfolded proteins in the ER first need to 
reach the cytosol. It is thought that they are translocated back (or retro-translocated) into the cytosol 
through a central pore similar to the Sec61 channel used for forward translocation of newly-synthe-
sized proteins into the ER. It is postulated that the ER-resident membrane protein Derlin-1 plays a 
key role in the retro-translocation process and could form part of the central retro-translocon. We 
used a permeabilized cell system in which MHC class I heavy chains (HCs) are targeted for degrada-
tion under the influence of the human cytomegalovirus protein US11. The HCs can be modified with 
GST-ubiquitin, and we showed that Derlin-1 interacts with these modified membrane-associated 
chains. Since these HCs are ubiquitinated on a domain of the molecule that was previously in the 
ER lumen, the interaction with Derlin-1 occurs during retro-translocation. The finding that Derlin-1 
interacts with both glycosylated HC and ubiquitinated HC suggests that the interaction occurs both 
prior to and during retro-translocation, consistent with a channel function. The interaction of Der-
lin-1 with a substrate that is undergoing retro-translocation supports its role in retro-translocation 
and strengthens the postulate of Derlin-1 being part of the central retro-translocation machinery. In 
addition, we showed it is unlikely that the retro-translocation of HC is driven by the 19S regulatory 
particle of the proteasome, as inhibiting the binding of polyubiquitinated substrates to the protea-
some with ubistatin did not prevent retro-translocation.

Introduction

Mechanisms are in place at multiple levels within the living cell to ensure the quality of cellular 
products. For membrane proteins or secreted proteins, a quality control system exists in the ER. 
Newly-synthesized proteins are translocated into the ER through a central pore called the Sec61 
complex (for review, see [1]). Proteins are then folded with the help of chaperones, such as BiP 
[2]. If they fail to fold properly, misfolded proteins are removed from the ER in a process called 
ER-associated degradation (ERAD) [3, 4]. After (partial) dislocation of misfolded proteins, they are 
polyubiquitinated before they are completely transported back (or retro-translocated) to the cytosol, 
where they are degraded by the proteasome. Much is known about the components that are involved 
in this process; however, the exact manner in which ERAD substrates cross the ER membrane re-
mains unclear. It is believed that proteins need to traverse the membrane through a channel. The 
Sec61 channel involved in forward translocation has been proposed to function as the channel for 
retro-translocation as well [5-10]; however, evidence for this is mostly circumstantial. Recently, a 
novel ER membrane-spanning protein called Derlin-1 was found to be involved in ERAD [11-14]. 
Ye et al. showed an interaction of Derlin-1 with the cytosolic AAA ATPase p97, which is thought 
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to be involved in the extraction of substrates from the ER membrane [15, 16]. Independently, Lilley 
and Ploegh demonstrated an interaction between Derlin-1 and US11, a viral protein causing the 
retro-translocation and subsequent degradation of MHC class I heavy chain (HC) [17]. This interac-
tion is mediated by the membrane domain of US11, since mutation of one amino acid residue in the 
membrane domain of US11 disrupted both US11-triggered degradation of HC and the interaction 
with Derlin-1 [11, 18]. Interestingly, the yeast homolog Der1p, has previously been implicated in 
ERAD of mutant carboxypeptidase Y (CPY*) and mutant proteinase A (PrA*) [19]. Derlin-1 has no 
homology to any known E2 or E3 enzymes, and based on an interaction with HC, it was postulated 
that Derlin-1 is part of a channel for the retro-translocation of ERAD substrates, called the retro-
translocon [11, 13]. Unfortunately, these interaction studies did not make any distinction between 
HCs undergoing retro-translocation and HCs prior to retro-translocation. Hence, the interaction 
that was observed could have occurred prior to the actual dislocation of the protein, in which case 
Derlin-1 could function in steps prior to retro-translocation.

Normally, when a portion of a substrate exits the retro-translocon and is exposed to the cy-
tosolic side of the ER, it is rapidly ubiquitinated and extracted from the ER. It is thought that the 
polyubiquitin chain on the substrate is a recognition signal for a downstream component involved 
in extraction from the membrane [20]. If HC is modified with GST-ubiquitin, recognition of the 
polyubiquitin chain is disrupted, and HC remains associated with the ER membrane, likely through 
the retro-translocon [20]. In the current study, we report the interaction of Derlin-1 with a poly-GST-
ubiquitinated HC. We propose that Derlin-1 is an integral component of the ERAD machinery, and 
perhaps constitutes part of the retro-translocon.

In addition, we followed up on the question of how ERAD substrates are extracted from the 
ER membrane. We have shown previously that ATP hydrolysis is required for retro-translocation 
[20]. There are two obvious candidates for driving ATP-dependent retro-translocation: the AAA 
ATPase p97/Cdc48p/VCP, which has been implicated in ERAD [15, 21, 22], and the proteasome. 
Retro-translocation is halted in the presence of mutant p97 that cannot hydrolyze ATP [15, 16] or 
in yeast carrying temperature-sensitive mutations in CDC48 [23], suggesting a role for p97 in retro-
translocation. Unfortunately, it is difficult to determine whether p97 is directly responsible for the 
extraction of substrates from the ER membrane. A function that occurs directly prior to extraction, 
e.g. in ubiquitination, deubiquitination, or sequestration of other factors, would also disrupt the 
retro-translocation process. In fact, HC was modified with polyubiquitin containing fewer ubiqui-
tin molecules with a mutant of p97 that cannot hydrolyze ATP [15]. In addition, ubiquitination of 
CPY* was dramatically decreased in a temperature-sensitive cdc48-10 strain at the non-permissive 
temperature [23]. The second candidate for extraction of ERAD substrates from the ER is the protea-
some. Part of the 19S regulatory cap of the proteasome consists of six AAA ATPases, which have 
been proposed to play a role in movement of substrates into the 20S core particle [24, 25]. However, 
US11-triggered retro-translocation of HC is not prevented by the presence of conventional protea-
some inhibitors [17]. Such inhibitors all act upon the proteolytic activity in the 20S core particle, 
possibly without affecting the binding of ubiquitinated substrate to the 19S cap. Therefore, it remains 
possible that the ATPases in the 19S regulatory particle could provide the force for extraction. We 
used a novel proteasome inhibitor called ubistatin to prevent access of ubiquitinated substrates to 
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the 19S cap. Ubistatin binds polyubiquitin chains directly and blocks the binding of ubiquitinated 
substrate to the 19S cap [26]. This would likely prevent access to the 19S ATPases as well. Even in 
the presence of this compound, HC is retro-translocated into the cytosol, suggesting that the 19S 
cap of the proteasome is not involved in the extraction process. The findings in this chapter indicate 
that the previously proposed p97 complex is likely responsible for extraction.

Results

MHC class I HC is a substrate for ERAD in the presence of HCMV protein US11. In order to 
undergo degradation, HC needs to be retro-translocated into the cytosol, presumably through a 
channel. Initially, the Sec61 channel for translocation of proteins into the ER had been implicated in 
this process [5-8]. Recently however, another ER-membrane spanning protein called Derlin-1 was 
identified and proposed to be part of a retro-translocation channel. Part of this assertion was based 
on an interaction between Derlin-1 and MHC class I HC that was observed in astrocytoma cells 
that stably express the HCMV protein US11 [11, 13]. However, in these experiments it was unclear 
whether the interaction between Derlin-1 and HC occurred during or prior to retro-translocation. 
To further address the role of the interaction between Derlin-1 and HC we made use of a permea-
bilized cell system that recapitulates US11-dependent retro-translocation and degradation of HC 
[27]. The cytosol in this system can be readily replaced with cytosol from other sources. Previously, 
it was shown that HC can be modified with GST-ubiquitin but cannot be moved into the cytosol 
[20]. Normally, when a portion of the HC exits the retro-translocon, the HC is rapidly ubiquitinated 
and extracted. Therefore, it seems likely that HC modified with GST-ubiquitin remains associated 
with the ER membrane, possibly via the retro-translocon.

In the following experiments, we tested whether HC modified with GST-ubiquitin could inter-
act with Derlin-1. Astrocytoma cells that stably express US11 were pulse-labeled with 35S-methionine 
and -cysteine and permeabilized with digitonin. The cytosol was then removed by sedimentation. 
The cells were resuspended in ubiquitin-depleted cow liver cytosol and incubated for an additional 
30 minutes in the presence of GST-ubiquitin. Lysates were prepared using different detergents, after 
which sequential immunoprecipitations were carried out with Derlin-1 and HC antibodies. In Fig. 
1, we show that the interaction between Derlin-1 and HC is dependent on the detergent used. A 
strong interaction was observed with the mild detergents digitonin, DeoxyBigCHAP, and CHAPS. 
More HC was pulled down with antibodies against Derlin-1 (Der) than with pre-immune serum 
(pre). Although a small amount was pulled down with pre-immune serum this was likely due to 
non-specific binding to Staph A. The interaction was not well preserved with the detergents Igepal, 
Triton X-100, n-dodecyl β-D-maltopyranoside, Fos Choline 12 (Fig. 1) or SDS (data not shown). This 
indicates that the interaction between Derlin-1 and HC is rather weak, which would be consistent 
with a function for Derlin-1 as part of a protein-conducting channel. The interaction appears to 
occur mainly with the 43-kDa glycosylated version of HC, a form of the protein that is likely not 
dislocated, but is still embedded in the ER membrane. The HC appears as two separate bands, which 
could be due to an interaction with deglycosylated HC as postulated previously [11, 13]. However, 
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the deglycosylated HC species is typically not observed in the presence of GST-ubiquitin ([20] and 
data not shown). Therefore, the appearance of two HC bands is most likely due to an interaction 
of Derlin-1 with different allelic forms of HC, since the HC serum was raised against both HLA-A2 
and HLA-B27 heavy chains [28]. Interestingly, upon prolonged exposure of the film, some high 
molecular weight species appear with some detergents, which could represent GST-ubiquitinated 
HC (lanes 1, 5 and 9).

