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Abstract

Abstract

The endoplasmic reticulum (ER) is an intracellular membranosgsersy of all
eukaryotic cells into which most of the secretory proteins @n@orted, receive
posttranslational modifications (N-glycosylation and formation of fideilbonds), acquire
their native tertiary structure and from where they areveledd to their final destination such
as the ER itself, the Golgi apparatus, the vacuole, the plasmarar@mthe lysosomes and
the exterior of the cell. The ER contains a highly active tuabntrol system. Malfolded
proteins are selectively recognized in the ER and transportedftmackthe ER lumen or
membrane into the cytoplasm, where they are finally dedragiehe 26S proteasome in an
ubiquitin dependent manner. The latter process is known as ER assaggtedation
(ERAD). Failure of this process leads to formation of protein agges and results in
impaired cell function. Dysfunction of ER degradation has sevemdiaally relevant
implications in human cells. Therefore, it is highly important to wtdad the molecular
mechanism of the quality control and ERAD machinery.

A number of proteins involved in the retrotranslocation process dblued proteins
from the ER to the cytosol, such as ubiquitin conjugating enzymes Ubclp, Ubc6p, Ubc7p and
the ubiquitin protein ligases Der3p-Hrd3p or DoalOp, as well as Derlppad the AAA
ATPase protein complex Cdd¥8V™ have been identified by genetic analyses and
biochemical methods. Genetic studies seem to indicate that Sduélmre-forming subunit
of the protein import translocon, also acts as the retrotranslocd? de§radation as well. To
understand how these components cooperatively participate in ER degradal to get a
better insight if Sec61p is really the pore-forming unit of pnetein retrotranslocon, Blue
Native Electrophoresis (BN) and co-immunoprecipitation techniques ajgpked in this
study. To determine the composition of the retrotranslocon and to obtaimfoemation on
the entire process involved in ERAD, a series of CPY* fusion pretgbstrates with special
structural characteristics were constructed and investigatethei hope of jamming the
retrotranslocon and by this “catching” the retrotranslocon in theegs of retrotranslocation.
The strategies were as following: overexpression of CPY* ils cidleted for the ubiquitin
conjugating enzymes Ubclp and Ubc7p as well as induction of the unfofoteth response
via DTT.

Using Blue Native electrophoresis, a stable Der3-Hrd3p complexdet@sted. The
finding of the Der3-Hrd3p complex together with soluble malfolded saflest as CPY* or
CPY*GFP and membrane substrates as CT* or CTG*, indicated th&8tHdd3p complex
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acts as a part of a retrotranslocation machinery. The AAA 8&Ralc48p was also found in
this Der3-Hrd3p complex when using Blue Native electrophoresis aitnaicthe existence of
a Cdc48-Der3-Hrd3p complex. The finding of the interaction betweed&8aled the Der3-
Hrd3p complex by co-immunoprecipitation experiments confirmed thiplEontomposition.
Blue Native electrophoresis showed two stable Sec61-Sec62-Sec63@xesn@30kDa and
480kDa), the composition of which did not undergo changes in any of th® ERAants,
indicating that these might constitute the protein import complegweder, under
overexpression conditions of CPY*-HAn AubclAubc7cells, defective in polyubiquitination
of malfolded substrates, CPY*-HAwas found by Blue Native electrophoresis to be
associated with these Sec61-complexes, possibly suggesting an inmalen®ec61p in the
retrotranslocation process. Additionally, after DTT treatmerggéning the unfolded protein
response, Derlp was also found to be associated with the Sec61-comBée diative
electrophoresis, showing that a dynamic recruitment of Derlp tolSeuénnel protein
occurred. Further insights into the retrotranslocation process veasla@t to reach with the
help of new ERAD substrate CPY*GAr215, a CPY* derivative containihgng Glycine-
Alanine repeat sequence. The Gly-Ala repeat sequence is Knqwevent degradation of the
EBNAL virus protein by the proteasome. Recently it was shownttistGly-Ala repeat,
when introduced into the proteasomal substrate ornithine decarboxykadls, aso
degradation of this enzyme, most likely due to an "idling" of the cegs ATPases of the
proteasome unable to "grab" the unstructured, "slippery" Glyrépeat.Previous work by
Thomas Bohnacker (Diplomarbeit, Universitat Stuttgart, 2004) hasatedichat full length
CPY*GAr215-HAs is only “processed”. A partial degradation product appeared agliagl a
loss of the C-terminal part of the protein. Full length and themadiates of CPY*GAr215-
HA3; were shown here to be glycosylated and located in ER vesicless observed here that
there is a slight growth reduction in temperature sensiige6l-2cells overexpressing
CPY*GAr215 at 35°C. Sec61p was found to interact with Cdc48p and both, futhland
intermediates of CPY*GAr215 by co-immunoprecipitation experimentsadReaably, Blue
Native electrophoresis also indicated the existence of a SaIBCPY*GAr215 complex
in wild type cells. All together, this work suggests the exisent a Sec61-Cdc48-
Der3/Hrd3-CPY*GAr215 complex which might form a dynamic reansiocon in ER
degradation.

With the help of biochemical methods, the results in this study gtewxistence and
dynamic changes of Cdc48-Der3-Hrd3-substrate protein complelssmight constitute at
least in part the scaffold of the retrotranslocon. Sec61p, as dgoorieg protein, might be
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involved in the retrotranslocation process. Cdc48 protein complex mighasaet linker
between the pore and ubiquitination system, and the proteasome, chamdn the

ubiquitinated substrates from cytosolic face of the ER to 26S patesfor final degradation.



