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1 Abbreviations

β2m, β2-microglobulin or class I MHC light chain
BMDC bone marrow derived dendritic cell
CHIP C-terminus of Hsc70-interacting protein
CFTR cystic fibrosis transmembrane conductance regulator
CPY carboxypeptidase yscY
CPY* misfolded variant of CPY
CRT calreticulin
CTL cytotoxic T lymphocyte (CD8+ T cell)
CXN calnexin
DC dendritic cell
Der degradation from the endoplasmic reticulum
DHFR dehydrofolate reductase
Doa degradation of transcription factor Matα2
DRiPs defective ribosomal products
DTT dithithreitol
DUB deubiquitinating enzyme
EDEM ER degradation-enhancing α-mannosidase-like protein
eGFP enhanced green fluorescent protein
ENU N-ethyl-N-nitrosurea
ER Endoplasmic Reticulum
ERAD endoplasmic reticulum associated degradation
E1 ubiquitin-activating enzyme
E2 ubiquitin-conjugating enzyme (UBC)
E3 ubiquitin ligase
HC class I MHC heavy chain
HCMV Human cytomegalovirus
HECT homologous to E6-AP carboxyl terminus
HLA Human leukocyte antigen
HMGR 3-hydroxy-3-methylglutaryl coenzyme A reductase
Hrd HMGR degradation
HSP heat shock protein
IFN interferon
Ig immunoglobulin
IKK inhibitor of IκB kinase
IL interleukin
ISG15 IFN-stimulated gene product of 15 kDa
KO knock-out
LPS lipopolysaccharide
LRR leucine rich repeats
MALP2 macrophage activating lipopeptide
MHC Major Histocompatibility Complex
MAPK mitogen activated protein kinase
NEDD8 neuronal precursor cell-expressed developmentally down-regulated 8
NK natural killer
Nemo NFκB essential modulator
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OS osteosarcoma
PDI protein disulphide isomerase
PAGE polyacrylamide gel electrophoresis
PAM3CSK4 N- Palmitoyl- S-[ 2,3- bis( palmitoyloxy)-( 2RS)-propyl]-[ R]-

cysteinyl-[ S]- seryl-[ S]-lysyl-[ S]- lysyl-[ S]- lysyl-[ S]-lysine
PAMPS pathogen associated molecular patterns
PRR pattern recognition receptor
RING really interesting new gene
RNAi RNA interference
ROS reactive oxygen species
SCF Skp1-Cullin1-F-box
SDS sodium dodecyl sulfate
ShRNA short hairpin RNA
SPP signal peptide peptidase
SUMO small ubiquitin-like modifier
TAP transporter associated with antigen presentation
TCR T cell receptor
TLR toll like receptor
TMD transmembrane domain
TNF tumor necrosis factor
TPRs tetratricopeptide repeats
Ub ubiquitin
UBC ubiquitin-conjugating enzyme (E2)
Uba Ubiquitin associated domain
Ubl ubiquitin-like domain
U-box UFD2-homology box
UGGT UDP-Glucose:glycoprotein glucosyltransferase
UPR unfolded protein response
US unique short region of the HCMV genome
VCP valosin-containing protein (p97)
VIMP VCP-interacting membrane protein
WT wild type
ZL3VS carboxyl benzyl-leucyl-leucyl-leucyl vinylsulfone
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2 Summary
2.1 Summary

In eukaryotes, one third of all proteins enter the secretory pathway. They do so in the

endoplasmic reticulum (ER), an organelle that provides an oxidative environment

filled with enzymes and chaperones that aid in protein folding. In the ER, secretory

and transmembrane proteins undergo a productive folding cycle, acquire N-linked

glycans, and assemble into multisubunit complexes prior to their exit to the Golgi.

The surveillance mechanism in the ER that monitors the folding status of a protein is

called ER quality control. Quality control ensures that only properly folded and

assembled proteins can exit the ER. Accumulation of irreversibly misfolded proteins

presents a threat to proper ER homeostasis and function and therefore to cell

survival. Proteins that fail quality control are considered misfolded and are

selectively retrotranslocated or dislocated into the cytosol for degradation by the

cytosolic proteasome, in a process also referred to as ER associated degradation.

Two type I ER transmembrane proteins, US2 and US11, encoded by human

cytomegalovirus (HCMV), co-opt the cellular dislocation pathway by catalyzing the

dislocation of class I MHC (major histocompatibility complex) heavy chain (HC)

molecules from the ER to avoid detection by the immune system. US2 and US11

both target the same molecules but do so by recruiting different sets of proteins. US2

uses signal peptide peptidase (SPP) to degrade class I MHC, whereas US11 seems to

engage a more conserved pathway superficially similar to that used by yeast: The

polytopic transmembrane protein Derlin-1, the homolog of yeast Der1p, is required

for dislocation of HCs in US11, but not in US2 expressing cells. Derlin-1 can

oligomerize with another member of the Derlin family, Derlin-2. Derlin-2 forms a

complex with p97 and with orthologs of the Hrd1p/Hrd3p ligase complex.

In this thesis I investigated the contribution of the human ortholog of Hrd3p, SEL1L,

to heavy chain dislocation as catalyzed by US11. SEL1L is a type I transmembrane

protein with a large globular domain containing multiple repeated regions of the

tetratricopeptide repeat (TPR) family, suggesting that it might be involved in

substrate recognition. Here I provide evidence that SEL1L is essential for HC
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dislocation in US11, but not in US2 cells. Furthermore I was able to show that

SEL1L is required not only for the degradation of a truncated thereby misfolded

version of ribophorin (RI332), but also binds only to misfolded RI332, and not to

properly folded ribophorin. To further investigate SEL1L’s role in dislocation, I

performed a biochemical search for SEL1L-interacting proteins. I identified OS9,

AUP1, and UBXD8 as part of the dislocation machinery. Furthermore, I identified

an ER membrane bound ubiquitin conjugating E2 enzyme, UBC6e, as required for

HC dislocation in US11 cells. We designed dominant negative versions of UBXD8

and AUP1 by constructing C-terminal fusions with GFP. Expression of these

constructs leads to inhibition of HC dislocation in US11 cells. OS9, the ortholog of

yeast Yos9p, a protein involved in dislocation of glycosylated proteins, does not

appear to be involved in HC dislocation. Overexpression of OS9 mutants in which

the putative lectin binding domain of OS9 was disrupted, as well as overexpression

of wild-type OS9 frustrate dislocation of RI332, but have only a very mild effect on

HC dislocation. This result suggests that US11 assumes the role of OS9 in substrate

recognition and selection.

Further analysis of UBC6e led to an intriguing connection between proteins involved

in ER dislocation and immune function, possibly cross-presentation. UBC6e is

highly expressed in dendritic cells and can be phosphorylated upon ER stress. I

found that UBC6e can be quantitatively phosphorylated upon stimulation with

various Toll-like receptor (TLR) ligands, and that this phosphorylation is dependent

on an intact toll-like receptor signaling pathway. Dendritic cells from mice with

compromised TLR signaling do not show phosphorylation of UBC6e. The observed

cross-talk between chemicals that induce ER stress and between agonists of TLR

signaling uncovers new aspects of TLR biology.

To study ubiquitination pathways in primary cells, we typed and characterized a

knock-in mouse that expresses HA-tagged ubiquitin. This mouse was used in a study

to investigate the contribution of the UbC promoter locus of ubiquitin to the overall

pool of ubiquitin in the cell.
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2.2 Zusammenfassung

In Eukaryoten werden ein Drittel aller Proteine ins endoplasmatische Retikulum

(ER) eingeschleust. Bei diesen Proteinen handelt es sich um sekretorische oder

membrangebundene Proteine. Im Inneren oder Lumen des ER herrscht ein oxidatives

Milieu, das zusammen mit bestimmten Enzymen und Chaperonen die richtige

Proteinfaltung begünstigt. Dabei durchlaufen Proteine einen Faltungszyklus, erhalten

N-verknüpfte Glykane und verbinden sich zu Multiproteinkomplexen bevor sie das

ER in Richtung Golgi verlassen dürfen. Der Faltungszustand jedes einzelnen

Proteins wird genau überwacht und überprüft, und nur solche Proteine, die einen

gewissen Qualitätsstandard erfüllen, dürfen das ER verlassen. Eine Anhäufung

irreversibel misgefalteter Proteine bedroht das Gleichgewicht im ER und kann zum

Zelltod führen. Deswegen werden solche Proteine, die irreversibel missgefaltet sind,

aus dem ER heraus ins Zytosol zurücktransportiert (disloziert) und dort vom

Proteasom abgebaut. Dieser Prozess heisst auch ER assozierte Degradation.

Zytomegaloviren, die den Menschen befallen (human cytomegalo virus, HCMV),

kodieren für zwei Transmembranproteine (Typ I) im ER, US2 und US11. Diese

beiden Proteine machen sich die zelluläre Dislokationsmaschinerie zu eigen, um den

Abbau der schweren Kette des Histokompatibilitätskomplexes (major

histocompatibility complex, MHC) Klasse I zu initiieren. Durch die Entfernung von

MHC Produkten von der Zelloberfläche können virusbefallene Zellen nicht mehr

von den zytotoxischen T Zellen des Immunsystems erkannt und eliminiert werden.

US2 und US11 haben beide zum Ziel, die gleichen Proteine (die schweren Ketten

des MHC Klasse I) zu entfernen. Dieses Ziel erreichen sie allerdings mit

verschiedenen Methoden: US2 rekrutiert SPP (signal peptide peptidase) um Klasse I

MHC zu entfernen, während US11 einen von Hefe zu Mensch konservierteren Weg

wählt: das polytopische Transmembranprotein Derlin-1, ein Homolog von Der1p aus

Hefe, bindet an US11 und wird für die Zerstörung des Klasse I Moleküls benötigt.

Derlin-1 kann mit einem weiteren Protein aus der Derlin-Familie, Derlin-2,

Oligomere bilden. Derlin-2 bildet einen Komplex mit der ATPase p97 und mit den

Orthologen des Hrd1p/Hrd3p Ligasekomplexes aus Hefe. Die vorliegende

Doktorarbeit untersucht das humane Ortholog von Hrd3p, SEL1L, und welche Rolle
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dieses Protein in US11-induzierter und allgemeiner Dislokation spielt. SEL1L ist ein

fünffach glykosyliertes Transmembranprotein vom Typ1. Der Grossteil des Proteins

befindet sich im Lumen des ER, und besteht aus wiederholten Domänen der

Tetratricopeptidfamilie, die an der Erkennung misgefalteter Peptide beteiligt sind. In

dieser Doktorarbeit konnte ich zeigen, dass SEL1L essentiell für den Abbau von

Klasse I MHC Molekülen in Zellen ist, die US11 exprimieren, aber nicht in Zellen,

die US2 exprimieren. Desweiteren konnte ich zeigen, dass SEL1L unabhängig von

Virusprodukten für die Degradation einer misgefalteten kürzeren Version von

Ribophorin, RI332, verantwortlich ist, und ausserdem spezifisch an das misgefaltete

RI332 und nicht an das normal gefaltete Ribophorin bindet. Mit biochemischen

Methoden bestimmte ich Interaktionspartner von SEL1L. Die neuen Proteine OS9,

AUP1, und UBXD8 sind alle Teil der Dislokaktionsmaschinerie, die sich US11 zu

eigen macht. Ausserdem identifizierte ich ein membrangebundenes

Ubiquitinkonjugations-enzym UBC6e, das nötig ist für die Zerstörung von Klasse I

MHC Molekülen in US11-exprimierenden, aber nicht in US2-exprimierenden

Zellen. Wir entwarfen dominant-negative Versionen von AUP1 und UBXD8, indem

wir den C-terminus mit einem GFP tag fusionierten. Diese Konstrukte führen zu

einem Arrest der Klasse I MHC Moleküle in der ER Membran. OS9, das ortholog

von Hefe Yos9p, ein Protein das an der Degradation von glykosilierten Proteinen

beteiligt ist, scheint keine Rolle am Abbau von Klasse I Molekülen zu spielen. Die

Überexpression von OS9 Mutanten, die die angebliche Lektinbindedomäne

zerstören, sowie Überexpression von Wildtyp OS9 –wahrscheinlich aufgrund eines

Ungleichgewichts des Dislokationskomplexes- inhibieren die Dislokation von RI332,

aber haben nur einen sehr geringen Effekt auf den Abbau von Klasse I MHC

Molekülen. Dieses Resultat könnte bedeuten, dass US11 die Rolle von OS9 in

Subtratselektion übernimmt.

Eine weiterführende Analyse von UBC6e erbrachte eine interessante Verbindung

zwischen Proteinen, die eine Rolle beim Abau von ER Proteinen spielen, und

Proteinen, die eine Rolle in der Immunfunktion spielen. UBC6e wird stark in

dendritischen Zellen exprimiert und kann nach der Induktion von ER Stress

phosphoryliert werden. Wir fanden heraus dass UBC6e quantitativ phosphoryliert

werden kann, wenn man dendritische Zellen mit verschiedenen Liganden von Toll-

like Rezeptoren (TLR) stimuliert. Dendritische Zellen aus Mäusen die eine Mutation
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in einem der Proteine der TLR Signalkaskade haben, zeigen keine UBC6e

Phosphorylierung mehr. Ein Zusammenhang zwischen Chemikalien, die ER Stress

induzieren, und Liganden, die TLRs aktivieren, ist noch unbekannt.

Um Ubiquitin in Primärzellen untersuchen zu können, charakterisierten wir eine HA-

Ubiquitin Knock-in Maus. Diese Maus wurde auch in einer Studie verwendet, die

den Beitrag des UbC Promotors des Ubiquitinlokus zum allgemeinen Pool an

Ubiquitin untersucht.
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3 Introduction

3.1 Protein translation and translocation

Prokaryotes consist of a single compartment surrounded by the plasma membrane.

Eukaryotes contain - in addition to the plasma membrane - several membrane-

delimited compartments such as the lysosomes, endosomes, mitochondria and the

organelles of the secretory pathway, the endoplasmic reticulum (ER) and the Golgi.

These compartments and the cytosol contain the proteins that fulfill all major tasks

of the cell (Rapoport, 1986).

Proteins are polymers of amino acids that need to fold into a distinct three-

dimensional structure to be functional. Proteins that are translated on free ribosomes

fold in the cytosol with the help of cytosolic chaperones, a specialized set of proteins

that bind to hydrophobic patches and mainly prevent aggregation through a regulated

ATP-driven release of bound polypeptides (Ellis, 1987). Proteins translated on

membrane-bound ribosomes are translocated through the membrane via a protein-

conducting channel with a hydrophilic interior (Crowley et al., 1993; Simon and

Blobel, 1991). This channel is called Sec YEG in prokaryotes and Sec61 in

eukaryotes (Osborne et al., 2005). The Sec YEG channel, located in the plasma

membrane, releases proteins into the periplasmic space or anchors them in the lipid

bilayer. The details of this process are beyond the scope of this thesis and have been

reviewed elsewhere (Rapoport, 2007).

The Sec61 channel is a protein complex present in the ER membrane.

Transmembrane proteins, secreted proteins and ER luminal or Golgi proteins enter

the ER through Sec61 (Rapoport, 2007). The lumen of the ER provides an oxidizing

environment by maintaining the requisite balance between oxidized and reduced

glutathione (Hwang et al., 1992). This supports the formation of disulfide bonds,

thereby stabilizing the proteins in an extracellular environment. Many ER resident

proteins are calcium binding proteins and depend on calcium for their function,

consistent with the elevated calcium levels in the ER (Michalak et al., 2002). This

thesis focuses on the ER.
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3.2 ER quality control: protein folding and protein degradation

3.2.1 Protein maturation in the ER
Over one-third of all proteins enter the secretory pathway. They are segregated either

partially or completely from the cytoplasm in a membrane-delimited compartment

(Ghaemmaghami et al., 2003). Therefore, the first step of the secretory pathway is

the translocation or insertion of the nascent polypeptide into the ER membrane or the

ER lumen, depending on the presence of hydrophobic stretches in the polypeptide.

Most secretory proteins are directed to the ER by virtue of an N-terminal cleavable

signal sequence (Rapoport, 2007). As soon as the signal sequence or a hydrophobic

sequence on the nascent polypeptide emerges from the translating ribosome, signal

recognition particle (SRP) binds to it, stalls translation and redirects the ribosome-

nascent polypeptide complex to the SRP receptor at the ER membrane. The

ribosome then associates with the Sec61 complex which forms a proteinaceous pore

in the ER membrane, through which the polypeptide is co-translationally

translocated into the ER (Clemons et al., 2004; Matlack et al., 1997; Van den Berg et

al., 2004). Folding of the polypeptide starts during translation and translocation. A

number of chaperone complexes immediately bind to the nascent polypeptide and

facilitate import and proper folding, and mediate co-translational modifications such

as addition of N-linked glycans (Brodsky, 2007; Fewell et al., 2001). Proteins can

also be modified post-translationally with the formation of disulfide bonds and the

attachment of glycosylphosphatidylinositol (GPI) anchors (Ellgaard and Helenius,

2003). The chaperones in the ER must be present at high concentrations and they

must be versatile, as the various polypeptides are topologically and structurally very

distinct. These chaperones can be categorized into three distinct groups: a)

chaperones of the heat shock family of proteins (HSP), which includes BiP or

GRP78 and GRP90, b) members of the lectin family of chaperones, such as calnexin

(CNX), calreticulin (CRT), and EDEM, (and probably Yos9p) and c) substrate-

specific chaperones such as HSP47 (Ni and Lee, 2007). In addition, there are a

number of folding enzymes in the ER, such as the thiol oxidoreductase of the protein

disulfide isomerase (PDI) family, and peptidyl prolyl isomerases that catalyze the
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cis-trans isomeration of peptide bonds N-terminal to proline residues (Ni and Lee,

2007). One of the most abundant chaperones is BiP, an HSP70 family member,

equipped with an ATPase at the N-terminus and a C-terminal substrate binding

domain (McKay, 1993). BiP acts early during translocation in a complex with its

cofactor HSP40. BiP binds to hydrophobic regions in the nascent polypeptide, and

prevents the protein’s aggregation by repeated ATP-driven cycles of binding and

release (Gething, 1999). These cycles are catalyzed by co-chaperones of the DnaJ

family (e.g. HSP40). One of the 5 BiP co-chaperone proteins or ERdj proteins,

ERdj5, contains not only a DnaJ domain but also a PDI-like domain and thioredoxin

domains. Thus, while BiP prevents aggregation and promotes folding, ERdj5

catalyzes the formation of disulfide bonds (Cunnea et al., 2003).

Although glutathione sustains the oxidizing milieu of the ER lumen, it is not

sufficient for disulfide bond formation. For this purpose, the ER contains several

thiol-oxidoreductases that bear the thioredoxin CXXC motif. PDI is another

extremely abundant chaperone of the ER, with local concentrations approaching

millimolar levels (Lyles and Gilbert, 1991a; Lyles and Gilbert, 1991b). In vitro, PDI

can act as an oxidase, reductase, and isomerase (Freedman et al., 2002). PDI also has

a peptide binding site. PDI is essential for oxidative protein folding in yeast

(LaMantia and Lennarz, 1993). Reduced PDI is generated to its oxidized state by the

activity of its own oxidase, Ero1 (ER oxidation 1) (Frand and Kaiser, 1998; Frand

and Kaiser, 1999). Mammals possess two isoforms of yeast Ero1p, Ero1α and Ero1β

(Pagani et al., 2000). Only Ero1α is constitutively expressed, Ero1β is induced when

misfolded proteins accumulate (Pagani et al., 2000).

3.2.2 ER Quality Control:

Incorrectly folded or incompletely assembled proteins are believed to be harmful to

the cell if allowed to proceed along the secretory pathway. Therefore, all ER proteins

are subject to stringent quality control (QC). This QC assesses the protein’s folding

status and allows more time for proteins to reach their final and proper conformation

(Ellgaard et al., 1999). Several distinct steps comprise QC:
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3.2.2.1 Glycoprotein quality control

3.2.2.1.1 N-linked glycosylation
In the ER, many nascent polypeptide chains are modified with a branched 14-hexose

core glycan, Glc3Man9GlcNac2, at asparagine (N) residues (N-linked

glycosylation). The modification occurs within the consensus sequence Asn-Xxx-

Ser/Thr, where Xxx can be any amino acid except proline (Gavel and von Heijne,

1990). Oligosaccharide assembly begins in the cytosol as a dolycholpyrophosphate-

linked precursor, which is flipped to face the ER lumen and assembled onto the

nascent polypeptide by the flippase RFT1 and the action of the oligosaccharyl

transferase complex (Burda and Aebi, 1999; Helenius and Aebi, 2002; Kornfeld and

Kornfeld, 1985). The oligosaccharide can modulate protein structure and function by

increasing solubility and stability (Drickamer and Taylor, 1998; Dwek et al., 1996;

O'Connor and Imperiali, 1996; Wormald and Dwek, 1999; Wormald et al., 2002). At

the cell surface, the glycan can modulate protein-protein interaction and protect

proteins from proteases (Moody et al., 2001). In the ER, apart from modulating

folding of the nascent polypeptide, N-linked glycans can also act as sorting signals to

direct trafficking in the secretory pathway (Hauri et al., 2000; Helenius and Aebi,

2001; Schrag et al., 2001).

Figure 1: Structure of the N-linked oligosaccharide. Linkage type between glucosyl
residues and cleavage sites for enzymes are indicated. (Adapted from Ellgaard and
Frickel, 2003.)
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3.2.2.1.2 The calnexin/calreticulin cycle
The calcium-binding lectins calnexin (CNX, a type I transmembrane protein) and

calreticulin (CRT, a soluble ER luminal protein) bind to the monoglucosylated

glycan, Glc1Man9GlcNac2, present on nascent polypeptide chains, and assist in the

folding of most glycoproteins (Ellgaard and Helenius, 2003; Hebert and Molinari,

2007). Nascent polypeptides that have N-linked glycans within the first 50 residues

of their amino-terminus interact with CNX/CRT prior binding to BiP (Molinari and

Helenius, 2000). Soon after the core oligosaccharide, is added onto the nascent

polypeptide, it is exposed to the successive action of the ER-resident enzymes

glucosidase I and II (Helenius and Aebi, 2004). Glucosidase I trims the two

outermost glucose residues. While CNX/CRT associate with the client protein,

glucosidase II removes the innermost glucose residue and releases the glycoprotein

from the CNX/CRT cycle (Helenius and Aebi, 2004). The release likely occurs

irrespective of the folding state of the glycoprotein and prevents renewed association

with CNX/CRT. The enzyme UDP-glucose:glycoprotein glucosyltransferase

(UGGT) works as a folding sensor and reglucosylates glycoproteins that are

incompletely or incorrectly folded. UGGT ensures that proteins in a misfolded

conformation can re-associate with CNX/CRT (Parodi, 2000; Trombetta and

Helenius, 2000). The thiol-oxidoreductase ERp57 associates with CNX/CRT and

catalyzes the formation of disulfide bonds in the nascent polypeptide chain (Frickel

et al., 2004). Through its association with CNX/CRT, ERp57 functions as a

specialized thiol-disulfide oxidoreductase for glycoproteins. The glucosylation cycle

retains incorrectly folded proteins in the ER. Once the protein has reached its final

folding state, it exits the ER via COPII coated vesicles to reach its destination, the

plasma membrane or other subcellular compartments (Hebert and Molinari, 2007).

Oligomeric proteins must pass another level of quality control involving

glycoprotein GP96 (a member of the HSP90 family of chaperones) to ensure that

only properly assembled structures leave the ER. GP96 is essential for the proper

multimeric assembly and export of some members of the integrin and toll-like

receptor protein families, which in the absence of GP96, are retained unassembled in

the ER (Randow and Seed, 2001).
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3.2.2.2 Recognizing misfolded proteins

When is a protein misfolded? There are no experimental assays to determine whether

a protein has reached its final conformation. A protein can be considered as

misfolded due to a frameshift, mutations, oxidative stress, lack of partner subunits,

or when the amount of proteins exceeds the folding capacity of the cell.

Distinguishing between proteins that are in the process of reaching their final

conformation and those that are permanently misfolded presents an intriguing

conundrum for the cell.

It has been proposed that terminally misfolded proteins are recognized by the

mannose content of their N-linked glycans (Helenius and Aebi, 2004). The ER

enzyme α 1,2 mannosidase is a slow-acting membrane-bound exo-mannosidase that

removes the terminal mannose from the oligosaccharide to yield the Man8GlcNAc2

structure. This structure is thought to be the signal that targets some glycoproteins

for degradation (Ellgaard and Helenius, 2003; Helenius and Aebi, 2004). Proteins

with this tag are transferred from CNX to lectins of the EDEM (ER degradation

enhancing α−mannosidase-like protein) family (Ermonval et al., 2001; Hosokawa et

al., 2001; Kitzmuller et al., 2003). EDEM1 plays a dual role: it escorts substrates out

of the CNX cycle for degradation (Molinari et al., 2003; Oda et al., 2003) and it

maintains substrate solubility by acting as a lectin chaperone (Kanehara et al., 2007).

EDEM1, EDEM2, and EDEM3 seem to have overlapping functions (Hirao et al.,

2006; Hosokawa et al., 2003; Hosokawa et al., 2001; Mast et al., 2005; Mast and

Moremen, 2006; Olivari et al., 2005). Although it was initially thought that EDEMs

lack any mannosidase activity due to a missing cysteine otherwise conserved in

mannosidases, it has now been shown that EDEMs themselves can trim mannoses of

misfolded proteins (Olivari et al., 2006).

Yos9p represents a second class of lectin-like factors that play a role in the

recognition of misfolded proteins. Its lectin-like domain is homologous to the

mannose-6-phosphate receptor domain. It can bind to glycosylated and non-

glycosylated proteins, so it remains unclear whether it in fact represents a true lectin

(Bhamidipati et al., 2005). Yeast Yos9p has two mammalian orthologues, XTP-3B

and OS9. OS9 is described in the results section.
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The chaperones PDI and BiP not only play a role in proper folding, they have also

been proposed to aid in removal of misfolded proteins: BiP by preventing

aggregation (Kabani et al., 2003; Nishikawa et al., 2001) and PDI by unfolding

disulfide bonds (Tsai et al., 2001; Tsai et al., 2002). It remains unclear whether

EDEMs or Yos9p, analogous to BiP or PDI, can also play a role in protein folding.

3.2.3 The unfolded protein response

A significant increase in secretory load may exceed the folding capacity of the ER.

Therefore, a stress response called the unfolded protein response (UPR) is initiated

when misfolded proteins accumulate (Rutkowski and Kaufman, 2004). The UPR

serves two purposes: it initially decreases the rate of protein translation and then

increases the quantities of chaperones that aid in folding, and of proteins that are

involved in the degradation of misfolded proteins. The secretory load is decreased by

the action of the transmembrane protein kinase PERK, which, under conditions of

ER stress, phosphorylates the translation initiation factor eIF2α. This causes an

arrest in protein synthesis (Harding et al., 2000). There are two phospho-eIF2α

phosphatases, GADD34 and CreP, in a complex with protein phosphatase PP1c, that

provide a feedback mechanism to alleviate translational arrest (Jousse et al., 2003;

Novoa et al., 2001; Novoa et al., 2003).

The UPR also acts on transcriptional level through two transmembrane sensors,

ATF6 and IRE1. Upon accumulation of misfolded proteins, ATF6 travels from the

ER to the Golgi, where two proteases, S1P and S2P, cleave its transmembrane region

(Ye et al., 2000). Intramembrane cleavage results in the release of the cytosolic bZIP

transcription factor that is imported to the nucleus where it activates transcription of

chaperone genes (Ye et al., 2000).

IRE1 (insotitol requiring) is a kinase located in the ER membrane (Cox et al., 1993).

It autophosphorylates upon ER stress, thereby activating its cytosolic endonuclease

activity (Shamu and Walter, 1996). The endonuclease splices the mRNA of the

transcriptional activator XBP-1 (X-box-binding protein 1), resulting in a 26

nucleotide shorter mRNA (Calfon et al., 2002; Shen et al., 2001; Yoshida et al.,

2001). Unspliced XBP-1 encodes a highly unstable protein that lacks the
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transcriptional activation domain. Spliced XBP-1 yields a more stable protein that

has a DNA binding domain and a transcriptional activation domain (Calfon et al.,

2002). XBP-1 upregulates the transcription of chaperones and of proteins involved in

the disposal of misfolded ER proteins (Lee et al., 2003). BiP has been proposed to

play a major role in the activation of all three UPR transducers (Bertolotti et al.,

2000; Okamura et al., 2000; Shen et al., 2002) in that it binds to the luminal regions

of e.g. Ire1a, but dissociates when misfolded proteins accumulate, thereby allowing

activation of Ire1 and PERK (Bertolotti et al., 2000) and ATF6 to travel to the Golgi

(Shen et al., 2002). This model, however, does not explain the fast initiation of the

UPR when just a few misfolded proteins arise, since BiP attains millimolar

concentrations in the ER. The crystal structure of the luminal domain of yeast Ire1p

also suggests a different model: the luminal domain forms a peptide binding groove

very similar to that of class I MHC (see Chapter 3.2.3.7.1) and might recognize

misfolded proteins directly (Credle et al., 2005). In addition, when mutating the BiP

binding site on IRE1, recognition of misfolded proteins continues (Oikawa et al.,

2007).

When misfolded proteins persist, high levels of reactive oxygen species are

generated by attempts at oxidative folding (Tu and Weissman, 2004) . The reactive

oxygen species will eventually lead to cellular damage and apoptosis (Haynes et al.,

2004). Cells with a high secretory load, such as hepatocytes, antibody-producing

plasma cells, or insulin-producing β-cells of the pancreas are more sensitive to the

effects of ER stress and to mutations that interfere with proper UPR induction

(Harding et al., 2001; Ozcan et al., 2004; Reimold et al., 2000). Eventually,

prolonged UPR signaling induces apoptosis, presumably through ER-associated

caspases (Rao et al., 2001). The three UPR inducers attenuate with different time

frames: IRE1 is switched off the earliest, already after 8hours, whereas PERK

signaling persist the longest (30hrs) with ATF6 being intermediate (Lin et al., 2007).

If IRE1 signaling is artificially enhanced, cells cannot undergo apoptosis, making it

an important determinant of cell fate (Lin et al., 2007).
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3.2.4 The ubiquitin-proteasome system

All cellular proteins are subject to turnover. Proteins are targeted for degradation

through tagging with multiple molecules of ubiquitin, a polypeptide of 76 amino

acids (Hershko and Ciechanover, 1998; Varshavsky, 1997). Ubiquitin-tagged

proteins are degraded by the cytosolic proteasome with concomitant release of free

ubiquitin (Glickman and Ciechanover, 2002; Heinemeyer et al., 1991; Wolf and Hilt,

2004).

The ubiquitin-proteasome system is pivotal to numerous cellular processes such as

cell cycle control, transcriptional regulation, signal transduction, membrane

trafficking, and many others (Pickart, 2001). Ubiquitin is highly conserved in all

eukaryotes. It is encoded by four genes, either as poly-ubiquitin fusion genes (UbB

and UbC) or as ubiquitin fusions to the small ribosomal subunit (UbA52, UbA80)

(Finley et al., 1989; Redman and Rechsteiner, 1989). Ubiquitin is transcribed at

relatively low levels (see results section, Ryu et al., 2007). Deubiquitinating enzymes

process the ubiquitin fusion proteins immediately after their synthesis to generate

mono-ubiquitin.

The attachment of ubiquitin to target proteins follows a complex enzymatic cascade:

The ubiquitin-activating enzyme E1 activates ubiquitin in an ATP-dependent

reaction by forming a thioester between a cysteine residue in the enzyme and the c-

terminus of ubiquitin (G76). One of several E2 enzymes (ubiquitin-conjugating

enzymes or UBCs) transfer the activated ubiquitin via another thioester, now

between a cysteine residue in the E2 and ubiquitin, to the NH2 group of a lysine

residue (in special cases the NH2 group at the amino-terminus of the substrate can be

used) on the substrate. At this stage the substrate and the E2-ubiquitin complex

interacts with one of hundreds of E3 enzymes or ubiquitin ligases, which facilitate

the transfer of ubiquitin to the substrate by creating a covalent amide bond between

ubiquitin and the substrate, and are therefore responsible for substrate selection

(Glickman and Ciechanover, 2002; Hershko and Ciechanover, 1998). Most of the

more than 500 known E3’s in mammals belong to two classes, the HECT

(homologous to E6-AP carboxyl terminus) domain ligases or the RING (really
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interesting new gene) domain ligases. HECT domain E3’s form (analogous to the E1

and E2’s) a catalytic thioester intermediate with ubiquitin and a conserved cysteine

residue in the HECT domain through transesterification (Pickart, 2001). There are

only 6 known HECT E3’s in Saccharomyces cerevisiae and less than 30 in

mammals. The majority of E3 ligases belongs to the RING and RING finger like

ligases. RING finger E3s recognize E2’s through the coordination of two zinc ions

(Kostova et al., 2007). RING E3s do not necessarily form a thioester intermediate

with ubiquitin, but mainly bring the ubiquitin-loaded E2 in close proximity to the

substrate (Pickart, 2001).

Figure 2: The ubiquitin cascade. E1= ubiquitin activating enzyme, E2=ubiquitin
conjugating enzyme, E3= ubiquitin ligase, S= Substrate. For details see text.

By successively adding ubiquitin molecules through their C-terminal carboxy group

onto lysine residues on previously added ubiquitin molecules, a poly-ubiquitin chain

is synthesized. The presence of a fourth class of enzymes, the E4 proteins, that assist

in the elongation of the ubiquitin chain, has been suggested (Hoppe, 2005). As there

are multiple lysines on ubiquitin, chains with different linkage types can be created.
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Targeting of proteins for proteasomal degradation generally requires poly-ubiquitin

chains in a K48-linkage type, and a minimum of 4 ubiquitin to build the chain.