To determine whether the high molecular weight species were in fact ubiquitinated HC species, 
we carried out sequential immunoprecipitations with Derlin-1 antibodies (Der), HC antibodies, and 
finally ubiquitin (Ub) antibodies. The experiment was carried out essentially as described in Fig. 1, 
except on a slightly larger scale to improve visualization of the ubiquitinated material. In Fig. 2A, 
we show that HC interacts with Derlin-1 (lane 3) and much more HC co-precipitated with Derlin-1 
antibodies than with pre-immune serum (lane 3 vs. 5). Additionally, we observed higher molecular 
weight species, which are confirmed to be ubiquitinated HCs as these species are observed after 
another round of immunoprecipitation with anti-ubiquitin antibodies (lane 4). These ubiquitinated 
species are much less pronounced after sequential immunoprecipitations with pre-immune serum, 
HC and ubiquitin antibodies (lane 6). In a magnification of lanes 3-6, four specific high molecular 
weight bands are apparent, which possibly correspond to HC modified with 4 to 7 GST-ubiquitin 
molecules. Apparently, a substantial fraction of newly-synthesized HC interacts with Derlin-1 since 
the amount of HC pulled down after sequential immunoprecipitations with Derlin-1 and HC anti-
bodies (lane 3) is comparable to the amount pulled down after a direct immunoprecipitation with 
HC antibodies (lane 1). This is based on the efficiency of Derlin-1 antibodies in immunoprecipita-
tion assays, which was estimated to be 25-30% by Western Blotting (data not shown) as well as the 
amount of cells used, which was four times more for sequential immunoprecipitations (lane 3) than 
for the direct immunoprecipitation with HC (lane 1). It is difficult to assess accurately the amount 
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Fig. 1. Interaction of Derlin-1 and MHC class I heavy chain is detergent-specific. Cells expressing US11 were labeled 
with 35S-methionine and -cysteine, permeabilized and incubated in the presence of glutathione S-transferase-tagged 
ubiquitin (GST-Ub). After incubation at 37 °C for 30 min, cells were solubilized in different detergents and subjected to 
immunoprecipitations with either α-Derlin-1 (Der) or pre-immune serum (pre). They were then subjected to a second 
round of immunoprecipitations with α-HC serum and analyzed by SDS-PAGE and autoradiography. Arrows indicate 
possible GST-ubiquitinated heavy chains. HC+CHO indicates glycosylated HC.
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of HC pulled down in the direct immunopreciptiation (lane 1); however, the capacity of the HC 
antibodies for immunoprecipitation was not exceeded (data not shown). In addition, to show that the 
interaction between HC and Derlin-1 is more specific for HCs during the process of retro-transloca-
tion, a similar experiment was performed in both control cells and US11 expressing cells (Fig. 2B). 
After a pulse-chase incubation in the presence of GST-ubiquitin, sequential immunoprecipitations 
were carried out with either Derlin-1 antibodies (lanes 1-2 and 5-6) or pre-immune serum (lanes 3-4 
and 7-8), followed by HC and ubiquitin antibodies. Since the expression level of HC in control cells 
was higher than in US11 cells (data not shown) because HC undergoes continuous degradation in 
US11 cells, samples for SDS-PAGE were adjusted accordingly. Our results show that the interaction 
between Derlin-1 and HC is much more pronounced for HC in the presence of US11 (lanes 5 and 
6) than in the absence of US11 (lanes 1 and 2). This suggests that Derlin-1 interacts more efficiently 
with retro-translocating HC than with HC that is not targeted for ERAD and is stably integrated 
in the ER membrane.

To confirm that ubiquitination took place on a luminal portion of the HC, and thus that the HC 
was in the process of retro-translocation whilst interacting with Derlin-1, we used an HA-tagged 
mutant HC that cannot be ubiquitinated in its cytosolic domain as it does not contain lysines resi-
dues [28]. The pulse-chase experiment was carried out as described previously. For the Derlin-1 
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Fig. 2. Derlin-1 interacts with ubiquitinated MHC class I heavy chain in US11 expressing cells. Cells expressing 
the human cytomegalovirus protein US11 (A, lanes 1-6) were labeled with 35S-methionine/-cysteine, permeabilized 
and incubated in the presence of glutathione S-transferase-tagged ubiquitin (GST-Ub). After incubation for 30 min 
at 37 °C, samples were solubilized in 1% digitonin and subjected to sequential rounds of immunoprecipitation with 
α-Derlin-1, αHC, and αUb (ubiquitin) antibodies, and then analyzed by SDS-PAGE and autoradiography. The higher 
molecular weight GST-ubiquitinated heavy chains are indicated by arrows. A background band marked by an asterisk 
running slightly below the second GST-ubiquitin adduct around ~240 kDa comes down only with HC serum, which 
is better illustrated in the magnification (lanes 7-10). Lanes 1 and 2 are equivalent to 1.5x106 cells, while lanes 3-6 were 
equivalent to 6x106 cells. (B) Similar experiment as in (A) showing both control cells (lanes 1-4) and US11 cells (lanes 5-
8). The amount of sample loaded onto the gel was corrected for the different levels of heavy chain expression between 
control cells and US11 cells as explained in the results section.
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immunoprecipitations, timepoints were taken at 0 and 30 min during the chase incubation. An 
interaction between Derlin-1 and glycosylated HC was observed even at the start of the chase (Fig. 
3A, lane 1). After 30 min, the amount of HC precipitated with Derlin-1 appeared similar, except for 
an accumulation of what was presumed to be GST-ubiquitinated HC species (lane 2). The amount of 
glycosylated HC observed after sequential precipitations with pre-immune serum and HC antibo-
dies was much less pronounced and the higher molecular weight species were not visible (lane 3). A 
third round of immunoprecipitations with Ub antibodies confirmed that the higher molecular spe-
cies were indeed GST-ubiquitinated HCs. The latter species were only visible after initial sequential 
immunoprecipitations with Derlin-1 and HA antibodies against the HA-tagged HC (lane 4 vs 5). To 
determine whether Derlin-1 can associate with HC in the absence of ubiquitin, permeabilized cells 
were incubated for 30 min in ubiquitin-depleted cow liver cytosol without or with GST-ubiquitin 
(Fig. 3B). Sequential immunoprecipitations were carried out as described previously. In the absence 
of ubiquitin (lane 1), glycosylated HC associates with Derlin-1, and no ubiquitinated HC species 
were observed (lane 3). In the presence of GST-ubiquitin (lane 2), a similar amount of glycosylated 

Fig. 3. MHC class I heavy chain interacts with Derlin-
1 during retro-translocation. (A) US11 cells expressing 
an HA-tagged MHC class I heavy chain lacking lysines 
in the cytosolic tail, were labeled with 35S-methionine/-
cysteine, permeabilized and incubated in the presence 
of GST-Ub. After incubation for 0 and 30 min at 37 °C, 
samples were solu-bilized in 1% digitonin and sub-
jected to immunoprecipitation with either α-Derlin-1 
(lanes 1, 2 and 4) or pre-immune serum (lanes 3 and 
5), followed by sequential immunoprecipitations with 
αHA (lanes 1-3) and αUb antibodies (lanes 4 and 5). 
Arrows indicate GST-ubiquitinated heavy chains. * in-
dicates a background band. (B) Similar experiments as 
in (A) except samples were incubated with ubiquitin-
depleted cytosol either with (+GST-Ub) or without 
GST-ubiquitin (ΔUb). ** indicates a band migrating at 
the molecular weight of glycosylated HC.
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HC associates with Derlin-1, and GST-ubiquitinated species can be observed (lane 4). This shows 
that Derlin-1 has the ability to associate with HC in the absence of ubiquitin and confirms that the 
higher molecular weight species were derived from GST-ubiquitin. Taken together, these results 
show that Derlin-1 indeed interacts with HC that is undergoing retro-translocation. Additionally, 
the results suggest that most of the HC is directed to Derlin-1 almost immediately after transloca-
tion into the ER since no increase in association of glycosylated species with Derlin-1 is observed, 
only of ubiquitinated HC species.

Once ERAD substrates are exposed to the cytosolic side of the ER, they are rapidly ubiqui-
tinated. They are subsequently moved out of the ER, after which they are degraded by the protea-
some. Both the proteasome and AAA ATPase p97 have been implicated in this extraction process 
[15, 16, 29]. To test the involvement of the proteasome in this process, we made use of a novel 
proteasome inhibitor called ubistatin. The ubistatin called C92, synthesized by R. King and co-
workers, has been shown to bind directly to polyubiquitin chains, and is thought to stabilize these 
chains [26]. More importantly, the binding of this compound to polyubiquitin chains prevents 
the association of polyubiquitin chain binding factors such as the proteasome subunit Rpn10 and 
the proteasome-associated factors Rad23 and Dsk2. It is thought that these factors are involved in 
binding ubiquitinated substrates to the proteasome. The novel ubistatin compounds were found 
to inhibit the proteasomal turnover of Sic1p and cyclin B, likely by preventing the interaction with 
the proteasome. This proteasome inhibitor is distinct from others such as epoximycin or MG-132, 
as these act on the proteolytic sites within the 20S core and may not block binding of ubiquitinated 
substrates to the 19S proteasomal cap. Therefore, use of such 20S inhibitors cannot exclude a role 
for the ATPases of the 19S cap in the extraction of ERAD substrates from the ER.

In the following experiment, we tested whether the proteasome mediates the extraction of HC 
from the ER. For this experiment, cells were pulse-labeled with 35S-methionine and -cysteine and 
permeabilized as described previously. The cytosol was removed by sedimentation and replaced 
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Fig. 4. MHC class I heavy chains are retro-translocated from the ER in the presence of ubistatin C92. Cells expressing 
US11 were labeled with 35S-methionine/-cysteine, permeabilized and incubated with cow liver cytosol in the absence 
or presence of ubistatin. Except for lanes 1-4, 20 mM ubiquitin was added to ubiquitin-depleted cytosol before incuba-
tion. Cells were incubated at 37 °C for 0 and 30 min, when samples were taken and solubilized in 0.5% Igepal buffer. 
In addition, the samples at 30 min were fractionated into a cytosolic supernatant (S) fraction, and a membrane fraction 
(P) prior to solubilization. The samples were then subjected to consecutive immunoprecipitations with αHC and αUb 
serum. Results were obtained using autoradiography. * indicates a background band. ** indicates a band migrating at 
the molecular weight of glycosylated HC.
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with ubiquitin-depleted cow liver cytosol supplemented with ubiquitin, C92, MG-132, or combina-
tions thereof. The cells were then chase-incubated at 37 °C for 0 or 30 min, and samples were taken 
and solubilized. A portion of the cells was taken prior to solubilization for a crude fractionation into 
a cytosolic fraction (S) and a membrane fraction (P). Sequential immunoprecipitations were then 
carried out with HC and Ub antibodies to visualize ubiquitinated HC species. The results show 
that in the presence of ubiquitin-depleted cytosol, very little or no ubiquitination was observed 
(Fig. 4, lanes 1-4). In the presence of cytosol replenished with ubiquitin (lanes 5-8), a small amount 
of ubiquitinated species was visible, particularly in the cytosolic fraction (lane 7). In the presence 
of cytosol containing ubiquitin and C92 (lanes 9-12), the amount of ubiquitinated HC was greatly 
increased, and was mainly localized in the cytosolic fraction (lane 11). This accumulation was 
reminiscent of the increase in ubiquitinated HC species observed in the presence of the traditional 
proteasome inhibitor MG-132 (lanes 13-16). In the presence of both MG-132 and ubistatin, a simi-
lar result was obtained (data not shown). These results suggest that preventing the association of 
polyubiquitinated HC with the proteasomal 19S cap does not inhibit the retro-translocation of HC 
from the ER into the cytosol.