Zusammenfassung

Zusammenfassung

Das endoplasmatische Retikulum (ER) ist ein intrazellularesnifansystem in
eukaryontischen Zellen, in das der Grol3teil der sekretorischen Rroteortiert wird. Diese
Proteine erhalten dort postranslationale Modifikationen (N-glycasylg und
Disulfidbriickenbildung) und ihre naturliche tertiare Struktur, bevor sidmaniendgultigen
Zielen wie z. B. das ER selbst, dem Golgi Apparat, der VakuoleRldemamembran, dem
Lysosom oder in den extrazellularen Raum exportiert werden. RakaE ein sehr aktives
Quialitatskontrollsystem. Falschgefaltete Proteine werdehtselm ER erkannt und vom ER
Lumen oder der ER Membran zurtick ins Zytoplasma transportiert, waasie schlief3lich
vom 26S Proteasom in einem ubiquitinabhd&ngigem Prozess abgebaut weéeden PDozess
ist bekannt als ER assoziierte Degradation (ERAD). Fehlatiaeem Prozess fuhren zu
Proteinagregation, was schlie3lich zu einer Beeintrachtigungelfunktionen fuhrt. Eine
Fehlfunktion der ER assoziierten Degradation hat mehrere medizinisichtige
Auswirkungen in menschlichen Zellen. Daher ist es sehr wichtey miolekularen
Mechanismen der Qualitatskontrolle der ERAD Maschinerie zu verstehen.

Eine Anzahl an Proteinen die an dem Retrotranslokationsprozess vangédddteten
Proteinen vom ER zum Zytoplasma beteiligt sind, so wie z.B. Ubdighp) Ubc7p und die
Ubiquitin Protein Ligasen Der3p-Hrd3p oder DoalOp, als auch Derlp, Kar2p uAdider
ATPase Protein Komplex Cdc¥8*Y™ wurden durch genetische und biochemische
Analysen identifiziert. Genetische Studien scheinen darauf hinzuwalsss Sec6lp, die
porenbildende Untereinheit des Proteinimporttranslocons, auch als &wtltoton bei der
ER Degradation dient. Um zu verstehen, wie diese Komponentemamitksr bei der ER
Degradation mitwirken, und um einen besseren Einblick zu bekommen, ob Seddiqgh w
eine porenbildende Einheit des Proteinretrotranslokons ist, wurden Bluéeve Nat
Elektrophorese (BN) und Coimmunoprezipitationstechniken in dieser Stugksvandet. Um
die Zusammensetzung des Retrotranslocons zu bestimmen, als angueiimformationen
Uber den gesamten Prozess der im ERAD ablauft zu erhalten, wimdeRe2he von CPY*
Fusionsproteinsubstraten mit speziellen strukturellen Charaktari®tonstruiert. Diese
wurden in der Hoffnung das Retrotranslokon zu blockieren untersucht, um so das
Retrotranslokon im Moment der Retrotranslokation zu ,erwischen. Sdiategie war die
Folgende: Uberexpression von CPY* in Zellen, in denen die Ubiquitin konjugierende
Enzyme Ubclp und Ubc7p deletiert sind, als auch die Induktion der ,Unfoldednprote

response” durch DTT.



Zusammenfassung

Durch den Einsatz von Blue Native Elektrophorese wurde ein stabde3-Hrd3p
Komplex detektiert. Die Entdeckung des Der3-Hrd3p Komplexes zusamntdisiithen
falschgefalteten Substraten wie CPY* oder CPY*GFP und Membramatégtie CT* oder
CTG*, deuten darauf hin dass der Der3-Hrd3p Komplex als ein Teil der
Retrotranslokationsmaschinerie dient. Die AAA ATPase Cdc48p wurddiesem Der3-
Hrd3p Komplex durch Blue Native Elektrophorese gefunden, was auf detefx eines
CDC48-Der3-Hrd3p Komplexes hindeutet. Die Entdeckung einer Interaktisclzen Cdc48
und des Der3-Hrd3p Komplexes durch Coimmunoprezipitationsexperimentétigiesdiese
Komplex Zusammensetzung. Blue Native Elektrophorese zeigte raimiesSec61-Sec62-
Sec63p Komplexe (430kDa und 480kDa), eine Zusammensetzung die keiner Vergmaerun
irgendeiner der ERAD Mutanten unterlag, was darauf hindeutes dahsse den
Proteinimportkomplex bilden. Unter Uberexpressionsbedingungen von CPY*-iHA
Aubcldubc? Zellen, welche einen Defekt bei der Polyubiquitinierung von falseltgéén
Proteinen haben, zeigte sich allerdings, dass CP¥*HAt diesen Sec6l-Komplexen
assoziiert sind, was durch Blue Native Elektrophorese gezeigtewlras deutet auf eine
Beteiligung von Sec61 am Retrotranslokationsprozess hin. Aul3erdeta siefl nach DTT
Behandlung zur Auslosung der ,Unfolded protein response“ durch Blue Native
Elektrophorese heraus, dass Derlp auch mit dem Sec61 KompleledsisbzDies zeigt,
dass eine dynamische Rekrutierung von Derlp zum Sec6l Kanalproteat. aNVeitere
Einblicke in den Retrotranslokationsprozess wollte man mittels desnrieRAD Substrates
CPY*GAr215, einem CPY* Derivat mit einer langen  Glycine-Alanine
Wiederholungssequenz, erreichen. Die Gly-Ala Wiederholungssequenz ist daftinh&lass
sie den Abbau des EBNAL Virusproteins durch das Proteasom verhindekurZem wurde
gezeigt, dass diese Gly-Ala Wiederholungen, wenn sie an dasdért&ubstrat Ornithine
Decarboxylase gehéngt werden, den Abbau auch von diesem Enzym verhivatert,
wahrscheinlich dadurch verursacht wird, dass durch ein ,Leerladen19S Cap ATPasen
des Proteasoms es unmdglich wird, die unstrukturierten rutschigehy/-Al&
Wiederholungen zu ,packen®. Dei frihere Arbeit von Thomas Bohnackerofpgbeit,
Universitdt Stuttgart, 2004) zeigte, dass das gesamte CPY*GAra3}5-ur
.prozessiert* wird. Ein Zwischenabbauprodukt tauchte auf, was einafusVedes C-
terminalen Teiles des Proteins anzeigt. Das gesamte Protemuahdlie Intermediate vom
CPY*GAr215-HAg stellten sich als glycosiliert und in ER Vesikeln lokalisieeraus. Es
zeigte sich durch Coimmunoprezipitationen, dass Sec61p mit Cdc48p ieteragwie auch
mit dem gesamten Protein und auch den Intermediaten von CPY*GAr245-HA