Other ubiquitin linkage types exits: K63 and K29 linked ubiquitin chains as well as

mono-ubiquitin usually have non-proteolytic functions in DNA repair, endocytosis,

transcriptional regulation and proteasomal function (Pickart and Eddins, 2004).

Mono-ubiquitin, which can occur on a single lysine residue in the target protein, or

on several lysine residues, represents an important sorting signal in the endocytic

pathway (Hicke, 2001; Hicke and Dunn, 2003).

Proteins can not only be covalently tagged with ubiquitin itself, but also with

molecules that share structural homology to ubiquitin, such as SUMO, NEDD8,

Fat10, or ISG15. These ubiquitin-like modifiers (UBLs) usually do not tag proteins

for degradation but have more specialized roles (Love et al., 2007; Schwartz and

Hochstrasser, 2003).

Deubiquitinating enzymes (DUBs) cleave the isopeptide bond between ubiquitin and

substrate or between ubiquitin (Ub) and another ubiquitin molecule. This function

serves to rescue substrate proteins from proteasomal degradation (Rumpf and

Jentsch, 2006), to generate or recycle ubiquitin (Swaminathan et al., 1999), or to

control trafficking (Nikko and Andre, 2007). DUBs belong to a diverse group of

cysteine and metallo proteases (Love et al., 2007; Nijman et al., 2005), and can be

divided into 5 distinct classes in mammals: (i) Ub C-terminal hydrolases (UCHs), (ii)

ub-specific proteases (USPs), (iii) Machado-Joseph disease protein domain proteases

(MJDs), (iv) ovarian tumor proteases (OTUs), and (v) JAMM motive (zink metallo)

proteases (Love et al., 2007).

Since the ubiquitin conjugation pathway involves a remarkable diversity of its

substrates, the activities of DUBs, E2, and E3 ligases are regulated. For example E3

ligases can bind to more than one E2, and their activity, in addition, is controlled by

post-translational modification, localization, oligomerization, and degradation

(Pickart and Eddins, 2004).
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3.2.4.1 The proteasome

The proteasome is a multisubunit protease in the cytosol. It consists of the 19S Cap

or regulatory particle (RP) and the 20S core particle (CP), a barrel-shaped proteolytic

chamber. Both the 19S Cap and the 20S core particle confer selectivity to the

degradation process. The 19S regulatory particle recognizes substrates selectively,

and controls entry into the barrel of the core particle. In addition, only previously

unfolded substrates are able to enter the core particle, as access to the core particle

occurs through a narrow pore with a diameter of about 2nm (Glickman et al., 1998;

Wolf and Hilt, 2004). The 20S core consists of a barrel or cylinder composed of four

stacked rings with seven distinct subunits each. The two outer rings are composed of

α  subunits and the two innermost rings of β subunits, forming in total three

chambers (Groll et al., 1997). The β subunits line the inner cavity of the proteolytic

core particle. Only three of the seven β subunits in each ring are catalytically active,

with a chymotrypsin-like, trypsin-like, and peptidyl-glutamyl-like hydrolyzing

activity (Wolf and Hilt, 2004). The α subunits are catalytically inactive. In addition,

alternative interferon-γ inducible β genes exist that encode for β subunits that

proteolyze peptides for improved display on MHC class I (see chapter 3.2.3.7). The

19 S Cap has to perform a multitude of functions: (i) it has to selectively bind to the

ubiquitinated protein, (ii) unfold it, (iii) assist in the deubiquitination of the substrate,

(iv) open the gates into the core particle, and (v) drive the unfolded protein into the

proteolytic chamber (Wolf and Hilt, 2004).

3.2.5 Removal of misfolded proteins from the ER

ER-associated protein degradation (ERAD) involves at least three distinct steps: (i)

recognition of the respective protein as terminally misfolded (see chapter 3.2.2.2),

(ii) dislocation or retrotranslocation of the protein through the ER membrane into the

cytoplasm, and (iii) its ubiquitin-dependent degradation in the cytosol by the

proteasome (Ahner and Brodsky, 2004).
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3.2.5.1 ER protein degradation in yeast: early findings through a genetic
approach

Evidence that proteins from the ER might be degraded in the cytosol emerged when

an ER-bound UBC enzyme, Ubc6p, with its catalytic center located in the cytosol,

was discovered in yeast (Chen et al., 1993). Furthermore, disruption of the ubc6

locus rescues the protein translocation defect caused by a mutation in the

translocation channel Sec61 (Biederer et al., 1996; Sommer and Jentsch, 1993),

suggesting that the mutant subunit is stabilized if the ubiquitin-proteasome pathway

is compromised.

Further evidence that the ubiquitin-proteasome pathway is involved in the

degradation of misfolded ER proteins emerged from genetic screens in yeast. The

genetic screens were performed using two substrates: CPY*, a point-mutant

(G255R) of the vacuolar protein carboxypeptidase yscY (CPY), that is soluble and

glycosylated, and HMG-CoA-Reductase (3-hydroxy 3-methylglutary coenzyme A

reductase), a polytopic transmembrane ER protein that is a crucial enzyme in

cholesterol biosynthesis of the mevalonate pathway. The enzyme is degraded when

cholesterol and its precursors reach a certain threshold (Hampton and Rine, 1994).

Two genetic screens - one screening for stabilization of CPY* (Hiller et al., 1996;

Knop et al., 1996), yielding the DER genes (for degradation in the ER), the other

screening for mutants that are defective in the regulated degradation of HMGCoA-

Reductase (Hampton et al., 1996), yielding the HRD genes (for HMG CoA

reductase degradation) – revealed the existence of a conserved group of proteins

required for protein degradation from the ER.

One of the major findings of this screen for CPY* stabilization was a surprise: Much

research had been dedicated to finding an ER resident protease that would degrade

entirely luminal ER proteins, such as CPY*, which do not expose any domains into

the cytosol. The screen for a defect in the degradation of CPY* revealed that the

cytosolic proteasome and the ubiquitin-conjugating enzyme Ubc7p play a major role

in this degradation (Hiller et al., 1996), and not an ER-resident protease (Wolf and

Schafer, 2005).
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3.2.5.2 ER protein degradation in mammalian cells

The involvement of the ubiquitin-proteasome pathway in the degradation of

aberrantly folded proteins in the mammalian ER was first established in studies

involving the mutant form of an ion channel, the cystic fibrosis transmembrane

conductance regulator (CFTR). A mutation in this channel leads to the deletion of a

phenylalanine residue at position 508, thereby preventing proper folding and

assembly of the channel (Cheng et al., 1990). The mutant CFTR (CFTR delta F508)

does not traffic to the plasma membrane and, in homozygous causes one of the most

common lethal genetic diseases in Caucasians, called cystic fibrosis (Pilewski and

Frizzell, 1999). Proteasome inhibitors and dominant-negative forms of ubiquitin

(K48R) uncovered the role of the ubiquitin-proteasome pathway in the disposal of

this protein (Jensen et al., 1995; Ward et al., 1995).

Around the same time, two viral proteins, US2 and US11, were uncovered that

triggered the destruction of class I MHC heavy chains from the ER to avoid immune

recognition (Wiertz et al., 1996a; Wiertz et al., 1996b). These heavy chains are

stabilized when cells are exposed to proteasome inhibitor, giving further evidence

that ER-resident proteins, with or without transmembrane domains, are degraded by

the cytosolic proteasome.

3.2.5.3 Ubiquitin conjugation of dislocation substrates – different substrates,
different E3 complexes

3.2.5.3.1 Yeast dislocation E3s

The main ubiquitin ligases studied in yeast are the RING-finger E3’s Hrd1p/Der3p

and Doa10p. Both are part of multiprotein “dislocation” complexes and can assemble

with different adaptor factors, depending on the nature of the protein that is being

dislocated. However, the Hrd1p and Doa10p pathways seem to converge at the

cytosolic side of the ER: they require the ATPase p97/Cdc48p for substrate removal

from the ER membrane (Kostova et al., 2007).
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Figure 3: Schematic representation of the Hrd1p (upper panel, A) and Doa10p (lower
panel, B) ligase complexes in yeast.

In yeast, a distinction between ER dislocation substrates is being made not only

according to the overall topology and localization of the substrate, but also according

to the site where misfolding occurs on the substrate (Ahner and Brodsky, 2004). The

ERAD-C pathway (ER associated degradation, cytosolic) requires the ligase Doa10p

and acts on proteins with misfoldings in cytoplasmically exposed domains. The

ERAD-L pathway (ER associated degradation, luminal) uses the Hrd1p ligase

complex to clear proteins that have defects in luminal domains (Vashist and Ng,

A

B
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2004). These substrates usually have to shuttle to the Golgi, presumably to acquire a

modification that will target them for degradation once they rereach the ER,

providing one explanation for why luminal dislocation substrates have a much longer

half-life than transmembrane substrates. Proteins that have lesions in their

transmembrane regions are supposed to be degraded through the ERAD-M (ER

associated degradation, membrane) pathway. ERAD-M also requires the ligase

Hrd1p but uses different adaptor proteins to form the degradation complex (Carvalho

et al., 2006). It remains unclear however, how a lesion in one domain might affect

the overall structure of the protein, and whether in the case of multiple lesions, one is

dominant over the other. For example, in polytopic transmembrane proteins,

interactions between transmembrane helices are essential for proper folding and

assembly (Curran and Engelman, 2003). The aforementioned dislocation substrate

HMGR is presumably targeted for degradation due to structural alterations in its

transmembrane region (Shearer and Hampton, 2005), leaving unexplained why such

restructuring would make this protein a target for the dislocation machinery.

3.2.5.3.1.1 The Hrd1 complex
Hrd1p spans the ER six times, with both termini exposed to the cytosol (Bordallo

and Wolf, 1999; Deak and Wolf, 2001; Gardner et al., 2000). It lacks a glycosylation

side and an ER retention motif, but it seems to be localized exclusively to the ER

(Kostova et al., 2007). Hrd1p can associate with the ubiquitin conjugating enzymes

Ubc7p, Ubc1p, and with the transmembrane anchored Ubc6p. In vivo, the principal

E2 for Hrd1p catalyzed polyubiquitination is Ubc7p, which is tethered to the ER

membrane via a CUE domain containing protein, Cue1p (Biederer et al., 1997).

Ubc1p and Ubc7p both physically associate with Hrd1p through its RING finger,

with the catalytically dead mutant C399S incapable of binding (Bays et al., 2001a;

Deak and Wolf, 2001). There are some substrates that utilize Ubc6p, but generally it

does not seem specifically required for Hrd1p function (Bays et al., 2001a; Kostova

et al., 2007).

Hrd1p ligase activity depends critically on its co-factor Hrd3p, a type I glycosylated

transmembrane protein that forms a 1:1 stochiometric complex with Hrd1p (Gardner

et al., 2000). The bulk of Hrd3p is in the lumen of the ER and carries 5 N-linked
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glycans. In the absence of Hrd3p, the normally stable Hrd1p itself turns into an ER

dislocation substrate, using Ubc7p and Cue1p and its own ligase activity for its

destruction (Gardner et al., 2000; Plemper et al., 1999). Hrd3p’s N-terminal region is

essential for ER degradation, and its central region is required for binding and

stabilizing Hrd1p (Gardner et al., 2000). The luminal domain contains several

repetitive structural and functional domains (sel1-like repeats of the tetratricopeptide

(tpr) family) that might be involved in binding of misfolded proteins or in

recruitment of chaperones. The human homologue of Hrd3p, SEL1L, binds to the

misfolded protein RI332 and not to its properly folded parent protein ribophorin

(Mueller et al., 2006). This is discussed in detail in the results chapter.

The finding that the ER degradation defect in a Δhrd3 deletion strain could be

circumvented by overexpression of Hrd1p (Gardner et al., 2000; Plemper et al.,

1999) is confusing. More insight into Hrd3p’s function emerged with the discovery

of an ER luminal lectin-like protein, Yos9p, involved in the degradation of

glycosylated proteins (Bhamidipati et al., 2005; Buschhorn et al., 2004; Kim et al.,

2005; Szathmary et al., 2005). Yos9p interacts with Kar2p/BiP and with the luminal

domain of Hrd3p (Denic et al., 2006; Gauss et al., 2006b). In yeast, Hrd3p, Yos9p,

and Kar2p can all independently of each other bind to misfolded proteins, yet, in the

absence of Yos9p and Hrd3p, Hrd1p-mediated degradation proceeds uncompromised

(Denic et al., 2006). Therefore, it has been proposed that Hrd3p acts as a gate-keeper

of the Hrd1p ligase complex: Although Yos9p and Hrd3p can bind to substrates

independently of their glycosylation state, only those bearing the GlcNAc2-Man8 tag

are handed over from Hrd3p to Hrd1p and proceed to degradation (Ismail and Ng,

2006). Moreover, wild-type cells degrade Hrd1p if it is not complexed with Hrd3p,

presumably to prevent indiscriminate degradation of ER proteins (Gardner et al.,

2000; Gauss et al., 2006a; Plemper et al., 1999).

Hrd3p and Hrd1p interact biochemically with the small, non-glycosylated

transmembrane protein Der1p, which spans the membrane four times (Gauss et al.,

2006a; Knop et al., 1996). Although Der1p is essential for ERAD-L in yeast, its

function remains obscure (Taxis et al., 2003; Vashist and Ng, 2004). Its human

homologue, Derlin-1, is required for US11-mediated dislocation of the

transmembrane protein class I MHC heavy chain (Lilley and Ploegh, 2004; Ye et al.,

2004), but appears to be dispensable for the function of US2, which also assists in
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the degradation of class I MHC products (Lilley and Ploegh, 2004). In yeast, the

interaction between Der1p and the ligase complex is mediated through Usa1p, a

protein of unknown function (Carvalho et al., 2006). The link to the cytosolic

ATPase Cdc48p is provided by the UBX domain containing proteins Ubx2p (Neuber

et al., 2005; Schuberth and Buchberger, 2005).

3.2.5.3.1.2 The Doa10 complex
Doa10p spans the ER membrane 14 times and associates with Ubc6p, Ubc7p,

Cue1p, Ubx2p and Cdc48p (Carvalho et al., 2006). Doa10p (degradation of α2) was

identified in a screen with a soluble fusion substrate, consisting of the deg1 domain,

which targets the transcription factor Matα2 for degradation (Chen et al., 1993;

Swanson et al., 2001). In vivo, Matα2 is degraded with two distinct pairs of UBCs,

Ubc4/5p and Ubc6/7p (Chen et al., 1993). Doa10p participates only in the Ubc6/7p

dependent degradation (Swanson et al., 2001). Doa10p is not only localized to the

ER, but also to the inner and outer nuclear membrane, explaining how the nuclear

protein Matα2 can be a substrate (Deng and Hochstrasser, 2006). Another substrate

of Doa10p is the polytopic transmembrane protein Ste6*p. Here, the Doa10p

complex associates with the cytosolic chaperones Hsp70/40p, presumably to unfold

the protein (Nakatsukasa et al., 2008). Cdc48p, tethered via Ubx2p to the ligase

complex, is only required for membrane anchored proteins, not soluble proteins,

discovered in a screen with the deg1 domain fused to a membrane anchored protein

(Ravid et al., 2006).

3.2.5.3.2 Mammalian E3’s

Hrd1p has two mammalian orthologs, gp78 and HRD1 (Fang et al., 2001; Kikkert et

al., 2004). Gp78 was the first mammalian ER bound E3 ligase that plays a role in the

removal of ubiquitinated proteins from the ER. Subunits of the T cell receptor

complex, TCRα and CD3δ are unstable when expressed in isolation, presumably due

to the presence of unpaired charged residues in their transmembrane regions (Cosson

et al., 1991). Gp78 interacts with the mammalian ortholog of Ubc7p (Ube2g2) via its

CUE domain and ubiquitinates TCRα and CD3δ  (Fang et al., 2001). Gp78 also
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interacts with the AAA ATPase p97/Cdc48p (Zhong et al., 2004). The CUE domain

is required for proper ubiquitination in vivo, but the p97 binding domain at the C-

terminus is not (Chen et al., 2006; Zhong et al., 2004). This may be caused by gp78’s

ability to bind to a p97-interacting protein, Ubxd2, and to Derlin-1 (Liang et al.,

2006). Apart from ubiquitinating T cell receptor subunits, gp78 has a wide range of

substrates: it plays a role in cholesterol metabolism by degrading INSIG-1 and

HMGR depending on sterol levels in the cell (Lee et al., 2006; Song et al., 2005).

Other substrates include apolipoprotein B100 and the Z variant of α1-antitrypsin

(Chen et al., 2006; Shen et al., 2006).

3.2.5.3.2.1 HRD1/Synoviolin
HRD1 and gp78 share more than 50% homology in their transmembrane regions.

HRD1 derives its name from its overall similarity to yeast Hrd1p (Kostova et al.,

2007). HRD1, like gp78, plays a role in ubiquitination of the unpaired T cell receptor

subunits, TCRα and CD3δ (Kikkert et al., 2004; Nadav et al., 2003). Additionally, it

ubiquitinates a misfolded G-protein coupled receptor, Pael-R, that plays a role in

Parkinson’s disease (Omura et al., 2006). Recent evidence suggests that it also aids

in the distruction of cytosolic p53 (Yamasaki et al., 2007). In vitro, HRD1 can

function together with Ube2G2/UBC7, but it remains unclear what E2 complexes it

forms in vivo (Kostova et al., 2007).

In the results chapter of this thesis, protein complexes of HRD1 were analyzed.

Interestingly, HRD1 was found as an integral member of a complex containing the

Der1p orthologs Derlin-1 and Derlin-2, and SEL1L, the human homolog of Hrd3p.

Derlin-1 and SEL1L/Hrd3p both play a crucial role in the dislocation of class I MHC

heavy chains (Lilley and Ploegh, 2004; Lilley and Ploegh, 2005a; Mueller et al.,

2006). The mammalian HRD1 complex therefore seems to be superficially similarly

organized as the yeast Hrd1p complex. Many open questions remain: HRD1 itself

was reported to not be required for ubiquitination of class I MHC heavy chains

(Kikkert et al., 2004), the cognate E3 for this reaction has not been found, although

analysis of the complexes involved in this process all hint towards HRD1 (Lilley and

Ploegh, 2005a; Mueller et al., 2006). Another surprise came with the discovery of

the E2 enzyme catalyzing the ubiquitination of heavy chains: E2-25K was uncovered
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using a permeabilized cell system to analyze HC dislocation (Flierman et al., 2006;

Shamu et al., 1999). However, analysis of the complexes containing HRD1 and

SEL1L together with functional data uncovered the ortholog of yeast Ubc6p, Ube2J1

(see results section of this thesis). Due to the more numerous E2 and E3 enzymes

present in mammalian cells, and the difficulties in a genetic approach, a simple

analogy to the yeast system cannot be made.

3.2.5.3.2.2 March IV/Teb4
Teb4 is the human homolog of Doa10p with a similar topology (Hassink et al., 2005;

Kreft et al., 2006). Similarly to yeast Hrd1p, Teb4 catalyzes its autoubiquitination

together with Ube2g2/UBC7, but no ER dislocation substrates have been analyzed

so far (Hassink et al., 2005).

3.2.5.3.2.3 Trc8
Trc8 is a polytopic transmembrane ER protein with a sterol sensing domain

(Gemmill et al., 2002). It is involved in cholesterol and fatty acid biosynthesis, both

of which are regulated by SREBPs (sterol response element binding proteins), but

the mechanism is unknown (Brauweiler et al., 2007).

3.2.5.3.2.4 Cytosolic E3’s
Entirely cytosolic E3’s that regulate ER degradation are unknown in yeast. In

mammals CFTR is ubiquitinated by the concerted action of multiple E3’s. First the

ring domain protein RMA1 together with Ube2j1 ubiquitinates CFTR ΔF508 and

forms a complex with Derlin-1. Then, the cytosolic U-box protein CHIP binds to

HSC70, Hdj2, and UbcH5a (an E2) to form a ubiquitin ligase complex that senses

the folding state of the cytosolic portion of CFTR and induces ubiquitination of that

portion (Meacham and Cyr, 2002; Meacham et al., 1999; Meacham et al., 2001;

Younger et al., 2006). Another cytosolic ubiquitin ligase is Parkin, which together

with HRD1, ubiquitinates Pael-R (Imai et al., 2002b; Imai et al., 2001).

F-box containing ligases have also been implicated in ER protein degradation in

mammals. They bind to N-linked glycans of glycoproteins that have been dislocated
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into the cytosol, prior to glycan removal by N-glycanase (Yoshida, 2005; Yoshida,

2007; Yoshida et al., 2005; Yoshida et al., 2002).

3.2.5.4 Crossing the lipid bilayer

The involvement of the ubiquitin-proteasome pathway in the degradation of ER

proteins leads to one of the most pressing questions in the field: how do proteins

cross the lipid bilayer?

3.2.5.4.1 Sec61
Yeast genetics, using CPY* as the dislocation substrate, suggested the involvement

of Sec61 (Plemper et al., 1997). In addition to its role in translocation, it might be

capable of performing the reverse reaction and act as a channel to release certain

dislocation substrates into the cytosol (Plemper et al., 1997; Plemper et al., 1999;

Zhou and Schekman, 1999). Additionally, purified microsomes from Sec61 mutant

temperature-sensitive yeast cells are incapable of dislocation gpαF, which remains in

the ER lumen bound to Sec61 (Pilon et al., 1998; Pilon et al., 1997). Early

biochemical analysis of a variety of mammalian dislocation substrates also pointed

to the involvement of Sec61 in dislocation (Bebok et al., 1998; de Virgilio et al.,

1998; Wiertz et al., 1996b). Recently, proteasomes tethered to the Sec61 translocon

were found (Kalies et al., 2005; Ng et al., 2007). However, the involvement of Sec61

remains controversial: The dislocation substrates examined appear to exit the ER

fully glycosylated (de Virgilio et al., 1999; de Virgilio et al., 1998; Hiller et al.,

1996; Wiertz et al., 1996a; Wiertz et al., 1996b), suggesting that the pore size of the

channel must be larger than that of the import channel, which must accommodate

only a single polypeptide chain. Moreover, mutants that affect an essential process

such as translocation might lead to indirect effects on dislocation. Defects in

dislocation might thus be the result not so much of a direct effect on the channel as

the dislocation pore, but rather be due to an incomplete set of proteins present in the

ER lumen. The biochemistry data also are difficult to interpret, as proteins in the

Sec61 complex are rather abundant and might bind non-specifically to the

overexpressed substrate proteins, depending on the ionic strength of the buffers used

(Lilley thesis 2005). More recent, extensive biochemical analysis of yeast and
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mammalian dislocation did not reveal Sec61 subunits (Carvalho et al., 2006; Huyer

et al., 2004; Lilley and Ploegh, 2004; Ye et al., 2004, this thesis). Although the direct

involvement of the Sec61 complex in the US2- mediated dislocation reaction was

proposed earlier (Wiertz et al., 1996b), our proteomic analyses for US2 and US11

interacting partners have yet to confirm the presence of Sec61 subunits (Lilley and

Ploegh, 2004; Lilley and Ploegh, 2005a; Loureiro et al., 2006).

3.2.5.4.2 Transmembrane proteins that could constitute the dislocon
The existence of a proteinacous pore, consisting of Hrd1p/HRD1 and/or

Der1p/Derlin has been proposed (Gauss et al., 2006b; Ye et al., 2004). Der1p spans

the ER membrane four times (Knop et al., 1996), its human homologs can

oligomerize, and additional interacting partners also contain transmembrane

segments (Lilley and Ploegh, 2005a, this thesis). This complex generically is referred

to by the term dislocon, not only to distinguish it from the translocon involved in

protein import into the ER, but also to convey the sense of direction (from ER to

cytosol) inherent in the process and to suggest its involvement in removal of proteins

no longer suitable for use. The organization of a putative dislocon could include

numerous transmembrane segments that might contribute to the construction of a

protein conducting channel. If all of the proteins that interact with Derlin-1, -2 and

with SEL1L are part of a dislocon, then its complexity approximates or exceeds that

of the Sec61 complex (See results chapter of this thesis).

The question of whether complete substrate unfolding necessarily precedes

dislocation, or whether (partly) folded structures can be ferried across the ER as

well, remains controversial. Based on the use of dihydrofolate reductase (DHFR) and

GFP N-terminal fusions with Class I MHC heavy chains, dislocation assisted by

US11 and US2 is not impeded by these bulky and stably folded attachments

(Fiebiger et al., 2002; Tirosh et al., 2003), based on arrival in the cytoplasm of the

tagged Class I MHC heavy chains in fluorescent or protease resistant form. Further,

the radius of gyration of a typical high mannose oligosaccharide and its structure in

solution are such that the mere presence of a single N-linked high mannose glycan

would effectively preclude dislocation through protein conducting channels such as

Sec61 (Van den Berg et al., 2004), although it remains to be investigated whether a
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channel consisting of HRD1 and Derlin heterodimers could accommodate such a

large pore. Finally, the involvement of Derlin-2 in infection by polyoma virus

reinforces the concept that elements of (glyco)protein quality control may be used

also to allow this virus to escape from the ER and access the cytoplasm (Lilley et al.,

2006). The available evidence suggests that complete deconstruction of the polyoma

capsid structure may not occur until its arrival in the cytoplasm (Lilley et al., 2006).

The details of how proteins involved in quality control exert their effect in infection

with polyoma virus is still not clear. It was recently reported that simian virus 40

(SV40) requires the oxidoreductases PDI and ERp57 prior to its exit from the ER,

presumably for its partial uncoating. For release from the ER, the proteins SEL1L

and Derlin-1 are essential, maybe for recognition and in forming some form of a

channel (Schelhaas et al., 2007).

Establishing the identity of the channel through which proteins or (sub)viral particles

leave the ER thus remains an important target. The identification of additional

proteins that participate in these reactions, as reported in this thesis, is an obvious

step towards that goal.

3.2.5.4.3 Lipid droplets
The conundrum of how folded entities or even large globular particles such as

viruses can cross the lipid bilayer has been explained by an interesting alternative

involving the formation of lipid droplets (Ploegh, 2007). Lipid droplets consist of a

hydrophobic core of neutral lipids (triacylglycerides (TAG), cholesterol esters),

surrounded by a monolayer of polar lipids (phospholipids). The surface of the

droplet is populated with proteins, the majority of which await further

characterization. There is some debate whether the core of the lipid droplet can hold

proteins as well (Robenek et al., 2005; Wan et al., 2007; Welte, 2007). Lipid droplet

purification is prone to artifacts, as exposure of the hydrophobic core might induce

binding of hydrophobic stretches in proteins non-specifically (Fujimoto and Ohsaki,

2006a). Nevertheless, calnexin and BiP have been found in lipid droplets, and other,

equally abundant ER proteins are not part of the lipid droplet repertoire (Brasaemle

et al., 2004). Lipid droplets are present in all eukaryotes and are thought to bud off

the ER, induced by certain lipid-droplet inducing proteins or an excess of lipids. The
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bulk of the lipids necessary for formation of the droplet derives from the

cytoplasmically exposed part of the ER lipid bilayer. Lipid droplets have been

proposed to act as protein storage organelles, since lipid droplet localization of some

proteins occurs in response to their elevated levels (Welte, 2007). The localization of

these proteins is elsewhere in the cell, but when overexpressed, the droplet provides

“shelter” to these proteins and removes them from their usual site of action, possibly

to prevent aggregation (Fujimoto et al., 2006; Ohsaki et al., 2006b) or even for

refolding by droplet associated chaperones (Cermelli et al., 2006; Jiang et al., 2007).

Therefore, the term “refugee proteins” has been proposed (Welte, 2007). This idea

can be taken a step further, in a way that excess proteins that will not be of use at a

later time point might be degraded at the lipid droplet. The mechanism of this action

has been hypothesized in detail (Ploegh, 2007, Figure 4). It can be envisioned that

the droplet, although usually a round structure easily recognized in fluorescent

microscopy, can have creases and curvatures that can accommodate the

transmembrane domain of the protein to be degraded, or that viral particles “slip

through” membrane curvatures at the site where lipid droplets form (Ploegh, 2007).

This would help explain how for example the class I MHC heavy chain molecule,

devoid of all cytoplasmically exposed lysines, can still be ubiquitinated (Furman et

al., 2003). Additionally, why would the cell make the effort to relocalize ER

dislocation substrates such as apolipoprotein B (ApoB) to lipid droplets prior to their

destruction? Maybe because the lipid droplet itself is the site where dislocation can

take place. Apolipoprotein B is normally secreted as part of the very low density

lipoprotein (VLDL) particles that are part of the body’s internal transport mechanism

that carry cholesterol to tissues. When VLDL assembly is inefficient or when the

proteasome is compromised, ApoB accumulates in lipid droplets. In proteasome

inhibitor-treated cells, proteasomal subunits are found on lipid droplets and ApoB is

present at the droplet in polyubiquitinated state (Fujimoto and Ohsaki, 2006b;

Ohsaki et al., 2006a), suggesting a direct role for lipid droplets in dislocation

(Ploegh, 2007). Multiple different modes of extraction likely exist. For example, as

described earlier, misfolded CPY* in yeast clearly requires Hrd1p and Der1p for its

degradation (Wolf and Schafer, 2005). When CPY* is expressed at high levels, it no

longer requires Hrd1p. This pathway was called HRD/DER-independent or HIP

pathway (Haynes et al., 2002). It critically depends on proteasome activity, an intact
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UPR, and ER-to-Golgi transport. It is important to keep in mind that in mammalian

cells most substrates, apart from class I in the US2 or US11 background, have to be

overexpressed to be able to study their half life, raising the interesting question

whether a form of HIP pathway is involved in the degradation of such substrates

(Lilley thesis 2005). The HIP pathway itself might represent some form of

dislocation pathway mediated by lipid droplets.

Figure 4: Biogenesis of lipid droplets and a model for their involvement in escape of
macromolecules and viruses from the ER. a–f, Lipid droplet formation. Phospholipids
on the luminal face of the ER lipid bilayer are depicted with purple headgroups;
phospholipids on the cytoplasmic face are depicted with white headgroups. The yellow
lollipops represent lysophospholipids and/or glucosylceramides. b, Lipid droplet
formation starts with the formation of a neutral lipid 'lens' in between the two sheets of
phospholipids. e, A lipid droplet consists of a neutral lipid core surrounded by a
monolayer of phospholipids, derived by scission from the cytoplasmic face of the ER
membrane. f, 'Wrinkles' on the surface of a lipid droplet impart local phospholipid
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bilayer character. g–k, Resolution of lipid droplet intermediates by bicelle formation.
The route taken by the class I MHC molecule (green) is representative of the fate
proposed for a type I membrane protein about to be discharged from the ER, either as
part of a lipid droplet (k, right) or as a structure composed solely of the class I MHC
molecule and phospholipid (k, left). l–o, Polyoma virus leaves the ER in the slipstream
of a lipid droplet, through a bicelle-stabilized hole created by the departure of the lipid
droplet. Other microbial products (perhaps muramyldipeptide) might use the same
route to access the cytosol. n, o, The hole created transiently (n) closes by coalescence of
the luminal and cytoplasmic phospholipid leaflets, leaving polyoma virus in the
cytoplasm (o). Taken from Ploegh, 2007.

3.2.5.5 The p97/Cdc48p complex

Removal of ubiquitinated substrates from the ER membrane requires the driving

force of an AAA (ATPase associated with various cellular activities) ATPase. This

ATPase, termed Cdc48p in yeast and p97 in mammals, is conserved from archea to

mammals and is implicated in diverse cellular processes, such as spindle assembly

after mitosis, membrane trafficking and fusion, nucleic acid repair and replication,

and Ub-dependent degradation (Woodman, 2003). p97 forms a homohexameric

barrel structure, with the 6 subunits forming a ring with a pore in the center (Zhang

et al., 2000). Each subunit contains two AAA domains (D1 and D2) with the Walker

A and B motifs essential for ATPase binding and hydrolysis, respectively (Zhang et

al., 2000). The function of p97 is regulated through its adaptor proteins (Dreveny et

al., 2004). The two p97 binding proteins Npl4 (nuclear binding protein 4, a zinc

finger protein) and Ufd1 (ubiquitin fusion degradation 1), both of which contain

poly-ubiquitin-binding domains, direct the activity of p97 towards ER degradation

(Lord et al., 2002; Romisch, 2005; Stirling and Lord, 2006; Ye et al., 2001a; Ye et

al., 2003). p97 on its own can recognize denatured proteins (Thoms, 2002) and bind

to poly ubiquitin chains (Ye et al., 2003). The name “segregase” has been suggested

for Cdc48p because its involvement in the disassembly and reassembly of protein

complexes (Jentsch and Rumpf, 2007; Raasi and Wolf, 2007; Wang et al., 2004a).

p97/Cdc48p, together with Npl4 and Ufd1, associates strongly with the membrane

fraction in yeast (Hitchcock et al., 2001; Jarosch et al., 2002b; Rabinovich et al.,

2002; Ye et al., 2001a). Some ER degradation substrates arrest in a membrane-

associated poly-ubiquitinated state when Npl4 and Ufd1 are mutated (Bays and

Hampton, 2002; Bays et al., 2001b; Jarosch et al., 2002a; Jarosch et al., 2002b).
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Most yeast substrates characterized require the Cdc48p/Npl4p/Ufd1p complex,

suggesting that the different ER pathways converge at the cytosolic side of the ER

(Huyer et al., 2004; Taxis et al., 2003). In case of the ER degradation protein pre-

pro-α-factor, an entirely luminal and non-glycosylated protein, the ATPases of the

19S Cap of the proteasome take over the ATPase driving force of the Cdc48p

complex (Lee et al., 2004). Cytoslic ATP-driven chaperones such as HSP70, HSP40,

and HSP90 also play a role in the removal from the ER membrane (Taxis et al.,

2003; Youker et al., 2004). The ATPase activity of p97 might provide the driving

force for crossing the lipid bilayer, or they might be simply required for liberating

dislocated substrates from the cytosolic face of the ER (Braun et al., 2002; Flierman

et al., 2003; Kostova and Wolf, 2003; Meusser et al., 2005). In the case of the

removal of CFTR from the ER membrane, p97 has been suggested to function as a

non-essential factor that liberates thermodynamically stable domains from the

membrane (Carlson et al., 2006). In mammals, p97 is always present when purifying

Derlin or SEL1L complexes (Lilley and Ploegh, 2005a) Proteins that can recruit p97

to these complexes have been identified, one of which is VIMP (Ye et al., 2004).