Discussion

Ubiquitination and subsequent degradation of misfolded ER proteins occurs on the cytosolic side 
of the ER. Therefore, proteins inside the ER need to be moved across the ER membrane before they 
are ubiquitinated. The Sec61 complex involved in forward translocation has been implicated in this 
retro-translocation process for some proteins [5-10], although the evidence is mostly circumstantial. 
Recently, another multi-spanning ER membrane protein called Derlin-1 has been implicated in the 
ERAD process [11, 13]. Derlin-1 is the mammalian homolog of the S. Cerevisiae Der1p, which was 
found initially in a genetic screen for components involved in ER-associated degradation of CPY* 
and PrA* [19]. Derlin-1 and its yeast homolog have four membrane-spanning domains. It has no 
apparent homology with any known E2 or E3 enzymes, but appears to be involved in ERAD based 
on the genetic screen in yeast and experiments in the US11 system. In the latter experiments, an 
interaction of Derlin-1 and HC was initially demonstrated by co-immunoprecipitation [11, 13]. Since 
Derlin-1 is a multi-spanning ER membrane protein and interacts with a proposed ERAD substrate, 
it was postulated that Derlin-1 perhaps functions as part of the retro-translocation channel (possibly 
made up of several copies of Derlin-1). It was recently shown in mammalian cells that Derlin-1 could 
form homo-oligomers [30], but also hetero-oligomers with Derlin-2 [31], another mammalian ho-
molog of Der1p. However, the previous experiments could not distinguish whether HC associated 
with Derlin-1 prior to or during retro-translocation. In the present study, we found an interaction 
between Derlin-1 and ubiquitinated HC. This HC intermediate was created by modifying HC with 
GST-ubiquitin. However, this modified HC is prevented from being transported into the cytosol, and 
remains associated with the ER membrane [20], likely by being trapped in the retro-translocon. Since 
the ubiquitination of HC takes place on a portion of the HC that was previously in the ER lumen, the 
protein must be caught in the act of retro-translocation. However, it is difficult to determine whether 
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Derlin-1 is the actual retro-translocon, or whether it may simply be an accessory protein, associated 
with the retro-translocation channel. In the latter case, a function for Derlin-1 may involve directing 
proteins to the actual retro-translocation machinery or may be similar to that proposed for Hrd3p in 
stabilization of the ERAD E3 enzyme Hrd1p in yeast [32], although recently Hrd3p was proposed to 
function in substrate recognition and cdc48p recruitment as well [33]. Interactions between Derlin-1 
and other ERAD components such as the E3 enzyme Hrd1 have also been established [13, 30, 31, 34, 
35], and it is possible that together they may form (part of) the retro-translocon, coupling the initial 
(partial) dislocation to substrate ubiquitination. Perhaps Derlin-1 interacts with the Sec61 channel 
to form the retro-translocon. Although such evidence is lacking, findings in this paper suggest that 
Derlin-1 does have a role at multiple steps during retro-translocation. 

The second question addressed in this paper relates to the issue of which component is respon-
sible for extraction of ERAD substrates. Previously both the AAA ATPase p97 and the proteasome 
had been proposed as the driving force in the extraction process [15, 16, 29]. We tested the possible 
involvement of the proteasome with a novel compound, the ubistatin called C92. This compound 
blocks degradation of ubiquitinated substrates by binding to polyubiquitin chains, thereby preven-
ting the association of ubiquitinated substrates with polyubiquitin binding factors on or associated 
with the proteasome [26]. Since HC is retro-translocated into the cytosol in the presence of C92, it 
seems unlikely that the proteasome is involved directly in the extraction of ERAD substrates. In 
light of the evidence presented here, the most likely candidate involved directly in the extraction 
process is the AAA ATPase p97 and its dimeric co-factor Ufd1-Npl4. It is thought that the co-factor 
is responsible for polyubiquitin chain recognition, after which the ATPase p97 is activated to move 
the substrate from the membrane into the cytosol [16]. Previously, we prevented retro-transloca-
tion of HC from the ER by allowing the ubiquitination of HC to proceed with GST-ubiquitin [20]. 
Polyubiquitin chains synthesized in vitro with GST-ubiquitin could no longer be recognized by the 
Ufd1-Npl4 co-factor [20]. It would be of interest to determine whether the binding of polyubiquitin 
chains to these co-factors can also be blocked in the presence of C92. This could further increase 
our knowledge of the proposed function for the p97-Ufd1-Npl4 complex in retro-translocation of 
ERAD substrates.

Material and Methods

Pulse-Chase Analysis with Permeabilized cells
Control and US11-expressing U373-MG astrocytoma cells [36] were cultured as described previously [17]. The 
cells were detached from tissue culture flasks with trypsin and incubated in suspension in methionine- and 
cysteine-free Dulbecco’s Minimal Essential medium for 1 hr at 37°C. Cells were then centrifuged at 1000Xg for 5 
min and resuspended at 1 × 107/ml. They were pulse-labeled for 3-5 min at 37 °C in 290 μCi/ml 35S-methionine 
and -cysteine (35S-Protein Express Labeling Mix; New England Nuclear), after which all procedures were carried 
out at 4 ºC. The cells were centrifuged for 15 seconds at 20,000 x g rpm in a microfuge, and resuspended at the 
same cell density in PBS supplemented with 0.9 mM CaCl2. They were then centrifuged as described previously, 
resuspended at 1.6 × 107 cells/ml in PB (25 mM Hepes pH 7.3, 115 mM potassium acetate, 5 mM sodium acetate, 
2.5 mM MgCl2, 0.5 mM EGTA) containing 0.04% digitonin (Merck, purified as described in [37]), and incubated 
on ice for 10 min with gentle agitation. The digitonin-permeabilized cells were pelleted by centrifugation for 15 
min at 20,000 x g rpm in a microfuge, resuspended at the same density in PB without digitonin, and pelleted 
again by centrifugation as described previously. The chase reaction was initiated by resuspending the permea-
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bilized cell pellets in ubiquitin-depleted cytosol, 1 mM ATP, 1 mM magnesium acetate, an ATP-regenerating 
system [38] and other specified protein components. The samples were incubated at 37 ºC and aliquots were 
withdrawn at specified timepoints. For the experiment in Fig. 1, withdrawn samples corresponding to 1.5 x 
106 cell equivalents (eqs.) were resuspended in 1.5 ml lysis buffer, comprising of 0.5% NP-40 (Igepal; CA-630; 
Sigma Chemical Co.) or 1% of other specified detergents (Anatrace), 50 mM Tris/HCl, pH 7.6, 150 mM NaCl, 
5 mM EDTA, a mammalian protease inhibitor mix (Sigma), and 0.5 mg/ml BSA. For experiments in Fig. 2 and 
3, samples for sequential immunoprecipitation with Derlin-1 antibodies or pre-immune serum corresponded 
to 6.0 x 106 cell eqs., and were resuspended in 4.5 ml lysis buffer and divided equally into 3 eppendorf tubes. 
For a crude fractionation such as was done for the experiment in Fig. 4, withdrawn samples were divided 
into two equal parts. One part was placed directly into NET lysis buffer, comprising of 0.5% NP-40 (Igepal; 
CA-630; Sigma Chemical Co.), 50 mM Tris/HCl, pH 7.6, 150 mM NaCl, 5 mM EDTA, a mammalian protease 
inhibitor mix (Sigma), and 0.5 mg/ml BSA. The remaining part was centrifuged for 15 min at 20,000 x g rpm 
in a microfuge, to obtain supernatant (S) and pellet (P) fractions, which were then placed separately into NET 
lysis buffer. Lysates were made by agitation on a rotator for 20 min at 4 °C and subsequently centrifuged in a 
microfuge at 20,000 x g rpm for 10 min. The resulting supernatant was used for immunoprecipitation. For the 
experiment in Fig. 4, SDS and DTT were added to final concentrations of 0.1% and 0.2 mM, respectively, prior 
to immunoprecipitations.

Immunoprecipitations
Lysates were precleared upon the addition of a 50 µl suspension of fixed Staphylococcus aureus bacteria (Staph 
A), rotation at 4 ºC for 30 min, and centrifugation for 2 min at 20,000 x g rpm at 4 ºC. For experiments in Fig. 1, 
2 and 3, the supernatant was incubated with 5 µl anti-Derlin (Der) or pre-immune serum, for at least 2 hrs with 
continuous agitation on a rotator at 4 °C. 70 µl of fixed Staph A suspension was then added and incubation 
was continued for 30 min. Immunoprecipitations were then centrifuged for 1 min at 20,000 x g rpm, and pellets 
were resuspended in 1 ml of lysis buffer, which was repeated twice. The final pellet was either resuspended 
in 30 µl SDS sample buffer, and heated at 65 ºC for 5 min prior to loading on gels, or was used for a sequential 
immunoprecipitation. 

For experiments where HC was to be precipitated sequentially with Derlin-1, HC or HA (Fig. 3) and ubi-
quitin-specific (αUb) antibodies, the Derlin-1 immunoprecipitate was resuspended in 50 µl 2%SDS and 4 mM 
DTT and heated at 65 ºC for 5 min to elute HC from Staph A bacteria. Bacteria were removed by centrifugation, 
and the SDS and DTT contents were reduced to 0.1% and 0.2 mM respectively by addition of NET buffer. Samples 
were then processed for αHC precipitation as described above for Derlin-1. For experiments in Fig. 2 and 3, after 
the second immunoprecipitation, samples were divided in two equal parts. One part was resuspended in 30 µl 
SDS sample buffer, and heated at 65 ºC for 5 min prior to loading on gels. The other part was used for a third 
immunoprecipitation with αUb antibodies. For the experiment in Fig. 4, sequential immunoprecipitations were 
carried out as described for Derlin-1, only with αHC and αUb antibodies.