10



Zusammenfassung

Bemerkenswerterweise deutete sich auch durch Blue Nativdrdfiborese die Existenz
eines Sec61-Cdc48-CPY*GAr215 Komplexes in Wildtypzellen an. Zusamiiassgeeutet
diese Arbeit auf Existenz eines Sec61-Cdc48-Der3/Hrd3-CPY*@GArRdmplexes hin,
welcher wohl einen dynamisches Retrotranslokon fur die ER Degradation bilden kann.
Mit der Hilfe von biochemischen Methoden, zeigen die Ergebnisserdi#&udie die
Existenz und die dynamischen Verédnderungen des Cdc48-Der3-Hrd3abSubBsbtein
Komplexes. Dies kdnnte zu mindest in Teilen das Gerlst des Rasiokons darstellen.
Sec61p, konnte als ein Porenbildendes Proteien an dem Retrotranslokatessreteiligt
sein. Der Cdc48 Proteinkomplex konnte als ein Linker zwischen der, Rime
Ubiquitinierungssystem und dem Proteasom fungieren, indem es die uidgteti Substrate
von der zytosolischen Seite des ERs zum 26S Proteasom zur endgillegeadation

Uberreicht.
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Introduction

1. Introduction

1.1 ER quality control

1.1.1 Import of nascent proteinsinto the ER

The endoplasmic reticulum (ER) is a membranous system presaiit eukaryotic
cells, necessary for the delivery of secretory proteins fofihal destination such as the ER
itself, the Golgi apparatus, the plasma membrane, the lysosomdethe exterior of the cell
(Rapoport et al., 1996). To enter the secretory pathway, nascenhprateitranslocated into
the ER from the cytosol either co- or post-translationally. Bmth and post-translational
passage of polypeptide chains across the ER membrane are métiabegth a hydrophilic
translocation channel. The channel not only translocates solubléosg@moteins but also
integrates membrane proteins into the lipid bilayer. Sec6lp is sented polytopic
membrane protein with ten transmembrane domains which creatgsotiee-conducting
channel in the ER membrane. For both translocation routes, the Sea®irine¢eic complex,
in yeast consisting of the proteins Sec61p, Sbhlp, and Ssslp, whiclp@odrés Secad,
Sec6PB and Sec6il respectively in mammals, constitutes the membrane channel.etéd S
channel, being an oligomer formed from three or four copies of c&1PeSbhp-Ssslp
(Sec6h-Sec6P-Sec6¥) heterotrimer, mediates cotranslational protein import into thénER
both yeast and mammalian cells (Corsi and Schekman 1996; Rapopori @& Beckmann
et al., 2001; Morgan et al., 2000). In yeast, the Sec61 complex camtssath the Sec63
complex, consisting of the ER membrane proteins Sec62p, Sec63p and Segdther twith
the peripheral membrane protein Sec72p, to form the heptamerco®@tex responsible for
post-translational protein import into the ER (Johnson and van Waes, 9a8ilition, there
is a second heterotrimeric ER membrane located protein comfdlessl1p-containing
complex together with a Sec61p homologue, Sshlp, and a Sbh1lp homologue, Sbh2p in yeast
named as Ssslp-Sshlp-Sbh2p complex, is involved in a co-translationpbirgraghway
and might be functionally redundant with the Sec61p complex (Finke ¥194&l). The ER
luminal chaperone Kar2p/Bip binds to the luminal, DnaJ-like domain c63ein an ATP
dependent manner and aids the translocation process. Soluble secreyppptm#s are
delivered directly into the lumen of the ER. Integral membrane ipstéoth single- and
multispanning, use the translocation channel for their insertion intlyptteoilayer as well.
Multiple structural and functional states of the translocon have beectel® which revealed

that the structure of the translocon is highly flexible and veryanyc. Its structure and,
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hence, function is strongly regulated (Rémisch, 1999; Johnson and Haigh, 20R0a®in et
al., 2001).