Another one, UBXD8, will be discussed in the results chapter of this thesis.

3.2.5.6 From the membrane to the proteasome: association with ubiquitin
escort factors and deglycosylation

In US2 or US11 expressing cells, the class I MHC heavy chain is completely

dislocated to the cytosol when the proteasome is inhibited (Wiertz et al., 1996a;

Wiertz et al., 1996b). This is not usually the case, as there are only few other

examples for complete removal from the ER when the proteasome is blocked. The

truncated version of ribophorin, RI332, can be arrested deglycosylated in the cytosol

upon treatment with proteasome inhibitors (Kitzmuller et al., 2003), and misfolded

class I MHC heavy chains (independently of US2 or US11) are detectable as

deglycosylated intermediates in the cytosol as well (Hughes et al., 1997).

Other substrates, such as tyrosinase, TCRα, CD3δ arrest at the ER membrane in a

partially dislocated state when the proteasome is inhibited (Elkabetz et al., 2004;

Halaban et al., 1997; Menendez-Benito et al., 2005; Misaghi et al., 2004; Tiwari and
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Weissman, 2001; Yang et al., 1998) or –in yeast- when the Cdc48p cofactors Npl4p

or Ufd1p are mutated (Bays et al., 2001b; Jarosch et al., 2002b). These data suggest

tight coupling between extraction (by the p97 ATPase) and degradation by the

proteasome. It has been proposed that this coupling is achieved via ubiquitin-escort

factors that can bind poly-ubiquitin (via their ubiquitin-associated or Uba domain)

and the proteasome (via their ubiquitin-like or Ubl domain) (Elsasser et al., 2004;

Elsasser et al., 2002; Hartmann-Petersen and Gordon, 2004; Hartmann-Petersen et

al., 2003; Medicherla et al., 2004; Richly et al., 2005). The proteins Rad23 and Dsk2

have been shown to escort and shuttle ubiquitinated proteins to the proteasome

(Elsasser et al., 2004; Medicherla et al., 2004), maybe preventing premature

ubiquitin chain disassembly by cellular DUBs and/or aggregation (Meusser et al.,

2005). The Rad23/Dsk2 proteins convey proteins from the site of ubiquitination to

the site of destruction by increasing affinity the longer the ubiquitin chains are

(Meusser et al., 2005). Cdc48p can associate with other co-factors that influence the

processing of the substrate: Ufd2p, Ufd3p, and Otu1p. Ufd2p and Ufd3p are are

ubiquitin receptors themselves, while Otu1p has deubiquitinating activity (Rumpf

and Jentsch, 2006). Ufd2p consists of a U-box domain structurally similar to a RING

finger and extends preassembled ubiquitin chains on the substrate (Aravind and

Koonin, 2000). Because of this ubiquitin elongation activity, Ufd2p belongs to the

class of E4 enzymes (Hoppe, 2005). Ufd3p competes for the same binding site with

Ufd2p on Cdc48p (Rumpf and Jentsch, 2006). Ufd3p binds ubiquitin chains via an

uncharacterized ubiquitin binding domain (Mullally et al., 2006). With these adaptor

factors in hand, p97/Cdc48p exerts control over the size of the ubiquitin chain,

thereby even capable of preventing degradation (Richly et al., 2005; Rumpf and

Jentsch, 2006).

3.2.5.6.1 Deglycosylation

Another protein capable of binding to p97/Cdc48p is peptide N-glycanase (PNGase)

1. PNGase1 is expressed in all eukaryotes and removes N-linked glycans from

misfolded proteins once they become accessible in the cytosol prior to proteasomal

degradation (Hirsch et al., 2003; Suzuki et al., 2000). In a yeast two hybrid assay, the
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sole binding partner of yeast PNGase is Rad23p (Suzuki et al., 2001). Png1p-Rad23p

occurs as a distinct subcomplex from Ufd2p-Rad23p. In mammals, PNGase binds to

multiple proteins, including the Rad23p orthologs HR23A/B, p97, the proteasome

(Katiyar et al., 2004), gp78 (Li et al., 2005), and UBX domain containing proteins

(Raasi and Wolf, 2007). PNGase has not been found to be physically associated with

the ER degradation complexes (Suzuki, 2007). Surprisingly, removal of PNG1 or

inhibition of the activity of PNGase (Suzuki et al., 2000) with the chemical inhibitor

Z-Vad-fmk (Misaghi et al., 2004) causes no general degradation defect, although

PNGase is clearly involved in the deglycosylation of heavy chains after their

dislocation into the cytosol (Blom et al., 2004; Hirsch et al., 2003). The only

substrate whose degradation clearly depends on PNGase activity is the A-chain of

ricin toxin (Kim et al., 2006). It is possible that not all proteins require

deglycosylation before they enter the proteasome. Instead, the glycans might be

removed for entirely different reasons, for example for recycling of hexoses in

lysosomes (Suzuki, 2007), or because of the preferential presentation of non-

glycosylated peptides by class I MHC (Kario et al., 2008).

3.3 Viruses can co-opt the cellular dislocation machinery: class I

MHC dislocation

Viruses depend entirely on their hosts for replication. The mammalian immune

system has developed strategies to detect virally infected cells and eliminate them.

Therefore, many viruses have evolved unique methods to manipulate the host

response (Tortorella et al., 2000c).

An effective method for a virus to evade the immune system is to interfere with

antigen presentation of the host cell. All nucleated cells present peptides (antigen) on

Class I MHC products at the cell surface. These peptides are generated in the cytosol

from cellular or virally-derived proteins through normal protein turnover, are loaded

onto Class I MHC products and are then presented to specialized immune cells, the

CD8+ cytotoxic T-lymphocytes (CTLs) on the plasma membrane (Tortorella et al.,

2000c). If the peptide is virally derived, the CTLs may recognize the antigen as

foreign and eliminate the infected cell (Shresta et al., 1998). CTLs are therefore
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crucial for control of viral dissemination (Harty et al., 2000). CTLs recognize the

class I MHC as a trimeric complex consisting of the class I MHC heavy chain (HC),

the β2-microglobulin (β2m, light chain) and an 8-10 residue antigenic peptide. The

α1 and α2 domains of the HC form a groove or cleft that displays the peptide, while

α3 (the immunoglobulin (Ig)-like domains of HC) and β2m support the peptide-

binding groove (Bouvier, 2003).

3.3.1 Assembly of class I MHC products and antigen presentation

The 43 kDa Class I MHC HCs enter the ER co-translationally via the Sec61 channel.

HCs acquire a single N-linked glycan upon insertion into the ER membrane.

Subsequent folding obeys the normal rules for glycoprotein biosynthesis and

involves calnexin (CNX) and calreticulin (CRT) and the thiol oxidoreductase

ERp57. The association with CNX prevents HCs from aggregation and also

promotes their assembly with b2m (Bouvier, 2003; Degen et al., 1992). Surprisingly,

the assembly and cell surface expression of class I MHCs is normal in a cell line

lacking CNX (Sadasivan et al., 1995; Scott and Dawson, 1995). There has been

some speculation that other ER chaperones such as BiP, can substitute for CNX

(Degen et al., 1992; Nossner and Parham, 1995).

The HC β2m heterodimer is a rather unstable complex in vitro (Bouvier and Wiley,

1998). In vivo, the majority of “empty” class I HC β2m complexes are associated

with CRT, ERp57, and two MHC encoded chaperones, TAP and tapasin to form the

“class I loading complex”, or “peptide loading complex (PLC)”. The transporter

associated with antigen presentation (TAP) is an ATP-dependent pump with the two

subunits, TAP1 and TAP2, that translocates antigenic peptides into the ER (Kelly et

al., 1992). Tapasin, a type I transmembrane glycoprotein that belongs to the

immunoglobulin superfamily (Mayer and Klein, 2001) mediates binding between the

Tap transporter and the “empty” HC/β2m heterodimers (Sadasivan et al., 1996).

Tapasin also stabilizes and retains the HC/β2m complexes in the ER (Bouvier, 2003;

Ortmann et al., 1997). Recently, PDI has been implicated in regulating the state of

the disulfide bond in the peptide binding groove (Park et al., 2006).
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Upon loading of the peptide into the MHC binding groove, the assembled class I

HC/β2m/peptide complex enters the secretory pathway and travels to the plasma

membrane. On the cell surface, the peptides are subject to inspection by the TCR or

by invariant receptors on NK cells (Cresswell, 2005; Heemels and Ploegh, 1995;

Lanier, 2005; Rammensee, 2004).

3.3.2 Recognition of virally infected cells by CTLS and NK cells

The vast majority of antigenic peptides are derived from defective ribosomal

products or DRiPs. These are prematurely terminated translation products (up to

30% of all proteins translated in the cytosol) on free ribosomes in the cytoplasm that

never reach their final protein length. DRiPs half a very short half-life of about 20

min and are rapidly degraded by the cytosolic proteasome (Schubert et al., 2000;

Turner and Varshavsky, 2000; Yewdell et al., 2001). Therefore, they deliver a

continuous supply of antigenic peptides for display by class I MHC products

(Princiotta et al., 2003). Degradation of misfolded ER proteins can also provide

source material for class I MHC antigen presentation (Ostankovitch et al., 2005), but

the extent to which these misfolded ER proteins contribute to the peptide pool

remains unknown.

In a virally infected cell, the virus hijacks the cellular translation machinery. In the

course of the infection, mainly “non-self” or “foreign” peptides are loaded onto class

I MHC molecules and displayed to the TCR, which ultimately leads to the

destruction of the infected cells by the CTL (Andersen et al., 2006). Cells that lose

their ability to display class I MHC molecules on their cell surface, are instead

examined by another set of immune cells, the natural killer (NK) cells, that will

eliminate “suspicious” cells without class I MHC complexes in a manner similar to

CTLs (Lanier, 2005).
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3.3.3 Virally encoded immunoevasins

Intracellular pathogens have developed means to counteract MHC class I antigen

presentation, thereby evading immune surveillance (Tortorella et al., 2000a;

Tortorella et al., 2000c). Virally encoded immunoevasins target almost every aspect

of antigen presentation. They can inhibit peptide loading by binding to TAP (Herpes

Simplex virus [HSV] ICP47, human cytomegalovirus [HCMV] US6, bovine herpes

virus 1 UL49.5), retain HC molecules in the ER (adenovirus E3/19K, HCMV US3),

block ER to Golgi transport of HCs (mouse cytomegalovirus [MCMV] m152),

misdirect MHC molecules to lysosomal compartments (MCMV m06, human herpes

virus [HHV] U21), inititate the internalizing and degradation of MHC molecules

from the cell surface (kaposi’s sarcoma associated HV [KSHV k3 and k5], human

immunodeficiency virus [HIV] Nef), or catalyze the dislocation of HC molecules

form the ER to the cytosol (HCMV US2, US11, US10, mouse herpes virus 68

[MHV] mK3). Some immunoevasins hinder generation of antigenic peptides in the

cytosol by inhibiting proteolysis of viral proteins (Epstein barr virus [EBV] nuclear

antigen (EBVNA-1, HCMV E protein pp65, HIV Tat) or encode class I MHC decoy

molecules to impede CTL or NK cell recognition (HCMV UL18, UL40, UL142,

MCMV m04), see figure 5 (Arase and Lanier, 2004; Hengel and Koszinowski, 1997;

Lybarger et al., 2003; Mocarski, 2004; Orange et al., 2002; Tortorella et al., 2000a;

Yewdell and Hill, 2002).
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Figure 5: Schematic representation of class I MHC antigen presentation to the TCR on
cytotoxic T-cells. Viral proteins that interfere with this process are indicated.

3.3.4 HCMV immune evasion

Whereas many viruses broadly target cellular factors in a number of subcellular

compartments, human cytomegalovirus has confined its efforts to evade immune

surveillance mainly to the ER. HCMV possesses a number of ER-resident type I

transmembrane glycoproteins that disrupt MHC class I MHC antigen presentation
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(Ahn et al., 1996). They are encoded within the unique short (US) region of its

genome, and belong to the set of immediate early or early US genes, that are

synthesized at early times after infection (Ahn et al., 1996; Jones et al., 1995).

US3 is the first immunoevasin that is synthesized. It binds and retains class I MHC

HCs in the ER, thereby preventing their egress to the cell surface (Jones et al., 1996).

US6, also an immediate early gene, binds to TAP from within the ER and blocks

peptide transport (Ahn et al., 1996; Ahn et al., 1997; Hengel et al., 1997; Lehner et

al., 1997). US10 retains HCs in the ER (Furman et al., 2002a) and catalyses their

dislocation in a poorly understood mechanism (Boyoun Park, and Hidde Ploegh,

unpublished observation). US2 and US11 are the best characterized immunoevasins

of HCMV. They are both synthesized at early times after infection and, like US10,

but incomparably faster, catalyze the dislocation of class I MHC HCs from the ER to

the cytosol, where they are degraded by the cytosolic proteasome (Ahn et al., 1996;

Jones and Sun, 1997; Wiertz et al., 1996a; Wiertz et al., 1996b).

3.3.4.1 US2- and US11- mediated dislocation

US2 and US11 are small type I transmembrane glycoproteins without any obvious

cellular homologs or sequence motifs that would help predict their function. In

HCMV-infected cells or in U373MG astrocytoma cells expressing US2 or US11,

class I MHC HCs after completion of their translocation into the ER membrane and

their glycosylation, are destroyed with rapid kinetics (Wiertz et al., 1996a; Wiertz et

al., 1996b). In US11-expressing cells, the half-life of HCs after their synthesis is a

mere 2-5min (Wiertz et al., 1996a). US11 seems to be slightly more efficient at

targeting HCs than US2 (Wiertz et al., 1996b). Still, this rate of degradation is an

order of magnitude faster than any other known mammalian model substrates.

US2 and US11 both associate with HCs in the ER shortly after their synthesis and

subsequently initiate their transport across the ER membrane into the cytosol (Wiertz

et al., 1996a; Wiertz et al., 1996b). In the cytosol, their N-linked glycan is removed

by PNGase, and the deglycosylated HC molecule is ubiquitinated and subsequently

degraded by the cytosolic proteasome (Figure 6, Hirsch et al., 2003; Wiertz et al.,

1996a; Wiertz et al., 1996b). Since US2 and US11 accomplish this rapid dislocation
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and destruction without the help of any other viral accessories, US2 and US11 hijack

the cellular machinery that dislocates proteins that fail to fold into their proper

conformation (Romisch, 2005; Tsai et al., 2002).

Figure 6: US2 and US11-mediated dislocation. Both proteins associate with newly
synthesized HCs and target them to the dislocation machinery, here represented as a
putative dislocon in green.

3.3.4.1.1 US2 structure and function

US2 is a type I transmembrane glycoprotein of 199 amino acids with a single N-

linked glycan (Wiertz et al., 1996b). US2 is retained in the ER without any obvious

ER-retention motifs. It is targeted to the ER membrane via a non-cleavable signal

sequence. This unusual mode of insertion into the ER membrane is somewhat

inefficient, and leads to a significant amount of US2 that is non-glycosylated in the

cytosol where it is rapidly degraded (Gewurz et al., 2002). Nonetheless, this non-

cleavable signal sequence, when appended on other type I transmembrane proteins is
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sufficient to direct them to the ER where it is also refractory to cleavage (Gewurz et

al., 2002). Replacing the signal sequence of US2 with that of another transmembrane

protein does not affect its function (Gewurz et al., 2002). In the ER, US2 assumes an

Ig-type fold consisting of 7 β strands. The luminal domain associates with the

lumenal domain of the class I MHC heavy chain (Gewurz et al., 2001a). ER-resident

US2 is a relatively short-lived protein: it is also a substrate of the cellular dislocation

machinery and is dislocated and degraded in the cytosol with a half-life of 1 hr

(Gewurz et al., 2002; Lilley and Ploegh, 2004). US2 binds to sites on the HC

molecule not used by other class I MHC interacting proteins, the α3 domain and the

peptide binding region (Gewurz et al., 2001a). The association of US2 with HC is

allele-specific, but the mere interaction with HC is not sufficient for dislocation

(Barel et al., 2003b; Gewurz et al., 2001b). Truncated forms of US2 lacking all or

part of its14 amino acid long tail can bind to HCs but do not initiate their dislocation

(Chevalier et al., 2002; Furman et al., 2002b; Oresic et al., 2006). When replacing

the US3 tail sequence with that of US2 the chimeric molecule is capable of

catalyzing dislocation (Chevalier and Johnson, 2003).

US2 mutants incapable of dislocating HCs stably interact with properly folded class

I MHC complexes in the ER but then exit together with class I through the secretory

pathway to the cell surface (Furman et al., 2003; Gewurz et al., 2001b). A

biochemical search for proteins that interact specifically with full-length and

therefore dislocation competent US2, and not with tailless US2 incapable of

dislocating class I molecules, afforded the identification of signal peptide peptidase

(SPP) as a cellular factor required for dislocation (Loureiro et al., 2006).

The crystal structure of US2 in contact with HLA-A2, peptide and b2m has been

solved (Gewurz et al., 2001a). US2 binding does not alter the quaternary structure of

the trimeric class I molecule. US2 can only bind to properly folded class I MHC

complexes, as US2 is incapable of targeting HC for degradation in astrocytoma

U373 cells in which the β2m levels have been reduced (Blom et al., 2004). The

residues in HC that contact US2, which are between the peptide binding region and

the α3 domain, are present only in certain groups of HLA locus alleles, notably

HLA-A, most HLA-B products and HLA-G, although HLA-G with much reduced

kinetics (Barel et al., 2006b; Barel et al., 2003a; Barel et al., 2003b; Gewurz et al.,
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2001a; Pizzato et al., 2004). Only those class I molecules are dislocated that display

the HLA-A2 consensus binding site, for example HLA-B7 or HLA-Cw3 do not

conform to the US2 binding site and are therefore spared form degradation (Rehm et

al., 2002; Schust et al., 1998). Initially, the HLA-A2 tail was thought to be required

for US2 mediated dislocation. Truncated versions of HC expressed in astrocytoma

U373 cells proved to be resistant to dislocation by US2 contrary to their full-length

counterparts (Story et al., 1999). In contrast, HLA-A2 molecules und truncations

thereof were expressed together with b2m in a murine J26 cell line. In those cells,

the tail is not a requisite of dislocation (Barel et al., 2003b). Presumably the amount

of HCs already endogenously present in the human U373 cells together with the

overexpressed HLA-A2 constructs exceeded the capacity of the US2 dislocation

machinery, whereas the murine cells, lacking any endogenous class I MHC HC

molecules, where capable of dislocation (Lilley and Ploegh, 2005b).

Once HCs reach the cytosol, they have access to the ubiquitination machinery.

Removal of HC’s tail lysines or of the whole tail in some systems does not block

dislocation (Barel et al., 2003b; Furman et al., 2003), but a functional ubiquitin

system is required (Furman et al., 2003; Hassink et al., 2006). Mutation of all lysines

in the HC molecule together with a “protection group” at its N-terminus to block all

free amino groups eliminates dislocation by US2 (Hassink et al., 2006).

3.3.4.1.2 US11 structure and function

US11 is a type I transmembrane glycoprotein of 215 amino acids with a single N-

linked glycan (Wiertz et al., 1996a). Just like US2, US11 lacks an ER-retention

motif, despite being targeted to the ER by a signal sequence. US11’s signal sequence

is also unusual in that it is cleaved post-translationally (Rehm et al., 2001) and the

rate of its cleavage depends on certain residues in the transmembrane domain (Lilley

et al., 2003; Rehm et al., 2001). There are no structural data for US11, but the

luminal domain of US11 is thought to assume an Ig-like fold similar to US2 and

mediate interaction with the luminal domain of class I MHC heavy chain (Gewurz et

al., 2001a; Lilley et al., 2003). US11 can interact with properly folded and –unlike

US2- also with free uncomplexed HCs, independently of their state of synthesis
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(Lilley and Ploegh, unpublished, and (Barel et al., 2006a). In general, US11 seems to

have a broader range of HC substrates than US2: not only can it initiate dislocation

of improperly folded mutant class I molecules (Furman et al., 2003), but in addition

to the extensive array of HLA-A and HLA-B locus products, it can even induce

dislocation of several murine class I MHC molecules (Barel et al., 2003a; Machold

et al., 1997). US11 appears to bind to HC at its α1 and α2 regions, those regions that

also mediate peptide binding (Barel et al., 2003a). The class I cytosolic tail is

essential for US11-mediated dislocation from both human U373 and mouse J26 cells

(Barel et al., 2006b; Barel et al., 2003a; Story et al., 1999). The determining attribute

of the tail is not so much its sequence as its length: removal of 10 amino acids or

even just 2 amino acids (Barel et al., 2006b; Barel et al., 2003a) render the HC

molecule resistant to dislocation, as does the addition of the green fluorescent protein

(GFP) at its C-terminus (Barel et al., 2003a). HLA-E gains sensitivity to dislocation

by US11 when its 29 amino acid tail is extended by 2 residues (Barel et al., 2006b).

Replacement of HC’s C-terminal 10 amino acids with the sequence of the 10 amino

acid hemagglutinin (HA) peptide transform this molecule again into a substrate for

US11-mediated dislocation (Margot Furman and Hidde Ploegh, unpublished).

Therefore, the existence of a cellular factor in the cytosol that binds to the HC tail in

a length-dependent manner and is recruited by US11, has been proposed, but has not

yet been identified (Patrick Stern Thesis 2003).

Analysis of mutations in the US11 protein itself showed that the US11 tail (US11

200) is dispensable for dislocation, but the transmembrane domain is essential. A

truncated US11 protein lacking its tail and transmembrane region is incapable of

initiating dislocation, as is a chimeric protein consisting of the luminal region and

tail of US11 separated by the transmembrane domain of the unrelated protein CD4.

A single point mutant in the transmembrane region of US11 renders it dislocation

incompetent: Mutation of the polar glutamine (Q) residue at position 192 to the

hydrophobic leucine (L) residue (US11 Q192L) frustrates the dislocation reaction

(Lilley and Ploegh, 2004; Lilley et al., 2003), presumably because the polar residue

Q is essential for forming inter-helical hydrogen bonds within the lipid bilayer that

would allow interaction with cellular factors of the dislocation machinery (Lilley et

al., 2003). In contrast to US2, all non-functional US11 mutants examined to date
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bind to HCs and retain them in the ER (Lilley and Ploegh, 2005b). A polar residue in

the transmembrane region of US2 (asparagine 172) is not essential for dislocation, as

its replacement with leucine had no effect on dislocation (Lilley and Ploegh, 2005b).

A search for proteins that bind to dislocation competent US11, but not to the

incompetent mutant US11QL led to the discovery of proteins that are conserved to

yeast, such as the Derlin proteins and the SEL1L/HRD1 complex (Lilley and Ploegh,

2004; Lilley and Ploegh, 2005a).

The cellular mechanism used to dispose of misfolded proteins in the secretory

pathway is a sequential multi-step process, consisting of the dislocation reaction

from the ER to the cytosol, and subsequent degradation of the dislocated protein in

the cytosol by the cytosolic proteasome (Hirsch et al., 2004). The superficially

similar dislocation reactions catalyzed by US2 and US11 provides an excellent

model system to study retrotranslocation. These two viral proteins provide the

unique opportunity to study the cellular ER dislocation reaction mediated by two

distinct effectors that utilize two distinct disposal pathways.
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3.4 Aim of this work

The aim of this work was to gain insight into the process of ER associated

degradation, or dislocation, in mammalian cells.

The process of dislocation is likely to be fundamental to cell survival, as many

diseases are linked to a defect in ER homeostasis. Although the characterization of

dislocation in yeast has helped identify a lot of the proteins responsible for

dislocation, the mammalian counterparts often remain elusive, due to multiple

orthologs, the difficulty of a genetic approach, and few dislocation substrates. The

protein Hrd3p in yeast is required for proper function of the yeast dislocation

ubiquitin ligase Hrd1p, but its direct role in dislocation was less well understood.

The aim of this thesis was to analyze the human ortholog of Hrd3p, SEL1L, and

investigate its contribution to dislocation. I was able to show that SEL1L is indeed

the human homolog of Hrd3p, and that it is essential for US11-mediated dislocation

of class I MHC heavy chains, and for the dislocation of truncated ribophorin RI332.

This demonstrated that US11 indeed co-opts a conserved pathway, and that proteins

involved in US11-mediated dislocation are also used in the dislocation of substrates

independently of viral accessories. Furthermore, I report that SEL1L is involved in

substrate recognition. To gain more inside into SEL1L’s function, I identified

interaction partners of SEL1L and analyzed their contribution to dislocation.
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4 Results and Discussion

4.1 SEL1L, the homolog of yeast Hrd3p, is involved in protein

dislocation from the mammalian ER

Mueller B, Lilley B, and Ploegh H, J Cell Biol. 2006 Oct 23;175(2):261-70. Epub
2006 Oct 16.

SEL1L is part of a multiprotein complex consisting of Derlin-1, Derlin-2, HRD1,

and p97 (Lilley and Ploegh, 2005a). To address its role in dislocation, we used a

model dislocation system consisting of the viral proteins US2 and US11 (Wiertz et

al., 1996a; Wiertz et al., 1996b). US2 and US11 both mediate the rapid dislocation of

class I MHC products but do so by recruiting different sets of proteins (Lilley and

Ploegh, 2004; Loureiro et al., 2006).

We established first that SEL1L is part of a conserved complex present in all tested

cell lines (HeLa, astrocytoma, rat glioblastoma cells). To address whether SEL1L

plays a role in dislocation, we designed knockdown constructs targeting SEL1L or

an unrelated protein not present in the cell (GFP) as a control. US11 cells stably

transduced with SEL1L knockdown constructs were compromised in their ability to

dislocate class I MHC. US2 cells, which target the exact same proteins for

dislocation (class I MHC products) remained dislocation competent, thereby serving

as a control for proper ER function in the presence of reduced levels of SEL1L.

To confirm that SEL1L plays a general role in dislocation independently of viral

accessories we tested several mammalian dislocation substrates (TCRα, RI332) in

HeLa cells stably transduced with shRNAs against SEL1L. We observed a delay in

dislocation for RI332 in the knockdown background, but not for TCRα, suggesting

that –as has been proposed in yeast (Vashist and Ng, 2004)- different substrates are

retrotranslocated by different sets of proteins.

The bulk of the SEL1L protein is in the lumen of the ER and contains several repeat

regions (Biunno et al., 1997) that might be involved in substrate recognititon.

Therefore, we analyzed whether SEL1L could discriminate between properly folded



Results and Discussion 54

proteins and those that are terminally misfolded. To this effect we used the misfolded

version of ribophorin, RI332 (de Virgilio et al., 1999; de Virgilio et al., 1998;

Kitzmuller et al., 2003) after we demonstrated that RI332 requires SEL1L for its

dislocation. In re-immunoprecipitation experiments, we showed that SEL1L binds to

misfolded RI332, but not to properly folded ribophorin. These results establish a role

for SEL1L in substrate selection.
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Supplementary figure S1

Schematic of the Hrd3p homologs in mammals.

Supplementary figure S2:

SEL1L interacts with RI332

293T cells transfected with RI332 were pulse-labeled for 5hrs in the presence of

proteasome inhibitor ZL3VS (50 µM). The digitonin lysates were split in two and

immunoprecipitated with SEL1L antibodies and normal rabbit serum (NRS),

respectively. Both immunoprecipitates were analyzed for ribophorin and SEL1L in

re-immunoprecipitation experiments (panel c). Panel b shows the same

immunoprecipitates for untransfected cells as a control. A fraction of the transfected

cells were lysed in SDS and analyzed for levels of RI332 and endogenous ribophorin,

with cells that had not been exposed to proteasome inhibitor as a control for the

deglycosylated intermediate of RI332 (panel a). Panel d is an overexposure of the

SEL1L immunoprecipitates from panel c. Shown is a 10% SDS polyacrylamide gel.
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4.2 An extended mammalian membrane protein complex that

mediates glycoprotein dislocation

Mueller B, Klemm E, Spooner E, Claessen J, and Ploegh H.

An abbreviated version of this manuscript was published in PNAS. (Proc Natl Acad

Sci USA. 2008 Aug 26; 105(34):12325-30.)

SEL1L plays a crucial role in dislocation of class I MHC in the US11 system and in

the dislocation of truncated ribophorin (Mueller et al., 2006). To analyze mammalian

dislocation complexes, we performed a large-scale immunoprecipitation from HeLa

cells transduced with tagged SEL1L and from control cells. We found several

polypeptides specifically bound to SEL1L. We cloned four proteins (OS9, UBXD8,

UBC6e, and AUP1) made antibodies against them, established that they are ER-

resident proteins, and analyzed their contribution to US11-mediated dislocation of

Class I MHC products.

We showed that UBXD8 recruits p97 to the ER membrane. We designed a C-

terminally GFP-tagged version of UBXD8 which acts as a dominant-negative

inhibitor of class I MHC dislocation when overexpressed in US11 cells. UBXD8-

GFP frustrates US11-mediated dislocation, but has no effect on US2 mediated

dislocation, suggesting that the ER is not grossly perturbed upon overexpression of

this construct. AUP1, a protein that contains a CUE domain which might be involved

in recruitment of ubiquitin conjugating enzymes to the ER membrane, also disturbs

US11-mediated dislocation when expressed with a GFP tag, but has no effect on

US2-mediated dislocation. Furthermore we established a role for the ubiquitin

conjugating enzyme UBC6e in HC dislocation. Overexpression of this enzyme

impairs HC dislocation in US11 cells. Again, US2 cells served as a control. When

dislocation is hindered, class I MHC HCs accumulate in the ER. We designed point

mutations in the proposed lectin binding domain of OS9 in addition to installing a

GFP tag onto the N-terminus of OS9. Overexpression of mutant versions of OS9 or

of GFP-OS9 did not have an effect on HC dislocation. We therefore analyzed the

fate of RI332 in HeLa cells transduced with the same constructs. Overexpression of

WT or mutant OS9 delayed RI332 dislocation significantly, whereas a non-
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glycolsylated version of RI332, RI332-thr (de Virgilio et al., 1999), remained

unaffected, again serving as a control for proper dislocation. We concluded that OS9

might be -together with SEL1L- involved in substrate selection of glycosylated

proteins, and therefore be dispensable for US11-mediated dislocation. In this model,

US11 itself would be responsible for targeting HCs to the dislocation machinery.
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Abstract:

Membrane and secretory proteins that fail to pass quality control in the endoplasmic

reticulum (ER) are discharged into the cytosol and degraded by the proteasome.

Many of the mammalian components involved in this process remain to be

identified. We performed a biochemical search for proteins that interact with SEL1L,

a protein that is part of the mammalian HRD1 ligase complex and involved in

substrate recognition. SEL1L is crucial for dislocation of Class I Major

Histocompatibility Complex (MHC) heavy chains (HCs) by the human

cytomegalovirus (HCMV) US11 protein. We identified AUP1, UBXD8, UBC6e,

and OS9 as new and functionally important components of the degradation complex

in mammalian cells, confirmed by mutagenesis and dominant negative versions of

these proteins. Overexpression of OS9 compromises degradation of a glycosylated

ribophorin fragment, but does not significantly affect operation of the US11

pathway, consistent with the notion that US11 assumes the role of a substrate

recognition module and may be functionally equivalent to OS9. Turnover of a

nonglycosylated ribophorin fragment is largely unaffected by manipulation of OS9,

consistent with a role for the carbohydrate moiety in substrate processing.

Key words: Class I MHC heavy chain/ Dislocation/ SEL1L/ RI332/ US11
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Introduction

Terminally misfolded membrane or secretory proteins that have entered the

endoplasmic reticulum (ER) are typically transported back across the ER membrane

into the cytosol, a process referred to as dislocation or retrotranslocation. Once in the

cytosol, the proteasome degrades these misfolded proteins in a ubiquitin-dependent

manner (Ellgaard and Helenius, 2003).

How the cell distinguishes between terminally misfolded polypeptides and those that

may still acquire their final conformation remains a mystery. We know of several

proteins that participate in substrate recognition, but how they interact with other

parts of the dislocation machinery is not clear. A protein marked for degradation

crosses the ER membrane and accesses ER-associated components of the

ubiquitination machinery. The AAA ATPase Cdc48p (yeast)/p97 (mammals)

provides the energy required for extraction in a complex with its co-factors Ufd1p

and Npl4p (Bays and Hampton, 2002).

In broad outline, most dislocation substrates take this path, but the specific route

used depends on the nature of the substrate itself and on the species examined.

Model substrates and their corresponding pathways have been characterized most

extensively in yeast, and have suggested the existence of three distinct groups of

degradation substrates: proteins with misfolded cytosolic domains, proteins with

misfolded luminal domains, and proteins where misfolding occurs in their

transmembrane region(s) (Vashist and Ng, 2004).

In mammalian cells, most of the components of the dislocation machinery remain to

be clarified in molecular detail. Although some components show some sequence

similarities to yeast proteins, their contribution to dislocation is not always clear.