Ubiquitin Depletion
Ubiquitin was depleted from cow liver cytosol as described, using a recombinant GST-tagged Ubc2 that carries 
a serine instead of a cysteine in the active site [27]. The depletion reaction mixture contained 16 µM GST-tagged 
Ubc2Ser, and an ATP-regenerating system [38]. The reaction was allowed to proceed for 10 min at 37 °C. The 
reaction mixture was subsequently transferred to glutathione Sepharose beads and incubated at 4 °C for 15-30 
min. Non-bound material was frozen at -80 °C.

Materials
The pGEX-Ubiquitin plasmid encoding GST-ubiquitin was provided by T. Sommer. GST-ubiquitin was ex-
pressed in BL21 (DE3) E.coli. Cells were grown to OD~1.0 and induced with 0.4 mM IPTG for 6 hrs at RT. They 
were lysed and centrifuged at 140,000 x g in an ultracentrifuge to remove non-soluble material. The fusion protein 
was purified from the supernatant by glutathione-affinity chromatography. Bovine ubiquitin and ubiquitin-alde-
hyde (Ubal) were purchased from Sigma (St. Louis, MO) and Boston Biochem (Boston, MA), respectively. Cow 
liver cytosol was prepared as described previously [27]. Anti-heavy chain serum and antibodies against bovine 
ubiquitin were described previously [28]. The monoclonal antibody 12CA5, which recognizes the influenza 
haemag-glutinin (HA) epitope, was purchased from Sigma. K-R mutant HA/A2 heavy chain constructs and 
cell line was described previously [28]. DeoxyBigCHAP, digitonin, CHAPS, n-dodecyl β-D-maltopyranoside, 
and Fos Choline 12 were purchased from Anatrace (Maumee, OH).
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ER-associated degradation (ERAD) is a critical process in the cell, designed to dispose of proteins 
that are either misfolded or fail to assemble into complexes. It is also used for some proteins that 
are degraded in a regulatory manner. The complexity of this process is just starting to emerge. 
This thesis research addresses steps that occur after the recognition phase, specifi cally the process 
of retro-translocation, the role of ubiquitination in this process, and components involved in the 
ubiquitination of an ERAD substrate. Here we discuss our fi ndings and recent developments in the 
fi eld of ER-associated degradation.

Recognition of misfolded proteins in the ER: selection of ERAD substrates

Proteins that are removed via the ERAD pathway fi rst need to be recognized and selected. It is 
thought that the initial selection is carried out by chaperones that are also involved in the folding 
proteins. Although BiP has been proposed to be required for ERAD [1-3], it is diffi cult to assess 
the direct involvement of BiP because of its central role in protein folding. The question remains 
whether perturbation of BiP levels has a direct effect on ERAD, for example on the retro-transloca-
tion of substrates, or an indirect effect via the activation of the unfolded protein response (UPR) 
pathway and upregulation of ERAD components. In addition, perturbation of BiP levels may have 
a secondary effect on ERAD by causing the improper folding of ERAD components. Although, it 
has been shown that an intact UPR is required for ERAD of an overexpressed substrate in yeast [4], 
it is questionable whether minor fl uctuations as the occasional accumulation of misfolded proteins, 
would result in a signifi cant increase of the UPR. It is more likely that BiP actively interacts with 
components involved in ERAD, possibly delivering substrates to the retro-translocation machinery. 
Recent experiments, in which BiP has been implicated in US2- and US11-triggered ERAD of MHC 
class I heavy chain, would corroborate this theory [5]. Here, BiP was shown to associate with human 
cytomegalovirus proteins US2 and US11, suggesting that BiP might recruit the substrate to ERAD 
components in the ER membrane. In addition, other chaperone proteins that are involved in protein 
folding have been implicated in ERAD. PDI and Ero1, proteins involved in disulfi de bond forma-
tion, were shown to be involved in retro-translocation of cholera toxin [6, 7]. The toxin is thought 
to be unfolded in the ER by the redox-dependent chaperone PDI before the toxin-PDI complex is 
bound to the luminal side of the ER membrane. Here the toxin is released to the retro-translocation 
machinery by the action of Ero1, after which it can be retro-translocated into the cytosol.

For glycoproteins, a more detailed mechanism has been proposed for the selection of ERAD 
substrates (Fig. 1). During translocation, proteins are often modifi ed with an oligosaccharide with 
the composition Glc3Man9GlcNAc2. Such glycans are of great importance for the folding of glycopro-
teins, and for the transport of these proteins from the ER to the Golgi [8, 9]. The glycan is trimmed by 
several different enzymes. The fi rst two glucose residues are rapidly removed by α-glucosidase I and 
II, respectively. The remaining glucose residue is a determinant for binding to the lectin-containing 
proteins calnexin (CNX) and calreticulin (CRT) [10, 11]. These proteins mediate the interaction with 
ERp57, which facilitates disulfi de bond formation and thereby the proper folding of glycoproteins 
[12-16]. The remaining glucose residue can be removed by α-glucosidase II, after which the protein 
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can enter two pathways depending on its folding state. If it is correctly folded, the protein can exit the 
ER to the Golgi. However, if the protein is not folded correctly, uridine diphosphate (UDP)-glucose:
glycoprotein glucosyl transferase (UGGT) can recognize the misfolded protein and re-glucosylate 
it, after which the glycoprotein can re-associate with CNX/CRT and ERp57 in an additional effort 
to fold the protein. This cycle of de- and re-glucosylation may continue for several rounds until 
the protein folds correctly or it is removed by ERAD. The determinant for removal of the protein is 
the composition and structure of the glycan. Trimming of a mannose residue by α-mannosidase I 
may generate a Man8-containing glycan that can be bound by a recently identifi ed lectin-containing 
protein called Htm1p/EDEM (for ER degradation enhancing α-mannosidase-like protein) [17-20]. It 
is possible that EDEM acts as an adaptor protein between the misfolded glycoprotein and the retro-
translocation machinery [21]. The slow-acting α-mannosidase I may provide a timing mechanism 
allowing proteins to fold for a certain time before it is directed to the ERAD pathway. In yeast, 
another lectin-containing protein called Yos9p has been implicated in the recognition of misfolded 
glycoproteins as well [22-25]. Once the glycoprotein is in contact with the retro-translocation ma-
chinery it is ubiquitinated, transported into the cytosol and degraded by the proteasome.

α-glucosidase I

α-glucosidase II

α-(1,2)-mannosidase I

α-(1,2)-mannosidase I
UGGT

Degradation

to Golgi

α-glucosidase II

newly-synthesized
         protein

Fig. 1. CNX/CRT cycle: a timing mechanism for recognition of misfolded glycoproteins. The folding of glycoproteins 
is facilitated by the ER-resident transmembrane protein calnexin (CNX) and ER luminal protein calreticulin (CRT). 
Calreticulin is not depicted in this fi gure but has a role similar to calnexin in protein folding. In this cycle, the composition 
and structure of the glycans determines binding to specifi c proteins in the cycle, and consequently the fate of the 
newly-synthesized protein. EDEM (ER degradation enhancing α-mannosidase-like protein), which only interacts with 
calnexin, possibly guides the protein to the retro-translocation complex. UGGT, uridine dophosphate (UDP)-glucose:
glycoprotein glucosyl transferase; G, glucose; M, mannose. Adapted (and reprinted with permission) from Schroeder 
and Kaufman Annu Rev Biochem (2005) 74:739-89.
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Retro-translocation across the ER membrane

The role of Polyubiquitination

In early work in yeast, components of the ubiquitin system were implicated in ERAD of misfolded 
ER proteins or proteins degraded in a regulatory manner [26-33]. Both deletion strains and condi-
tional mutants of such ERAD components increased the half-life of certain proteins. In this thesis, 
the role of ubiquitin was explored further using a model system in which MHC class I heavy chain 
(HC) is degraded under the infl uence of the human cytomegalovirus protein US11. Usually, poly-
ubiquitination is a prerequisite for the degradation of proteins, most likely for directing substrates to 
the proteasome. In this thesis, it is shown that polyubiquitination is not only required for degrada-
tion but also for retro-translocation of the substrate from the ER to the cytosol (Chapter 2). This is 
corroborated by other reports demonstrating ubiquitination is required for the retro-translocation 
of ERAD substrates [34-36], although the requirement could not be shown directly in these experi-
ments. However, polyubiquitination of MHC class I HC in the US11 system is not suffi cient for 
retro-translocation. Movement of HC from the ER itself requires ATP hydrolysis, as ubiquitinated 
HC substrates failed to be moved into the cytosol and remained associated with the ER membrane 
in the presence of a non-hydrolyzable ATP analog (Chapter 3).

It is now well established that polyubiquitination is required for retro-translocation. In ad-
dition, polyubiquitinated substrates have been found associated with the ER membrane. Yet, it is 
still not clear whether this requirement is for polyubiquitination of ERAD substrates or of another 
component. For example, in US2-triggered retro-translocation of HC, it is possible that US2, which 
is also targeted for degradation [37, 38], is ubiquitinated and that HC is retro-translocated through 
association with US2. However, recent reports suggest that the US2-pathway follows a distinct un-
identifi ed degradation pathway, which may be unrelated to classical ERAD [38-41]. The possibility 
that factors associating with ERAD substrates could serve as polyubiquitination targets still exists, 
although such factors have not yet been identifi ed. In addition, a recent paper describes the retro-
translocation of lysine-less MHC class I HC in the US2 and US11 system [42]. The authors go as 
far as saying that polyubiquitination of HC is not required for US11-triggered retro-translocation. 
Unfortunately, the data in this paper do not necessarily substantiate this statement, as ubiquitination 
of the N-terminal residue of substrates has been demonstrated [34, 43-46] as well as more recently of 
a cysteine residue via a thiolester bond [47]. Ubiquitination of a cysteine residue will not be observed 
under normal SDS-PAGE conditions, as this would destroy the thiolester bond. The latter modifi ca-
tion suggests that ubiquitination could occur on a cysteine residue under extreme conditions such 
as the absence of lysines. In addition, in Escherichia coli low levels of tRNAUCU for the amino acid 
arginine can lead to misincorporation of lysine for arginine, during expression of genes containing 
AGA codons [48]. Perhaps such misincorporation could occur in eukaryotes as well. Therefore, the 
mutant HC in which lysines were mutated to arginines [42] may still contain some lysine residues. 
Thus, polyubiquitination of the ERAD substrate occurs and may be required. It is thought that the 
polyubiquitin chain on the substrate acts as a recognition tag for downstream components before 
it is moved from the ER membrane into the cytosol (Chapter 3).
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The (Retro-)Translocon and associated ERAD components