1.1.2 The ERAD machinery

Proteins enter the ER in an unfolded state and are subsequed#y fwithin this
organelle by a highly efficient folding machinery. Failure to fptdperly leads to impaired
cell function. It is, therefore, imperative that the ER contaisgséem able to discriminate
between properly folded and modified, and terminally misfolded prot&ms discrimination
must be initiated by the discovery and retention of the malfoldat@ips in the ER, which is
then followed by their degradation. At the same time, the ER brusible to regulate the
function of its resident proteins upon incoming internal and extergahls. The available
data suggest that proteins have to undergo a complete cycle ofsgregrmaturation and
quality control at each individual step, before reaching a ‘checkpatinthich the decision is
made about their ultimate fate: packaging into ER-to-Golgi pramssesicles or retrograde
transport to the cytosol for degradation. The various recognition agetitey events as a
whole have been referred to as the ‘quality control’ functionhef ER (Hammond and
Helenius, 1995; Ellgaard and Helenius, 2003). The findingsS.incerevisiae that the
misfolded vacuolar peptidase CPY* (Hillet al, 1996) and the mutant secretory protein pro-
a-factor (Werneret al, 1996) were retained in the ER lumen and degraded in the cytoplasm
by the proteasome, were crucial in establishing the concepetaigrade transport of
malfolded proteins out of the ER. Recent studies have revealed thatess called ER-
associated degradation (ERAD) or simply ER degradation, by whitfoldesl proteins are
degraded by the proteasome or the ubiquitin-proteasome system inab@,dg responsible
for the elimination of malfolded proteins as well as of regulated enzymes BRtneembrane
(Sommer and Wolf, 1997; Plemper and Wolf, 1999; Brodsky and McCracken, 1999) (Fig.1).

1.1.2.1 Retrotranslocation from the ER to the cytosol

Genetic studies in yeast revealed a significantly retardeptadation of CPY*
(Plemper et al., 1997), mutated mrefactor (Pilon et al.,, 1997) and a mutant polytopic
membrane protein, Pdr5* (Plemper et al., 1998), in mutants conditiona#i¢tidef in the
Sec61 translocon. Co-immunoprecipitation studies indicated that (Sex@bksociated with
the major histocompatibility complex class | (MHC class xwhechain upon the action of
cytomegalovirus (Wiertz et al., 1996a). Sde@ilas furthermore found to be associated with
wild-type and mutant forms of CFTR (Bebok et al., 1998) and with adtadosariant of the
rough ER-specific type | transmembrane glycoprotein ribophofRi332) (de Virgilio et al.,

13
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1998) during their dislocation from the ER. These results suggestetiehaec61 translocon
may constitute also the retrograde transport channel for madfotoluble and membrane
proteins back into the cytoplasm for degradation or is part of such a channel (Pilph%74
Plemper et al., 1997; Zhou and Schekman, 1999). However, it is very tikalythe
retrotranslocation channel differs in its composition from the prateport channel. Deletion
of SBH1 SBH2o0r SSH1had no effect on export of a soluble misfolded form of CPY* from
the ER (Plemper et al., 1997). Analysis of a temperature sengitele ofSEC62defective in
protein import into the ER suggests that Sec62p is not requireddortes well (Pilon et al.,
1997; Plemper et al., 1997). Deletion REC71leads to an unstable Sec72p (Feldheim and
Scheckman 1994) and this protein was also shown to be dispensable foi(lekgpopter et al.,
1997). Due to the involvement of Kar2p which is anchored to the Sec compl8ec63p, in
the degradation of soluble but not membrane anchored proteins, it costibversial if the
requirement of Sec63p for export is necessary or not (Plempdr, 4997). The large pore
size (20-40 A) of the Sec61 channel (Hanein et al., 1996; Hamman E3S), could allow
the dislocation of even fully folded and glycosylated protein domaimesscthe ER
membrane. It was demonstrated that malfolded glycosylated s atestined for degradation
via the ubiquitin-proteasome system leave the ER in a glycedytatm (Hiller et al., 1996;
Wiertz et al.,, 1996b). Experiments indicate that these ERAD ttaglyeoproteins are
deglycosylated in the cytoplasm prior to the degradation by the pootea(Suzuki et al.,
2000). A recent report suggests that a fusion protein of enhanced GFP)(&ith the MHC
class | heavy chain (EGFP-HCI) domain may be retrotraatdd without unfolding of the
EGFP domain (Fiebiger et al., 2002). The inner diameter of the translocon pdi@adezsto
fluctuate between 15A, in its inactive state, and 40-60 A during proteindecatish (Johnson
and van Waes, 1999; Haigh and Johnson, 2002). Therefore, it is possible that in its agtive stat
the translocon could be large enough to allow the passage of moleculesrésgiaat in size
to proteins which are still partially folded or glycoproteinshwithieir bulky sugar moieties
attached. Nevertheless, the retrotranslocon may even accommadatenalecules through
rearrangements of translocon subunits. In this case, however, agcksdors should be
involved in regulating specificity and directionality of this Sep®te and thus allow protein
import and export via differently assembled channels. RecentljinEle the yeast Derlp
(Knop et al., 1996) homolog in mammals, was found in association withp@ZPUS11 and
with both glycosylated and deglycosylated forms of the MHC dlasslecules. Due to the
presence of four transmembrane domains in Derlp, it was proposed dhiz-1Dmay
constitute part of a retrotranslocon for dislocation of a specialesuWisER proteins in
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mammals (Ye et al., 2004; Lilley and Ploegh, 2004). However, no retsticated protein
has been trapped in this channel yet. Therefore, further experimawsto prove this
hypothesis. So far, all data indicate a great plasticity ofrétwtranslocon for ERAD.
Therefore, additional convincing biochemical proof is essentigh®characterization of the

dislocation channel.
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Figure 1. The pathway of ubiquitin-linked degradation of proteins and the 26S proteasoméfter linkage

of a polyubiquitin chain onto the protein to be ketpd, its recognition occurs at the 19S cap of 268
proteasome, which is composed of 12 Rpn (non-ATPasg 6 Rpt (ATPase) subunits. Degradation is bnbug
about by the proteolytic activity of a pair of thrdifferents-subunits each located in the cylinder of the 20S
alf7B707 core unit of the 26S proteasome (inset after \&iotf Hilt, 2004)