There are often several mammalian orthologues for each yeast component of the

dislocation machinery, thus precluding direct identification of mammalian

components by study in yeast.
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Analysis of two viral proteins encoded by human cytomegalovirus (HCMV), US2

and US11, has helped define the composition of the protein complexes involved in

dislocation (Ahn et al., 1996) and emphasizes the complexity of mammalian

dislocation compared to simpler eukaryotes. Both US2 and US11 facilitate

dislocation of newly synthesized Class I MHC heavy chains (HCs), presumably to

evade recognition by cytotoxic T cells at the appropriate stages of the virus’ lifecycle

(Tortorella et al., 2000a). US2 and US11 are ER-resident type I transmembrane

proteins that interact with Class I MHC HC in the ER lumen and from there initiate

their destruction (Wiertz et al., 1996a; Wiertz et al., 1996b). US2 and US11 achieve

this by recruiting different sets of proteins: US2 uses signal peptide peptidase (SPP)

(Loureiro et al., 2006) and other proteins that remain to be identified, whereas US11

engages a pathway that includes Derlin-1 (Lilley and Ploegh, 2004). Derlin-1 itself

associates with the ubiquitin ligase HRD1 and gp78, both of which share sequence

similarities with yeast Hrd1p (Lilley and Ploegh, 2005a; Ye et al., 2005). Whether

HRD1 and gp78 are involved in the ubiquitination of Class I MHC HC is an open

question (Kikkert et al., 2004), although the human homologue of yeast Hrd3p,

SEL1L, is involved in Class I MHC HC dislocation (Mueller et al., 2006). Derlin-1,

HRD1 and the transmembrane protein VIMP form a complex with p97 and its

cofactors UFD1/NPL4, and might be involved in their recruitment to the ER

membrane (Lilley and Ploegh, 2004; Lilley and Ploegh, 2005a; Ye et al., 2005; Ye et

al., 2004).

How a luminal protein can cross the lipid bilayer is not known, and the existence of a

proteinacous pore, consisting of Hrd1p and/or Der1p has been suggested (Gauss et

al., 2006a; Gauss et al., 2006b; Lilley and Ploegh, 2004; Lilley and Ploegh, 2005a;

Ye et al., 2005; Ye et al., 2004). Alternative modes of extraction of proteins from the

ER that involve lipid rearrangements have also been proposed (Ploegh, 2007).

US11 hijacks a pathway that contributes to the degradation of aberrantly folded

proteins independently of viral accessories, as shown by examination of the

mammalian dislocation substrates α1-antitrypsin null Hong Kong (NHK), truncated

ribophorin RI332 and misfolded cystic fibrosis transmembrane conductance regulator
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(CFTR) ΔF508 (Mueller et al., 2006; Oda et al., 2006; Younger et al., 2006). Here

we identified new components of the mammalian dislocation machinery that are

essential for degradation, including an ER luminal protein important for substrate

recognition, the E2 ligase that cooperates with HRD1/SEL1L, and two ER

transmembrane proteins that act downstream of the substrate selection process.
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Results:

Isolation and identification of proteins that interact with SEL1L.

We conducted a large-scale immunopurification of SEL1L using HA-TEV-tagged

SEL1L transduced into HeLa cells (Figure 1). The HA-TEV tag was fused to the N-

terminus of SEL1L, for which we replaced its signal sequence with that of the

murine Class I MHC molecule H2-Kb. HA-TEV-SEL1L was isolated by

immunoprecipitation with anti-HA antibody-coated beads from digitonin extracts.

Materials eluted with TEV protease were subjected to SDS-PAGE, and SEL1L-

interacting polypeptides were identified by tandem mass-spectrometry (LC/MS/MS,

Figure 1). We recovered several proteins already known to be SEL1L interactors:

HRD1, a ubiquitin E3-ligase involved in ER dislocation (Kikkert et al., 2004; Lilley

and Ploegh, 2005a), Derlin-2, a multispanning transmembrane protein required for

exit of polyomavirus from the ER (Lilley et al., 2006), the ATPase p97 and several

other proteins involved in protein folding, such as PDI, BiP, and calnexin (Figure

1b). The latter bind to many different proteins in the ER, and their contribution, if

any, to dislocation is not always clear.

We identified four additional proteins not previously known to be part of the

mammalian dislocation machinery: OS9, ancient ubiquitous protein 1 (AUP1), and

UBXD8 (Figure 1a and b). In addition, we identified UBC6e, an enzyme that serves

as a ubiquitin conjugating enzyme (E2) (Lenk et al., 2002). Because of its physical

association, we propose that UBC6e is the E2-type activity that acts in concert with

the ubiquitin ligase HRD1.

OS9 was originally identified as a protein amplified in osteosarcoma. OS9 is

ubiquitously expressed and has alternative splice versions (Kimura et al., 1998). The

C-terminus of OS9 interacts with HIF1α, a subunit of the protein hypoxia inducible

factor (HIF) 1. HIF1α is ubiquitinated and degraded, depending on oxygen levels in

the cell. OS9 regulates HIF1α levels by increasing the rate of prolyl hydroxylation in

HIF1α, thereby initiating ubiquitination (Baek et al., 2005).
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The presence of an N-terminal signal sequence suggests that OS9 is targeted to the

ER lumen. OS9 has a glucosidase type II (Mannose-6 phosphate receptor homology,

MRH) domain involved in binding to misfolded proteins. In yeast, its homolog

Yos9p is a luminal ER protein that binds to the luminal domain of Hrd3p, the

homolog of SEL1L. Yeast Yos9p targets terminally misfolded ER proteins to the

dislocation machinery, consisting of Hrd3p and Der1p (Carvalho et al., 2006; Denic

et al., 2006; Gauss et al., 2006a). We now show that OS9 is also part of the

mammalian dislocation machinery by binding to SEL1L, and that OS9 is an ER-

resident glycosylated protein (Figure 1a and 2b). OS9 has been previously located to

the cytosol (Litovchick et al., 2002, Baek et al., 2005). It remains unclear whether

there is a pool of OS-9 that is active in the cytosol or whether OS9 could regulate

HIF1α indirectly from within the ER.

AUP1 is proposed to interact with integrins (Kato et al., 2002), but its function is

obscure. AUP1 has a CUE domain, involved in ubiquitin binding or in recruitment of

ubiquitin conjugating enzymes to the site of dislocation (Hurley et al., 2006). AUP1

has a transmembrane anchor at its N-terminus, with the bulk of the protein predicted

to be in the cytosol (Kato et al., 2002). AUP1 has not previously been implicated in

any aspect of (glyco) protein quality control, and is without an obvious homolog in

yeast.

UBXD8 (ETEA) was initially identified among proteins highly upregulated in T-

cells obtained from patients with atopic dermatitis (Imai et al., 2002a). UBXD8 has a

UBX domain, a UBA domain, a UAS domain, and a transmembrane domain

according to prediction programs (Figure 1b). The UBA domain is found in many

proteins of otherwise divergent structure and function, and mediates binding to

ubiquitin. The UBX domain is structurally similar to ubiquitin despite the lack of a

high degree of sequence homology. UBX domains may serve as adaptors for the

multi-functional AAA ATPase p97 (Buchberger, 2002). The UAS domain is a

domain of > 100 amino acids of unknown function, which assumes a thioredoxin-

type fold (InterPro database). The closest relative of UBXD8 in yeast cannot

immediately be inferred, because of the limited extent of overall sequence identity

and lack of functional data.
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UBC6e (UBE2J1) is an ortholog of yeast Ubc6p, a transmembrane ER-bound

ubiquitin conjugating enzyme (E2). In yeast, Ubc6p can function together with the

ubiquitin ligase Doa10p and the cytosolic E2 Ubc7p (Chen et al., 1993; Swanson et

al., 2001). In a Ubc6p deletion strain the half-life of the yeast model substrate,

CPY*, is extended two-fold. The Δ ubc6p Δ ubc7p  double mutants are

indistinguishable from the Δubc7 single mutant and delay CPY* degradation, a

substrate of the Hrd1p/Hrd3p dependent degradation pathway, more than three-fold

(Hiller et al., 1996). There are two Ubc6p orthologs in mammalian cells, UBE2J1

and UBE2J2 (Lenk et al., 2002). UBE2J1 was termed UBC6e, and UBE2J2 is called

UBC6 (Lenk et al., 2002). For simplicity we shall refer to UBE2J1 as UBC6e.

UBC6e and UBC6 are both involved in the degradation of TCRα and CFTRΔF508

(Lenk et al., 2002, Younger et al., 2006). UBC6e forms a complex with Derlin-1 for

CFTRΔF508 disposal (Younger et al., 2006). UBC6e displays less sequence identity

(25%) to the yeast protein than does UBC6 (40%) (Lenk et al., 2002). Unlike yeast

Ubc6p, human UBC6e is a stable protein (Oh et al., 2006).

ER localization of the newly identified proteins.

We performed immunofluorescence microscopy with affinity purified anti-AUP1

and anti-UBXD8 antibodies in HeLa cells. Immunofluorescence shows the

diagnostic reticular ER staining pattern for AUP1 and UBXD8 and co-localization

with the ER marker PDI (Figure 2a). We thus localize endogenous AUP1 and

UBXD8 proteins to the ER, the site where dislocation occurs. Our antibodies

directed against UBC6e and OS9 failed to show specific staining in

immunofluorescence.

Immunoblotting of microsomal fractions showed that UBXD8, AUP1, and UBC6e

all readily co-sediment with the microsomes in the absence of detergent, and are

largely resistant to extraction with alkaline sodium carbonate and urea (Figure 2b).

OS9, consistent with its predicted characterization as a soluble ER luminal protein, is

readily extracted from the microsomes by alkaline sodium carbonate. For OS9, we

observe the presence of two splice variants (Kimura et al., 1998), both of which are
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sensitive to digestion with endoglycosidase H (EndoH, Figure 2c), consistent with

ER residency and the presence of the single N-linked glycan predicted by the amino

acid sequence of OS9.

OS9 overexpression perturbs dislocation of RI332 but not nonglycosylated RI332-

Thr or Class I MHC via US11

Based on the sequence coverage of OS9 recovered in the SEL1L pull-down, we are

confident that OS9 is a member of the same complex.  We then performed

experiments aimed to demonstrate a possible role for OS9 in dislocation. We

designed an N-terminal GFP-tagged version and two mutant versions (R188A;

E212D) of OS9.  These point mutations are predicted to disrupt the mannose

receptor homology (glucosidase II) domain which has been implicated in OS9

substrate interaction (Bhamidipati et al., 2005; Hancock et al., 2002). There is a

marginal effect on class I MHC HC dislocation when introducing the mutant

versions of OS9 or the GFP-tagged OS9 into US11-expressing cells (Figure 3 and

Figure 6a, lanes 10-12). The effect is very small compared to the effect seen with

overexpression of UBC6e, AUP1-GFP or UBXD8-GFP (Figure 5 and 6).  We do not

consider such a low level of inhibition as evidence that implicates OS9 in US11-

mediated dislocation of Class I MHC HC. As OS9 might be involved in substrate

recognition, a plausible explanation for the comparative dispensability of OS9 in

US11-expressing cells is that US11 might be directly responsible for substrate

recognition, and target Class I MHC HC directly to the dislocation machinery.

To address whether OS9 plays a role in dislocation independently of viral proteins,

we generated HeLa cells that stably overexpress wild-type OS9, GFP-OS9, or the

mutant versions OS9 R188A, and OS9 E212D. We then transiently transfected these

cell lines with a truncated version of ribophorin, RI332 (Kitzmuller et al., 2003), a

protein that is dislocated in a SEL1L-dependent manner (Mueller et al., 2006). For

all constructs examined, we observe a delay in RI332 degradation (Figure 4a and 4b).

The stable endogenous ribophorin is electrophoretically distinct and serves as a

control for recovery in the immunoprecipitation. We conclude that OS9 does play an

important role in the dislocation of the soluble glycoprotein, RI332.
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In addition, we generated a truncated ribophorin mutant that lacks its glycosylation

site, RI332-Thr, (de Virgilio et al., 1999) RI332-Thr is also a short-lived protein, but its

degradation is not significantly impaired by the introduction of the OS9 constructs

(Figure 4c and 4d). This experiment demonstrates that OS9 is involved specifically

in the disposal of glycosylated proteins. Since the change in amino acid sequence

required to eliminate the N-linked attachment site might also alter the three

dimensional structure of RI332, we cannot attribute the difference in sensitivity to

OS9 level exclusively to the glycosylation status of the RI332 substrate.

Verification of involvement in dislocation for the SEL1L-interacting proteins

UBXD8, AUP1 and UBC6e.

Since US11 and US2 both target Class I MHC molecules but apparently do so by

initially recruiting different proteins, we used US2-mediated dislocation as a control

for proper ER function (Lilley and Ploegh, 2004; Loureiro et al., 2006; Mueller et

al., 2006). Manipulations that perturb ER function non-specifically should affect

dislocation via both the US2 and the US11 pathways. Our criterion is thus to score as

specific those manipulations that interfere with US11-mediated dislocation only.

Amongst the set of SEL1L-interacting proteins, UBC6e was the only protein known

to act as an enzyme and whose catalytic center could be ascertained (Lenk et al.,

2002). Thus for the E2 enzyme UBC6e, a catalytically inactive version was

generated by replacement of cysteine 91 with serine (Oh et al., 2006).

We installed a GFP tag onto the C-terminus of AUP1 and UBXD8 and onto the N-

terminus of OS9. We reasoned that the GFP domain may interfere with, but not

completely abolish, the function or recruitment capabilities of flanking domains and

thus yield inhibitory effects for the corresponding GFP fusion proteins (Lilley and

Ploegh, 2004). Specifically, since UBXD8 has a UBX domain that might recruit p97

to the site of dislocation, the attachment of a globular GFP-sized domain in close

proximity to the C-terminal UBX domain might interfere with this interaction.

Similarly, the GFP-tagged version of Derlin-1 inhibits Class I MHC HC degradation

in US11-dependent fashion (Lilley and Ploegh, 2004).
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 In pulse-chase experiments on US11 cells that overexpress UBC6e C91S, AUP1-

GFP, and UBXD8-GFP, we observe strong inhibition of class I MHC HC

degradation (Figures 5 and 6). In cells that express the empty vector (pLHCX,

control cells), most Class I MHC HCs have lost their N-linked glycan at the 30 min

chase point, due to the activity of the cytoplasmically disposed PNGase (Hirsch et

al., 2003) (Figure 5a and b). In the presence of proteasome inhibitor (ZL3VS), the

diagnostic deglycosylated dislocation intermediate accumulates and is recognized by

its distinct mobility on SDS PAGE (Wiertz et al., 1996a). When overexpressing

catalytically inactive UBC6e (C91S) or wild-type UBC6e, we see a pronounced

delay in the degradation of Class I MHC HC: more than 75% of HC remains in the

ER (Figure 5a-1, lanes 4-9). US11 is expressed to comparable levels in all three cell

types, and displays the typical delayed cleavage of its signal peptide (Rehm et al.,

2001) (Figure 5a-3, lanes 1-9).

In US2 cells transduced with the very same constructs, degradation continues

unperturbed: Class I MHC HCs are dislocated at rates very similar to those observed

in control cells, compared to cells that overexpress UBC6e or UBC6e C91S (Figure

5c-1, lanes 1-9). US2 itself is expressed at similar levels in all three cell lines and

shows its usual mobility on SDS-PAGE: in addition to ER-membrane inserted

glycosylated US2, a faster migrating US2 occurs that represents US2 lacking its N-

linked glycan, as US2 is inefficiently translocated into the ER (Gewurz et al., 2002).

Both the US2 and the US11 cell lines were obtained by viral transduction of UBC6e

C91S and WT UBC6e and show equivalent levels of expression of UBC6e (Figure

5a-2, lanes 4-9 and Figure 5c-2, lanes 4-9). We conclude that the ubiquitin-activating

enzyme UBC6e is involved in Class I MHC HC dislocation in US11 cells, but not in

US2 cells. Because US2 cells remain capable of proper dislocation, ER function as

such is not compromised.

We then examined the fate of Class I MHC HC when expressing the GFP-tagged

versions of the three newly identified proteins AUP1, UBXD8 and OS9 (Figure 6).

Cells that express AUP1-GFP showed inhibition of dislocation: 50% of Class I MHC

HC remains in the ER after 30min of chase (Figure 6a, lanes 4-6, and Figure 6b).

The effect is even more pronounced when using cells that express UBXD8-GFP:
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more than 75% of HCs fail to reach the cytosol (Figure 6a, lanes 7-9 and Figure 6b,

compared with lanes 1-3). GFP-OS9 did not significantly inhibit dislocation of Class

I MHC HC. Again, US2 cells served as a control (Figure 6c). After introduction of

the same GFP-constructs into US2-expressing cells, we observed no effect on Class I

MHC HC dislocation (Figure 6c and d).

Based on data describing the recruitment of Cdc48p to the site of dislocation by

Ubx2p, we wondered if the GFP-tag hinders recruitment of p97 by the UBX domain

of UBXD8. We compared the ability of UBXD8 and UBXD8-GFP to recruit p97

into the dislocation complex. To this end, we overexpressed UBXD8 and UBXD8-

GFP to the same levels in 293T cells and performed an immunoprecipitation with

anti-UBXD8 antibodies from digitonin lysates. The recovered material was then

analyzed by immunoblotting with anti-p97 antibodies (Figure 6f). The amount of

p97 recovered in immunoprecipitates from cells expressing UBXD8-GFP is much

reduced compared to cells expressing wild type UBXD8. We conclude that the GFP

tag hinders recruitment of p97 to the ER membrane and therefore blocks dislocation.

The residual p97 recovered is attributable to the endogenous UBXD8 present in the

cells.

AUP1 has not been previously implicated in ER dislocation. The Cue domain-

containing protein Cue1p in yeast recruits the cytosolic E2 enzyme Ubc7p to the ER

membrane (Biederer et al., 1997). AUP1 has a CUE domain, but it remains unclear

whether this domain is used to recruit the E2 UBC6e to the ER as the site of

dislocation. We consider this unlikely, since UBC6e itself has a membrane anchor

(Figure 1c) and localizes to the ER (Lenk et al., 2002). We did not observe a

complex between SEL1L and UBC7 in human cells by affinity purification under

mild conditions using SEL1L antibodies and subsequent interrogation of the

immunoprecipitate with UBC7 antibodies (data not shown), even when

overexpressing UBC7. For this reason, we did not further pursue the possible

involvement of UBC7 in US11-mediated Class I MHC HC dislocation.
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The dominant negative constructs of UBC6e, AUP1 and UBXD8 retain Class I

MHC HC in the ER

We used the monoclonal antibody W6/32, which recognizes only correctly

assembled Class I MHC molecules in their fully native conformation (Barnstable et

al., 1978), to explore whether inhibition of dislocation is accompanied by an increase

in the amount of correctly folded Class I MHC molecules. We indeed found this to

be the case (Figure 7, cell lines used were those from Figure 5 and Figure 6) and

conclude that the intermediates that accumulate when dislocation is inhibited retain

their typical orientation within the ER. In pulse chase experiments, the W6/32-

reactive Class I MHC molecules do not undergo conversion of their high mannose to

the complex type glycans, as inferred by a lack of a shift in mobility assessed by

SDS-PAGE. This observation is consistent with the ability of US11 to retain Class I

MHC molecules in the ER, also when dislocation is blocked, as observed for the

single point mutant in the transmembrane segment of US11 (Lilley et al., 2003). This

experiment also demonstrates that UBC6e C91S, UBC6e WT, AUP1-GFP, and

UBXD8-GFP do not disrupt dislocation merely by preventing the association of

US11 with Class I MHC HC: as with the empty vector control, US11 co-

immunoprecipitates with W6/32-reactive Class I MHC HC in all of the cell lines

constructed (Figure 7).
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Discussion:

We have identified four new components of the mammalian dislocation machinery.

We used as the point of departure the isolation of SEL1L-interacting partners. We

reasoned that via SEL1L we should recover additional proteins involved in ER

dislocation: both ER luminal components that may be involved in substrate

recognition, and -through its binding partner HRD1- additional cytosolic

components that act downstream.

We chose a cell line that did not express US11 to isolate the SEL1L complex to

avoid possible bias that might derive from remodeling of the dislocation machinery

by US11 itself. We then verified the significance of the isolated proteins by returning

to our model dislocation cell lines, those expressing US11 or US2. US11 uses a

pathway that is superficially similar to the Hrd1p/Hrd3p pathway in yeast (Lilley and

Ploegh, 2004; Lilley and Ploegh, 2005a; Mueller et al., 2006). The complex that

degrades CFTR Δ F508 has also been analyzed in some detail and consists of the E3

ubiquitin ligase RMA1, unrelated to Hrd1/SEL1L, and the ubiquitin-conjugating

enzyme, UBC6e (Lenk et al., 2002; Younger et al., 2006). UBC6e is involved in the

degradation of TCRα (Lenk et al., 2002). UBC6e shows only 25% sequence identity

with yeast Ubc6p, and the human ortholog cannot complement yeast Ubc6p (Lenk et

al., 2002).

The extent of sequence coverage obtained in our proteomic analyses suggests that

OS9 may be a stoichiometric partner of SEL1L. From our analysis of the US11

pathway, the role of OS9 in dislocation is not immediately apparent. We thus turned

to an examination of the fate of the ribophorin fragment RI332 to assess a possible

contribution of OS9 to dislocation, because RI332 is removed from the ER and

destroyed in a SEL1L-dependent manner. When interpreting whether or not there is

an effect on dislocation, it is imperative to keep in mind the timescale of dislocation

of each of the substrates. Since US11-mediated dislocation proceeds at a rapid pace

(Class I MHC HC half-life is only 2-5 minutes), it may well be more sensitive to

minor perturbations in metabolism than the dislocation of other, longer-lived,
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substrates such as RI332 or RI332-Thr. This sensitivity is valuable for identification of

members of the dislocation complex, but requires a more stringent threshold when

discussing significance.  Thus the same magnitude of stabilization of RI332 may well

be more significant than for Class I MHC HC. Since the effect of the OS9 mutants

and GFP-OS9 on US11-mediated dislocation is much lower than AUP1-GFP and

UBXD8-GFP, we consider the role of OS9 to be comparatively minor (Figure 6). In

contradistinction, the moderate effect of manipulating OS9 level on RI332 degradation

is sufficient to implicate OS9 in the quality control mechanism of RI332, as is the case

in SEL1L-dependent degradation (Mueller et al., 2006).

Since overexpression of wildtype OS9 inhibits dislocation of RI332, excess OS9 likely

disrupts the architecture of the complex by titrating away components and rendering

the dislocon incapable of efficiently processing substrates.  Interestingly, we do not

see such a difference in US11 cells that overexpress OS9 to similar levels. Why does

a disruptive level of OS9 not disrupt the geometry of the dislocon in US11-

expressing cells?  We attribute this discrepancy to the fact that US11 itself may

stabilize the complex in a way that is insensitive to excess OS9 levels. Perhaps the

rapidity of US11-mediated dislocation in itself also points to a stabilized dislocon

and a streamlined substrate recognition method.

Since overexpression of wildtype OS9 perturbed dislocation, we were unable to

study the importance of the postulated lectin capacity of OS9 with the MRH point

mutants of OS9 (Bhamidipati et al., 2005). We therefore examined the fate of a non-

glycosylated, but nonetheless short-lived version of RI332, RI332-Thr (de Virgilio et

al., 1999). The degradation of RI332-Thr is not greatly impaired by overexpression of

wildtype or mutant OS9, suggesting that the glycan is important for OS9 associated

dislocation (Figure 8b). Much like the US2 system, the fact that the fate of RI332-Thr

is unaffected argues against gross disturbance of the ER as the reason for

stabilization of RI332. Since we see little effect of OS9 on RI332-Thr degradation, we

conclude that this nonglycosylated substrate must use a pathway that does not

involve the OS9-associated complex. There is evidence for multiple pathways in

both yeast and mammalian cells and the pathways in yeast discriminate between

substrates based on the location of the misfolded lesion (Vashist and Ng, 2004).
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Likewise, there may be an as yet to be identified mammalian dislocon that does not

contain OS9 and dislocates nonglycosylated terminally misfolded proteins.

Apart from this study, there is no data linking OS9 to protein degradation from the

ER in mammalian cells. In this case, extrapolation from the yeast to the mammalian

system is especially tricky, as yeast lack a functional calnexin/calreticulin

(CNX/CRT) cycle. In mammalian cells, terminally misfolded glycosylated proteins

are usually re-directed from the CNX/CRT cycle to other putative lectins in the ER,

such as members of the EDEM (ER degradation enhancer, mannosidase a-like)

family (Molinari et al., 2003). The mannose content of the misfolded proteins’ N-

linked glycans are thought to be what is recognized by EDEM (Brodsky, 2007;

Hebert and Molinari, 2007). EDEM proteins fulfill a dual role: they first escort

substrates out of the CNX/CRT cycle, and then maintain their solubility for

subsequent degradation (Kanehara et al., 2007). EDEM proteins also interact with

members of the Derlin family, providing a link to the dislocation pathway (Oda et

al., 2006). Surprisingly, we did not find EDEM proteins in our biochemical analysis

of SEL1L-interacting proteins. Instead, OS9, the ortholog of Yos9p, seems to play a

role as “degradative” chaperone. Whether EDEMs are part of the SEL1L complex,

but in a more transient way than OS9, remains to be investigated.

Combined, these results are consistent with a model in which US11 serves the

specific function of delivering Class I MHC HC to the HRD1/SEL1L complex and

accelerates their removal from the ER and degradation (Figure 8a). In HeLa cells,

OS9 is an integral part of this complex, and contributes to substrate recognition. For

neither mammalian OS9 nor for its yeast homolog, Yos9p, is it clear what (sets of)

endogenous substrates each of them recognize. The example of US11 shows that

other proteins can assume a substrate recognition function in the context of the larger

HRD1/SEL1L complex and deliver substrates to the ligase complex.

Furthermore, we show that UBC6e is involved in the degradation of Class I MHC

HCs in US11 cells. The identification of the ubiquitin-conjugating enzyme (E2) that

mediates this process has been an important goal, and one possible E2, the E2-25K

protein, was uncovered using a permeabilized cell system (Flierman et al., 2006) to
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assay for its activity. However, this assay does not allow exchange or removal of

membrane-bound molecules, and so it is not surprising that UBC6e, an E2-type

enzyme equipped with a transmembrane anchor, escaped detection. From the in vitro

data in intact cells presented here, we believe that UBC6e is the primary E2 enzyme

that catalyzes the ubiquitination of Class I MHC HCs in US11 cells. Other E2s,

especially if present in excess, might nonetheless be capable of performing the same

reaction.

Ubc6p in yeast is a type IV ER-resident membrane protein, thought to be integrated

into the ER membrane without the help of Sec61p (Sommer and Jentsch, 1993). Its

levels are carefully controlled, as it is a short-lived substrate of ER degradation itself,

and overexpression has an inhibitory effect on dislocation (Lenk et al., 2002; Walter

et al., 2001). Analysis of complexes assembled around Hrd1p/Hrd3p in yeast did not

yield Ubc6p (Carvalho et al., 2006, Denic et al., 2006), and previous studies report

binding of yeast Hrd1p to Ubc7p or Ubc1p in vivo, not to Ubc6p (Bays et al.,

2001a). Ubc7p has no transmembrane anchor and requires the CUE-domain

containing protein Cue1p for recruitment to the ER membrane (Biederer et al., 1997;

Bordallo and Wolf, 1999). While we did not detect the human homologue of Ubc7p

through co-immunoprecipitation with SEL1L, we did find a CUE domain containing

protein, AUP1 (Kato et al., 2002), as an interactor of SEL1L. The AUP1-GFP fusion

caused a delay in Class I MHC HC degradation in US11, but not in US2 cells.

Therefore, in this model AUP1 makes an essential contribution to US11-dependent

dislocation. AUP1 might be necessary to target UBC6e specifically to the dislocation

complex within the ER by mediating the association of UBC6e and SEL1L.

We also identified two UBX domain-containing proteins, UBXD2 and UBXD8, both

of which associate with SEL1L. UBXD2 (Erasin), the first mammalian UBX-

containing protein linked to dislocation, participates in the degradation of CD3δ

(Liang et al., 2006), but does so through unknown mechanisms. Could UBXD8 be

the possible homolog of Ubx2p, a protein that spans the ER membrane twice and is

involved in recruiting p97 to the ER membrane (Neuber et al., 2005; Schuberth and

Buchberger, 2005)? We do see strong inhibition of US11-mediated HC dislocation

when overexpressing UBXD8-GFP. However, UBXD8 shares only 17% sequence
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identity with Ubx2p. Curiously, UBXD8 shares the same level of homology with

Ubx3p (another Cdc48p cofactor of unknown function). Ubx3p was not reported to

be part of the dislocation complex in yeast (Carvalho et al., 2006; Denic et al., 2006).

UBXD8 and Ubx3p share similar organization, reflected by the order of the distinct

domains that are present: both are predicted to have a UAS and a UBX domain C-

terminal to a single transmembrane domain. In contrast, Ubx2p has two

transmembrane domains and lacks the UAS domain, but does have a UBA domain at

its N-terminus. If UBXD8 were to be inserted as a type I or type II ER

transmembrane protein, either the UBA or the UBX domain would reside within the

ER lumen. Domains that specify involvement in the ubiquitination pathway are not

usually found inside the ER. We see clear ER–localization of UBXD8 in

immunofluorescence and by sedimentation analysis of microsomes (Figure 2), so we

propose a similar mechanism of ER insertion as has been shown for Erasin or

UBXD2. UBXD8 might be inserted in the ER membrane by dipping into the outer

leaflet of the lipid bilayer (Figure 8a) with both tails exposed to the cytosol (Liang et

al., 2006). UBXD8 and UBXD2 might both be involved in recruitment of p97 to the

site of dislocation, together or separately, depending on the topology of the substrate.

The GFP tag installed on UBXD8 hinders recruitment of p97 which might account

for the slowed dislocation (Figure 6f).

It is now clear that UBC6e, AUP1, and UBXD8 are required for the exit of a type I

ER-membrane protein from the ER (Figures 5, 6, 7, 8a). UBC6e and AUP1 each

have one transmembrane segment and UBXD8 may dip into the cytosolic face of the

ER membrane, all of which may contribute to the formation of a proteinacious

channel. Each of these three proteins also contain conserved functional domains with

cytoplasmic exposure (Figure 1c, 8a). A schematic representation of the putative

organization and composition of this complex is shown in figure 8. The initial step of

the dislocation pathway involves recognition of the substrate.  In the case of Class I

MHC HC, this is primarily done by US11, but for RI332, a glycosylated misfolded

protein, OS9 is involved in the process. The other three proteins described in this

paper, AUP1, UBXD8 and UBC6e, also act prior to cytoplasmic disposition of the

dislocation substrate (Figure 4). UBC6e acts as an E2 ubiquitin ligase and UBXD8

appears to play a role in the recruitment of the AAA ATPase p97.  The role of AUP1
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remains elusive, but its CUE domain may be involved in recruitment of another

ubiquitin conjugating enzyme. The identification of additional proteins that

participate in these reactions, as reported here, is an important step towards a better

understanding of the essential cellular process of dislocation.
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Experimental Procedures

Antibodies, cell lines, constructs

Antibodies:

The cytosolic parts of the three proteins AUP1 (aa 62-411), UBC6e (aa 1-232), and

UBXD8 (aa 361-445) were expressed as N-terminal His-tagged fusions in E. coli

BL21 (DE3) Rosetta cells and purified. The recombinant His-tagged fusion proteins

were sent to Covance Research Products to generate rabbit polyclonal antibodies.

Antibodies against AUP1, UBC6e, and UBXD8 were affinity purified as described

(Lilley and Ploegh, 2004). Antibodies to Class I MHC HC, US2, US11 have been

described (Gewurz et al., 2002; Lilley et al., 2003). The anti-GFP, anti-PDI, and anti-

OS9 antibodies were purchased from Abcam. Alexa 488-conjugated goat anti-mouse

and alexa 568-conjugated goat anti-rabbit were from Molecular Probes. Anti-

Ribophorin antibody and the RI332 cDNA were a generous gift from N. Erwin Ivessa.

Cell lines:

U373, US2, US11 cell lines have been described (Mueller et al., 2006). HeLa and

293T cells were purchased from ATCC. Cells transduced with pLHCX based vectors

were selected and maintained in 125ug/ml hygromycin B (Roche).

Protein Constructs:

The murine H2-Kb signal sequence was fused to the N-terminal HA-TEV tag of

SEL1L to ensure proper ER localization. SEL1L was cloned from cDNA using

standard methods. The SEL1L sequence is unstable in bacteria and several mutations

occured that were removed by single point mutagenesis (Strategene). cDNA clones

for UBXD8, OS9, UBC6e, and AUP1 were obtained from Open Biosystems and the

open reading frame was cloned into pcDNA3.1(+), pLHCX (clontech), and pEGFP-

N1 (clontech). GFP-OS9 was cloned with the OS9 signal sequence replaced by the

murine H2-Kb signal sequence followed by GFP.

Anti-HA-affinity purification and MS/MS analysis

5*108  HeLa cells were lysed for 30 min in 24 ml of ice-cold lysis buffer (2%

digitonin, 25mM Tris-HCl pH 7.4, 150mM NaCl, 5mM MgCl2, complete protease
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inhibitor tablets (Roche), 2.5mM N-ethylmaleimide). The nuclei and cell debris were

pelleted at 16000g for 15min, and the cleared lysate was incubated with 250ul anti-

HA-agarose beads (clone 3F10, Roche) for 3hours at 4C with gentle agitation. The

beads were washed with 50ml wash buffer (0.1%digitonin, 25mM Tris-HCl pH 7.4,

150mM NaCl, 5mM MgCl2) and eluted with 100 units of tobacco etch virus (TEV)

protease (Invitrogen, AcTEV) in 250ul wash buffer at 4C overnight. The eluted

material was collected, and the beads were washed with 500 ul wash buffer. The

washes and eluted materials were pooled and exchanged into 20 mM NH4CO3 pH

8.0, 0.1% SDS by using MicroSpin G-25 Columns (Amersham Biosciences). The

eluate was concentrated in a speed-vac and separated by SDS-PAGE (10%

acrylamide). Polypeptides were revealed by Coomassie Blue staining, excised, and

trypsinized as described (Lilley and Ploegh, 2004). Peptides were sequenced by

LC/MS/MS.