Before a substrate can be degraded by the proteasome in the cytosol, it needs to traverse the ER 
membrane. It is thought that movement of the substrate occurs through a channel similar to the 
Sec61 channel used for forward translocation of newly-synthesized proteins into the ER. There are 
some indications that this reverse movement occurs through the same channel utilized in forward 
translocation, although most of the evidence is circumstantial. Some evidence that is provided 
comes from co-immunoprecipitations of Sec61 with substrates CPY*, Pdr5*, or MHC class I heavy 
chain [2, 49-51]. The use of conditional SEC61 mutants in yeast also shows attenuated turnover of 
two ERAD substrates, CPY* and pro-α-factor [49, 51]. A crystal structure of an archeal homolog of 
the Sec61 complex, the SecYEG complex, was recently solved and shows a very narrow opening of 
approximately 10–12Å for passage of translocating polypeptide chains [52, 53]. It has been shown 
that ERAD substrates with large N-linked glycans are completely retro-translocated into the cytosol 
[54, 55], and the question is whether the opening seen in the crystal structure is large enough to al-
low this passage. Furthermore, it has been claimed that substrates bearing a large ER luminal GFP 
or DHFR domain are retro-translocated across the ER membrane, while keeping these domains in 
a folded state [56, 57], suggesting that a much larger channel opening would be required. However, 
the experiments described do not exclude the possibility that the large domains are unfolded prior 
to retro-translocation and re-folded once in the cytosol. At least part of the Sec61 channel must open 
up to allow lateral diffusion of membrane domains of newly-synthesized proteins [58-60], but the 
pore seems unlikely to expand to diameters of at least 40Å as was claimed previously [61, 62]. If the 
Sec61 complex is involved, then perhaps it may associate with other factors to widen the channel 
opening and allow passage of larger partially unfolded ERAD substrates.

Recently, a multi-spanning ER membrane protein called Derlin-1 was found to be involved 
in ERAD of US11-triggered ERAD of MHC class I HC and was proposed to function as part of the 
retro-translocon ([38, 63] and Chapter 5). Derlin-1 is a mammalian homolog of yeast Der1p, which 
has been implicated in the degradation of several substrates [33]. Since Derlin-1 is a multi-spanning 
ER membrane protein involved in ERAD, and has no homology to any known E2 or E3 enzymes, it 
was postulated that it functions as (part of) a channel for moving substrates across the ER membrane. 
The mammalian genome contains two additional Der1p-homologous proteins, designated Derlin-2 
and Derlin-3, which have also been implicated in ERAD [21]. Interestingly, Derlin-1 was found to 
form homo-oligomers [64], but could also form hetero-oligomers with Derlin-2 [39], suggesting it 
could potentially form a large channel. Additionally, in chapter 5 of this thesis, an interaction be-
tween Derlin-1 and a retro-translocating ERAD substrate is shown. However, the role of Derlin-1 
is still not clear, as US11-triggered retro-translocation of HC appears to involve Derlin-1, whereas 
US2-triggered retro-translocation does not [38]. Additionally, Derlin-2 and Derlin-3 were shown 
to be required for degradation of the null Hong Kong (NHK) mutant of α1-antitrypsin, whereas 
Derlin-1 appeared not to be involved [21]. The authors show that Derlin-2 and -3 interacted with 
EDEM, as well as with p97, suggesting that the Derlin proteins play an integral part in bringing 
together substrates and components involved in retro-translocation. Both Derlin-1 and Derlin-2 have 
been shown to interact with ATPase p97/Cdc48p/VCP, and with VIMP (VCP interacting mem-
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brane protein) [39, 63-65]. The latter was proposed to be a possible receptor that anchors p97 to the 
membrane [63]. In addition, Derlin-1 and -2 were found in a complex with mammalian homologues 
of yeast Hrd1p and Hrd3p [39, 64], proteins involved in yeast ERAD [66]. Derlin-1 was also found 
to interact with peptide:N-glycanase [67], suggesting a direct coupling of retro-translocation and 
deglycosylation. This multitude of interactions with different components of the ERAD pathway 
suggests the importance of the Derlin proteins. It is possible they function in substrate recognition 
and are part of a channel, in conjunction with the aforementioned partners.

Mechanism of retro-translocation in ERAD: from p97 to the proteasome

It was postulated that polyubiquitin could serve as a recognition tag for downstream components. 
Possible factors that could be involved in the recognition include deubiquitinating enzymes, which 
may need to bind and act on the polyubiquitin chain before it can be moved from the membrane 
[68]. In addition, it is known that polyubiquitinated substrates need to be recognized by the protea-
some, a large ATP-dependent proteolytic machine [69, 70]. Perhaps, the proteasome plays a role 
in the retro-translocation of ERAD substrates, as it contains six AAA ATPases in its 19S regulatory 
particle, which may feed substrates into the proteolytic chamber of the 20S core particle [71, 72]. 
Some evidence suggests that the proteasome is involved [73]. However, other evidence suggests 
that the proteasome is not involved as preventing the binding of polyubiquitinated substrate to the 
proteasome does not inhibit its retro-translocation into the cytosol (Chapter 5). Another proposed 
candidate, the AAA ATPase, p97/Cdc48p/VCP and its heterodimeric co-factor Ufd1-Npl4, has 
been clearly implicated in retro-translocation [36, 74, 75]. In the US11-system, p97 can associate 
with both non-ubiquitinated as well as ubiquitinated MHC class I heavy chain (HC) [75, 76]. Even 
in the absence of the ubiquitin, association of HC with p97 appears to increase during a pulse-chase 
incubation [76], suggesting that p97 is one of the fi rst recognition factors on the cytosolic side, even 
before ubiquitination of the substrate takes place. Ubiquitination of CPY* is affected in a tempera-
ture-sensitive cdc48-10 strain [77], suggesting that p97/Cdc48p is involved in the early recognition 
of the substrate as it emerges from the ER to the cytosolic side. Interestingly, mutations in Ufd1p, 
proposed to be involved in a subsequent step, did not affect ubiquitination of the substrate [36]. It 
is possible that the interaction between p97 and the substrate initially is indirect, and involves many 
more components. In yeast, it was shown that Cdc48p recruitment depended on several factors, 
among which Hrd1p, Hrd3p, Der1p and Ubx2p [78], but whether the recruitment of these factors 
depended on Cdc48p was not carefully examined. Once a substrate exits the retro-translocon, it 
is polyubiquitinated and is unable to escape ERAD. Possibly, the p97 co-factor Ufd1-Npl4, which 
can bind poly-ubiquitin chains in vitro [76, 79], is involved in the recognition of the ubiquitinated 
substrate, after which p97 ATPase activity may be triggered, providing the force for extraction of 
the substrate from the membrane.

It is not clear how the ATPase moves the substrate. It has been proposed that the substrate may 
be threaded through the central pore of the p97 hexamer [80], however other reports do not support 
this view [81, 82]. In the simplest model, ATP hydrolysis would be required for a conformational 
change within the p97 hexamer, causing the N-terminal domains to fl ip (Fig. 2, step 4 and 5). Since 
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the co-factor Ufd1-Npl4 can bind both the N-terminal domain of p97 and the polyubiquitin chain on 
the substrate, the substrate could thus be ‘pulled’ out of the membrane. Possibly, only polyubiqui-
tination on one site would be suffi cient, although before targeting to the proteasome the protein may 
be ubiquitinated on additional sites. Some evidence suggests that the latter indeed occurs as immu-
noprecipitated ubiquitinated MHC class I HCs appear as very high molecular weight species after 
SDS-PAGE analysis ([83] and this thesis). While the attachment of 4 or 5 ubiquitin molecules would 
likely be suffi cient for recognition, the observed high molecular weight species possibly consists of 
HCs with more than 20 ubiquitin molecules attached, suggesting that perhaps multiple lysines are 
ubiquitinated. In another model, ERAD substrates are retro-translocated via additional interactions 
with p97 directly. To elucidate the retro-translocation process further, the interaction of substrate 
with p97 will need to be explored more rigorously. After completion of retro-translocation, the 
ubiquitinated substrate must be delivered to the proteasome for proteolysis. The p97 complex may 
associate with the proteasome or with proteasome-associated factors. Alternatively, these factors 
may associate directly with the polyubiquitin chain. Some of the factors suggested to be involved 
in targeting to the proteasome are the proteasomal subunit Rpn10, and the proteasome-associated 
proteins Rad23 and Dsk2 [84, 85], which were all shown to bind polyubiquitinated proteins. Rad23 
was also shown to associate with N-glycanase, which deglycosylates misfolded glycoproteins du-
ring retro-translocation, and with p97/Cdc48p [86-88], suggesting that Rad23 may be involved in 
escorting polyubiquitinated substrates to the proteasome.

Ubiquitination of ERAD substrate: E2-E3 substrate specifi city

Some of the fi rst identifi ed components of the ERAD pathway included enzymes of the ubiquitina-
tion machinery in yeast. It is from these initial experiments that a dogma was formed in which all 
ERAD substrates would be degraded via a central pathway. In this pathway, the E2 enzyme Ubc7p 
was thought to function in conjunction with the E3 enzyme Hrd1p, and be responsible for the ubi-
quitination of substrates degraded in a regulatory manner as well as of misfolded proteins or unas-
sembled protein complexes [27, 28, 31, 89]. A second E2 enzyme Ubc6p was possibly redundant as 
the degradation of CPY* was only slightly retarded in a Δubc6 strain [31]. Ubc6p perhaps functioned 
as a backup for Ubc7p. However, this dogma was refuted after another E2 was found to be involved 
in the Hrd1p pathway, namely Ubc1p [26, 29], and more importantly that Ubc6p did not function 
together with Hrd1p in the degradation of Hmg2p [26]. Recently, another ER-localized E3 enzyme, 
called Doa10p was identifi ed, and was proposed to function in conjunction with the E2 enzymes 
Ubc6p and Ubc7p [90]. These E2 enzymes had previously been shown to interact with each other 
and to recognize specifi c degradation signals consisting of a bulky hydrophobic patch of amino 
acids on the surface [91, 92], which is a common feature of unfolded proteins. Although Doa10p was 
initially found to be involved in turnover of cytosolic proteins, it was shown to be involved in the 
degradation of membrane proteins as well [93-95]. Doa10p and Hrd1p do appear to have overlap-
ping roles in ERAD, possibly because they both target a subset of misfolded proteins.