Following retrotranslocation from the ER, nearly all the misfolgelypeptides or
unassembled secretory soluble and transmembrane proteins are polndieguiand finally
degraded by the ubiquitin-proteasome system (UPS) in the cytofBasderer et al., 1996;
Hampton et al., 1996; Hiller et al., 1996; Plemper et al., 1998; Wetria¢r €996). Ubiquitin
triggered protein degradation by the proteasome takes plaae udtliguitin activation,

ubiquitin conjugation and ligation of ubiquitin onto the substrate, whichaared out by the
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ubiquitin activating enzyme (Uba/El), ubiquitin conjugating enzymes (IEZ's) and
ubiquitin-protein ligases (E3’s), separately (Fig. 1). The substtatbe degraded have to be
marked with a chain of four or more ubiquitin moieties by formatioarofsopeptide-bond
between the carboxyl-terminal glycine of ubiquitin and:-@mino group of an internal lysine
residue of the substrate or its amino terminus (Wolf and Hilt, 2004).

In the recent years, genetic screening of various yeast muthidentified a number
of protein components involved in ERAD (Fig. 2). Ubclp, Ubc6p and Ubc7p were found to
be ubiquitin-conjugating enzymes, which act on ERAD substrates in teeSggaharomyces
cerevisiae(Hiller et al., 1996; Biederer et al., 1996; Friedlander e2800; Gardner et al.,
2000). Ubcép is tail-anchored in the ER membrane with its activdasiteg to the cytosol.
Ubclp and Ubc7p are soluble enzymes. While there is no known membraner gart
Ubclp, Ubc7p activity requires the presence of the membram®ra@cielp, which recruits
the cytoplasmic enzyme to the ER membrane (Biederer et al., T8 )RING-H2-finger
protein Der3p/Hrd1lp was identified as a polytopic, ER-membraneelbadtiquitin-protein
ligase (E3), which functions together with the E2°s Ubc7p or Ubcpplijubiquitinating the
retrotranslocated substrates (Bays et al., 2001; Deak and Wolf, 200itheABR membrane
spanning protein, Hrd3p, which interacts with Der3/Hrd1lp, is also reegess the ER
degradation of many proteins (Deak and Wolf, 2001; Gardner et al., 2000pd?let al.,
1999). Studies on the retrotranslocon have identified a genetic tidardetween Hrd3p,
Der3p and Sec6lp respectively (Plemper et al., 1999a). It waslyeskown that Ubc6p
undergoes rapid turnover and that its degradation is independent of 6ie t&eatslocation
channel. Although Ubc6p requires Ubc7p for proteasomal degradationjniigation is
independent of Der3/Hrdlp (Walter et al.,, 2001). Instead, it requiraswa RING-H2
containing E3 of the ER membrane, identified as DoalOp (Swansdn 20@l). Loss of
either Der3p or DoalOp causes only a modest increase of unfoldecgrotdie ER, which,
in turn, leads to a mild activation of the unfolded protein response, wkfef both proteins
at the same time exhibits a severe increase in malfoldednsrd8vanson et al., 2001). The
mannosidase-like protein Mnllp/Htm1p has recently been described tofuas a lectin
and being involved in the degradation of glycoproteins such as CPKéh(Jet al., 2001;
Nakatsukasa et al., 2001). Another important finding has been the idsrdificof the
Cdc48p/Ufd1p/Npldp complex, crucial for “pulling” of malfolded proteins outtted ER
lumen or away from the ER membrane (Ye et al., 2001; Hampton 208l; Jarosch et al.,
2002; Rabinovich et al., 2002; Richly et al., 2005). Interestingly, seddfafences have
been found between soluble and membrane proteins regarding their reqtsréond&=RAD
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components. For example, while the elimination of soluble, ER-lun@iRal* required an
additional ER-membrane protein, Derlp (Knop et al., 1996), the ER/Gdjuroapump
Pmrlp (Durr et al., 1998), and the major Hsp70 chaperone of the ER, K&e2péP et al.,
1997), degradation of the polytopic membrane protein Pdr5* as well a&-RR] did not
depend on the presence of these particular proteins (Gardner et al., 2000; Bteahp#&p98).
Given the cooperation between targeting, dislocation and degradatiaifolded proteins, it

is very likely that these components mentioned above do not act independently of each other.

Cytosol

Caz+

ER lumen

Figure 2. ER-associated protein degradation machimg. See text (modified after Kostova and Wolf, 2003)

1.1.2.2 Function of AAA ATPase Cdc48 in ER associated degradation

Once malfolded or orphan proteins of the ER are recognized l5RA® machinery
and targeted to the retrotranslocon, their translocation into tlplagm requires a pulling
(cytoplasm) or pushing force (ER lumen) to direct the substrateetproteasome. A defect in
polyuniquitination not only arrests the degradation of substrates vi@ateasome (Hiller et
al., 1996; Biederer et al., 1997) but also fails to extract subsitatof the ER membrane to
the cytoplasm. The polypeptide segment seems to become stuckEiR thembrane or slide
back into the ER lumen (Biederer et al.,, 1997; Bordallo et al., 1998; (Skaml., 2001).