Pulse-chase experiments, immunoblotting, SDS-PAGE

Methods for pulse-labeling, cell lysis, immunoprecipitation, pulse-chase regarding

Class I MHC HCs in US11 and US2 cells, viral transduction of cells, transfection of

cells with RI332, SDS-PAGE, and fluorography have been described (Mueller et al.,

2006). All quantitation was performed on a phosphoimager.

Immunofluorescence, microsomal preparation

Cells were seeded onto glass coverslips and allowed to attach overnight. Fixation

was achieved with 4% paraformaldehyde for 20 minutes at room temperature. Cells

were permeabilized with 0.1% Triton X-100 for 10 minutes at room temperature and

incubated with the affinity purified antibody as described (Lilley and Ploegh, 2004).

Imaging was performed on a spinning disk confocal microscope at 100x

magnification. Microsomes were prepared from U373 cells as previously described

(Furman et al., 2002c). Microsomes were incubated in the indicated buffer

conditions for 30 minutes and centrifuged at 20,000xg for 20 minutes. The pellet was

resuspended directly in reducing sample buffer and the supernatant was first TCA

precipitated.
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Figure legends:

Figure 1. Isolation of SEL1L associated proteins.

a. Immunoprecipitation of HA-TEV-tagged SEL1L. HeLa cells (ctrl) and HA-

TEV-SEL1L expressing HeLa cells were lysed in 2% digitonin, and the

lysate was subjected to immunoprecipitation with anti-HA antibody beads.

Bound material was eluted from the beads with TEV protease and separated

on SDS PAGE (10% acrylamide). Polypeptides were visualized by

Coomassie Blue staining.

b. Proteins that interact with SEL1L, the peptides identified by LC/MS/Ms are

shown in grey together with the sequence coverage (in %, number on the

right).

c. Proposed domain structure of the isolated SEL1L-interacting partners. CHO

= N-linked glycan, ss = signal sequence, TM = transmembrane domain, UBA

= ubiquitin associated, UAS = thioredoxin fold, UBX = ubiquitin fold, PlsC

= phosphate acyltransferase domain, UBC = ubiquitin conjugating domain.

CUE = domain involved in E2 or ubiquitin binding. Numbers on the right

represent length in amino acids.

Figure 2. AUP1, UBXD8, OS9 and UBC6e are found in the ER

a. HeLa cells were fixed and incubated with anti-PDI antibody and affinity-

purified antibodies against AUP1 (upper panels) or UBXD8 (lower panels)

for immunofluorescence analysis. Right panels show the merged images.

Scale bars= 10µm.

b. Microsomes from U373 cells were incubated with homogenization buffer,

3M Urea, sodium carbonate pH11.6, or 1% SDS, pelleted and immunoblotted

as indicated. T=total, P=pellet, S=supernatant. Proteins were separated by

10% (UBC6e and OS9) or 15% (PDI, Calnexin, AUP1, and UBXD8) SDS-

PAGE. Cross-reactive bands are indicated with a #.

c. US11 cells were pulse-labeled for 10min with 35S and chased for indicated

time points. The cells were lysed in 1% SDS and the lysate was subjected to

immunoprecipitation with anti-OS9-antibodies. The bound material was

eluted off the beads and half of the eluate was incubated with EndoH for
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1hour at 370C. The eluates were separated on SDS-PAGE (8% acrylamide)

and visualized on film.

Figure 3. OS9 is not involved in US11-mediated dislocation

a.   US11-expressing cells were transduced with the following virus preparations:

empty vector (pLHCX), wild type OS9, OS9 R188A, OS9 E212D, or GFP-

OS9. The cell lines were treated with ZL3VS and pulse-labeled for 10min

with 35S and chased for indicated time points. The cells were then lysed in

1% SDS and immunoprecipitated with anti-HC antibody. The eluates were

separated on SDS-PAGE (12% acrylamide) and visualized on film.

b.   Quantitation of the amount of glycosylated Class I MHC HC to total HC

counts.

Figure 4. OS9 is crucial for dislocation of the terminally misfolded glycoprotein,

RI332, but not the nonglycosylated RI332-Thr

a. HeLa cells were transduced with either empty vector (pLHCX), wild type

OS9, OS9 R188A, OS9 E212D, or GFP-OS9, using the same virus

preparation as in Figure 3. The five cell lines were then transfected with a

construct that specifies truncated ribophorin, RI332. The five cell lines were

pulse-labeled 36 hrs post transfection for 15min with 35S and chased for

indicated time points. The cells were then lysed in 1% SDS and

immunoprecipitated with antibody raised against the luminal portion of

ribophorin. The eluates were separated on SDS-PAGE (10% acrylamide) and

visualized by autoradiography. The # indicates a faster migrating version of

RI332.

b. Quantitation of the amount of RI332 remaining at the indicated time points.

c. Cells from (a) were transfected with a construct that encodes non-

glycosylated truncated ribophorin, RI332-Thr-HA, and a pulse-chase

experiment was performed as for (b).

d. Quantitation of the amount of RI332-Thr-HA remaining at the indicated time

points.
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Figure 5. UBC6e is crucial for US11 mediated dislocation.

a. US11-expressing cells were transduced with either empty vector (pLHCX),

UBC6e WT, or UBC6e C91S mutant. The three cell lines were treated with

ZL3VS and pulse-labeled for 10min with 35S and chased for indicated time

points. The cells were then lysed in 1% SDS and the lysate was

immunoprecipitated with anti-HC (1), anti-UBC6e (2), and anti-US11 (3)

antibodies sequentially. The eluates were separated on SDS-PAGE (12%

acrylamide) and visualized on film. The asterix represents a slower migrating

band that occurs upon overexpression of UBC6e and is likely a

phosphorylated version of UBC6e (Oh et al., 2006).

b. Quantitation of the amount of glycosylated HC to total HC counts. US2-

expressing cells were transduced with the same virus preparation used in (a).

The experiment was performed as in (a).

c. Quantitation of the amount of glycosylated Class I MHC HC to total HC

counts.

4.3 Figure 6. AUP1 and UBXD8 are crucial for US11-mediated

dislocation
a. US11-expressing cells were transduced with either empty vector (pLHCX),

AUP1-GFP, UBXD8-GFP, or GFP-OS9. The four cell lines were treated

with ZL3VS and pulse-labeled for 10min with 35S and chased for indicated

time points. The cells were then lysed in 1% SDS and immunoprecipitated

with anti-HC antibody. The eluates were separated on SDS-PAGE (12%

acrylamide) and visualized on film.

b. Quantitation of the amount of glycosylated Class I MHC HC to total HC

counts.

c. US2-expressing cells were transduced with the same virus preparation used

in (a) and a pulse-chase experiment was performed as for (a).

d. Quantitation of the amount of glycosylated Class I MHC HC to total HC

counts.

e. GFP-fusion constructs are expressed to similar levels and do not affect the

level of US11 or US2. The cell lines used in (a) and (c) were lysed in 1%



Results and Discussion 98

SDS, separated by SDS-PAGE, and transferred to a PVDF membrane. The

membrane was immunoblotted for GFP, calnexin (cnx, loading control),

US11, and US2.

f. UBXD8 WT and UBXD8-GFP were expressed in 293T cells and

immunoprecipitated with anti-UBXD8 antibodies from digitonin extracts.

The eluates were separated on a 10% SDS-PAGE and immunoblotted with

anti-p97 antibodies.

Figure 7. Dominant negative versions of UBC6e, AUP1, and UBXD8 retain Class I

MHC HC in the ER

a. Cell lines from Figure 5 (a) were pulse labeled for 10 minutes with 35S and

chased for the indicated time points. The cells were then lysed in 0.5% NP-40

and properly folded Class I MHC HC was immunoprecipitated with the

W6/32 antibody. Eluates were separated on SDS-PAGE (12%) and

visualized on film.

b. Cell lines from Figure 6 (a) were treated as in (a).

Figure 8. Schematic of US11- and OS9-mediated dislocation

a. Depicted is the complex that US11 uses to dislocate class I MHC HCs.

Fn II = fibronectin type II domain, Glc II = glucosidase II domain.

Domains are italicized.

b. OS-9 only assists in the dislocation of misfolded RI332 that carries its N-

linked glycan. An unglycosylated version of RI332, RI332-Thr remains

unaffected by OS9 mutants.
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4.4 The mouse polyubiquitin gene UBC is essential for fetal liver

development, cell cycle progression and stress tolerance

Ryu KY, Maehr R, Gilchrist CA, Long MA, Bouley DM, Mueller B, Ploegh HL, and

Kopito R 2007 Jun 6;26(11):2693-706. Epub 2007 May 10

A functional ubiquitin-proteasome system is essential for all eukaryotic cells.

Ubiquitin plays numerous roles in the cell (Hershko and Ciechanover, 1998). As

ubiquitin is a very conserved molecule, antibody production against ubiquitin is

difficult. Therefore, an HA-ubiquitin knock-in mouse was made. This mouse was

used in a study investigating a UBC-/- knock-out mouse. There are four ubiquitin

genes, UbB, UbC, UbA52, and UbA80 (Redman and Rechsteiner, 1989). UbB and

UbC encode for ubiquitin polyproteins, therefore contribute more to the overall pool

of ubiquitin than the UbA genes that encode for ubiquitin fusions with ribosomal

subunits (Finley et al., 1989; Wiborg et al., 1985).

The question was whether the amount of knocked-in HA-ubiquitin could rescue the

phenotype of the UBC-/- mice. UBC-/- mice are embryonically lethal due to liver

failure on day 13.5 of gestation. A rescue, even if partial, would prove that this

phenotype is attributable solely to the lack of ubiquitin. HA-Ub: UBC-/- mice lived

up to day 17.5 of gestation, and interestingly did not show signs of liver

malformation. Furthermore, MEFs (mouse embryonic fibroblasts) from UBC-/- mice

showed reduced growth rate that was not present in MEFs from the UBC-/- HA-Ub

crosses.

My task was to characterize the HA-ubiquitin knock-in mouse. We designed a PCR-

based screening for the HA-Ub mice and bread them to C57BL/6J mice for germline

transmission. Once we obtained a clean HA-Ub +/+ mice, we analyzed their HA-Ub

expression levels by western blotting and immunoprecipitation. We showed that the

HA-tagged ubiqutin is expressed in all organs. Furthermore, we made MEFs on day

13 of gestation.
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4.5 Work in progress: UBC6e and TLR signaling

4.5.1 Introduction

The innate immune system is the first line of defense that protects a metazoan host

from the microbial pathogens that surround it. Innate immune recognition is

mediated by receptors on the cell surface that recognize specific patterns that are

conserved and invariant features of microorganisms (Janeway, 1989). The targets of

pattern recognition receptors (PRR) are also referred to as pathogen associated

molecular patterns (PAMP). PAMPs are often part of the bacterial or fungal cell

wall. Viral PAMPS consist of DNA that has modifications that distinguish it from

host metazoan DNA. All PAMPs have in common that they are unique to micro-

organisms and are essential for microbial physiology (Medzhitov, 2007).

The best characterized class of PRRs are the toll-like receptors (TLRs). TLRs are

type I transmembrane proteins that are expressed on antigen-presenting cells such as

dendritic cells (DCs) or macrophages. Each of the 10 human (or 13 mouse) TLRs

apparently recognizes distinct PAMPs. TLR4 recognizes lipopolysaccharides (LPS)

from the outer membrane of gram-negative bacteria (Poltorak et al., 1998). TLR1, 2,

4, and 6 recognize lipids/lipopeptides (Akira, 2006). Double-stranded RNA, single-

stranded RNA, and unmethylated bacterial DNA (CpG) engage TLR3, 7, and 9,

respectively (Alexopoulou et al., 2001; Bauer et al., 2001; Diebold et al., 2004; Heil

et al., 2004; Hemmi et al., 2000). Upon ligand interaction, TLRs form homo or

hetero dimers that recruit cytoplasmic adaptor molecules. The cytosolic adaptor

MyD88 (myeloid differentiation primary response gene 88) is recruited by all TLRs

except TLR3, and activates MAP (mitogen activated protein) kinases and eventually

NFκB, a transcription factor that activates the transcription of inflammatory cytokine

genes such as TNFα, IL-6, IL-1β, and IL-12 (Akira, 2006; Akira and Takeda, 2004).

4.5.1.1 TLR signaling
TLR signaling is classified into two pathways: an MyD88 dependendent (canonical)

and an MyD88 independent (non-canonical) pathway (Akira and Takeda, 2004;

Hoebe and Beutler, 2004; Liew et al., 2005). MyD88 interacts with MAL/TIRAP
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(myeloid adaptor like, TIR adaptor protein), thereby stimulating the recruitment of

members of the IRAK (IL-1 receptor associated kinases) family, including IRAK1,2,

and 4. IRAK-4 is the point of convergence of the TLR pathway (Lowe et al., 2006):

IRAK4 deficiency leads to a complete block in all TLR signaling (Suzuki et al.,

2002). IRAK4 phosphorylates IRAK1 which then dissociates from MyD88 to

interact with the ubiquitin ligase TRAF6 (tumor necrosis receptor associated factor

6). TRAF6 autoubiquitinates itself with K63-linked ubiquitin chains with the help of

the ubiquitin conjugating enzymes UBC13 and UEV1A (Deng et al., 2000).

Polyubiquitinated TRAF6 then is recognized by TAB2 and TAB3 (Tak1 binding

protein) that recruit TAK1 (a MAPKKK) into the complex (Wang et al., 2001;

Wullaert et al., 2006). This kinase complex phosphorylates members of the IKK

(inhibitor of IκB kinase) kinase complex. This kinase complex consists of the two

catalytic subunits IKK1 and IKK2 with its regulatory subunit Nemo (NFκB essential

modulator) and catalyzes the phosphorylation of IκBα  (inhibitor of κ −B).

Phosphorylated IκB is a target for the cytosolic ubiquitin ligase SCF, that in

conjunction with the E2 enzymes UBC3 and UBC4 ubiquitinate IκB, thereby

marking it for degradation by the proteasome (Strack et al., 2000). Once NFκB is

freed from its inhibitor protein, it translocates into the nucleus where it controls the

expression of cytokines (Kawai and Akira, 2007). TLR4 signaling is represented

schematically in figure 7.

4.5.1.2 Non-canonical TLR signaling
MyD88 deficient mice can still produce IFNβ (interferon) after treatment with LPS

(TLR4) or polyI:C (TLR3) (Kawai et al., 1999). Therefore, a TLR signaling pathway

must exist that does not depend on MyD88. The latter pathway relies on the adaptor

molecule TRIF (Oshiumi et al., 2003; Yamamoto et al., 2002). TLR4 signaling

functions normally but with delayed kinetics in MyD88 knockout mice, suggesting

that TLR4 uses both pathways: signaling through MyD88 and through TRIF (Kawai

et al., 1999). TRIF also recruits TRAF6, thereby activating NFκB. For binding to

TRAF6, the adaptor molecule RIP1 is necessary. RIP1 is part of a family of proteins

involved in TNF receptor mediated activation of NFκB (Kawai and Akira, 2007). In

addition, RIP1 is polyubiqutinated (presumably by TRAF6, but it is unknown
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whether UBC13 plays a role in this reaction) and mediates recruitment of TAK1

(Cusson-Hermance et al., 2005).

4.5.1.3 TLR structure
TLRs can be subdivided into two groups: TLR 1, 2 ,4 ,5, and 6 are expressed on the

plasma membrane, TLR 3, 7, and 9 localize to intracellular compartments, such as

the ER and endosomes (Beutler et al., 2006). The intracellular TLRs sense nucleic

acids (Beutler et al., 2006). All TLRs are type I glycosylated transmembrane

proteins. Their cytoplasmic domain consists of a TIR (toll/ IL-1R resistance)

domain, and their luminal or ectodomains are composed of leucine rich repeats

(LRRs). TLRs build homodimers, with the exception of TLR1/2 and TLR2/6 which

form heterodimers (Beutler et al., 2006). LRRs assume a horseshoe-shape. Recently

the crystal structure of the TLR pair 1 and 2 in conjunction with its ligand

Pam3CSK4 has been solved, and shows that Pam3CSK4 binds to the convex surface

of the LRR horseshoe, thereby dimerizing the two TLRs and bringing the cytosolic

TIR domains into very close contact (Brodsky and Medzhitov, 2007; Jin et al.,

2007).

4.5.1.4 UNC93B
Most of the aforementioned TLR signaling proteins were uncovered through

spontaneous or chemically induced mutations in mice (Beutler et al., 2006). MyD88

and TRIF adaptor molecules were found in forward genetic screens (Hoebe et al.,

2003; Kawai et al., 1999), as well as some of the downstream kinases, such as

IRAK-4 (Suzuki et al., 2002), TAK1 (Shim et al., 2005), and IKKα (Hoshino et al.,

2006). The mutagen ENU (N-ethyl-N-nitrosurea) has been used in forward genetic

screens, and led to the discovery of a mouse, the “triple D” mouse (3d), defective in

three TLR signaling pathways, TLR 3, 7, and 9 (Tabeta et al., 2006). Apart from

defects in the TLR pathway, the 3d mouse also displays defects in class I and II

MHC restricted antigen presentation (Tabeta et al., 2006). The ENU-induced

mutation was mapped to a single histidine to arginine amino acid exchange in the ER

polytopic transmembrane protein UNC93B (Tabeta et al., 2006). UNC93B had not

previously been implicated in the TLR pathway, and was a protein of unknown
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function in mammals. UNC93B binds to TLR 3, 7, and 9, while mutant UNC93B

(H412R) does not (Brinkmann et al., 2007). Furthermore, UNC93B plays a role in

TLR trafficking from the ER to endosomes. DCs from the 3d mice fail to translocate

TLR9 to endosomes upon stimulation with CpG DNA (Kim et al., 2008). Further

experiments are necessary to understand how TLRs, especially those in the ER,

sense their ligands.

4.5.1.5 Regulation of TLR signaling

TLR signaling can be modulated in numerous ways: (i) by sequestering signaling

components (ii) by regulating the expression level of the components, (iii) by

dominant negative versions of the components (iv) by post-translational

modifications such as phosphorylation and dephosphorylation and ubiquitination and

deubiquitination. In the remainder of the introduction I will focus on the role of

ubiquitin in the TLR pathway (Lowe et al., 2006).

4.5.1.6 Regulation of TLR signaling by ubiquitin

Some of the signaling molecules within the TLR pathway are themselves ubiquitin

ligases (E3s). These ligases usually activate the TLR pathway and have been

described in chapter 4.5.11.

There are several inhibitory ubiquitination events that may fine-tune the TLR

response, and that can turn it off when pathogens have been cleared (Lowe et al.,

2006). TLRs themselves can be downregulated by proteasomal degradation.

TRIAD3 is a ubiquitin ligase that ubiquitinates TLR9 and TLR4 with K48 linked

ubiquitin chains, thereby initiating their destruction. TRIAD3 can also ubiquitinate

itself (Chuang and Ulevitch, 2004). The MyD88 adaptor molecule Mal is also a

target of an E3 ligase: the E3 ligase SOCS1 (suppressor of cytokine signaling)

ubiquitinates Mal for proteasomal distruction (Mansell et al., 2004). A very

interesting protein that plays a role in neutralizing the TLR response is A20. A20 is

induced when TLR signaling is activated upon induction with LPS, poly I:C and

viruses, or when the TNF pathway is activated upon induction with TNFα (Beyaert
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et al., 2000). A20 can act as a deubiquitinating enzyme of the Otubain family of

DUBs (Komander and Barford, 2008; Love et al., 2007) and as an E3 ligase (Wertz

et al., 2004). As a DUB, A20 removes ubiquitin chains from TRAF6, thereby

terminating the TLR response (Boone et al., 2004; Jensen and Whitehead, 2003).

A20 knockout mice are hypersensitive to LPS-induced shock and show amplified

activation of NFκB (Boone et al., 2004). As an E3 enzyme, A20 mediates K48-

linked ubiquitin chain addition onto RIP, thereby targeting it for degradation. As RIP

is involved not only in the TNF pathway but is also a mediator of the non-canonical

TLR pathway that involves TLR3, A20 can directly fine-tune this pathway, by

removing the K63 linked chain from RIP and simultaneously adding K48 linked

chains to target it for degradation (Lowe et al., 2006).

Cezanne is another DUB that belongs to the A20 family. It is induced by exposure of

cells to TNFα (Evans et al., 2003; Evans et al., 2001). Cezanne, just like A20, can

deubiquitinate RIP, thereby inhibiting NFκB signaling (Enesa et al., 2008). Another

DUB, CYLD, does not target RIP for deubiquitination but instead targets TRAF6

and IKKγ (Nemo) (Zhang et al., 2006). Nemo can be ubiquitinated with K63 linked

chains by RIP2 (McCarthy et al., 1998). This reaction leads to the activation of

NFκB (Bartek and Lukas, 2006).

Figure 7: Schematic representation of TLR4 signaling. Interfering ubiquitin ligases
and DUBs and depicted on the right. E3 ligases are yellow, E2 enzymes are red and
DUBs are green.
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4.5.2 Results

4.5.2.1 UBC6e is highly expressed in dendritic cells and is phosphorylated
upon ER stress

We designed an antibody against the cytosolic domain of UBC6e, described in

chapter 4.2. The amount of endogenous UBC6e recovered from HeLa cells was

consistently very low (see chapter 4.2), so we searched for cells that would express

higher levels and simplify detection with the antibody we generated. The Novartis

expression database indicates that levels of UBC6e are very high in dendritic cells.

UBC6e had been previously reported to be phosphorylated at Ser184 upon induction

of ER stress with DTT, tunicamycin, or thapsigargin (Oh et al., 2006). We confirmed

these results using thapsigargin as an ER stress inducer and primary bone marrow

derived dendritic cells (BMDCs) as the cell line of choice (Figure 8). UBC6e

phosphorylation is rapid and reversible.

Figure 8: Thapsigargin induces phosphorylation of UBC6e. BMDCs were treated with
300nM thapsigargin and samples were removed at the indicated time points. Cells were
lysed and analysed by immunoblotting with anti-UBC6e antibodies.

4.5.2.2 UBC6e is phosphorylated when TLR signaling is induced

As UBC6e is highly expressed in dendritic cells, we speculated that –apart from its

role in US11- mediated dislocation of class I MHC- it may have a function specific

to immune cells. We therefore treated BMDCs form wild-type mice with the

different TLR agonists LPS (TLR4), CpG (TLR9), Imiquimod (TLR7), Malp2

(TLR2/6), and Pam3CSK4 (TLR1/2). All agonists tested led to phosphorylation of

UBC6e, albeit with different kinetics. Malp2 acts the fastest and most abruptly, with

fully phosphorylated UBC6e already appearing after 10min (Figure 8). The two
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lipoprotein-based TLR activators both act with very fast kinetics, changing from no

phosphorylation to quantitative phosphoryation within 10 – 20 minutes. In contrast,

LPS and CpG induce maximal phosphorylation of UBC6e after 40 min. After 80 min

of exposure to all agonists tested, most of the phosphorylated UBC6e has been

dephosphorylated. To ensure that this phosphoryation event is due to functional TLR

signaling pathway, we used BMDCs from the 3d mice as a control. The 3d mice

display a defect in the intracellular TLR 3, 7, and 9 pathway due a mutation in the

protein Unc93B that abolishes TLR binding and TLR trafficking to endosomes

(Brinkmann et al., 2007; Tabeta et al., 2006, Kim et al., in press). TLR signaling

through the TLRs that are situated on the cell surface proceeds unpurturbed. As

expected, UBC6e phosphorylation is absent in the 3d DCs after stimulation with

Imiquimod (TLR7) or CpG DNA (TLR9). UBC6e is phosphorylated with identical

kinetics in WT and 3d BMDCs, suggesting that UBC6e phosphorylation is

dependent on a functional TLR signaling pathway and specifically induced by the

TLR ligands.

Figure 9: UBC6e is phosphorylated when TLR signaling is induced. BMDCS were
treated with different TLR agonists for the indicated time points, lysed and analysed
on 10%SDS PAGE. UBC6e was visualized by immunoblotting with anti-UBC6e
antibodies.
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To strengthen this argument, we compared DCs from WT mice with those from mice

that had been knocked out for the essential TLR adaptor molecule MyD88. With the

exception of TLR3 and TLR4, all TLRs depend on MyD88 for signaling. Since

TLR4 can signal through both pathways, the MyD88 dependent and independent

pathways, TLR4 signaling shows delayed kinetics when one of the two pathways is

blocked. When we treated MyD88 knock-out (KO) DCs with LPS, a delay in UBC6e

phosphorylation occurred compared to WT cells (Figure 10). Cells treated with CpG

DNA did not show any UBC6e phosphorylation when MyD88 is not present.

Figure 10: UBC6e phosphorylation depends on MyD88.

4.5.2.3 UBC6e phosphorylation correlates with IκBα phosphorylation

We reprobed the western blot to detect UBC6e phosphorylation for immuno-blotting

with a phospho-specific antibody against IκBα. IκBα first is phosphorylated and

then ubiquitinated and immediately degraded. In LPS-induced DCs, phosphorylated

IκBα appears immediately prior to phosphorylation of UBC6e (Figure 11). When

UBC6e is fully phosphorylated, IκBα disappears, suggesting that UBC6e might play

a role in the degradation of IκBα. A second wave of phosphorylated IκBα appears

once UBC6e phosphorylation declines.
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Figure 11: UBC6e phosphorylation and IκBα phosphorylation correlate.

4.5.2.4 UBC6e phosphorylation is not a secondary effect of TNFα production

TLR activation is usually measured by the amount of TNFα produced, as this is the

primary cytokine evoked by all TLR activation pathways. TNFα also leads to NFκB

activation through the TNF receptor pathway, similar to the TLR pathway (Wullaert

et al., 2006). Although unlikely based on the rapid kinetics of the responses

observed, to rule out that UBC6e phosphorylation is a response to elevated TNFα

levels (or to NFκB activation), we treated BMDCs from WT mice and MyD88

knockout mice with TNFα (Figure 12). TNFα treatment does induce some UBC6e

phoshorylation after 20, but already after 40 min it is reversed. TNFα enhances

UBC6e phosphorylation but cannot explain the rapid and quantitative UBC6e

phosphorylation that occurs for example when cells are treated with lipoproteins.

Furthermore, all TLR agonists induce UBC6e phosphorylation with different

kinetics, so the observed phosphorylation is unlikely to be a secondary effect of

TNFα production.

Figure 12: UBC6e is only poorly phosphorylated upon TNFα treatment.
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4.5.2.5 UBC6e phosphorylation upon treatment of cells with H2O2

Reactive oxygen species (ROS) such as H2O2 play a pivotal role in innate immune

response. When a pathogen enters dendritic cells or macrophages, the phagosome

forms around the pathogen, and ROS are generated by the resident NADPH oxidase

to attack the pathogen (Hampton et al., 1998). The role of H2O2 in NFκB activation

remains controversial, but H2O2 could be a second messenger in activation of NFκB.

For example, LPS activated TLR4 can activate NADPH oxidase, thereby initiating

H2O2 release and eventually NFκB activation (Park et al., 2004). However, H2O2

does not activate NFκB in many cell lines (Forman and Torres, 2001; Janssen-

Heininger et al., 2000). After TNFα treatment, depending on the cell line examined,

H2O2 can stimulate or inhibit NFκB activation (Byun et al., 2002; de Oliveira-

Marques et al., 2007; Kamata et al., 2002a; Kamata et al., 2002b; Lahdenpohja et al.,

1998; Panopoulos et al., 2005) .

After treatment of BMDCs with H2O2 we saw rapid phosphorylation of UBC6e with

a maximum at 20 min. There is no difference between WT BMDCs or MyD88 KO

BMDCs (Figure 13).

Figure 13: UBC6e is phosphorylated upon induction of oxidative stress.

4.5.2.6 Knockdown of UBC6e
We stably transduced DC2.4 cells with lentivirus encoding for shRNA against

UBC6e or GFP. Cells were selected 4 days with puromycin prior to analyzing their
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expression level (Figure 14). Additionally, we treated the cells for 20 min with LPS

to have both versions of UBC6e present. One of the tested shRNAs results in almost

100% knockdown of UBC6e (Figure 14).

Figure 14: Lentivirally transduced UBC6e knockdown in DC2.4 dendritic cells.

4.5.3 Discussion

UBC6e is an ER bound ubiquitin conjugating enzyme involved in protein dislocation

from the mammalian ER (Lenk et al., 2002; Younger et al., 2006). It is

phosphorylated upon ER stress, but this phosphorylation does not obviously change

its activity as an E2 (Oh et al., 2006). We report here that UBC6e plays a role in

TLR signaling. It is highly expressed in dendritic cells and is phoshorylated upon

stimulation with various TLR ligands. Furthermore, this phosphorylation is

quantitative and reaches much higher levels than what had been previously reported

for ER stress-induced phosphorylation of UBC6e.

Why would an ER transmembrane protein involved in ER dislocation have a role in

modulating an innate immune response pathway? There has been some evidence that

ER dislocation and cross presentation might be linked (Ackerman et al., 2006).

Cross-presentation refers to Class I MHC molecules that present antigens

internalized from extracellular space (otherwise presented on class II MHC

molecules), and not from protein products made inside the cytosol (Rock et al.,

1990). Only DCs and macrophages cross-present. It is still unclear how peptides

from outside the cell can reach Class I molecules. First, DCs internalize debris from

dying cells into phagosomes. The antigenic peptides must reach the cytosol, as cross-
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presentation depends on the proteasome and on TAP (Ackerman and Cresswell,

2004; Huang et al., 1996; Kovacsovics-Bankowski and Rock, 1995; Norbury et al.,

1995). Much research has been dedicated to understanding how peptides from the

phagosome reach the cytosol. One theory involves fusion of the phagosome with the

ER membrane (Gagnon et al., 2002). In this intriguing model proteins from

extracellular space could be internalized by phagosomes and then reach the cytosol

by utilizing the dislocation machinery. It has been shown that dominant negative

forms of p97 inhibit cross-presentation from purified phagosomes (Ackerman et al.,

2006), suggesting that the ER dislocation machinery, also inhibited by dominant

negative versions of p97, might be used. Furthermore, phagocytosed microspheres

with a polypeptide that contains the glycan attachment site are glycosylated after

uptake, providing evidence for exposure to the enzymes of the ER, since N-linked

glycosylation occurs exclusively in the ER (Ackerman et al., 2006; Rock, 2006).

Recently, Giodini and Cresswell showed that internalized exogenous protein

antigens are not only dislocated into the cytosol, but can even refold there with the

help of HSP90 family members (Giodini and Cresswell, 2008). UBC6e could play a

role in cross-presentation by dislocating and ubiquitinating the internalized antigens.

UBC6e might fine-tune cross-presentation. Phosphorylated UBC6e presumably has

different partner subunits than its unmodified counterpart, thereby providing a

dynamic switch to alter cellular responses to the presence of pathogens.

4.5.4 Material and Methods

4.5.4.1 Antibodies
The anti phospho- IκBα antibody was purchased from Cell Signaling. The anti-

UBC6e antibody has been described (see chapter 4.2).

4.5.4.2 Cell preparation
BMDCs were harvested by flushing out the tibia and femur of B6, 3d, and MyD88ko

mice with a 25 gauge needle. The cells were plated in 12 well dishes at a

concentration of 1 x 106 cell per well. Cells were cultured for 4 days in complete
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DMEM that was supplemented with 1ng/ml IL-4 (Roche) and 10ng/ml GM-CSF

(PeproTech). The medium was replenished on day 1 and on day 3.

For TLR activation or induction of the UPR, the following concentrations were used:

H2O2 1mM, LPS 100ng/ml, CpG 1µM, Imiquimod 10uM, Pam3CSk4 1µg/ml, Malp2

100ng/ml, Thapsigargin 300nM.

Activation was stopped by addition of ice-cold PBS. Cell were scraped in NP-40

lysis buffer (150mM NaCl, 2mM MgCl, 0.5% NP-40, protease inhibitor tablets) for

30 min on ice, centrifuged (16000g, 10min) and the supernatant was boiled in

sample buffer and loaded on a 10% SDS-PAGE. Immunoblotting was performed

using standard procedures.
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5 Outlook

This work contributed to the understanding of the process of ER dislocation in

mammalian cells. Several new players involved in ERAD were identified and

characterized. As the point of departure, a key player in mammalian dislocation,

SEL1L, was used to identify new proteins involved in dislocation. In future studies,

the new proteins OS9, UBXD8, AUP1, and UBC6e could be analyzed further by

mutational analysis and by obtaining knock-out mice. So far, except for their role in

dislocation, not much is known about these proteins.

These proteins helped shape the mammalian dislocation complex, and provided a

glimpse into a new direction: when overexpressed, UBXD8 and AUP1 localize to

lipid droplets (Klemm E, Mueller B, Ploegh HL, unpublished). This observation

might provide the answer to one of the key questions in the field: how does a protein

cross the lipid bilayer?

Equally important, future experiments with SEL1L and OS9 (a protein fulfilling

US11’s task of targeting substrates to the dislocation complex) and its interaction

partners will explain how the cellular dislocation machinery distinguishes between

terminally misfolded proteins and those that are in the process of attaining their final

conformation.

UBC6e provided an interesting link between dislocation and TLR signaling. Future

experiments will show whether UBC6e and with this, retrotranslocation from the

phagosome to the cytosol of exogenous antigens, plays a role in cross-presentation.