In mammals, enzymes of the ubiquitination machinery often have multiple isoforms. Two 
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Fig. 2. Chronological events during ER-associated degradation. This model shows the chronological events that 
occur during ER-associated degradation (ERAD). It depicts the US11 pathway for degradation of MHC class I HC, but 
implements data from degradation of other ERAD substrates. Recognition of ERAD substrates is possibly bypassed in 
the US11 pathway by direct binding of US11 to Derlin-1 and HC (1). After binding to Derlin-1, the US11-HC complex 
is assembled into a retro-translocation complex consisting of multiple membrane proteins and the p97 complex (2). 
This complex may also form a retro-translocation channel. The retro-translocation complex may consist of more factors 
than shown, for example of subunits of the Sec61 channel, but strong evidence for this is lacking. The ATPase p97 
possibly interacts with multiple factors in the complex, including VIMP (light blue), which was initially postulated to 
be the membrane receptor for p97. After ubiquitination of the substrate (3), it is possibly recognized by p97 co-factor 
Ufd1-Npl4 via the polyubiquitin chain (4). Pulling of the ERAD substrate from the ER may occur by an ATP-dependent 
conformational change in p97. This may cause a movement of the N-terminal domains of p97, and consequently pull 
the substrate out of the membrane via its polyubiquitin chain (5). After retro-translocation, the ubiquitinated protein 
is likely guided to the proteasome through binding of the polyubiquitin chain to proteasome-associated polyubiquitin 
binding factors (6). The protein is then deubiquitinated and fed into the proteasome for proteolysis. For simplicity, only 
the membrane domains and relevant luminal or cytosolic domains are shown. For similar reasons, some components 
were left out in some steps in (II). For color illustration, see the back cover of this thesis.
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homologs of Hrd1p have been identifi ed, Hrd1 and gp78/AMFR [96-98]. Mammalian Hrd1 is most 
closely related to Hrd1p and was proposed to function in the degradation of HMGR and CD3-δ 
[98], although the evidence is not entirely convincing. Originally identifi ed as autocrine motility 
factor receptor (AMFR), the E3 enzyme gp78 contains a cytosolic RING domain, followed by a 
CUE motif and a C-terminal domain [96, 99, 100]. It was shown to be involved in the degradation 
of HMGR, CD3-δ and apolipoprotein B [96, 100-102]. Ube2G2, one of two mammalian homologs 
of the E2 enzyme Ubc7p, was implicated in the degradation of TCRα and CD3-δ [100, 103], likely 
via recruitment by gp78 [100]. Ube2G2 has further been implicated in degradation of human type 
2 iodothyronine deiodinase, possibly in conjunction with mammalian Ubc6 [104, 105]. These two 
E2 enzymes would likely function together with TEB4, the mammalian homolog of Doa10p, which 
was identifi ed recently [106, 107]. In chapter 4 of this thesis, we identifi ed an E2 enzyme called 
E2-25K in US11-triggered ubiquitination and retro-translocation of MHC class I heavy chain (HC). 
The fi nding is signifi cant as a function for E2-25K had not been described previously, although it 
had been an important tool in the generation of free polyubiquitin chains for studying the interac-
tion of polyubiquitinated proteins with the proteasome [108-110]. E2-25K resembles yeast Ubc1p, 
previously implicated in ERAD [26, 29]. Although E2-25K was not functionally defi ned as a Ubc1p 
homolog by complementation in a yeast Δubc1 strain, it was found to have high sequence and 
structural similarity to Ubc1p, suggesting that E2-25K is likely the homolog of Ubc1p [111-113]. 
We also identifi ed two E3 enzymes, gp78/AMFR and MARCH-VII, which could potentially be 
involved in US11-triggered ERAD of HC, as the RING domains of these E3 enzymes functionally 
interacted with E2-25K (Chapter 4). The E3 enzyme, called MARCH-VII was recently identifi ed, 
among others, based on homology with viral ubiquitin-ligases of murine γ-herpesvirus-68 [106]. 
These viral proteins appear to downregulate MHC class I HC at several different levels in the exo-
cytic and endocytic pathway [114-116]. The MARCH (membrane-associated RING-CH) proteins 

Fig. 3. Retro-translocation complexes in Yeast: Doa10p and Hrd1p. Distinct retro-translocation complexes have been 
proposed to function in ERAD of substrates with defects in specifi c topological domains. The Doa10p complex is 
proposed to function in the retro-translocation of substrates of the ERAD-C pathway, while the Hrd1p complex functions 
in the ERAD-L and ERAD-M pathways. Ubc1p, which has been proposed to function with Hrd1p as well, is not depicted 
here. * indicates the position of a folding defect. More details in the text of Chapter 6. Taken from Ismail and Ng Cell 
(2006) 126:237-9.
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are proposed to be the mammalian homologs of these viral ligases [106]. TEB4 (MARCH-VI) also 
belongs to the MARCH protein family. MARCH-VII, which has two putative membrane domains, 
has not been further characterized. The possibility exists that this E3 may fulfi ll a role in regulated 
HC turnover in non-infected cells, and that US11 is responsible for recruiting the E3 enzyme to the 
retro-translocation site. However, this will need to be explored further. E2-25K was also found to 
be activated by the Hrd1p homolog gp78, but not by the more closely related human Hrd1 or by 
the Doa10p homolog TEB4 (Chapter 4). In chapter 4, we reasoned that gp78 is likely not the E3 
enzyme required for ubiquitination of MHC class I HC, since HsUbc7/Ube2G2 did not function 
in our system and because HsUbc7/Ube2G2 functions together with gp78. However, if the E2-E3 
pairing provides a binding pocket for substrate recognition, then gp78 could possibly function in 
US11-triggered ERAD of HC. This means that the E2-25K-gp78 pair would need to defi ne a specifi c 
set of substrates distinct from the Ube2G2-gp78 pair. Such E2-E3 specifi city would allow for the 
existence of several different E3 enzymes in the same retro-translocation complex.

Divergence in ERAD pathways: ERAD-L vs. ERAD-M vs. ERAD-C

Many novel ERAD components and interactions between ERAD components have been identifi ed 
in the last two years. Based on the available evidence, a division could be made in yeast based on 
the type of substrates targeted, the way they are recognized and the components involved [95, 117, 
118]. Substrates that are misfolded in their luminal (ERAD-L) or membrane domain (ERAD-M), and 
substrates that are misfolded in their cytosolic domain (ERAD-C) were shown to utilize a specifi c 
set of ERAD components. In Fig.3, the two subcomplexes involved in the distinct ERAD pathways 
are depicted. Although the initial recognition and ubiquitination mechanisms are different, they 
fi nally converge into one pathway mediated by the ATPase p97 and its co-factor Ufd1-Npl4.

ERAD-L and ERAD-M mediated by the Hrd1p complex

Proteins that are removed via the ERAD-L pathway include luminal soluble proteins and membrane 
proteins that have a defect in a luminal domain. The E3 enzyme Hrd1p may be the core component 
of a complex linking together recognition factors and components involved in the extraction of 
ERAD-L substrates [78, 117, 118]. Another component of the complex is Hrd3p, which was initially 
identifi ed in a screen for defects in the degradation of Hmg2p, and was thought to stabilize Hrd1p 
[30, 32]. Hrd3p bears a large luminal domain, and is now thought to function directly in the recruit-
ment of substrates [118]. Additional factors that make up the complex are Der1p and newly-identi-
fi ed Usa1p [78, 117, 119]. Usa1p possibly links Der1p to the Hrd1p complex [117, 119]. The roles of 
Usa1p and Der1p are unclear and they do not appear to be required for the degradation of proteins 
with a membrane domain defect (ERAD-M), and although they were found in the Hrd1p complex, 
they were not essential for the stability of the complex [117]. The mammalian homologs of Der1p 
were recently identifi ed and were proposed to be part of a retro-translocation channel [38, 39, 63]. 
On the other hand, Der1p may have a function in recruiting soluble substrates to the Hrd1p complex 
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[78]. The latest component identifi ed is Yos9p [117, 118, 120]. Yos9p is a lectin-containing protein 
and is proposed to be involved in the recognition of misfolded glycosylated proteins [22-25]. Yos9p 
may function together with Kar2p (BiP) in recruiting misfolded proteins [118]. Components nota-
bly absent from this complex are Htm1p (EDEM) and PDI, which have also been implicated in the 
recognition steps prior to targeting to the retro-translocation machinery [20, 121]. While substrates 
of the ERAD-L pathway require all of the above-mentioned recognition factors, substrates of the 
ERAD-M pathway do not. For their ubiquitination and extraction, ERAD-M substrates appear only 
to require Hrd3p and Hrd1p, and p97/Cdc48p, which is possibly recruited to the complex through 
a newly-identifi ed protein called Ubx2p [78, 122-125]. Perhaps other unidentifi ed factors may as-
sociate and be required for the recognition of ERAD-M substrates.

ERAD-C mediated by the Doa10p complex

In contrast to the ERAD-L and ERAD-M pathways, ERAD-C is much less complex. The central 
component is the E3 enzyme Doa10p, which has been shown to be responsible for degradation of 
substrates with a defect in a cytosolic domain [95]. Since the folding defects are on the cytosolic side, 
it is not surprising that no ER luminal factors have been identifi ed in this complex. The E3 enzyme 
Doa10p was previously proposed to function together with the E2 enzymes Ubc7p and Ubc6p 
[85, 90]. These E2 enzymes would likely be part of the complex as well. After ubiquitination of the 
ERAD substrate, retro-translocation can be completed as in the Hrd1p pathway by the activity of 
the p97-Ufd1-Npl4 complex, recruited via Ubx2p [78, 123, 124].

Interestingly, none of the recent interaction studies showed components of the Sec61 channel, which 
is striking as it was proposed to function in the movement of some substrates from the ER into the 
cytosol [2, 49, 51]. It was postulated that the multiple membrane domains of the E3 enzymes Doa10p 
or Hrd1p facilitate the extraction of membrane proteins from the ER membrane. They may either 
form a small channel environment, or at least reduce resistance by providing an interface that would 
allow membrane domains of ERAD substrates to leave the ER bilayer with less friction. Possibly, 
an actual channel will be required only for luminal substrates. Such a channel may be formed by 
the E3 complex or perhaps the Sec61 channel.