Inhibition of proteolytic activity of proteasomes leads to the accatom of non-degraded
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substrates, such as US11-mediated turnover of MHC class | heaiwy in the cytosol, rather
than in the ER (Wiertz et al., 1996; Ward et al., 1995; Huppa et al., Y88g; et al., 1998;
Kikkert et al., 2001). Also, mutation of the 19S regulatory particle rdbgsevent the
retrotranslocation of yeast CPY* from the ER to the cytosabéth et al., 2002). This data
strongly suggests that it is the progressive polyubiquitination rdtaarthe proteasome itself
which might play an important role in a kind of ratcheting mechamswing the substrate
from the retrotranslocation channel into the cytoplasm. The finthiaiga hypo-ubiquitinated
CPY* fails to be completely transported into the cytosol (Jaroseh.,e2002) is consistent
with this proposal. Recently much attention has been given to thé/ lignserved AAA
ATPase — Cdc48 in yeast or thalesin-ontaining potein (VCP)/p97 in mammals.
Cdc48/p97, like most AAA proteins, forms homo-hexamers comprising an N-d@mditwo
AAA domains, D1 and D2 (Zhang et al., 2000; Huyton et al., 2003; DelLaBad Brunger,
2003; Davies et al., 2005). While AAA domains undergo strong conformatibaages upon
ATP hydrolysis (Zhang et al., 2000; Rouiller et al., 2000), the N-donmeracts with a
number of adaptor proteins that are believed to direct the chapeatvigy @f the proteins
into distinct pathways. p97 is known to function together with the cmfgwd7, which
interacts with ubiquitin via its ubiquitin associated domain (UBA}he reconstitution of the
ER and Golgi apparatus following cell division (Kondo et al., 1997; Rabkoeillal., 1998).
p47 and its yeast homologue Shplp possess an “ ubiquitin regulatory X) (Umain.
Like UBL domains, UBX domains are closely related to ubiquitin nacstire (Buchberger et
al., 2001; Dreveny et al., 2004), although they show scarce sequenedretstto ubiquitin.
Recent studies also show that Cdc48p interacts with Shpl/p47 via XsdoBain. The
p97/p47 complex has been shown to bind ubiquitinated proteins in vivo, and to mieeliate t
degradation of both model and native substrates in the fusion of Golgi membranes (Hartmann
Petersen et al., 2004; Schuberth., et al; 2004). Several lines of evitmmcadicate that
Cdc48/p97p, in both yeast and mammals, functions together with two othetocefdNpl4p
and Ufd1p, which contain neither UBX nor UBA domains, mediating the cytascdiraction
and degradation of a number of misfolded ER-proteins in an ATP-depemaemer and
deliver them to the downstream receptors Rad23p and Dsk2p, which hand thetesibser
to the proteasome (Bays et al.,2001a; Ye et al., 2001; Braun et al., afgschlet al., 2002;
Rabinovich et al., 2002; Gnann et al., 2004; Medicherla et al., 2004; Ridly 2005). This
Ufd1-Npl4 protein complex binds ubiquitinated proteins through a UT3 domaifditp and
an NZF domain in Np14p, although budding yeast lacks the canonical NZF ddviesier et
al., 2002; Ye et al., 2003; Alam et al., 2004). To direct the substi@tdse proteasome,
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Cdc48/p97 might interact with polyubiquitin chains of polypeptides vialRd domain and
the “cofactors” Ufdlp-Npl4p. Interaction of ubiquitin with the UT3 domaih Ufd1lp
enhances Cdc48/p97-polyubiquitin binding. The findings that a new RING-Haicmgt E3
enzyme gp78 physiologically and functionally interacts with p97 (Zreingl., 2004), and,
that a newly identified ER membrane protein, VIMP, appears toite¢CP/p97 to Derlin-1
in the ER membrane (Ye et al., 2004), suggest that the dﬁ%ﬂ@ﬂf‘ complex may serve a
dual role at the ER: it may interact with non-ubiquitinated sulestraery early during
dislocation, contribute to their extraction from the membrane anditdéei their
ubiquitination by ER-resident E3 enzymes. Subsequently, it may bind polthéiquitinated
substrates with higher affinity, release them from the membeatk keep them in a
degradation-competent conformation. The polyubiquitylated substratesearddanded over
to the 26S Proteasome via the UBA-UBL domain containing proteins Ra@3isk2
(Medicherla et al., 2004; Richly et al., 2005), where they are coehpletfolded and finally
degraded into fragments of between 3 and 25 amino acids in szentRein yeast the ER
membrane protein Ubx2p was found to confer interaction of the Cdc48 eorapt the
ubiquitin ligases Der3p/Hrd3p and DoalOp (Neuber et al., 2005; Schuberth and i§achbe
2005).