References 136

6 References

Ackerman, A.L. and Cresswell, P. (2004) Cellular mechanisms governing cross-
presentation of exogenous antigens. Nat Immunol, 5, 678-684.

Ackerman, A.L., Giodini, A. and Cresswell, P. (2006) A role for the endoplasmic
reticulum protein retrotranslocation machinery during crosspresentation by
dendritic cells. Immunity, 25, 607-617.

Ahn, K., Angulo, A., Ghazal, P., Peterson, P.A., Yang, Y. and Fruh, K. (1996)
Human cytomegalovirus inhibits antigen presentation by a sequential
multistep process. Proc Natl Acad Sci U S A, 93, 10990-10995.

Ahn, K., Gruhler, A., Galocha, B., Jones, T.R., Wiertz, E.J., Ploegh, H.L., Peterson,
P.A., Yang, Y. and Fruh, K. (1997) The ER-luminal domain of the HCMV
glycoprotein US6 inhibits peptide translocation by TAP. Immunity, 6, 613-
621.

Ahner, A. and Brodsky, J.L. (2004) Checkpoints in ER-associated degradation:
excuse me, which way to the proteasome? Trends Cell Biol, 14, 474-478.

Akira, S. (2006) TLR signaling. Curr Top Microbiol Immunol, 311, 1-16.
Akira, S. and Takeda, K. (2004) Functions of toll-like receptors: lessons from KO

mice. C R Biol, 327, 581-589.
Alexopoulou, L., Holt, A.C., Medzhitov, R. and Flavell, R.A. (2001) Recognition of

double-stranded RNA and activation of NF-kappaB by Toll-like receptor 3.
Nature, 413, 732-738.

Andersen, M.H., Schrama, D., Thor Straten, P. and Becker, J.C. (2006) Cytotoxic T
cells. J Invest Dermatol, 126, 32-41.

Arase, H. and Lanier, L.L. (2004) Specific recognition of virus-infected cells by
paired NK receptors. Rev Med Virol, 14, 83-93.

Aravind, L. and Koonin, E.V. (2000) The U box is a modified RING finger - a
common domain in ubiquitination. Curr Biol, 10, R132-134.

Baek, J.H., Mahon, P.C., Oh, J., Kelly, B., Krishnamachary, B., Pearson, M., Chan,
D.A., Giaccia, A.J. and Semenza, G.L. (2005) OS-9 interacts with hypoxia-
inducible factor 1alpha and prolyl hydroxylases to promote oxygen-
dependent degradation of HIF-1alpha. Mol Cell, 17, 503-512.

Barel, M.T., Hassink, G.C., van Voorden, S. and Wiertz, E.J. (2006a) Human
cytomegalovirus-encoded US2 and US11 target unassembled MHC class I
heavy chains for degradation. Mol Immunol, 43, 1258-1266.

Barel, M.T., Pizzato, N., Le Bouteiller, P., Wiertz, E.J. and Lenfant, F. (2006b)
Subtle sequence variation among MHC class I locus products greatly
influences sensitivity to HCMV US2- and US11-mediated degradation. Int
Immunol, 18, 173-182.

Barel, M.T., Pizzato, N., van Leeuwen, D., Bouteiller, P.L., Wiertz, E.J. and Lenfant,
F. (2003a) Amino acid composition of alpha1/alpha2 domains and
cytoplasmic tail of MHC class I molecules determine their susceptibility to
human cytomegalovirus US11-mediated down-regulation. Eur J Immunol,
33, 1707-1716.

Barel, M.T., Ressing, M., Pizzato, N., van Leeuwen, D., Le Bouteiller, P., Lenfant,
F. and Wiertz, E.J. (2003b) Human cytomegalovirus-encoded US2



References 137

differentially affects surface expression of MHC class I locus products and
targets membrane-bound, but not soluble HLA-G1 for degradation. J
Immunol, 171, 6757-6765.

Barnstable, C.J., Bodmer, W.F., Brown, G., Galfre, G., Milstein, C., Williams, A.F.
and Ziegler, A. (1978) Production of monoclonal antibodies to group A
erythrocytes, HLA and other human cell surface antigens-new tools for
genetic analysis. Cell, 14, 9-20.

Bartek, J. and Lukas, J. (2006) Cell biology. The stress of finding NEMO. Science,
311, 1110-1111.

Bauer, S., Kirschning, C.J., Hacker, H., Redecke, V., Hausmann, S., Akira, S.,
Wagner, H. and Lipford, G.B. (2001) Human TLR9 confers responsiveness
to bacterial DNA via species-specific CpG motif recognition. Proc Natl Acad
Sci U S A, 98, 9237-9242.

Bays, N.W., Gardner, R.G., Seelig, L.P., Joazeiro, C.A. and Hampton, R.Y. (2001a)
Hrd1p/Der3p is a membrane-anchored ubiquitin ligase required for ER-
associated degradation. Nat Cell Biol, 3, 24-29.

Bays, N.W. and Hampton, R.Y. (2002) Cdc48-Ufd1-Npl4: stuck in the middle with
Ub. Curr Biol, 12, R366-371.

Bays, N.W., Wilhovsky, S.K., Goradia, A., Hodgkiss-Harlow, K. and Hampton,
R.Y. (2001b) HRD4/NPL4 is required for the proteasomal processing of
ubiquitinated ER proteins. Mol Biol Cell, 12, 4114-4128.

Bebok, Z., Mazzochi, C., King, S.A., Hong, J.S. and Sorscher, E.J. (1998) The
mechanism underlying cystic fibrosis transmembrane conductance regulator
transport from the endoplasmic reticulum to the proteasome includes
Sec61beta and a cytosolic, deglycosylated intermediary. J Biol Chem, 273,
29873-29878.

Bertolotti, A., Zhang, Y., Hendershot, L.M., Harding, H.P. and Ron, D. (2000)
Dynamic interaction of BiP and ER stress transducers in the unfolded-protein
response. Nat Cell Biol, 2, 326-332.

Beutler, B., Jiang, Z., Georgel, P., Crozat, K., Croker, B., Rutschmann, S., Du, X.
and Hoebe, K. (2006) Genetic analysis of host resistance: Toll-like receptor
signaling and immunity at large. Annu Rev Immunol, 24, 353-389.

Beyaert, R., Heyninck, K. and Van Huffel, S. (2000) A20 and A20-binding proteins
as cellular inhibitors of nuclear factor-kappa B-dependent gene expression
and apoptosis. Biochem Pharmacol, 60, 1143-1151.

Bhamidipati, A., Denic, V., Quan, E.M. and Weissman, J.S. (2005) Exploration of
the topological requirements of ERAD identifies Yos9p as a lectin sensor of
misfolded glycoproteins in the ER lumen. Mol Cell, 19, 741-751.

Biederer, T., Volkwein, C. and Sommer, T. (1996) Degradation of subunits of the
Sec61p complex, an integral component of the ER membrane, by the
ubiquitin-proteasome pathway. Embo J, 15, 2069-2076.

Biederer, T., Volkwein, C. and Sommer, T. (1997) Role of Cue1p in ubiquitination
and degradation at the ER surface. Science, 278, 1806-1809.

Biunno, I., Appierto, V., Cattaneo, M., Leone, B.E., Balzano, G., Socci, C., Saccone,
S., Letizia, A., Della Valle, G. and Sgaramella, V. (1997) Isolation of a
pancreas-specific gene located on human chromosome 14q31: expression
analysis in human pancreatic ductal carcinomas. Genomics, 46, 284-286.



References 138

Blom, D., Hirsch, C., Stern, P., Tortorella, D. and Ploegh, H.L. (2004) A
glycosylated type I membrane protein becomes cytosolic when peptide: N-
glycanase is compromised. Embo J, 23, 650-658.

Boone, D.L., Turer, E.E., Lee, E.G., Ahmad, R.C., Wheeler, M.T., Tsui, C., Hurley,
P., Chien, M., Chai, S., Hitotsumatsu, O., McNally, E., Pickart, C. and Ma,
A. (2004) The ubiquitin-modifying enzyme A20 is required for termination
of Toll-like receptor responses. Nat Immunol, 5, 1052-1060.

Bordallo, J. and Wolf, D.H. (1999) A RING-H2 finger motif is essential for the
function of Der3/Hrd1 in endoplasmic reticulum associated protein
degradation in the yeast Saccharomyces cerevisiae. FEBS Lett, 448, 244-248.

Bouvier, M. (2003) Accessory proteins and the assembly of human class I MHC
molecules: a molecular and structural perspective. Mol Immunol, 39, 697-
706.

Bouvier, M. and Wiley, D.C. (1998) Structural characterization of a soluble and
partially folded class I major histocompatibility heavy chain/beta 2m
heterodimer. Nat Struct Biol, 5, 377-384.

Brasaemle, D.L., Dolios, G., Shapiro, L. and Wang, R. (2004) Proteomic analysis of
proteins associated with lipid droplets of basal and lipolytically stimulated
3T3-L1 adipocytes. J Biol Chem, 279, 46835-46842.

Braun, S., Matuschewski, K., Rape, M., Thoms, S. and Jentsch, S. (2002) Role of the
ubiquitin-selective CDC48(UFD1/NPL4 )chaperone (segregase) in ERAD of
OLE1 and other substrates. Embo J, 21, 615-621.

Brauweiler, A., Lorick, K.L., Lee, J.P., Tsai, Y.C., Chan, D., Weissman, A.M.,
Drabkin, H.A. and Gemmill, R.M. (2007) RING-dependent tumor
suppression and G2/M arrest induced by the TRC8 hereditary kidney cancer
gene. Oncogene, 26, 2263-2271.

Brinkmann, M.M., Spooner, E., Hoebe, K., Beutler, B., Ploegh, H.L. and Kim, Y.M.
(2007) The interaction between the ER membrane protein UNC93B and
TLR3, 7, and 9 is crucial for TLR signaling. J Cell Biol, 177, 265-275.

Brodsky, I. and Medzhitov, R. (2007) Two modes of ligand recognition by TLRs.
Cell, 130, 979-981.

Brodsky, J.L. (2007) The protective and destructive roles played by molecular
chaperones during ERAD (endoplasmic-reticulum-associated degradation).
Biochem J, 404, 353-363.

Brummelkamp, T.R., Bernards, R. and Agami, R. (2002) A system for stable
expression of short interfering RNAs in mammalian cells. Science, 296, 550-
553.

Buchberger, A. (2002) From UBA to UBX: new words in the ubiquitin vocabulary.
Trends Cell Biol, 12, 216-221.

Burda, P. and Aebi, M. (1999) The dolichol pathway of N-linked glycosylation.
Biochim Biophys Acta, 1426, 239-257.

Buschhorn, B.A., Kostova, Z., Medicherla, B. and Wolf, D.H. (2004) A genome-
wide screen identifies Yos9p as essential for ER-associated degradation of
glycoproteins. FEBS Lett, 577, 422-426.

Byun, M.S., Jeon, K.I., Choi, J.W., Shim, J.Y. and Jue, D.M. (2002) Dual effect of
oxidative stress on NF-kappakB activation in HeLa cells. Exp Mol Med, 34,
332-339.



References 139

Calfon, M., Zeng, H., Urano, F., Till, J.H., Hubbard, S.R., Harding, H.P., Clark, S.G.
and Ron, D. (2002) IRE1 couples endoplasmic reticulum load to secretory
capacity by processing the XBP-1 mRNA. Nature, 415, 92-96.

Carlson, E.J., Pitonzo, D. and Skach, W.R. (2006) p97 functions as an auxiliary
factor to facilitate TM domain extraction during CFTR ER-associated
degradation. Embo J, 25, 4557-4566.

Carvalho, P., Goder, V. and Rapoport, T.A. (2006) Distinct Ubiquitin-Ligase
Complexes Define Convergent Pathways for the Degradation of ER Proteins.
Cell, 126, 361-373.

Cermelli, S., Guo, Y., Gross, S.P. and Welte, M.A. (2006) The lipid-droplet
proteome reveals that droplets are a protein-storage depot. Curr Biol, 16,
1783-1795.

Chen, B., Mariano, J., Tsai, Y.C., Chan, A.H., Cohen, M. and Weissman, A.M.
(2006) The activity of a human endoplasmic reticulum-associated
degradation E3, gp78, requires its Cue domain, RING finger, and an E2-
binding site. Proc Natl Acad Sci U S A, 103, 341-346.

Chen, P., Johnson, P., Sommer, T., Jentsch, S. and Hochstrasser, M. (1993) Multiple
ubiquitin-conjugating enzymes participate in the in vivo degradation of the
yeast MAT alpha 2 repressor. Cell, 74, 357-369.

Cheng, S.H., Gregory, R.J., Marshall, J., Paul, S., Souza, D.W., White, G.A.,
O'Riordan, C.R. and Smith, A.E. (1990) Defective intracellular transport and
processing of CFTR is the molecular basis of most cystic fibrosis. Cell, 63,
827-834.

Chevalier, M.S., Daniels, G.M. and Johnson, D.C. (2002) Binding of human
cytomegalovirus US2 to major histocompatibility complex class I and II
proteins is not sufficient for their degradation. J Virol, 76, 8265-8275.

Chevalier, M.S. and Johnson, D.C. (2003) Human cytomegalovirus US3 chimeras
containing US2 cytosolic residues acquire major histocompatibility class I
and II protein degradation properties. J Virol, 77, 4731-4738.

Chuang, T.H. and Ulevitch, R.J. (2004) Triad3A, an E3 ubiquitin-protein ligase
regulating Toll-like receptors. Nat Immunol, 5, 495-502.

Clemons, W.M., Jr., Menetret, J.F., Akey, C.W. and Rapoport, T.A. (2004)
Structural insight into the protein translocation channel. Curr Opin Struct
Biol, 14, 390-396.

Cosson, P., Lankford, S.P., Bonifacino, J.S. and Klausner, R.D. (1991) Membrane
protein association by potential intramembrane charge pairs. Nature, 351,
414-416.

Cox, J.S., Shamu, C.E. and Walter, P. (1993) Transcriptional induction of genes
encoding endoplasmic reticulum resident proteins requires a transmembrane
protein kinase. Cell, 73, 1197-1206.

Credle, J.J., Finer-Moore, J.S., Papa, F.R., Stroud, R.M. and Walter, P. (2005) On
the mechanism of sensing unfolded protein in the endoplasmic reticulum.
Proc Natl Acad Sci U S A, 102, 18773-18784.

Cresswell, P. (2005) Antigen processing and presentation. Immunol Rev, 207, 5-7.
Crowley, K.S., Reinhart, G.D. and Johnson, A.E. (1993) The signal sequence moves

through a ribosomal tunnel into a noncytoplasmic aqueous environment at
the ER membrane early in translocation. Cell, 73, 1101-1115.

Cunnea, P.M., Miranda-Vizuete, A., Bertoli, G., Simmen, T., Damdimopoulos, A.E.,
Hermann, S., Leinonen, S., Huikko, M.P., Gustafsson, J.A., Sitia, R. and



References 140

Spyrou, G. (2003) ERdj5, an endoplasmic reticulum (ER)-resident protein
containing DnaJ and thioredoxin domains, is expressed in secretory cells or
following ER stress. J Biol Chem, 278, 1059-1066.

Curran, A.R. and Engelman, D.M. (2003) Sequence motifs, polar interactions and
conformational changes in helical membrane proteins. Curr Opin Struct Biol,
13, 412-417.

Cusson-Hermance, N., Khurana, S., Lee, T.H., Fitzgerald, K.A. and Kelliher, M.A.
(2005) Rip1 mediates the Trif-dependent toll-like receptor 3- and 4-induced
NF-{kappa}B activation but does not contribute to interferon regulatory
factor 3 activation. J Biol Chem, 280, 36560-36566.

de Oliveira-Marques, V., Cyrne, L., Marinho, H.S. and Antunes, F. (2007) A
quantitative study of NF-kappaB activation by H2O2: relevance in
inflammation and synergy with TNF-alpha. J Immunol, 178, 3893-3902.

de Virgilio, M., Kitzmuller, C., Schwaiger, E., Klein, M., Kreibich, G. and Ivessa,
N.E. (1999) Degradation of a short-lived glycoprotein from the lumen of the
endoplasmic reticulum: the role of N-linked glycans and the unfolded protein
response. Mol Biol Cell, 10, 4059-4073.

de Virgilio, M., Weninger, H. and Ivessa, N.E. (1998) Ubiquitination is required for
the retro-translocation of a short-lived luminal endoplasmic reticulum
glycoprotein to the cytosol for degradation by the proteasome. J Biol Chem,
273, 9734-9743.

Deak, P.M. and Wolf, D.H. (2001) Membrane topology and function of Der3/Hrd1p
as a ubiquitin-protein ligase (E3) involved in endoplasmic reticulum
degradation. J Biol Chem, 276, 10663-10669.

Degen, E., Cohen-Doyle, M.F. and Williams, D.B. (1992) Efficient dissociation of
the p88 chaperone from major histocompatibility complex class I molecules
requires both beta 2-microglobulin and peptide. J Exp Med, 175, 1653-1661.

Deng, L., Wang, C., Spencer, E., Yang, L., Braun, A., You, J., Slaughter, C., Pickart,
C. and Chen, Z.J. (2000) Activation of the IkappaB kinase complex by
TRAF6 requires a dimeric ubiquitin-conjugating enzyme complex and a
unique polyubiquitin chain. Cell, 103, 351-361.

Deng, M. and Hochstrasser, M. (2006) Spatially regulated ubiquitin ligation by an
ER/nuclear membrane ligase. Nature, 443, 827-831.

Denic, V., Quan, E.M. and Weissman, J.S. (2006) A Luminal Surveillance Complex
that Selects Misfolded Glycoproteins for ER-Associated Degradation. Cell,
126, 349-359.

Diebold, S.S., Kaisho, T., Hemmi, H., Akira, S. and Reis e Sousa, C. (2004) Innate
antiviral responses by means of TLR7-mediated recognition of single-
stranded RNA. Science, 303, 1529-1531.

Dreveny, I., Kondo, H., Uchiyama, K., Shaw, A., Zhang, X. and Freemont, P.S.
(2004) Structural basis of the interaction between the AAA ATPase p97/VCP
and its adaptor protein p47. Embo J, 23, 1030-1039.

Drickamer, K. and Taylor, M.E. (1998) Evolving views of protein glycosylation.
Trends Biochem Sci, 23, 321-324.

Dwek, M.V., Brooks, S.A., Streets, A.J., Harvey, D.J. and Leathem, A.J. (1996)
Oligosaccharide release from frozen and paraffin-wax-embedded archival
tissues. Anal Biochem, 242, 8-14.

Elkabetz, Y., Shapira, I., Rabinovich, E. and Bar-Nun, S. (2004) Distinct steps in
dislocation of luminal endoplasmic reticulum-associated degradation



References 141

substrates: roles of endoplamic reticulum-bound p97/Cdc48p and
proteasome. J Biol Chem, 279, 3980-3989.

Ellgaard, L. and Frickel, E.M. (2003) Calnexin, calreticulin, and ERp57: teammates
in glycoprotein folding. Cell Biochem Biophys, 39, 223-247.

Ellgaard, L. and Helenius, A. (2003) Quality control in the endoplasmic reticulum.
Nat Rev Mol Cell Biol, 4, 181-191.

Ellgaard, L., Molinari, M. and Helenius, A. (1999) Setting the standards: quality
control in the secretory pathway. Science, 286, 1882-1888.

Ellis, J. (1987) Proteins as molecular chaperones. Nature, 328, 378-379.
Elsasser, S., Chandler-Militello, D., Muller, B., Hanna, J. and Finley, D. (2004)

Rad23 and Rpn10 serve as alternative ubiquitin receptors for the proteasome.
J Biol Chem, 279, 26817-26822.

Elsasser, S., Gali, R.R., Schwickart, M., Larsen, C.N., Leggett, D.S., Muller, B.,
Feng, M.T., Tubing, F., Dittmar, G.A. and Finley, D. (2002) Proteasome
subunit Rpn1 binds ubiquitin-like protein domains. Nat Cell Biol, 4, 725-730.

Enesa, K., Zakkar, M., Chaudhury, H., Luong, L.A., Rawlinson, L., Mason, J.C.,
Haskard, D.O., Dean, J.L. and Evans, P.C. (2008) NF-kappa B suppression
by the deubiquitinating enzyme cezanne: A novel negative feedback loop in
pro-inflammatory signaling. J Biol Chem.

Ermonval, M., Kitzmuller, C., Mir, A.M., Cacan, R. and Ivessa, N.E. (2001) N-
glycan structure of a short-lived variant of ribophorin I expressed in the
MadIA214 glycosylation-defective cell line reveals the role of a mannosidase
that is not ER mannosidase I in the process of glycoprotein degradation.
Glycobiology, 11, 565-576.

Evans, P.C., Smith, T.S., Lai, M.J., Williams, M.G., Burke, D.F., Heyninck, K.,
Kreike, M.M., Beyaert, R., Blundell, T.L. and Kilshaw, P.J. (2003) A novel
type of deubiquitinating enzyme. J Biol Chem, 278, 23180-23186.

Evans, P.C., Taylor, E.R., Coadwell, J., Heyninck, K., Beyaert, R. and Kilshaw, P.J.
(2001) Isolation and characterization of two novel A20-like proteins.
Biochem J, 357, 617-623.

Fagioli, C., Mezghrani, A. and Sitia, R. (2001) Reduction of interchain disulfide
bonds precedes the dislocation of Ig-mu chains from the endoplasmic
reticulum to the cytosol for proteasomal degradation. J Biol Chem, 276,
40962-40967.

Fang, S., Ferrone, M., Yang, C., Jensen, J.P., Tiwari, S. and Weissman, A.M. (2001)
The tumor autocrine motility factor receptor, gp78, is a ubiquitin protein
ligase implicated in degradation from the endoplasmic reticulum. Proc Natl
Acad Sci U S A, 98, 14422-14427.

Fewell, S.W., Travers, K.J., Weissman, J.S. and Brodsky, J.L. (2001) The action of
molecular chaperones in the early secretory pathway. Annu Rev Genet, 35,
149-191.

Fiebiger, E., Story, C., Ploegh, H.L. and Tortorella, D. (2002) Visualization of the
ER-to-cytosol dislocation reaction of a type I membrane protein. Embo J, 21,
1041-1053.

Finley, D., Bartel, B. and Varshavsky, A. (1989) The tails of ubiquitin precursors are
ribosomal proteins whose fusion to ubiquitin facilitates ribosome biogenesis.
Nature, 338, 394-401.

Flierman, D., Coleman, C.S., Pickart, C.M., Rapoport, T.A. and Chau, V. (2006) E2-
25K mediates US11-triggered retro-translocation of MHC class I heavy



References 142

chains in a permeabilized cell system. Proc Natl Acad Sci U S A, 103, 11589-
11594.

Flierman, D., Ye, Y., Dai, M., Chau, V. and Rapoport, T.A. (2003) Polyubiquitin
serves as a recognition signal, rather than a ratcheting molecule, during
retrotranslocation of proteins across the endoplasmic reticulum membrane. J
Biol Chem, 278, 34774-34782.

Forman, H.J. and Torres, M. (2001) Redox signaling in macrophages. Mol Aspects
Med, 22, 189-216.

Frand, A.R. and Kaiser, C.A. (1998) The ERO1 gene of yeast is required for
oxidation of protein dithiols in the endoplasmic reticulum. Mol Cell, 1, 161-
170.

Frand, A.R. and Kaiser, C.A. (1999) Ero1p oxidizes protein disulfide isomerase in a
pathway for disulfide bond formation in the endoplasmic reticulum. Mol
Cell, 4, 469-477.

Freedman, R.B., Klappa, P. and Ruddock, L.W. (2002) Protein disulfide isomerases
exploit synergy between catalytic and specific binding domains. EMBO Rep,
3, 136-140.

Frickel, E.M., Frei, P., Bouvier, M., Stafford, W.F., Helenius, A., Glockshuber, R.
and Ellgaard, L. (2004) ERp57 is a multifunctional thiol-disulfide
oxidoreductase. J Biol Chem, 279, 18277-18287.

Fujimoto, T. and Ohsaki, Y. (2006a) Cytoplasmic lipid droplets: rediscovery of an
old structure as a unique platform. Ann N Y Acad Sci, 1086, 104-115.

Fujimoto, T. and Ohsaki, Y. (2006b) Proteasomal and autophagic pathways
converge on lipid droplets. Autophagy, 2, 299-301.

Fujimoto, Y., Onoduka, J., Homma, K.J., Yamaguchi, S., Mori, M., Higashi, Y.,
Makita, M., Kinoshita, T., Noda, J., Itabe, H. and Takanoa, T. (2006) Long-
chain fatty acids induce lipid droplet formation in a cultured human
hepatocyte in a manner dependent of Acyl-CoA synthetase. Biol Pharm Bull,
29, 2174-2180.

Furman, M.H., Dey, N., Tortorella, D. and Ploegh, H.L. (2002a) The human
cytomegalovirus US10 gene product delays trafficking of major
histocompatibility complex class I molecules. J Virol, 76, 11753-11756.

Furman, M.H., Loureiro, J., Ploegh, H.L. and Tortorella, D. (2003) Ubiquitinylation
of the cytosolic domain of a type I membrane protein is not required to
initiate its dislocation from the endoplasmic reticulum. J Biol Chem, 278,
34804-34811.

Furman, M.H., Ploegh, H.L. and Tortorella, D. (2002b) Membrane-specific, host-
derived factors are required for US2- and US11- mediated degradation of
major histocompatibility complex class I molecules. J Biol Chem, 277, 3258-
3267.

Furman, M.H., Ploegh, H.L. and Tortorella, D. (2002c) Membrane-specific, host-
derived factors are required for US2- and US11-mediated degradation of
major histocompatibility complex class I molecules. J Biol Chem, 277, 3258-
3267.

Gagnon, E., Duclos, S., Rondeau, C., Chevet, E., Cameron, P.H., Steele-Mortimer,
O., Paiement, J., Bergeron, J.J. and Desjardins, M. (2002) Endoplasmic
reticulum-mediated phagocytosis is a mechanism of entry into macrophages.
Cell, 110, 119-131.



References 143

Gardner, R.G., Shearer, A.G. and Hampton, R.Y. (2001) In vivo action of the HRD
ubiquitin ligase complex: mechanisms of endoplasmic reticulum quality
control and sterol regulation. Mol Cell Biol, 21, 4276-4291.

Gardner, R.G., Swarbrick, G.M., Bays, N.W., Cronin, S.R., Wilhovsky, S., Seelig,
L., Kim, C. and Hampton, R.Y. (2000) Endoplasmic reticulum degradation
requires lumen to cytosol signaling. Transmembrane control of Hrd1p by
Hrd3p. J Cell Biol, 151, 69-82.

Gauss, R., Jarosch, E., Sommer, T. and Hirsch, C. (2006a) A complex of Yos9p and
the HRD ligase integrates endoplasmic reticulum quality control into the
degradation machinery. Nat Cell Biol, 8, 849-854.

Gauss, R., Sommer, T. and Jarosch, E. (2006b) The Hrd1p ligase complex forms a
linchpin between ER-lumenal substrate selection and Cdc48p recruitment.
Embo J, 25, 1827-1835.

Gavel, Y. and von Heijne, G. (1990) Sequence differences between glycosylated and
non-glycosylated Asn-X-Thr/Ser acceptor sites: implications for protein
engineering. Protein Eng, 3, 433-442.

Gemmill, R.M., Bemis, L.T., Lee, J.P., Sozen, M.A., Baron, A., Zeng, C., Erickson,
P.F., Hooper, J.E. and Drabkin, H.A. (2002) The TRC8 hereditary kidney
cancer gene suppresses growth and functions with VHL in a common
pathway. Oncogene, 21, 3507-3516.

Gething, M.J. (1999) Role and regulation of the ER chaperone BiP. Semin Cell Dev
Biol, 10, 465-472.

Gewurz, B.E., Gaudet, R., Tortorella, D., Wang, E.W., Ploegh, H.L. and Wiley, D.C.
(2001a) Antigen presentation subverted: Structure of the human
cytomegalovirus protein US2 bound to the class I molecule HLA-A2. Proc
Natl Acad Sci U S A, 98, 6794-6799.

Gewurz, B.E., Ploegh, H.L. and Tortorella, D. (2002) US2, a human
cytomegalovirus-encoded type I membrane protein, contains a non-cleavable
amino-terminal signal peptide. J Biol Chem, 277, 11306-11313.

Gewurz, B.E., Wang, E.W., Tortorella, D., Schust, D.J. and Ploegh, H.L. (2001b)
Human cytomegalovirus US2 endoplasmic reticulum-lumenal domain
dictates association with major histocompatibility complex class I in a locus-
specific manner. J Virol, 75, 5197-5204.

Ghaemmaghami, S., Huh, W.K., Bower, K., Howson, R.W., Belle, A., Dephoure, N.,
O'Shea, E.K. and Weissman, J.S. (2003) Global analysis of protein
expression in yeast. Nature, 425, 737-741.

Giodini, A. and Cresswell, P. (2008) Hsp90-mediated cytosolic refolding of
exogenous proteins internalized by dendritic cells. Embo J, 27, 201-211.

Glickman, M.H. and Ciechanover, A. (2002) The ubiquitin-proteasome proteolytic
pathway: destruction for the sake of construction. Physiol Rev, 82, 373-428.

Glickman, M.H., Rubin, D.M., Coux, O., Wefes, I., Pfeifer, G., Cjeka, Z.,
Baumeister, W., Fried, V.A. and Finley, D. (1998) A subcomplex of the
proteasome regulatory particle required for ubiquitin-conjugate degradation
and related to the COP9-signalosome and eIF3. Cell, 94, 615-623.

Groll, M., Ditzel, L., Lowe, J., Stock, D., Bochtler, M., Bartunik, H.D. and Huber, R.
(1997) Structure of 20S proteasome from yeast at 2.4 A resolution. Nature,
386, 463-471.

Halaban, R., Cheng, E., Zhang, Y., Moellmann, G., Hanlon, D., Michalak, M.,
Setaluri, V. and Hebert, D.N. (1997) Aberrant retention of tyrosinase in the



References 144

endoplasmic reticulum mediates accelerated degradation of the enzyme and
contributes to the dedifferentiated phenotype of amelanotic melanoma cells.
Proc Natl Acad Sci U S A, 94, 6210-6215.

Hampton, M.B., Kettle, A.J. and Winterbourn, C.C. (1998) Inside the neutrophil
phagosome: oxidants, myeloperoxidase, and bacterial killing. Blood, 92,
3007-3017.

Hampton, R.Y., Gardner, R.G. and Rine, J. (1996) Role of 26S proteasome and HRD
genes in the degradation of 3-hydroxy-3-methylglutaryl-CoA reductase, an
integral endoplasmic reticulum membrane protein. Mol Biol Cell, 7, 2029-
2044.

Hampton, R.Y. and Rine, J. (1994) Regulated degradation of HMG-CoA reductase,
an integral membrane protein of the endoplasmic reticulum, in yeast. J Cell
Biol, 125, 299-312.

Hancock, M.K., Haskins, D.J., Sun, G. and Dahms, N.M. (2002) Identification of
residues essential for carbohydrate recognition by the insulin-like growth
factor II/mannose 6-phosphate receptor. J Biol Chem, 277, 11255-11264.

Harding, H.P., Novoa, I., Zhang, Y., Zeng, H., Wek, R., Schapira, M. and Ron, D.
(2000) Regulated translation initiation controls stress-induced gene
expression in mammalian cells. Mol Cell, 6, 1099-1108.

Harding, H.P., Zeng, H., Zhang, Y., Jungries, R., Chung, P., Plesken, H., Sabatini,
D.D. and Ron, D. (2001) Diabetes mellitus and exocrine pancreatic
dysfunction in perk-/- mice reveals a role for translational control in secretory
cell survival. Mol Cell, 7, 1153-1163.

Hartmann-Petersen, R. and Gordon, C. (2004) Protein degradation: recognition of
ubiquitinylated substrates. Curr Biol, 14, R754-756.

Hartmann-Petersen, R., Hendil, K.B. and Gordon, C. (2003) Ubiquitin binding
proteins protect ubiquitin conjugates from disassembly. FEBS Lett, 535, 77-
81.

Harty, J.T., Tvinnereim, A.R. and White, D.W. (2000) CD8+ T cell effector
mechanisms in resistance to infection. Annu Rev Immunol, 18, 275-308.

Hassink, G., Kikkert, M., van Voorden, S., Lee, S.J., Spaapen, R., van Laar, T.,
Coleman, C.S., Bartee, E., Fruh, K., Chau, V. and Wiertz, E. (2005) TEB4 is
a C4HC3 RING finger-containing ubiquitin ligase of the endoplasmic
reticulum. Biochem J, 388, 647-655.

Hassink, G.C., Barel, M.T., Van Voorden, S.B., Kikkert, M. and Wiertz, E.J. (2006)
Ubiquitination of MHC class I heavy chains is essential for dislocation by
human cytomegalovirus-encoded US2 but not US11. J Biol Chem, 281,
30063-30071.

Hauri, H., Appenzeller, C., Kuhn, F. and Nufer, O. (2000) Lectins and traffic in the
secretory pathway. FEBS Lett, 476, 32-37.

Haynes, C.M., Caldwell, S. and Cooper, A.A. (2002) An HRD/DER-independent ER
quality control mechanism involves Rsp5p-dependent ubiquitination and ER-
Golgi transport. J Cell Biol, 158, 91-101.

Haynes, C.M., Titus, E.A. and Cooper, A.A. (2004) Degradation of misfolded
proteins prevents ER-derived oxidative stress and cell death. Mol Cell, 15,
767-776.

Hebert, D.N. and Molinari, M. (2007) In and out of the ER: protein folding, quality
control, degradation, and related human diseases. Physiol Rev, 87, 1377-
1408.