Mammalian ERAD pathways

In mammals, several E3 enzymes have been found in association with ERAD components such as 
p97, Derlin-1, SEL1L (Hrd3p), HERP and VIMP [39, 63-65, 88]. It is unclear whether all are found 
in the same complex. It remains to be seen whether in mammalian cells, subcomplexes with diffe-
rent E3 enzymes exist, like in yeast. In general, it is expected that mammalian ERAD would follow 
a similar mechanism of retro-translocation as occurs in yeast, although it may be more complex. 
Perhaps, related E3 enzymes such as mammalian Hrd1 and gp78 can co-exist in complexes. So far, 
mammalian Hrd1 has been found in higher molecular weight complexes with other ERAD com-
ponents [39, 64, 65]. This has not yet been demonstrated for gp78, although gp78 has been more 
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prominently implicated in mammalian ERAD [96, 99, 100]. However, both ubiquitin ligases have 
been shown to interact with p97 [64, 65, 88, 99, 126]. Besides these E3 enzymes, others such as the 
CHIP and RMA1 complexes [127-130] have been implicated in the degradation of ERAD substrates. 
The question remains whether different E3 enzymes can co-exist in the same complex or whether 
different complexes are formed with one E3 enzyme. Given the large number of ubiquitination en-
zymes implicated in mammalian ERAD, it is possible that the combinations of these E2-E3 enzymes 
could be specifi cally involved in the degradation of a large number of substrates. Perhaps, the three 
mammalian homologs of Der1p contribute to this substrate specifi city by mediating interactions 
between specifi c ERAD components.

Final Considerations

This thesis has contributed to the general knowledge on ER-associated degradation, in particular to 
the role of ubiquitination and components of the ubiquitination machinery, the energy requirement 
for retro-translocation, and the possible role of Derlin proteins in this pathway. It is clear that many 
questions remain, for which additional research will eventually provide the answers. In this thesis, 
the US11 pathway for ERAD of MHC class I HC has proven to be a useful model system to address 
the different steps in ERAD. However, it seems likely that the US11-pathway bypasses the early 
recognition steps inside the ER lumen, and links HC directly to the retro-translocation machinery 
via an interaction between US11 and Derlin-1. The subsequent steps involving ubiquitination and 
recognition by the p97-Ufd1-Npl4 complex appear to be a part of the general mechanism of cellular 
ERAD. While the US11-pathway has helped to provide a better understanding of ERAD pathway 
mechanisms, the US2-pathway appears to have evolved into a pathway distinct from classical 
ERAD, as was also shown for the degradation of CD4 in HIV-infected cells. CD4, targeted by the 
viral protein Vpu, was shown to be ubiquitinated by the SCF complex [131-134].This complex nor-
mally degrades cytosolic proteins [135], and has not been implicated in ERAD of other substrates.

Many fundamental questions in ERAD remain to be addressed. These include the possible role 
of Sec61 and the function of the Derlin proteins in the central retro-translocation machinery. Finding 
a putative retro-translocation channel would be a major advance in the understanding of retro-
translocation. Indeed, it is possible that a channel will not be needed for the extraction of membrane 
proteins. In this scenario, the ATPase p97 may simply pull the proposed membrane protein substrate 
directly from the membrane without the need for a channel, similar to the proposed mechanism for 
the bacterial protease FtsH [136]. However, for luminal substrates it seems diffi cult to imagine that 
they could be transported to the cytosolic side without a channel. A possible way to determine the 
components involved would be to fi nd a direct interaction via crosslinking between an ERAD sub-
strate exiting the ER and the retro-translocon. GST-ubiquitin (Chapter 2) has proven to be a useful 
tool to study interactions between ERAD components and retro-translocating substrates. Specifi c 
cross-links to residues inside the retro-translocon might provide conclusive evidence. In addition, 
co-precipitation of a ubiquitinated ERAD substrate (such as for Derlin-1, Chapter 5) with the Sec61 
channel would also be a relevant observation in ascertaining the role of Sec61 in retro-translocation, 
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as would the interaction of Sec61 with other ERAD components such as E3 enzymes. Ultimately, a 
crystal structure of a Derlin complex or an E3 complex would be of extreme importance to determine 
whether these complexes could potentially form a channel.

Learning about both cellular ERAD, virus-induced ERAD and ERAD in disease may be of 
great therapeutic signifi cance. Identifying specifi c E2s and E3s in virus-induced ERAD or ERAD in 
diseases such as Parkinson’s or cystic fi brosis could potentially suggest targets for drug interaction. 
Blocking specifi c E2 or E3 enzymes may be a way to enhance expression of certain proteins, such 
as the ΔF508 form of CFTR. However, the example of cystic fi brosis clearly illustrates the need 
for continued research on ERAD. In the majority of cystic fi brosis, CFTR is degraded because of a 
deletion of amino acid F508. The chloride channel is completely functional but folds too slowly and 
therefore enters into the ERAD pathway before it can exit the ER towards the cell surface [137]. While 
inhibition of the proteasome or inactivation of the E2/E3 complex affects the stability of the protein, 
it fails to be transported to the cell surface [128], suggesting that other factors are important. Only 
with the expression of synthetic chaperones is mutant CFTR transported to the cell surface more 
effi ciently [138]. Even if inhibition of degradation of CFTR does not result in increased expression, 
in other cases substrate stabilization may result in increased expression. Therefore, we need to 
understand how ERAD works. It is clear that gaining more insight in ERAD as presented in this 
thesis, will be of great importance and may contribute to the development of life-saving drugs.
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Inleiding

Het menselijke lichaam bestaat uit miljarden cellen. Alle cellen hebben een specifieke functie in de 
verschillende weefsels en organen. Om de functies goed te kunnen uitvoeren is de cel opgedeeld 
in verschillende afgescheiden compartimenten of organellen. Een cel is omgeven door een celmem-
braan, een semi-permeabele wand bestaande uit twee vetlagen met eiwitten erin. Hierbinnen ligt 
het cytosol met daarin o.a. de celkern, waar de erfelijke informatie opgeslagen ligt in het DNA, en 
organellen zoals de mitochondriën, waar de energiehuishouding plaatsvindt, lysozomen, waar 
sommige eiwitten worden afgebroken, het endoplasmatisch reticulum (ER) en het Golgi systeem. 
De laatste twee organellen zijn betrokken bij de correcte vouwing en modificatie van eiwitten die 
voornamelijk in het celmembraan terechtkomen of uitgescheiden worden (hoofdstuk 1, figuur 1).

Eiwitten zijn een belangrijk onderdeel van de cel. Ze zijn van belang voor zowel de structuur 
van de cel als voor het uitvoeren van allerlei taken, zoals transport van stoffen in de cel, productie 
van nieuwe eiwitten, afbraak van eiwitten en het doorgeven van signalen. Eiwitten zijn opgebouwd 
uit verschillende aminozuren. Het aantal en de volgorde van deze aminozuren bepaalt hoe het 
eiwit eruit ziet en welke functie het uitvoert. De informatie daarvoor ligt in het DNA opgeslagen. 
In de celkern wordt deze informatie in het DNA afgelezen en omgezet in mRNA, een bruikbare 
code om eiwitten te produceren. De productie van eiwitten vindt plaats in het cytosol, nadat het 
mRNA getransporteerd is uit de celkern. Het mRNA wordt uiteindelijk vertaald naar eiwit door 
een grote uit eiwit en RNA bestaande machine, genaamd het ribosoom. Sommige eiwitten blijven 
hun taken in het cytosol uitvoeren, maar andere worden naar specifieke locaties gedirigeerd, zoals 
de mitochondriën of het celmembraan. Eiwitten die uitgescheiden worden of in het celmembraan 
terechtkomen worden eerst via een specifiek kanaal, het Sec61 translocon, in het ER getransporteerd 
(hoofdstuk 1, figuur 1).

Het maken van eiwitten kun men zien als werk aan een lopende band in een fabriek. In eerste 
instantie is een eiwit een vormeloze, lange keten van aminozuren. Maar met de hulp van chape-
ronne-eiwitten worden ze uiteindelijk als goed gevouwen eindproduct afgeleverd. Omdat ook in 
een fabriek machines niet onfeilbaar zijn, worden de producten onderweg gecontroleerd. Als er 
eiwitten tussen zitten die niet door deze kwaliteitscontrole heen komen, worden ze uit het productie-
proces genomen, gemerkt en uiteindelijk opgeruimd. In de cel wordt een deel van deze overbodige 
eiwitten gemerkt met een klein eiwit genaamd ubiquitine. Ubiquitine wordt via een cascade van 
enzymatische reacties vastgekoppeld aan het eiwit dat gedegradeerd moet worden (hoofdstuk 1, 
figuur 2). Het eerste enzym (E1) activeert ubiquitine, waarna ubiquitine wordt overgedragen aan 
een tweede enzym (E2). Dit tweede enzym kan samen met een derde enzym (E3) ubiquitine aan 
het doeleiwit koppelen. Deze koppeling gebeurt normaal gesproken op het aminozuur lysine (Lys), 
maar kan ook aan het begin van het doeleiwit (de N-terminus) plaatsvinden. Achtereenvolgende 
koppelingen via een lysine van een al gekoppeld ubiquitinemolecuul levert een poly-ubiquitine-
keten op. Dit poly-ubiquitinelabel kan herkend worden door een groot afvalverwerkingsysteem 
genaamd het proteasoom, dat het eiwit uiteindelijk vernietigt. Voor de afbraak van eiwitten door het 
proteasoom is energie nodig dat wordt verkregen door de hydrolyse van het energierijke ATP naar 
ADP. Omdat de afbraak in het cytosol plaats vindt, moeten misgevouwde eiwitten in het ER over 
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het membraan terug naar het cytosol getransporteerd worden in een proces dat retro-translocatie 
wordt genoemd. Dit gebeurt waarschijnlijk door een kanaaltje in het membraan.