1.1.2.3 The proteasome

With a total molecular mass of approximately 1.2 MDa, the eokiary26S
proteasome consists of two parts, the 20S core and the 19S regpltmle (Fig. 1). The
20S core is a cylinder composed of four stacked rings, each riogtaeven different:
subunits or seven differept subunits, with an overalt75757a7 geometry. Three different
active sites, a chymotrypsin-like, a trypsin-like and an acidic HPGRe, are located within a
pair of three differenif rings. p1/Pre2p,p2/Puplp and35/Pre3p constitute the subunits
containing active sites of the proteasome (Heinemeyer et al., A&7t and Hochstrasser,
1997). Mutations in the subunit of the chymotrypsin-like activity (PcaRse the most severe
inhibition of proteolytic activity of the proteasome. A mutation imeghbouring subunit
Prel, also causes a marked decrease in the rate of degraddfiBrtaret proteins due to
disturbance of the chymotrypsin-like activity sites within subBré2p (Biederer et al., 1996;
Hiller et al., 1996; Werner et al., 1996; Arendt and Hochstrass&7)19he 19S cap,
functionally divided into two parts, the base and the lid, is involvedhénrecognition,
binding and unfolding of ubiquitinated proteins, as well as in the regulafithe opening of
the gate of the 20S core particle. Mutations in two ATPase sulmiriite yeast 19S particle
Cim3p (Rpt6) and Cim5p (Rptl) also reduce the rate of ERAD dreatigtiHiller et al.,
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1996). As a subpopulation of proteasomes are bound to the cytosolic facenuéraitanes
(Rivett et al., 1992; Palmer et al.,, 1996), it might be directlyracteng with Sec6lp
retrotranslocon or with other proteins involved in the retrotranslocairooess, or this
subpopulation might even bind directly to the lipid bilayer (Newntaal.e1996; Lee et al.,
2004; Kalies et al., 2005). Here, they might, at least partially, act avim{dforce’ for target
proteins, removing them from the ER membrane. An attractive plitysibithat membrane
bound proteasomes could also be engaged in degradation of the cytosolicsdoiniegral
membrane proteins prior to their extraction from the ER, for mestadegradation of Ubc6p
and cytochrome P-450 (Roberts, 1997).

1.1.3 Protein folding and the unfolded protein response

Proper folding and maturation of nascent secretory proteins inryaticacells is
assisted by a large array of ER-resident chaperones and enbgfare they enter the
subsequent compartments of the secretory pathway (Haigh and Johnson, T2@HER
contains a specialized environment optimised for folding of newly itaggrolypeptides and
posttranslational modifications to assume their native structumest@a assemble into
multimeric complexes. In the ER lumen, signal peptidase clesH/d¢ise signal peptide from
the nascent translocated protein; the oligosaccaryl-transfevagglex (OST) carries out N-
glycosylation; thiol-disulfide oxido-reductases such as protein disuiiomerase (PDI) and
Erp57 control disulfide bond formation. To guarantee delivery of only prodettied
proteins to their site of action, chaperones located in the ER Ipfagran essential role as
well. On one hand, BiP/Kar2p, a member of the Hsp70 family, and &Reresident
chaperones bind to hydrophobic patches present in unfolded or partiallg folateins, and
therefore help the nascent chain preserve the folding competencéheOother hand,
BiP/Kar2p, which cooperates with soluble DnaJ-like proteins of theJeR1p and Scjlp,
facilitates the export of ERAD substrates to the cytosol bygnting their aggregation in the
ER lumen. Thus, if proteins fail to fold correctly in the ER lum&ay2p may remain
associated with them to retain them soluble in the ER. This praloaggociation seems to
supply a signal to the calnexin-calreticulin chaperones and toirproigulfide isomerase
(PDI), which have a dual role: on one hand these chaperones helpgteptateins assume
their correct folding states, and on the other, they prevent pragresfsmisfolded proteins
through the secretory pathway (Kostova and Wolf, 2002; 2003).
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Figure 3. Unfolded protein response machinergee text (modified after R. Hitt, 2004)

Failure to fold proteins efficiently exposes the cell to the pitintoxic effects of
unfolded proteins. As shown in Fig. 3, eukaryotic cells sense the actiomwaunfolded or
misfolded proteins and respond by upregulating the synthesis ofditlemechaperones via a
signalling pathway called the unfolded protein response (UPR) (Skili@us Walter, 1997).
In yeast, Irelp is an ER transmembrane protein with activitieboth, cytosol-facing
serine/threonine kinase and RNase, localized in the ER/nuclear enaidpacts as a sensor
of the ER lumen. Both, unfolded proteins and the amino-terminal domairehyy bind
competitively to Kar2p. Abnormally high levels of unfolded proteinsha ER lead to
depletion of free Kar2p and consequently dimerization of Irelp. This ecoafimnal change
transmits a signal across the membrane and activates nkidlase activity of Irelp, which
then induces a non-canonical splicing of mMRNA encoded by the HAC1 gdowjng
synthesis of the Haclp transcription factor. Haclp upregulates expressiBRadétdet genes

that contain an unfolded protein response element (UPRE) upstreheirgbromotor. This
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results in an increase in the levels of ER resident proteopsired for folding and quality
control (Travers et al., 2000; Nock et al., 2001). UPR acts to reduds &venisfolded
proteins by enhancing their folding to the native state, ts/ghomoting their transit to the
distal secretory pathway. In yeast, UPR is induced by disruptimigiprfolding in the ER:
simply by applying the strong reducing agent dithiothreitol (DMhich prevents disulfide
bond formation, or via the drug tunicamycin, which inhibits N-linked gytation. UPR and
ER associated degradation are highly coordinated. Overexpressi@ecomulation of
unfolded proteins due to the absence of components of the ER degradachinery induces
UPR (Knop et al., 1996a). In yeast, loss of function of components of bodmsys lethal
(Friedlander et al., 2000; Travers et al., 2000).