References 145

Heemels, M.T. and Ploegh, H. (1995) Generation, translocation, and presentation of
MHC class I-restricted peptides. Annu Rev Biochem, 64, 463-491.

Heil, F., Hemmi, H., Hochrein, H., Ampenberger, F., Kirschning, C., Akira, S.,
Lipford, G., Wagner, H. and Bauer, S. (2004) Species-specific recognition of
single-stranded RNA via toll-like receptor 7 and 8. Science, 303, 1526-1529.

Heinemeyer, W., Kleinschmidt, J.A., Saidowsky, J., Escher, C. and Wolf, D.H.
(1991) Proteinase yscE, the yeast proteasome/multicatalytic-multifunctional
proteinase: mutants unravel its function in stress induced proteolysis and
uncover its necessity for cell survival. Embo J, 10, 555-562.

Helenius, A. and Aebi, M. (2001) Intracellular functions of N-linked glycans.
Science, 291, 2364-2369.

Helenius, A. and Aebi, M. (2004) Roles of N-linked glycans in the endoplasmic
reticulum. Annu Rev Biochem, 73, 1019-1049.

Helenius, J. and Aebi, M. (2002) Transmembrane movement of dolichol linked
carbohydrates during N-glycoprotein biosynthesis in the endoplasmic
reticulum. Semin Cell Dev Biol, 13, 171-178.

Hemmi, H., Takeuchi, O., Kawai, T., Kaisho, T., Sato, S., Sanjo, H., Matsumoto, M.,
Hoshino, K., Wagner, H., Takeda, K. and Akira, S. (2000) A Toll-like
receptor recognizes bacterial DNA. Nature, 408, 740-745.

Hengel, H., Koopmann, J.O., Flohr, T., Muranyi, W., Goulmy, E., Hammerling, G.J.,
Koszinowski, U.H. and Momburg, F. (1997) A viral ER-resident
glycoprotein inactivates the MHC-encoded peptide transporter. Immunity, 6,
623-632.

Hengel, H. and Koszinowski, U.H. (1997) Interference with antigen processing by
viruses. Curr Opin Immunol, 9, 470-476.

Hershko, A. and Ciechanover, A. (1998) The ubiquitin system. Annu Rev Biochem,
67, 425-479.

Hicke, L. (2001) A new ticket for entry into budding vesicles-ubiquitin. Cell, 106,
527-530.

Hicke, L. and Dunn, R. (2003) Regulation of membrane protein transport by
ubiquitin and ubiquitin-binding proteins. Annu Rev Cell Dev Biol, 19, 141-
172.

Hill, K. and Cooper, A.A. (2000) Degradation of unassembled Vph1p reveals novel
aspects of the yeast ER quality control system. Embo J, 19, 550-561.

Hiller, M.M., Finger, A., Schweiger, M. and Wolf, D.H. (1996) ER degradation of a
misfolded luminal protein by the cytosolic ubiquitin-proteasome pathway.
Science, 273, 1725-1728.

Hirao, K., Natsuka, Y., Tamura, T., Wada, I., Morito, D., Natsuka, S., Romero, P.,
Sleno, B., Tremblay, L.O., Herscovics, A., Nagata, K. and Hosokawa, N.
(2006) EDEM3, a soluble EDEM homolog, enhances glycoprotein
endoplasmic reticulum-associated degradation and mannose trimming. J Biol
Chem, 281, 9650-9658.

Hirsch, C., Blom, D. and Ploegh, H.L. (2003) A role for N-glycanase in the cytosolic
turnover of glycoproteins. Embo J, 22, 1036-1046.

Hirsch, C., Jarosch, E., Sommer, T. and Wolf, D.H. (2004) Endoplasmic reticulum-
associated protein degradation--one model fits all? Biochim Biophys Acta,
1695, 215-223.

Hitchcock, A.L., Krebber, H., Frietze, S., Lin, A., Latterich, M. and Silver, P.A.
(2001) The conserved npl4 protein complex mediates proteasome-dependent



References 146

membrane-bound transcription factor activation. Mol Biol Cell, 12, 3226-
3241.

Hoebe, K. and Beutler, B. (2004) LPS, dsRNA and the interferon bridge to adaptive
immune responses: Trif, Tram, and other TIR adaptor proteins. J Endotoxin
Res, 10, 130-136.

Hoebe, K., Du, X., Georgel, P., Janssen, E., Tabeta, K., Kim, S.O., Goode, J., Lin,
P., Mann, N., Mudd, S., Crozat, K., Sovath, S., Han, J. and Beutler, B. (2003)
Identification of Lps2 as a key transducer of MyD88-independent TIR
signalling. Nature, 424, 743-748.

Hoppe, T. (2005) Multiubiquitylation by E4 enzymes: 'one size' doesn't fit all.
Trends Biochem Sci, 30, 183-187.

Hoshino, K., Sugiyama, T., Matsumoto, M., Tanaka, T., Saito, M., Hemmi, H.,
Ohara, O., Akira, S. and Kaisho, T. (2006) IkappaB kinase-alpha is critical
for interferon-alpha production induced by Toll-like receptors 7 and 9.
Nature, 440, 949-953.

Hosokawa, N., Tremblay, L.O., You, Z., Herscovics, A., Wada, I. and Nagata, K.
(2003) Enhancement of endoplasmic reticulum (ER) degradation of
misfolded Null Hong Kong alpha1-antitrypsin by human ER mannosidase I.
J Biol Chem, 278, 26287-26294.

Hosokawa, N., Wada, I., Hasegawa, K., Yorihuzi, T., Tremblay, L.O., Herscovics,
A. and Nagata, K. (2001) A novel ER alpha-mannosidase-like protein
accelerates ER-associated degradation. EMBO Rep, 2, 415-422.

Huang, A.Y., Bruce, A.T., Pardoll, D.M. and Levitsky, H.I. (1996) In vivo cross-
priming of MHC class I-restricted antigens requires the TAP transporter.
Immunity, 4, 349-355.

Hughes, E.A., Hammond, C. and Cresswell, P. (1997) Misfolded major
histocompatibility complex class I heavy chains are translocated into the
cytoplasm and degraded by the proteasome. Proc Natl Acad Sci U S A, 94,
1896-1901.

Huppa, J.B. and Ploegh, H.L. (1997a) The alpha chain of the T cell antigen receptor
is degraded in the cytosol. Immunity, 7, 113-122.

Huppa, J.B. and Ploegh, H.L. (1997b) In vitro translation and assembly of a
complete T cell receptor-CD3 complex. J Exp Med, 186, 393-403.

Hurley, J.H., Lee, S. and Prag, G. (2006) Ubiquitin-binding domains. Biochem J,
399, 361-372.

Huyer, G., Piluek, W.F., Fansler, Z., Kreft, S.G., Hochstrasser, M., Brodsky, J.L. and
Michaelis, S. (2004) Distinct machinery is required in Saccharomyces
cerevisiae for the endoplasmic reticulum-associated degradation of a
multispanning membrane protein and a soluble luminal protein. J Biol Chem,
279, 38369-38378.

Hwang, C., Sinskey, A.J. and Lodish, H.F. (1992) Oxidized redox state of
glutathione in the endoplasmic reticulum. Science, 257, 1496-1502.

Imai, Y., Nakada, A., Hashida, R., Sugita, Y., Tanaka, T., Tsujimoto, G.,
Matsumoto, K., Akasawa, A., Saito, H. and Oshida, T. (2002a) Cloning and
characterization of the highly expressed ETEA gene from blood cells of
atopic dermatitis patients. Biochem Biophys Res Commun, 297, 1282-1290.

Imai, Y., Soda, M., Hatakeyama, S., Akagi, T., Hashikawa, T., Nakayama, K.I. and
Takahashi, R. (2002b) CHIP is associated with Parkin, a gene responsible for



References 147

familial Parkinson's disease, and enhances its ubiquitin ligase activity. Mol
Cell, 10, 55-67.

Imai, Y., Soda, M., Inoue, H., Hattori, N., Mizuno, Y. and Takahashi, R. (2001) An
unfolded putative transmembrane polypeptide, which can lead to
endoplasmic reticulum stress, is a substrate of Parkin. Cell, 105, 891-902.

Ismail, N. and Ng, D.T. (2006) Have you HRD? Understanding ERAD Is DOAble!
Cell, 126, 237-239.

Janeway, C.A., Jr. (1989) Approaching the asymptote? Evolution and revolution in
immunology. Cold Spring Harb Symp Quant Biol, 54 Pt 1, 1-13.

Janssen-Heininger, Y.M., Poynter, M.E. and Baeuerle, P.A. (2000) Recent advances
towards understanding redox mechanisms in the activation of nuclear factor
kappaB. Free Radic Biol Med, 28, 1317-1327.

Jarosch, E., Geiss-Friedlander, R., Meusser, B., Walter, J. and Sommer, T. (2002a)
Protein dislocation from the endoplasmic reticulum--pulling out the suspect.
Traffic, 3, 530-536.

Jarosch, E., Taxis, C., Volkwein, C., Bordallo, J., Finley, D., Wolf, D.H. and
Sommer, T. (2002b) Protein dislocation from the ER requires
polyubiquitination and the AAA-ATPase Cdc48. Nat Cell Biol, 4, 134-139.

Jensen, L.E. and Whitehead, A.S. (2003) Ubiquitin activated tumor necrosis factor
receptor associated factor-6 (TRAF6) is recycled via deubiquitination. FEBS
Lett, 553, 190-194.

Jensen, T.J., Loo, M.A., Pind, S., Williams, D.B., Goldberg, A.L. and Riordan, J.R.
(1995) Multiple proteolytic systems, including the proteasome, contribute to
CFTR processing. Cell, 83, 129-135.

Jentsch, S. and Rumpf, S. (2007) Cdc48 (p97): a "molecular gearbox" in the
ubiquitin pathway? Trends Biochem Sci, 32, 6-11.

Jiang, H., He, J., Pu, S., Tang, C. and Xu, G. (2007) Heat shock protein 70 is
translocated to lipid droplets in rat adipocytes upon heat stimulation. Biochim
Biophys Acta, 1771, 66-74.

Jin, M.S., Kim, S.E., Heo, J.Y., Lee, M.E., Kim, H.M., Paik, S.G., Lee, H. and Lee,
J.O. (2007) Crystal structure of the TLR1-TLR2 heterodimer induced by
binding of a tri-acylated lipopeptide. Cell, 130, 1071-1082.

Jones, T.R., Hanson, L.K., Sun, L., Slater, J.S., Stenberg, R.M. and Campbell, A.E.
(1995) Multiple independent loci within the human cytomegalovirus unique
short region down-regulate expression of major histocompatibility complex
class I heavy chains. J Virol, 69, 4830-4841.

Jones, T.R. and Sun, L. (1997) Human cytomegalovirus US2 destabilizes major
histocompatibility complex class I heavy chains. J Virol, 71, 2970-2979.

Jones, T.R., Wiertz, E.J., Sun, L., Fish, K.N., Nelson, J.A. and Ploegh, H.L. (1996)
Human cytomegalovirus US3 impairs transport and maturation of major
histocompatibility complex class I heavy chains. Proc Natl Acad Sci U S A,
93, 11327-11333.

Jousse, C., Oyadomari, S., Novoa, I., Lu, P., Zhang, Y., Harding, H.P. and Ron, D.
(2003) Inhibition of a constitutive translation initiation factor 2alpha
phosphatase, CReP, promotes survival of stressed cells. J Cell Biol, 163, 767-
775.

Kabani, M., Kelley, S.S., Morrow, M.W., Montgomery, D.L., Sivendran, R., Rose,
M.D., Gierasch, L.M. and Brodsky, J.L. (2003) Dependence of endoplasmic



References 148

reticulum-associated degradation on the peptide binding domain and
concentration of BiP. Mol Biol Cell, 14, 3437-3448.

Kalies, K.U., Allan, S., Sergeyenko, T., Kroger, H. and Romisch, K. (2005) The
protein translocation channel binds proteasomes to the endoplasmic reticulum
membrane. Embo J, 24, 2284-2293.

Kamata, H., Manabe, T., Kakuta, J., Oka, S. and Hirata, H. (2002a) Multiple redox
regulation of the cellular signaling system linked to AP-1 and NFkappaB:
effects of N-acetylcysteine and H2O2 on the receptor tyrosine kinases, the
MAP kinase cascade, and IkappaB kinases. Ann N Y Acad Sci, 973, 419-422.

Kamata, H., Manabe, T., Oka, S., Kamata, K. and Hirata, H. (2002b) Hydrogen
peroxide activates IkappaB kinases through phosphorylation of serine
residues in the activation loops. FEBS Lett, 519, 231-237.

Kanehara, K., Kawaguchi, S. and Ng, D.T. (2007) The EDEM and Yos9p families of
lectin-like ERAD factors. Semin Cell Dev Biol, 18, 743-750.

Kaneko, M., Ishiguro, M., Niinuma, Y., Uesugi, M. and Nomura, Y. (2002) Human
HRD1 protects against ER stress-induced apoptosis through ER-associated
degradation. FEBS Lett, 532, 147-152.

Kario, E., Tirosh, B., Ploegh, H.L. and Navon, A. (2008) N-linked glycosylation
does not impair proteasomal degradation but affects class I major
histocompatibility complex presentation. J Biol Chem, 283, 244-254.

Katiyar, S., Li, G. and Lennarz, W.J. (2004) A complex between peptide:N-
glycanase and two proteasome-linked proteins suggests a mechanism for the
degradation of misfolded glycoproteins. Proc Natl Acad Sci U S A, 101,
13774-13779.

Kato, A., Kawamata, N., Tamayose, K., Egashira, M., Miura, R., Fujimura, T.,
Murayama, K. and Oshimi, K. (2002) Ancient ubiquitous protein 1 binds to
the conserved membrane-proximal sequence of the cytoplasmic tail of the
integrin alpha subunits that plays a crucial role in the inside-out signaling of
alpha IIbbeta 3. J Biol Chem, 277, 28934-28941.

Kawai, T., Adachi, O., Ogawa, T., Takeda, K. and Akira, S. (1999)
Unresponsiveness of MyD88-deficient mice to endotoxin. Immunity, 11, 115-
122.

Kawai, T. and Akira, S. (2007) Signaling to NF-kappaB by Toll-like receptors.
Trends Mol Med.

Kelly, A., Powis, S.H., Kerr, L.A., Mockridge, I., Elliott, T., Bastin, J., Uchanska-
Ziegler, B., Ziegler, A., Trowsdale, J. and Townsend, A. (1992) Assembly
and function of the two ABC transporter proteins encoded in the human
major histocompatibility complex. Nature, 355, 641-644.

Kikkert, M., Doolman, R., Dai, M., Avner, R., Hassink, G., van Voorden, S.,
Thanedar, S., Roitelman, J., Chau, V. and Wiertz, E. (2004) Human HRD1 is
an E3 ubiquitin ligase involved in degradation of proteins from the
endoplasmic reticulum. J Biol Chem, 279, 3525-3534.

Kim, I., Ahn, J., Liu, C., Tanabe, K., Apodaca, J., Suzuki, T. and Rao, H. (2006) The
Png1-Rad23 complex regulates glycoprotein turnover. J Cell Biol, 172, 211-
219.

Kim, W., Spear, E.D. and Ng, D.T. (2005) Yos9p detects and targets misfolded
glycoproteins for ER-associated degradation. Mol Cell, 19, 753-764.



References 149

Kimura, Y., Nakazawa, M. and Yamada, M. (1998) Cloning and characterization of
three isoforms of OS-9 cDNA and expression of the OS-9 gene in various
human tumor cell lines. J Biochem (Tokyo), 123, 876-882.

Kiser, G.L., Gentzsch, M., Kloser, A.K., Balzi, E., Wolf, D.H., Goffeau, A. and
Riordan, J.R. (2001) Expression and degradation of the cystic fibrosis
transmembrane conductance regulator in Saccharomyces cerevisiae. Arch
Biochem Biophys, 390, 195-205.

Kitzmuller, C., Caprini, A., Moore, S.E., Frenoy, J.P., Schwaiger, E., Kellermann,
O., Ivessa, N.E. and Ermonval, M. (2003) Processing of N-linked glycans
during endoplasmic-reticulum-associated degradation of a short-lived variant
of ribophorin I. Biochem J, 376, 687-696.

Knop, M., Finger, A., Braun, T., Hellmuth, K. and Wolf, D.H. (1996) Der1, a novel
protein specifically required for endoplasmic reticulum degradation in yeast.
Embo J, 15, 753-763.

Komander, D. and Barford, D. (2008) Structure of the A20 OTU domain and
mechanistic insights into deubiquitination. Biochem J, 409, 77-85.

Kornfeld, R. and Kornfeld, S. (1985) Assembly of asparagine-linked
oligosaccharides. Annu Rev Biochem, 54, 631-664.

Kostova, Z., Tsai, Y.C. and Weissman, A.M. (2007) Ubiquitin ligases, critical
mediators of endoplasmic reticulum-associated degradation. Semin Cell Dev
Biol, 18, 770-779.

Kostova, Z. and Wolf, D.H. (2003) For whom the bell tolls: protein quality control
of the endoplasmic reticulum and the ubiquitin-proteasome connection. Embo
J, 22, 2309-2317.

Kovacsovics-Bankowski, M. and Rock, K.L. (1995) A phagosome-to-cytosol
pathway for exogenous antigens presented on MHC class I molecules.
Science, 267, 243-246.

Kreft, S.G., Wang, L. and Hochstrasser, M. (2006) Membrane topology of the yeast
endoplasmic reticulum-localized ubiquitin ligase Doa10 and comparison with
its human ortholog TEB4 (MARCH-VI). J Biol Chem, 281, 4646-4653.

Lahdenpohja, N., Savinainen, K. and Hurme, M. (1998) Pre-exposure to oxidative
stress decreases the nuclear factor-kappa B-dependent transcription in T
lymphocytes. J Immunol, 160, 1354-1358.

LaMantia, M.L. and Lennarz, W.J. (1993) The essential function of yeast protein
disulfide isomerase does not reside in its isomerase activity. Cell, 74, 899-
908.

Lanier, L.L. (2005) NK cell recognition. Annu Rev Immunol, 23, 225-274.
Lee, A.H., Iwakoshi, N.N. and Glimcher, L.H. (2003) XBP-1 regulates a subset of

endoplasmic reticulum resident chaperone genes in the unfolded protein
response. Mol Cell Biol, 23, 7448-7459.

Lee, J.N., Song, B., DeBose-Boyd, R.A. and Ye, J. (2006) Sterol-regulated
degradation of Insig-1 mediated by the membrane-bound ubiquitin ligase
gp78. J Biol Chem, 281, 39308-39315.

Lee, R.J., Liu, C.W., Harty, C., McCracken, A.A., Latterich, M., Romisch, K.,
DeMartino, G.N., Thomas, P.J. and Brodsky, J.L. (2004) Uncoupling retro-
translocation and degradation in the ER-associated degradation of a soluble
protein. Embo J, 23, 2206-2215.

Lehner, P.J., Karttunen, J.T., Wilkinson, G.W. and Cresswell, P. (1997) The human
cytomegalovirus US6 glycoprotein inhibits transporter associated with



References 150

antigen processing-dependent peptide translocation. Proc Natl Acad Sci U S
A, 94, 6904-6909.

Lenk, U., Yu, H., Walter, J., Gelman, M.S., Hartmann, E., Kopito, R.R. and
Sommer, T. (2002) A role for mammalian Ubc6 homologues in ER-
associated protein degradation. J Cell Sci, 115, 3007-3014.

Li, G., Zhou, X., Zhao, G., Schindelin, H. and Lennarz, W.J. (2005) Multiple modes
of interaction of the deglycosylation enzyme, mouse peptide N-glycanase,
with the proteasome. Proc Natl Acad Sci U S A, 102, 15809-15814.

Liang, J., Yin, C., Doong, H., Fang, S., Peterhoff, C., Nixon, R.A. and Monteiro,
M.J. (2006) Characterization of erasin (UBXD2): a new ER protein that
promotes ER-associated protein degradation. J Cell Sci, 119, 4011-4024.

Liew, F.Y., Liu, H. and Xu, D. (2005) A novel negative regulator for IL-1 receptor
and Toll-like receptor 4. Immunol Lett, 96, 27-31.

Lilley, B.N., Gilbert, J.M., Ploegh, H.L. and Benjamin, T.L. (2006) Murine
polyomavirus requires the endoplasmic reticulum protein Derlin-2 to initiate
infection. J Virol, 80, 8739-8744.

Lilley, B.N. and Ploegh, H.L. (2004) A membrane protein required for dislocation of
misfolded proteins from the ER. Nature, 429, 834-840.

Lilley, B.N. and Ploegh, H.L. (2005a) Multiprotein complexes that link dislocation,
ubiquitination, and extraction of misfolded proteins from the endoplasmic
reticulum membrane. Proc Natl Acad Sci U S A, 102, 14296-14301.

Lilley, B.N. and Ploegh, H.L. (2005b) Viral modulation of antigen presentation:
manipulation of cellular targets in the ER and beyond. Immunol Rev, 207,
126-144.

Lilley, B.N., Tortorella, D. and Ploegh, H.L. (2003) Dislocation of a type I
membrane protein requires interactions between membrane-spanning
segments within the lipid bilayer. Mol Biol Cell, 14, 3690-3698.

Lin, J.H., Li, H., Yasumura, D., Cohen, H.R., Zhang, C., Panning, B., Shokat, K.M.,
Lavail, M.M. and Walter, P. (2007) IRE1 signaling affects cell fate during
the unfolded protein response. Science, 318, 944-949.

Liu, Y., Choudhury, P., Cabral, C.M. and Sifers, R.N. (1999) Oligosaccharide
modification in the early secretory pathway directs the selection of a
misfolded glycoprotein for degradation by the proteasome. J Biol Chem, 274,
5861-5867.

Lord, J.M., Ceriotti, A. and Roberts, L.M. (2002) ER dislocation: Cdc48p/p97 gets
into the AAAct. Curr Biol, 12, R182-184.

Loureiro, J., Lilley, B.N., Spooner, E., Noriega, V., Tortorella, D. and Ploegh, H.L.
(2006) Signal peptide peptidase is required for dislocation from the
endoplasmic reticulum. Nature, 441, 894-897.

Love, K.R., Catic, A., Schlieker, C. and Ploegh, H.L. (2007) Mechanisms, biology
and inhibitors of deubiquitinating enzymes. Nat Chem Biol, 3, 697-705.

Lowe, E.L., Doherty, T.M., Karahashi, H. and Arditi, M. (2006) Ubiquitination and
de-ubiquitination: role in regulation of signaling by Toll-like receptors. J
Endotoxin Res, 12, 337-345.

Lybarger, L., Wang, X., Harris, M.R., Virgin, H.W.t. and Hansen, T.H. (2003) Virus
subversion of the MHC class I peptide-loading complex. Immunity, 18, 121-
130.



References 151

Lyles, M.M. and Gilbert, H.F. (1991a) Catalysis of the oxidative folding of
ribonuclease A by protein disulfide isomerase: dependence of the rate on the
composition of the redox buffer. Biochemistry, 30, 613-619.

Lyles, M.M. and Gilbert, H.F. (1991b) Catalysis of the oxidative folding of
ribonuclease A by protein disulfide isomerase: pre-steady-state kinetics and
the utilization of the oxidizing equivalents of the isomerase. Biochemistry,
30, 619-625.

Machold, R.P., Wiertz, E.J., Jones, T.R. and Ploegh, H.L. (1997) The HCMV gene
products US11 and US2 differ in their ability to attack allelic forms of
murine major histocompatibility complex (MHC) class I heavy chains. J Exp
Med, 185, 363-366.

Mansell, A., Brint, E., Gould, J.A., O'Neill, L.A. and Hertzog, P.J. (2004) Mal
interacts with tumor necrosis factor receptor-associated factor (TRAF)-6 to
mediate NF-kappaB activation by toll-like receptor (TLR)-2 and TLR4. J
Biol Chem, 279, 37227-37230.

Mast, S.W., Diekman, K., Karaveg, K., Davis, A., Sifers, R.N. and Moremen, K.W.
(2005) Human EDEM2, a novel homolog of family 47 glycosidases, is
involved in ER-associated degradation of glycoproteins. Glycobiology, 15,
421-436.

Mast, S.W. and Moremen, K.W. (2006) Family 47 alpha-mannosidases in N-glycan
processing. Methods Enzymol, 415, 31-46.

Matlack, K.E., Plath, K., Misselwitz, B. and Rapoport, T.A. (1997) Protein transport
by purified yeast Sec complex and Kar2p without membranes. Science, 277,
938-941.

Mayer, W.E. and Klein, J. (2001) Is tapasin a modified Mhc class I molecule?
Immunogenetics, 53, 719-723.

McCarthy, J.V., Ni, J. and Dixit, V.M. (1998) RIP2 is a novel NF-kappaB-activating
and cell death-inducing kinase. J Biol Chem, 273, 16968-16975.

McKay, D.B. (1993) Structure and mechanism of 70-kDa heat-shock-related
proteins. Adv Protein Chem, 44, 67-98.

Meacham, G.C. and Cyr, D.M. (2002) Isolation of CFTR. Chaperone complexes by
co-immunoprecipitation. Methods Mol Med, 70, 245-256.

Meacham, G.C., Lu, Z., King, S., Sorscher, E., Tousson, A. and Cyr, D.M. (1999)
The Hdj-2/Hsc70 chaperone pair facilitates early steps in CFTR biogenesis.
Embo J, 18, 1492-1505.

Meacham, G.C., Patterson, C., Zhang, W., Younger, J.M. and Cyr, D.M. (2001) The
Hsc70 co-chaperone CHIP targets immature CFTR for proteasomal
degradation. Nat Cell Biol, 3, 100-105.

Medicherla, B., Kostova, Z., Schaefer, A. and Wolf, D.H. (2004) A genomic screen
identifies Dsk2p and Rad23p as essential components of ER-associated
degradation. EMBO Rep, 5, 692-697.

Medzhitov, R. (2007) Recognition of microorganisms and activation of the immune
response. Nature, 449, 819-826.

Menendez-Benito, V., Verhoef, L.G., Masucci, M.G. and Dantuma, N.P. (2005)
Endoplasmic reticulum stress compromises the ubiquitin-proteasome system.
Hum Mol Genet, 14, 2787-2799.

Meusser, B., Hirsch, C., Jarosch, E. and Sommer, T. (2005) ERAD: the long road to
destruction. Nat Cell Biol, 7, 766-772.



References 152

Meyer, H.H., Shorter, J.G., Seemann, J., Pappin, D. and Warren, G. (2000) A
complex of mammalian ufd1 and npl4 links the AAA-ATPase, p97, to
ubiquitin and nuclear transport pathways. Embo J, 19, 2181-2192.

Meyer, H.H., Wang, Y. and Warren, G. (2002) Direct binding of ubiquitin
conjugates by the mammalian p97 adaptor complexes, p47 and Ufd1-Npl4.
Embo J, 21, 5645-5652.

Michalak, M., Robert Parker, J.M. and Opas, M. (2002) Ca2+ signaling and calcium
binding chaperones of the endoplasmic reticulum. Cell Calcium, 32, 269-278.

Misaghi, S., Pacold, M.E., Blom, D., Ploegh, H.L. and Korbel, G.A. (2004) Using a
small molecule inhibitor of peptide: N-glycanase to probe its role in
glycoprotein turnover. Chem Biol, 11, 1677-1687.

Mocarski, E.S., Jr. (2004) Immune escape and exploitation strategies of
cytomegaloviruses: impact on and imitation of the major histocompatibility
system. Cell Microbiol, 6, 707-717.

Molinari, M., Calanca, V., Galli, C., Lucca, P. and Paganetti, P. (2003) Role of
EDEM in the release of misfolded glycoproteins from the calnexin cycle.
Science, 299, 1397-1400.

Molinari, M. and Helenius, A. (2000) Chaperone selection during glycoprotein
translocation into the endoplasmic reticulum. Science, 288, 331-333.

Moody, A.M., Chui, D., Reche, P.A., Priatel, J.J., Marth, J.D. and Reinherz, E.L.
(2001) Developmentally regulated glycosylation of the CD8alphabeta
coreceptor stalk modulates ligand binding. Cell, 107, 501-512.

Mueller, B., Lilley, B.N. and Ploegh, H.L. (2006) SEL1L, the homologue of yeast
Hrd3p, is involved in protein dislocation from the mammalian ER. J Cell
Biol, 175, 261-270.

Mullally, J.E., Chernova, T. and Wilkinson, K.D. (2006) Doa1 is a Cdc48 adapter
that possesses a novel ubiquitin binding domain. Mol Cell Biol, 26, 822-830.

Nadav, E., Shmueli, A., Barr, H., Gonen, H., Ciechanover, A. and Reiss, Y. (2003)
A novel mammalian endoplasmic reticulum ubiquitin ligase homologous to
the yeast Hrd1. Biochem Biophys Res Commun, 303, 91-97.

Nakatsukasa, K., Huyer, G., Michaelis, S. and Brodsky, J.L. (2008) Dissecting the
ER-Associated Degradation of a Misfolded Polytopic Membrane Protein.
Cell, 132, 101-112.

Neuber, O., Jarosch, E., Volkwein, C., Walter, J. and Sommer, T. (2005) Ubx2 links
the Cdc48 complex to ER-associated protein degradation. Nat Cell Biol, 7,
993-998.

Ng, W., Sergeyenko, T., Zeng, N., Brown, J.D. and Romisch, K. (2007)
Characterization of the proteasome interaction with the Sec61 channel in the
endoplasmic reticulum. J Cell Sci, 120, 682-691.

Ni, M. and Lee, A.S. (2007) ER chaperones in mammalian development and human
diseases. FEBS Lett, 581, 3641-3651.

Nijman, S.M., Luna-Vargas, M.P., Velds, A., Brummelkamp, T.R., Dirac, A.M.,
Sixma, T.K. and Bernards, R. (2005) A genomic and functional inventory of
deubiquitinating enzymes. Cell, 123, 773-786.

Nikko, E. and Andre, B. (2007) Evidence for a direct role of the Doa4
deubiquitinating enzyme in protein sorting into the MVB pathway. Traffic, 8,
566-581.

Nishikawa, S.I., Fewell, S.W., Kato, Y., Brodsky, J.L. and Endo, T. (2001)
Molecular chaperones in the yeast endoplasmic reticulum maintain the



References 153

solubility of proteins for retrotranslocation and degradation. J Cell Biol, 153,
1061-1070.

Norbury, C.C., Hewlett, L.J., Prescott, A.R., Shastri, N. and Watts, C. (1995) Class I
MHC presentation of exogenous soluble antigen via macropinocytosis in
bone marrow macrophages. Immunity, 3, 783-791.

Nossner, E. and Parham, P. (1995) Species-specific differences in chaperone
interaction of human and mouse major histocompatibility complex class I
molecules. J Exp Med, 181, 327-337.

Novoa, I., Zeng, H., Harding, H.P. and Ron, D. (2001) Feedback inhibition of the
unfolded protein response by GADD34-mediated dephosphorylation of
eIF2alpha. J Cell Biol, 153, 1011-1022.

Novoa, I., Zhang, Y., Zeng, H., Jungreis, R., Harding, H.P. and Ron, D. (2003)
Stress-induced gene expression requires programmed recovery from
translational repression. Embo J, 22, 1180-1187.

O'Connor, S.E. and Imperiali, B. (1996) Modulation of protein structure and function
by asparagine-linked glycosylation. Chem Biol, 3, 803-812.

Oda, Y., Hosokawa, N., Wada, I. and Nagata, K. (2003) EDEM as an acceptor of
terminally misfolded glycoproteins released from calnexin. Science, 299,
1394-1397.

Oda, Y., Okada, T., Yoshida, H., Kaufman, R.J., Nagata, K. and Mori, K. (2006)
Derlin-2 and Derlin-3 are regulated by the mammalian unfolded protein
response and are required for ER-associated degradation. J Cell Biol, 172,
383-393.

Oh, R.S., Bai, X. and Rommens, J.M. (2006) Human homologs of Ubc6p ubiquitin-
conjugating enzyme and phosphorylation of HsUbc6e in response to
endoplasmic reticulum stress. J Biol Chem, 281, 21480-21490.

Ohsaki, Y., Cheng, J., Fujita, A., Tokumoto, T. and Fujimoto, T. (2006a)
Cytoplasmic lipid droplets are sites of convergence of proteasomal and
autophagic degradation of apolipoprotein B. Mol Biol Cell, 17, 2674-2683.

Ohsaki, Y., Maeda, T., Maeda, M., Tauchi-Sato, K. and Fujimoto, T. (2006b)
Recruitment of TIP47 to lipid droplets is controlled by the putative
hydrophobic cleft. Biochem Biophys Res Commun, 347, 279-287.

Oikawa, D., Kimata, Y. and Kohno, K. (2007) Self-association and BiP dissociation
are not sufficient for activation of the ER stress sensor Ire1. J Cell Sci, 120,
1681-1688.

Okamura, K., Kimata, Y., Higashio, H., Tsuru, A. and Kohno, K. (2000)
Dissociation of Kar2p/BiP from an ER sensory molecule, Ire1p, triggers the
unfolded protein response in yeast. Biochem Biophys Res Commun, 279, 445-
450.

Olivari, S., Cali, T., Salo, K.E., Paganetti, P., Ruddock, L.W. and Molinari, M.
(2006) EDEM1 regulates ER-associated degradation by accelerating de-
mannosylation of folding-defective polypeptides and by inhibiting their
covalent aggregation. Biochem Biophys Res Commun, 349, 1278-1284.

Olivari, S., Galli, C., Alanen, H., Ruddock, L. and Molinari, M. (2005) A novel
stress-induced EDEM variant regulating endoplasmic reticulum-associated
glycoprotein degradation. J Biol Chem, 280, 2424-2428.