Tijdens de vernietiging van eiwitten door het proteasoom kunnen kleine stukjes eiwit vrijko-
men, ook wel peptiden genoemd (hoofdstuk 1, figuur 4). Deze peptiden kunnen ook weer nuttig 
zijn. Zij worden namelijk op de buitenkant van cellen gepresenteerd aan het immuunsysteem via 
het MHC klasse I eiwitcomplex. Dit eiwitcomplex wordt in het ER gevormd en bestaat uit een 
zware keten (MHC klasse I heavy chain), een lichte keten (β2-microglobuline) en een peptide. Na 
de complexvorming wordt het eiwitcomplex via het Golgi systeem naar het celmembraan getrans-
porteerd. Als de peptiden afkomstig zijn van de cel zelf (lichaamseigen) is er geen probleem en 
reageert het immuunsysteem niet. Maar als er ziekteverwekkers (of pathogenen) zoals bacteriën 
of virussen (zoals het griepvirus) de cel binnenkomen, kunnen ook eiwitten van deze pathogenen 
gepresenteerd worden. Het immuunsysteem komt dan wel in actie en vernietigt de geïnfecteerde 
cel om zo verdere verspreiding te voorkomen. Zodoende is men bijvoorbeeld na anderhalve week 
weer van de griep af. Helaas zijn er ook virussen die niet opgeruimd kunnen worden en levenslang 
in je lichaam blijven. Een voorbeeld hiervan is HIV, het virus dat AIDS veroorzaakt. Een ander 
voorbeeld is het humane cytomegalovirus (HCMV), een virus waarmee 70 tot 80% van de wereld-
bevolking geïnfecteerd is, maar dat normaal gesproken weinig schade aanricht. Alleen in patiënten 
die problemen hebben met het immuunsysteem is het virus een voortdurende bron van problemen. 
Het HCMV openbaart zich daarom vaak als een secundaire infectie in AIDS patiënten.

Het HCMV heeft een intrigerende manier gevonden om aan het immuunsysteem te ontsnap-
pen. Het zorgt er namelijk voor dat peptiden van het virus niet op de buitenkant van de cel ge-
presenteerd worden aan het immuunsysteem. Een aantal virale eiwitten voorkomt dat het MHC 
klasse I eiwitcomplex, dat deze peptiden presenteert, het celoppervlak kan bereiken (hoofdstuk 
1, figuur 5). Normaal gesproken wordt het MHC complex in het ER in elkaar gezet (hoofdstuk 1, 
figuur 4), om vervolgens via het Golgi systeem naar het celoppervlak getransporteerd te worden 
voor de presentatie van de peptiden. Maar in de aanwezigheid van o.a. het virale eiwit US11 wordt 
een van de componenten van het MHC complex, de zware keten (heavy chain, HC), via de ER kwa-
liteitscontrole van de cel zelf afgebroken. In dit proefschrift, getiteld “Cytomegalovirus-induced 
destruction of MHC class I molecules provides insight into ER-associated protein degradation”, 
wordt de degradatie van de zware keten van het MHC klasse I eiwitcomplex beschreven. Met dit 
modelsysteem kan meer inzicht gekregen worden in hoe de ER-kwaliteitscontrole van de cel werkt. 
Meer specifiek is het onderzoek gericht op het begrijpen van het transport van misgevouwde ei-
witten over het ER-membraan, en van de rol die het ubiquitine-label daarbij speelt, evenals op het 
ontdekken van nieuwe factoren betrokken bij dit transport. 
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Het onderzoek

Het virale HCMV eiwit US11 zorgt ervoor dat de zware keten (HC) van het MHC klasse I eiwit-
complex afgebroken wordt. De HC wordt herkend door US11 waarna de HC terug naar het cytosol 
wordt getransporteerd waar de afbraak door het proteasoom wordt uitgevoerd. Met behulp van 
een lage concentratie detergens (zeep) kunnen gaatjes in het celmembraan gemaakt worden; dit 
wordt ook wel permeabilizatie genoemd. Door de cellen daarna te centrifugeren, kunnen cytosol en 
membraan gescheiden worden van elkaar. Na immunoprecipitatie met antilichamen tegen de HC 
kan dan bepaald worden waar de HC zich bevindt. In de aanwezigheid van proteasoomremmers 
is een deel van de HC zichtbaar in het cytosol. Door na de precipitatie met antilichamen tegen HC 
nog een precipitatie met antilichamen tegen ubiquitine uit te voeren, kunnen ook geubiquitineerde 
HC moleculen zichtbaar gemaakt worden. In hoofdstuk 2 bekijken we de rol van ubiquitine in het 
afbraakproces van de HC. We vonden dat het transport van de HC afhankelijk is van ubiquitine. 
Zoals eerder vermeld is ubiquitine een label dat herkend kan worden door het proteasoom. Voor de 
afbraak van een eiwit wordt niet een enkele ubiquitine herkend, maar een keten van samengekop-
pelde ubiquitines, een poly-ubiquitineketen. Door gebruik te maken van een gepermeabilizeerd 
celsysteem kan cytosol gemakkelijk verwijderd en vervangen worden door ander cytosol. Hierna 
kan de afbraak van radioactief-gelabelde HC gedurende een bepaalde tijd gevolgd worden door 
precipitatie met HC antilichamen. Door ubiquitine selectief te verwijderen uit cytosol werd beves-
tigd dat ubiquitine een rol speelde bij de retro-translocatie van HC. Het toevoegen van ubiquitine 
dat geen poly-ubiquitineketens kan vormen, kon de retro-translocatie van de HC niet herstellen, 
waaruit geconcludeerd kon worden dat poly-ubiquitineketens nodig zijn. In hoofdstuk 3 lieten we 
zien dat poly-ubiquitineketens nodig zijn die specifiek gekoppeld zijn via de lysine op positie 48 in 
ubiquitine. Dit soort poly-ubiquitineketen kan normaal herkend worden door o.a. het proteasoom. 
Andere koppelingen zoals via Lys63 zijn van belang bij andere processen. We toonden ook aan dat 
poly-ubiquitinering niet voldoende is aangezien geubiquitineerde HC niet in het cytosol getranspor-
teerd wordt in de aanwezigheid van een ATP-analoog dat niet gehydrolyseerd kan worden. Ook HC 
met een poly-ubiquitineketen, gemaakt met ubiquitines met een aanzienlijk verlengde N-terminus 
(GST-Ub), kan niet in het cytosol getransporteerd worden. Dit suggereert dat de poly-ubiquitine-
keten herkend moet worden voordat de HC uit het ER getransporteerd kan worden via een proces 
dat energie (ATP) nodig heeft. Het proteasoom is waarschijnlijk niet betrokken bij het transport naar 
het cytosol, omdat in de aanwezigheid van specifieke proteasoomremmers HC nog steeds naar het 
cytosol getransporteerd wordt (hoofdstuk 5). Waarschijnlijk wordt de geubiquitineerde HC uit het 
ER ‘getrokken’ door p97 en zijn co-factoren Ufd1-Npl4. Dit eiwit is een ATPase dat ATP gebruikt 
om zijn acties uit te voeren. Het is niet geheel duidelijk hoe p97 de HC uit het ER trekt.

Het was duidelijk dat ubiquitinering een belangrijke rol speelde in de retro-translocatie van 
de HC. Daarom zochten we naar enzymen uit de ubiquitineringscascade (hoofdstuk 1, figuur 2) 
die verantwoordelijk zijn voor de ubiquitinering en voor de daaropvolgende retro-translocatie van 
de HC. In hoofdstuk 4 wordt een E2 enzym geïdentificeerd dat de ubiquitinering van de HC kan 
bewerkstelligen. E2-25K kan samen met E1, ATP en ubiquitine ervoor zorgen dat HC geubiquiti-
neerd wordt en vervolgens getransporteerd wordt naar het cytosol. E2-25K lijkt sterk op het enzym 
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Ubc1p dat in bakkersgist betrokken lijkt bij de afbraak van sommige misgevouwde eiwitten uit het 
ER. Verder werden twee E3 enzymen, gp78 en MARCH-VII, geïdentificeerd die beiden de activiteit 
van E2-25K stimuleerden. Mogelijk is een van beide betrokken bij de ubiquitinering van de HC. 
Het eerstgenoemde enzym is al eerder betrokken gebleken bij de afbraak van een ander eiwit dat 
afgebroken wordt via de ER-kwaliteitscontrole.

Zoals vermeld in de inleiding worden misgevouwde eiwitten waarschijnlijk door een kanaal 
in het ER-membraan naar het cytosol getransporteerd. De compositie van dit kanaal is niet bekend, 
maar verschilt waarschijnlijk van het kanaal verantwoordelijk voor import van eiwitten in het ER. 
Een recent ontdekt membraaneiwit genaamd Derlin-1 zou deel uit kunnen maken van dit kanaal. 
In hoofdstuk 5 tonen we aan dat Derlin-1 een interactie aangaat met HC gedurende het transport 
over het ER-membraan. Hoewel dit geen bewijs is dat het een kanaal vormt, geeft het wel aan dat 
het betrokken is bij het transport.

Conclusies

Meerdere componenten zijn betrokken bij de retro-translocatie en afbraak van misgevouwde eiwit-
ten in het ER. In figuur 2 van hoofdstuk 6 wordt een model gepresenteerd dat vooral gebaseerd is 
op onderzoek aan het US11-systeem. De eerste stap in de ER-kwaliteitscontrole is de herkenning 
van misgevouwde eiwitten, dat uitgevoerd wordt door chaperonne-moleculen en eventueel door 
het recent geïdentificeerde membraaneiwit Derlin-1. Vervolgens wordt een deel van het doeleiwit 
over het membraan getransporteerd, waarschijnlijk door een klein kanaal, wat gevormd wordt 
door meerdere componenten. Derlin-1 zou deel uit kunnen maken van dit kanaal, evenals een E3 
enzym en andere componenten. Zodra een deel uit het ER komt wordt het geubiquitineerd door een 
cytosolisch E2 enzym en een E3 enzym in het ER-membraan. Vervolgens wordt het ubiquitine-label 
herkend door p97 en co-factoren Ufd1-Npl4. Deze bewerkstelligen dan waarschijnlijk het transport 
uit het membraan naar het cytosol. Na het transport bindt het proteasoom de geubiquitineerde HC 
en breekt het eiwit af.

Dit proefschrift heeft een bijdrage geleverd aan onze kennis over het afbraakproces van misge-
vouwde eiwitten tijdens de ER-kwaliteitscontrole. Dit zou kunnen bijdragen aan de ontwikkeling 
van geneesmiddelen voor ziekten zoals Alzheimer, Parkinson, diabetes of taaislijmziekte (cystic 
fibrosis) waar deze kwaliteitscontrole een rol speelt. Ook kan dit onderzoek bijdragen aan de be-
strijding en het beperken van secundaire infecties met HCMV in AIDS patiënten. 
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