Omura, T., Kaneko, M., Okuma, Y., Orba, Y., Nagashima, K., Takahashi, R.,
Fujitani, N., Matsumura, S., Hata, A., Kubota, K., Murahashi, K., Uehara, T.



References 154

and Nomura, Y. (2006) A ubiquitin ligase HRD1 promotes the degradation of
Pael receptor, a substrate of Parkin. J Neurochem, 99, 1456-1469.

Orange, J.S., Fassett, M.S., Koopman, L.A., Boyson, J.E. and Strominger, J.L.
(2002) Viral evasion of natural killer cells. Nat Immunol, 3, 1006-1012.

Oresic, K., Noriega, V., Andrews, L. and Tortorella, D. (2006) A structural
determinant of human cytomegalovirus US2 dictates the down-regulation of
class I major histocompatibility molecules. J Biol Chem, 281, 19395-19406.

Ortmann, B., Copeman, J., Lehner, P.J., Sadasivan, B., Herberg, J.A., Grandea,
A.G., Riddell, S.R., Tampe, R., Spies, T., Trowsdale, J. and Cresswell, P.
(1997) A critical role for tapasin in the assembly and function of multimeric
MHC class I-TAP complexes. Science, 277, 1306-1309.

Osborne, A.R., Rapoport, T.A. and van den Berg, B. (2005) Protein translocation by
the Sec61/SecY channel. Annu Rev Cell Dev Biol, 21, 529-550.

Oshiumi, H., Sasai, M., Shida, K., Fujita, T., Matsumoto, M. and Seya, T. (2003)
TIR-containing adapter molecule (TICAM)-2, a bridging adapter recruiting
to toll-like receptor 4 TICAM-1 that induces interferon-beta. J Biol Chem,
278, 49751-49762.

Ostankovitch, M., Robila, V. and Engelhard, V.H. (2005) Regulated folding of
tyrosinase in the endoplasmic reticulum demonstrates that misfolded full-
length proteins are efficient substrates for class I processing and presentation.
J Immunol, 174, 2544-2551.

Ozcan, U., Cao, Q., Yilmaz, E., Lee, A.H., Iwakoshi, N.N., Ozdelen, E., Tuncman,
G., Gorgun, C., Glimcher, L.H. and Hotamisligil, G.S. (2004) Endoplasmic
reticulum stress links obesity, insulin action, and type 2 diabetes. Science,
306, 457-461.

Pagani, M., Fabbri, M., Benedetti, C., Fassio, A., Pilati, S., Bulleid, N.J., Cabibbo,
A. and Sitia, R. (2000) Endoplasmic reticulum oxidoreductin 1-lbeta (ERO1-
Lbeta), a human gene induced in the course of the unfolded protein response.
J Biol Chem, 275, 23685-23692.

Panopoulos, A., Harraz, M., Engelhardt, J.F. and Zandi, E. (2005) Iron-mediated
H2O2 production as a mechanism for cell type-specific inhibition of tumor
necrosis factor alpha-induced but not interleukin-1beta-induced IkappaB
kinase complex/nuclear factor-kappaB activation. J Biol Chem, 280, 2912-
2923.

Park, B., Lee, S., Kim, E., Cho, K., Riddell, S.R., Cho, S. and Ahn, K. (2006) Redox
regulation facilitates optimal peptide selection by MHC class I during antigen
processing. Cell, 127, 369-382.

Park, H.S., Jung, H.Y., Park, E.Y., Kim, J., Lee, W.J. and Bae, Y.S. (2004) Cutting
edge: direct interaction of TLR4 with NAD(P)H oxidase 4 isozyme is
essential for lipopolysaccharide-induced production of reactive oxygen
species and activation of NF-kappa B. J Immunol, 173, 3589-3593.

Park, S., Isaacson, R., Kim, H.T., Silver, P.A. and Wagner, G. (2005) Ufd1 exhibits
the AAA-ATPase fold with two distinct ubiquitin interaction sites. Structure,
13, 995-1005.

Parodi, A.J. (2000) Role of N-oligosaccharide endoplasmic reticulum processing
reactions in glycoprotein folding and degradation. Biochem J, 348 Pt 1, 1-13.

Pickart, C.M. (2001) Mechanisms underlying ubiquitination. Annu Rev Biochem, 70,
503-533.



References 155

Pickart, C.M. and Eddins, M.J. (2004) Ubiquitin: structures, functions, mechanisms.
Biochim Biophys Acta, 1695, 55-72.

Pilewski, J.M. and Frizzell, R.A. (1999) Role of CFTR in airway disease. Physiol
Rev, 79, S215-255.

Pilon, M., Romisch, K., Quach, D. and Schekman, R. (1998) Sec61p serves multiple
roles in secretory precursor binding and translocation into the endoplasmic
reticulum membrane. Mol Biol Cell, 9, 3455-3473.

Pilon, M., Schekman, R. and Romisch, K. (1997) Sec61p mediates export of a
misfolded secretory protein from the endoplasmic reticulum to the cytosol for
degradation. Embo J, 16, 4540-4548.

Pizzato, N., Garmy-Susini, B., Le Bouteiller, P. and Lenfant, F. (2004) Differential
down-modulation of HLA-G and HLA-A2 or -A3 cell surface expression
following human cytomegalovirus infection. J Reprod Immunol, 62, 3-15.

Plemper, R.K., Bohmler, S., Bordallo, J., Sommer, T. and Wolf, D.H. (1997) Mutant
analysis links the translocon and BiP to retrograde protein transport for ER
degradation. Nature, 388, 891-895.

Plemper, R.K., Bordallo, J., Deak, P.M., Taxis, C., Hitt, R. and Wolf, D.H. (1999)
Genetic interactions of Hrd3p and Der3p/Hrd1p with Sec61p suggest a retro-
translocation complex mediating protein transport for ER degradation. J Cell
Sci, 112 ( Pt 22), 4123-4134.

Ploegh, H.L. (1995) Trafficking and assembly of MHC molecules: how viruses
elude the immune system. Cold Spring Harb Symp Quant Biol, 60, 263-266.

Ploegh, H.L. (2007) A lipid-based model for the creation of an escape hatch from the
endoplasmic reticulum. Nature, 448, 435-438.

Poltorak, A., Smirnova, I., He, X., Liu, M.Y., Van Huffel, C., McNally, O.,
Birdwell, D., Alejos, E., Silva, M., Du, X., Thompson, P., Chan, E.K.,
Ledesma, J., Roe, B., Clifton, S., Vogel, S.N. and Beutler, B. (1998) Genetic
and physical mapping of the Lps locus: identification of the toll-4 receptor as
a candidate gene in the critical region. Blood Cells Mol Dis, 24, 340-355.

Princiotta, M.F., Finzi, D., Qian, S.B., Gibbs, J., Schuchmann, S., Buttgereit, F.,
Bennink, J.R. and Yewdell, J.W. (2003) Quantitating protein synthesis,
degradation, and endogenous antigen processing. Immunity, 18, 343-354.

Raasi, S. and Wolf, D.H. (2007) Ubiquitin receptors and ERAD: a network of
pathways to the proteasome. Semin Cell Dev Biol, 18, 780-791.

Rabinovich, E., Kerem, A., Frohlich, K.U., Diamant, N. and Bar-Nun, S. (2002)
AAA-ATPase p97/Cdc48p, a cytosolic chaperone required for endoplasmic
reticulum-associated protein degradation. Mol Cell Biol, 22, 626-634.

Radcliffe, C.M., Diedrich, G., Harvey, D.J., Dwek, R.A., Cresswell, P. and Rudd,
P.M. (2002) Identification of specific glycoforms of major histocompatibility
complex class I heavy chains suggests that class I peptide loading is an
adaptation of the quality control pathway involving calreticulin and ERp57. J
Biol Chem, 277, 46415-46423.

Rammensee, H.G. (2004) Immunology: protein surgery. Nature, 427, 203-204.
Randow, F. and Seed, B. (2001) Endoplasmic reticulum chaperone gp96 is required

for innate immunity but not cell viability. Nat Cell Biol, 3, 891-896.
Rao, R.V., Hermel, E., Castro-Obregon, S., del Rio, G., Ellerby, L.M., Ellerby, H.M.

and Bredesen, D.E. (2001) Coupling endoplasmic reticulum stress to the cell
death program. Mechanism of caspase activation. J Biol Chem, 276, 33869-
33874.



References 156

Rapoport, T.A. (1986) Protein translocation across and integration into membranes.
CRC Crit Rev Biochem, 20, 73-137.

Rapoport, T.A. (2007) Protein translocation across the eukaryotic endoplasmic
reticulum and bacterial plasma membranes. Nature, 450, 663-669.

Ravid, T., Kreft, S.G. and Hochstrasser, M. (2006) Membrane and soluble substrates
of the Doa10 ubiquitin ligase are degraded by distinct pathways. Embo J, 25,
533-543.

Redman, K.L. and Rechsteiner, M. (1989) Identification of the long ubiquitin
extension as ribosomal protein S27a. Nature, 338, 438-440.

Rehm, A., Engelsberg, A., Tortorella, D., Korner, I.J., Lehmann, I., Ploegh, H.L. and
Hopken, U.E. (2002) Human cytomegalovirus gene products US2 and US11
differ in their ability to attack major histocompatibility class I heavy chains in
dendritic cells. J Virol, 76, 5043-5050.

Rehm, A., Stern, P., Ploegh, H.L. and Tortorella, D. (2001) Signal peptide cleavage
of a type I membrane protein, HCMV US11, is dependent on its membrane
anchor. Embo J, 20, 1573-1582.

Reimold, A.M., Etkin, A., Clauss, I., Perkins, A., Friend, D.S., Zhang, J., Horton,
H.F., Scott, A., Orkin, S.H., Byrne, M.C., Grusby, M.J. and Glimcher, L.H.
(2000) An essential role in liver development for transcription factor XBP-1.
Genes Dev, 14, 152-157.

Richly, H., Rape, M., Braun, S., Rumpf, S., Hoege, C. and Jentsch, S. (2005) A
series of ubiquitin binding factors connects CDC48/p97 to substrate
multiubiquitylation and proteasomal targeting. Cell, 120, 73-84.

Robenek, H., Robenek, M.J. and Troyer, D. (2005) PAT family proteins pervade
lipid droplet cores. J Lipid Res, 46, 1331-1338.

Rock, K.L. (2006) Exiting the outside world for cross-presentation. Immunity, 25,
523-525.

Rock, K.L., Gamble, S. and Rothstein, L. (1990) Presentation of exogenous antigen
with class I major histocompatibility complex molecules. Science, 249, 918-
921.

Romisch, K. (2005) Endoplasmic reticulum-associated degradation. Annu Rev Cell
Dev Biol, 21, 435-456.

Rumpf, S. and Jentsch, S. (2006) Functional division of substrate processing
cofactors of the ubiquitin-selective Cdc48 chaperone. Mol Cell, 21, 261-269.

Rutkowski, D.T. and Kaufman, R.J. (2004) A trip to the ER: coping with stress.
Trends Cell Biol, 14, 20-28.

Ryu, K.Y., Maehr, R., Gilchrist, C.A., Long, M.A., Bouley, D.M., Mueller, B.,
Ploegh, H.L. and Kopito, R.R. (2007) The mouse polyubiquitin gene UbC is
essential for fetal liver development, cell-cycle progression and stress
tolerance. Embo J, 26, 2693-2706.

Sadasivan, B., Lehner, P.J., Ortmann, B., Spies, T. and Cresswell, P. (1996) Roles
for calreticulin and a novel glycoprotein, tapasin, in the interaction of MHC
class I molecules with TAP. Immunity, 5, 103-114.

Sadasivan, B.K., Cariappa, A., Waneck, G.L. and Cresswell, P. (1995) Assembly,
peptide loading, and transport of MHC class I molecules in a calnexin-
negative cell line. Cold Spring Harb Symp Quant Biol, 60, 267-275.

Schelhaas, M., Malmstrom, J., Pelkmans, L., Haugstetter, J., Ellgaard, L.,
Grunewald, K. and Helenius, A. (2007) Simian Virus 40 depends on ER



References 157

protein folding and quality control factors for entry into host cells. Cell, 131,
516-529.

Schrag, J.D., Bergeron, J.J., Li, Y., Borisova, S., Hahn, M., Thomas, D.Y. and
Cygler, M. (2001) The Structure of calnexin, an ER chaperone involved in
quality control of protein folding. Mol Cell, 8, 633-644.

Schubert, U., Anton, L.C., Gibbs, J., Norbury, C.C., Yewdell, J.W. and Bennink,
J.R. (2000) Rapid degradation of a large fraction of newly synthesized
proteins by proteasomes. Nature, 404, 770-774.

Schuberth, C. and Buchberger, A. (2005) Membrane-bound Ubx2 recruits Cdc48 to
ubiquitin ligases and their substrates to ensure efficient ER-associated protein
degradation. Nat Cell Biol, 7, 999-1006.

Schust, D.J., Tortorella, D., Seebach, J., Phan, C. and Ploegh, H.L. (1998)
Trophoblast class I major histocompatibility complex (MHC) products are
resistant to rapid degradation imposed by the human cytomegalovirus
(HCMV) gene products US2 and US11. J Exp Med, 188, 497-503.

Schwartz, D.C. and Hochstrasser, M. (2003) A superfamily of protein tags:
ubiquitin, SUMO and related modifiers. Trends Biochem Sci, 28, 321-328.

Scott, J.E. and Dawson, J.R. (1995) MHC class I expression and transport in a
calnexin-deficient cell line. J Immunol, 155, 143-148.

Shamu, C.E., Story, C.M., Rapoport, T.A. and Ploegh, H.L. (1999) The pathway of
US11-dependent degradation of MHC class I heavy chains involves a
ubiquitin-conjugated intermediate. J Cell Biol, 147, 45-58.

Shamu, C.E. and Walter, P. (1996) Oligomerization and phosphorylation of the Ire1p
kinase during intracellular signaling from the endoplasmic reticulum to the
nucleus. Embo J, 15, 3028-3039.

Shearer, A.G. and Hampton, R.Y. (2005) Lipid-mediated, reversible misfolding of a
sterol-sensing domain protein. Embo J, 24, 149-159.

Shen, J., Chen, X., Hendershot, L. and Prywes, R. (2002) ER stress regulation of
ATF6 localization by dissociation of BiP/GRP78 binding and unmasking of
Golgi localization signals. Dev Cell, 3, 99-111.

Shen, X., Ellis, R.E., Lee, K., Liu, C.Y., Yang, K., Solomon, A., Yoshida, H.,
Morimoto, R., Kurnit, D.M., Mori, K. and Kaufman, R.J. (2001)
Complementary signaling pathways regulate the unfolded protein response
and are required for C. elegans development. Cell, 107, 893-903.

Shen, Y., Ballar, P. and Fang, S. (2006) Ubiquitin ligase gp78 increases solubility
and facilitates degradation of the Z variant of alpha-1-antitrypsin. Biochem
Biophys Res Commun, 349, 1285-1293.

Shim, J.H., Xiao, C., Paschal, A.E., Bailey, S.T., Rao, P., Hayden, M.S., Lee, K.Y.,
Bussey, C., Steckel, M., Tanaka, N., Yamada, G., Akira, S., Matsumoto, K.
and Ghosh, S. (2005) TAK1, but not TAB1 or TAB2, plays an essential role
in multiple signaling pathways in vivo. Genes Dev, 19, 2668-2681.

Shresta, S., Pham, C.T., Thomas, D.A., Graubert, T.A. and Ley, T.J. (1998) How do
cytotoxic lymphocytes kill their targets? Curr Opin Immunol, 10, 581-587.

Simon, S.M. and Blobel, G. (1991) A protein-conducting channel in the endoplasmic
reticulum. Cell, 65, 371-380.

Sommer, T. and Jentsch, S. (1993) A protein translocation defect linked to ubiquitin
conjugation at the endoplasmic reticulum. Nature, 365, 176-179.

Soneoka, Y., Cannon, P.M., Ramsdale, E.E., Griffiths, J.C., Romano, G., Kingsman,
S.M. and Kingsman, A.J. (1995) A transient three-plasmid expression system



References 158

for the production of high titer retroviral vectors. Nucleic Acids Res, 23, 628-
633.

Song, B.L., Sever, N. and DeBose-Boyd, R.A. (2005) Gp78, a membrane-anchored
ubiquitin ligase, associates with Insig-1 and couples sterol-regulated
ubiquitination to degradation of HMG CoA reductase. Mol Cell, 19, 829-840.

Stirling, C.J. and Lord, J.M. (2006) Quality control: linking retrotranslocation and
degradation. Curr Biol, 16, R1035-1037.

Story, C.M., Furman, M.H. and Ploegh, H.L. (1999) The cytosolic tail of class I
MHC heavy chain is required for its dislocation by the human
cytomegalovirus US2 and US11 gene products. Proc Natl Acad Sci U S A,
96, 8516-8521.

Strack, P., Caligiuri, M., Pelletier, M., Boisclair, M., Theodoras, A., Beer-Romero,
P., Glass, S., Parsons, T., Copeland, R.A., Auger, K.R., Benfield, P.,
Brizuela, L. and Rolfe, M. (2000) SCF(beta-TRCP) and phosphorylation
dependent ubiquitinationof I kappa B alpha catalyzed by Ubc3 and Ubc4.
Oncogene, 19, 3529-3536.

Suzuki, N., Suzuki, S., Duncan, G.S., Millar, D.G., Wada, T., Mirtsos, C., Takada,
H., Wakeham, A., Itie, A., Li, S., Penninger, J.M., Wesche, H., Ohashi, P.S.,
Mak, T.W. and Yeh, W.C. (2002) Severe impairment of interleukin-1 and
Toll-like receptor signalling in mice lacking IRAK-4. Nature, 416, 750-756.

Suzuki, T. (2007) Cytoplasmic peptide:N-glycanase and catabolic pathway for free
N-glycans in the cytosol. Semin Cell Dev Biol, 18, 762-769.

Suzuki, T., Park, H., Hollingsworth, N.M., Sternglanz, R. and Lennarz, W.J. (2000)
PNG1, a yeast gene encoding a highly conserved peptide:N-glycanase. J Cell
Biol, 149, 1039-1052.

Suzuki, T., Park, H., Kwofie, M.A. and Lennarz, W.J. (2001) Rad23 provides a link
between the Png1 deglycosylating enzyme and the 26 S proteasome in yeast.
J Biol Chem, 276, 21601-21607.

Swaminathan, S., Amerik, A.Y. and Hochstrasser, M. (1999) The Doa4
deubiquitinating enzyme is required for ubiquitin homeostasis in yeast. Mol
Biol Cell, 10, 2583-2594.

Swanson, R., Locher, M. and Hochstrasser, M. (2001) A conserved ubiquitin ligase
of the nuclear envelope/endoplasmic reticulum that functions in both ER-
associated and Matalpha2 repressor degradation. Genes Dev, 15, 2660-2674.

Szathmary, R., Bielmann, R., Nita-Lazar, M., Burda, P. and Jakob, C.A. (2005)
Yos9 protein is essential for degradation of misfolded glycoproteins and may
function as lectin in ERAD. Mol Cell, 19, 765-775.

Tabeta, K., Hoebe, K., Janssen, E.M., Du, X., Georgel, P., Crozat, K., Mudd, S.,
Mann, N., Sovath, S., Goode, J., Shamel, L., Herskovits, A.A., Portnoy,
D.A., Cooke, M., Tarantino, L.M., Wiltshire, T., Steinberg, B.E., Grinstein,
S. and Beutler, B. (2006) The Unc93b1 mutation 3d disrupts exogenous
antigen presentation and signaling via Toll-like receptors 3, 7 and 9. Nat
Immunol, 7, 156-164.

Taxis, C., Hitt, R., Park, S.H., Deak, P.M., Kostova, Z. and Wolf, D.H. (2003) Use
of modular substrates demonstrates mechanistic diversity and reveals
differences in chaperone requirement of ERAD. J Biol Chem, 278, 35903-
35913.

Thoms, S. (2002) Cdc48 can distinguish between native and non-native proteins in
the absence of cofactors. FEBS Lett, 520, 107-110.



References 159

Tirosh, B., Furman, M.H., Tortorella, D. and Ploegh, H.L. (2003) Protein unfolding
is not a prerequisite for endoplasmic reticulum-to-cytosol dislocation. J Biol
Chem, 278, 6664-6672.

Tiwari, S. and Weissman, A.M. (2001) Endoplasmic reticulum (ER)-associated
degradation of T cell receptor subunits. Involvement of ER-associated
ubiquitin-conjugating enzymes (E2s). J Biol Chem, 276, 16193-16200.

Tortorella, D., Gewurz, B., Schust, D., Furman, M. and Ploegh, H. (2000a) Down-
regulation of MHC class I antigen presentation by HCMV; lessons for tumor
immunology. Immunol Invest, 29, 97-100.

Tortorella, D., Gewurz, B., Schust, D., Furman, M. and Ploegh, H. (2000b) Down-
regulation of MHC class I antigen presentation by HCMV; lessons for tumor
immunology. Immunol Invest, 29, 97-100.

Tortorella, D., Gewurz, B.E., Furman, M.H., Schust, D.J. and Ploegh, H.L. (2000c)
Viral subversion of the immune system. Annu Rev Immunol, 18, 861-926.

Tortorella, D., Story, C.M., Huppa, J.B., Wiertz, E.J., Jones, T.R., Bacik, I.,
Bennink, J.R., Yewdell, J.W. and Ploegh, H.L. (1998) Dislocation of type I
membrane proteins from the ER to the cytosol is sensitive to changes in
redox potential. J Cell Biol, 142, 365-376.

Trombetta, E.S. and Helenius, A. (2000) Conformational requirements for
glycoprotein reglucosylation in the endoplasmic reticulum. J Cell Biol, 148,
1123-1129.

Tsai, B., Rodighiero, C., Lencer, W.I. and Rapoport, T.A. (2001) Protein disulfide
isomerase acts as a redox-dependent chaperone to unfold cholera toxin. Cell,
104, 937-948.

Tsai, B., Ye, Y. and Rapoport, T.A. (2002) Retro-translocation of proteins from the
endoplasmic reticulum into the cytosol. Nat Rev Mol Cell Biol, 3, 246-255.

Tsao, Y.S., Ivessa, N.E., Adesnik, M., Sabatini, D.D. and Kreibich, G. (1992)
Carboxy terminally truncated forms of ribophorin I are degraded in pre-Golgi
compartments by a calcium-dependent process. J Cell Biol, 116, 57-67.

Tu, B.P. and Weissman, J.S. (2004) Oxidative protein folding in eukaryotes:
mechanisms and consequences. J Cell Biol, 164, 341-346.

Turner, G.C. and Varshavsky, A. (2000) Detecting and measuring cotranslational
protein degradation in vivo. Science, 289, 2117-2120.

Van den Berg, B., Clemons, W.M., Jr., Collinson, I., Modis, Y., Hartmann, E.,
Harrison, S.C. and Rapoport, T.A. (2004) X-ray structure of a protein-
conducting channel. Nature, 427, 36-44.

Varshavsky, A. (1997) The ubiquitin system. Trends Biochem Sci, 22, 383-387.
Vashist, S. and Ng, D.T. (2004) Misfolded proteins are sorted by a sequential

checkpoint mechanism of ER quality control. J Cell Biol, 165, 41-52.
Walter, J., Urban, J., Volkwein, C. and Sommer, T. (2001) Sec61p-independent

degradation of the tail-anchored ER membrane protein Ubc6p. Embo J, 20,
3124-3131.

Wan, H.C., Melo, R.C., Jin, Z., Dvorak, A.M. and Weller, P.F. (2007) Roles and
origins of leukocyte lipid bodies: proteomic and ultrastructural studies. Faseb
J, 21, 167-178.

Wang, C., Deng, L., Hong, M., Akkaraju, G.R., Inoue, J. and Chen, Z.J. (2001)
TAK1 is a ubiquitin-dependent kinase of MKK and IKK. Nature, 412, 346-
351.



References 160

Wang, Q., Song, C. and Li, C.C. (2004a) Molecular perspectives on p97-VCP:
progress in understanding its structure and diverse biological functions. J
Struct Biol, 146, 44-57.

Wang, Y., Satoh, A., Warren, G. and Meyer, H.H. (2004b) VCIP135 acts as a
deubiquitinating enzyme during p97-p47-mediated reassembly of mitotic
Golgi fragments. J Cell Biol, 164, 973-978.

Ward, C.L., Omura, S. and Kopito, R.R. (1995) Degradation of CFTR by the
ubiquitin-proteasome pathway. Cell, 83, 121-127.

Welte, M.A. (2007) Proteins under new management: lipid droplets deliver. Trends
Cell Biol, 17, 363-369.

Wertz, I.E., O'Rourke, K.M., Zhou, H., Eby, M., Aravind, L., Seshagiri, S., Wu, P.,
Wiesmann, C., Baker, R., Boone, D.L., Ma, A., Koonin, E.V. and Dixit,
V.M. (2004) De-ubiquitination and ubiquitin ligase domains of A20
downregulate NF-kappaB signalling. Nature, 430, 694-699.

Wiborg, O., Pedersen, M.S., Wind, A., Berglund, L.E., Marcker, K.A. and Vuust, J.
(1985) The human ubiquitin multigene family: some genes contain multiple
directly repeated ubiquitin coding sequences. Embo J, 4, 755-759.

Wiertz, E.J., Jones, T.R., Sun, L., Bogyo, M., Geuze, H.J. and Ploegh, H.L. (1996a)
The human cytomegalovirus US11 gene product dislocates MHC class I
heavy chains from the endoplasmic reticulum to the cytosol. Cell, 84, 769-
779.

Wiertz, E.J., Tortorella, D., Bogyo, M., Yu, J., Mothes, W., Jones, T.R., Rapoport,
T.A. and Ploegh, H.L. (1996b) Sec61-mediated transfer of a membrane
protein from the endoplasmic reticulum to the proteasome for destruction.
Nature, 384, 432-438.

Wolf, D.H. and Hilt, W. (2004) The proteasome: a proteolytic nanomachine of cell
regulation and waste disposal. Biochim Biophys Acta, 1695, 19-31.

Wolf, D.H. and Schafer, A. (2005) CPY* and the power of yeast genetics in the
elucidation of quality control and associated protein degradation of the
endoplasmic reticulum. Curr Top Microbiol Immunol, 300, 41-56.

Woodman, P.G. (2003) p97, a protein coping with multiple identities. J Cell Sci,
116, 4283-4290.

Wormald, M.R. and Dwek, R.A. (1999) Glycoproteins: glycan presentation and
protein-fold stability. Structure, 7, R155-160.

Wormald, M.R., Petrescu, A.J., Pao, Y.L., Glithero, A., Elliott, T. and Dwek, R.A.
(2002) Conformational studies of oligosaccharides and glycopeptides:
complementarity of NMR, X-ray crystallography, and molecular modelling.
Chem Rev, 102, 371-386.

Wu, Y., Swulius, M.T., Moremen, K.W. and Sifers, R.N. (2003) Elucidation of the
molecular logic by which misfolded alpha 1-antitrypsin is preferentially
selected for degradation. Proc Natl Acad Sci U S A, 100, 8229-8234.

Wullaert, A., Heyninck, K., Janssens, S. and Beyaert, R. (2006) Ubiquitin: tool and
target for intracellular NF-kappaB inhibitors. Trends Immunol, 27, 533-540.

Xiong, X., Chong, E. and Skach, W.R. (1999) Evidence that endoplasmic reticulum
(ER)-associated degradation of cystic fibrosis transmembrane conductance
regulator is linked to retrograde translocation from the ER membrane. J Biol
Chem, 274, 2616-2624.

Yamamoto, M., Sato, S., Mori, K., Hoshino, K., Takeuchi, O., Takeda, K. and Akira,
S. (2002) Cutting edge: a novel Toll/IL-1 receptor domain-containing adapter



References 161

that preferentially activates the IFN-beta promoter in the Toll-like receptor
signaling. J Immunol, 169, 6668-6672.

Yamasaki, S., Yagishita, N., Sasaki, T., Nakazawa, M., Kato, Y., Yamadera, T., Bae,
E., Toriyama, S., Ikeda, R., Zhang, L., Fujitani, K., Yoo, E., Tsuchimochi,
K., Ohta, T., Araya, N., Fujita, H., Aratani, S., Eguchi, K., Komiya, S.,
Maruyama, I., Higashi, N., Sato, M., Senoo, H., Ochi, T., Yokoyama, S.,
Amano, T., Kim, J., Gay, S., Fukamizu, A., Nishioka, K., Tanaka, K. and
Nakajima, T. (2007) Cytoplasmic destruction of p53 by the endoplasmic
reticulum-resident ubiquitin ligase 'Synoviolin'. Embo J, 26, 113-122.

Yang, M., Omura, S., Bonifacino, J.S. and Weissman, A.M. (1998) Novel aspects of
degradation of T cell receptor subunits from the endoplasmic reticulum (ER)
in T cells: importance of oligosaccharide processing, ubiquitination, and
proteasome-dependent removal from ER membranes. J Exp Med, 187, 835-
846.

Ye, J., Rawson, R.B., Komuro, R., Chen, X., Dave, U.P., Prywes, R., Brown, M.S.
and Goldstein, J.L. (2000) ER stress induces cleavage of membrane-bound
ATF6 by the same proteases that process SREBPs. Mol Cell, 6, 1355-1364.

Ye, Y., Meyer, H.H. and Rapoport, T.A. (2001a) The AAA ATPase Cdc48/p97 and
its partners transport proteins from the ER into the cytosol. Nature, 414, 652-
656.

Ye, Y., Meyer, H.H. and Rapoport, T.A. (2001b) The AAA ATPase Cdc48/p97 and
its partners transport proteins from the ER into the cytosol. Nature, 414, 652-
656.

Ye, Y., Meyer, H.H. and Rapoport, T.A. (2003) Function of the p97-Ufd1-Npl4
complex in retrotranslocation from the ER to the cytosol: dual recognition of
nonubiquitinated polypeptide segments and polyubiquitin chains. J Cell Biol,
162, 71-84.

Ye, Y., Shibata, Y., Kikkert, M., van Voorden, S., Wiertz, E. and Rapoport, T.A.
(2005) Inaugural Article: Recruitment of the p97 ATPase and ubiquitin
ligases to the site of retrotranslocation at the endoplasmic reticulum
membrane. Proc Natl Acad Sci U S A, 102, 14132-14138.

Ye, Y., Shibata, Y., Yun, C., Ron, D. and Rapoport, T.A. (2004) A membrane
protein complex mediates retro-translocation from the ER lumen into the
cytosol. Nature, 429, 841-847.

Yewdell, J.W. and Hill, A.B. (2002) Viral interference with antigen presentation. Nat
Immunol, 3, 1019-1025.

Yewdell, J.W., Schubert, U. and Bennink, J.R. (2001) At the crossroads of cell
biology and immunology: DRiPs and other sources of peptide ligands for
MHC class I molecules. J Cell Sci, 114, 845-851.

Yoshida, H., Matsui, T., Yamamoto, A., Okada, T. and Mori, K. (2001) XBP1
mRNA is induced by ATF6 and spliced by IRE1 in response to ER stress to
produce a highly active transcription factor. Cell, 107, 881-891.

Yoshida, Y. (2005) Expression and assay of glycoprotein-specific ubiquitin ligases.
Methods Enzymol, 398, 159-169.

Yoshida, Y. (2007) F-box proteins that contain sugar-binding domains. Biosci
Biotechnol Biochem, 71, 2623-2631.

Yoshida, Y., Adachi, E., Fukiya, K., Iwai, K. and Tanaka, K. (2005) Glycoprotein-
specific ubiquitin ligases recognize N-glycans in unfolded substrates. EMBO
Rep, 6, 239-244.



References 162

Yoshida, Y., Chiba, T., Tokunaga, F., Kawasaki, H., Iwai, K., Suzuki, T., Ito, Y.,
Matsuoka, K., Yoshida, M., Tanaka, K. and Tai, T. (2002) E3 ubiquitin
ligase that recognizes sugar chains. Nature, 418, 438-442.

Youker, R.T., Walsh, P., Beilharz, T., Lithgow, T. and Brodsky, J.L. (2004) Distinct
roles for the Hsp40 and Hsp90 molecular chaperones during cystic fibrosis
transmembrane conductance regulator degradation in yeast. Mol Biol Cell,
15, 4787-4797.

Younger, J.M., Chen, L., Ren, H.Y., Rosser, M.F., Turnbull, E.L., Fan, C.Y.,
Patterson, C. and Cyr, D.M. (2006) Sequential quality-control checkpoints
triage misfolded cystic fibrosis transmembrane conductance regulator. Cell,
126, 571-582.

Zhang, J., Stirling, B., Temmerman, S.T., Ma, C.A., Fuss, I.J., Derry, J.M. and Jain,
A. (2006) Impaired regulation of NF-kappaB and increased susceptibility to
colitis-associated tumorigenesis in CYLD-deficient mice. J Clin Invest, 116,
3042-3049.

Zhang, X., Shaw, A., Bates, P.A., Newman, R.H., Gowen, B., Orlova, E., Gorman,
M.A., Kondo, H., Dokurno, P., Lally, J., Leonard, G., Meyer, H., van Heel,
M. and Freemont, P.S. (2000) Structure of the AAA ATPase p97. Mol Cell,
6, 1473-1484.

Zhong, X., Shen, Y., Ballar, P., Apostolou, A., Agami, R. and Fang, S. (2004) AAA
ATPase p97/valosin-containing protein interacts with gp78, a ubiquitin ligase
for endoplasmic reticulum-associated degradation. J Biol Chem, 279, 45676-
45684.

Zhou, M. and Schekman, R. (1999) The engagement of Sec61p in the ER dislocation
process. Mol Cell, 4, 925-934.



References 163