1.1.4 Recognition of malfolded proteinsin the ER: The N-linked carbohydrate as sensor

N-linked glycosylation is one of the most common posttranslational iprote
modifications. The covalent attachment of hydrophilic oligosacdbatelps to solubilize the
nascent protein chain and contributes to its proper folding, asseméblyrafficking. When
proteins are translocated across the ER membrane, core otigasdes of the GieMany-
GIcNAC; structure are co-translationally attached to the side chaiaspzragine residues
within an Asn-X-Ser/Thr consensus sequence. As folding progresses, tive ofitermost
glucose residues of the N-linked glycan are trimmed by theogidases | and Il. When the
protein is properly folding, the remaining glucose residue ismedh by glucosidase I,
releasing a protein with the carbohydrate structure JMEMNAC,, leading to ER exit. In
mammalian cells, a chaperone-mediated folding and retention meohanise ER lumen is
especially well characterized. Two homologous lectins, calnexincalmdticulin , together
with Erp57p, a member of the PDI family, bind to nearly all soludel membrane
glycoproteins imported into the ER. They specifically associ#te glycoproteins that carry
the monoglucosylated trimming intermediates (Bfan9GIcNAg) (Ellgaard et al., 1999;
Hammond et al., 1994; Helenius et al., 1997) and are involved in a bindingereétantion
cycle driven by glucosidase Il and UDP-glucose glycoprotein gilicassferase (UGGT)
(Cabral et al., 2001). When, after trimming of the Glcl residuelimyogidase Il, folding of
the protein is not completed, UGGT reglucosylates the carbohychaia and subsequent
binding by calnexin/calreticulin allows a new round of folding. Inecasveral rounds of
folding do not result in a properly folded proteinl,2-mannosidase | cleaves the mannose 9
residue which finally leads to binding of the M&tcNAC, structure by EDEM and delivering
the associated malfolded protein to ERAD (Cabral et al., 2001; Jakob et al., 2001) (Fig. 4).
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Figure 4. Timer of degradation of glycoproteins inmammalian cells.See text (modified after R. Hitt, 2004)

In yeast, the UGGT cycle is absent, therefore, carbohydratming by glucosidase |
and Il and later by-1,2-mannosidase | is believed to be the timer for protein foldwdgifa
not successful, for degradation (Kostova and Wolf, 2003). As in the tasenumalian cells,
the trimmed MagGIcNAC, structure leads to binding of the malfolded protein to the lectin
Htm1p, the yeast homologue of EDEM (Knop et al., 1996b; Plemper et al., I8 et al.,
2001; Nakatsukasa et al., 2001) and subsequent degradation. Model glycoproteatesubst
used to study ER quality control . cerevisiaeare a mutated vacuolar serine protease,
carboxypeptidase yscY-S255R, known as CPY* (Finger et al., 1993), Pdriitatechform
of the ATP-binding cassette transporter Pdr5 (Plemper et al., B@@Bmutated forms of
proteinase yscA and Ste6p (Finger et al., 1993; loayza et al.,1998mmalian cells, well
studied ER substrates are unassembled MHC class | heavy, amaant CFTR, mutant
thyroglobulin and unassembled T cell receptor subunits. In additionptiwentration of G
ions in the ER has proved to be critical for the elimination aildel CPY* but not for the

integral membrane protein Pdr5*. It has been shown that glycosyladtzins of the ER are
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retrotranslocated into the cytoplasm in a glycosylated stalier(ldt al., 1996; Wiertz et al.,
1996). The discovery of de-N-glycosylated intermediates in the cytpswl inhibition of the
proteasome unravelled that cytoplasmic N-glycanase (Pngl)qmeédly removes N-glycans
from misfolded proteins prior to proteasomal degradation (Suzuki eDaD, 2001; Misaghi
et al., 2004). Even though so much is known about the components required forti@togni
and elimination of misfolded glycoproteins, till now, the mechanisth®ER quality control
processes of carbohydrate-dependent targeting, retention and degrads well as

recognition of non-glycosylated proteins are still poorly understood.
1.1.5 Physiological regulation via the ER quality control pathway

Yeast and mammalian cells utilize the ER quality control machiongoiysiologically
regulate the levels of some ER proteins and enzymes. One ofsthetdmied examples is the
downregulation of 3-hydroxy-3-methylglutaryl CoA reductase (HMG-& key regulatory
enzyme in sterol synthesis. Farnesylpyrophosphate is the prisigmal for HMG-R2
degradation in yeast (Hampton and Bhakata, 1997) as well as forddegnaof the
mammalian homologue HMG-R (Meigs and Simoni, 1997). Der3p, Hrd3p and Ubc@ép we
identified as necessary elements for degradation of HMG-R@adst and degradation occurs
via the ubiquitin-proteasome system (Hampton et al., 1996; Bays 20@l., Gardner et al.,
2000). By virtue of signals resulting in allosteric changes ftoenmevalonate pathway, the
conversion of the HMG-R is regulated from a stable protein irqoadity control substrate
(Cronin et al., 2000).

1.1.6 Protein quality control and disease

Inefficient folding, unbalanced subunit synthesis, or mutations ireteggrproteins
result in the failure of translocated polypeptides to assume c¢haiect conformation. A
defect in ER degradation leads to accumulation of misfolded prateitte ER. In recent
years, formation of protein aggregates has been shown to be a eatimefin the
pathogenesis of several diseases, such as BSE, Creutzfeldt-Jakad® dise other prion
diseases (reviewed in Kostova and Wolf, 2002). A “hyperactivedegradation process
leads to the severe disease of cystic fibrosis (Jensen £9@5, Ward et al., 1995) and to
immune suppression (Wiertz et al.,, 1996; for review see Kostova and, \R@IR).
Consequently, obtaining a detailed mechanistic insight into the dislocatd elimination
process of such malfolded proteins is of great interest for thestadding of the molecular

basis of such diseases.
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1.2 Purpose of the study

A variety of studies indicate that the retrograde transpbER-resident misfolded
proteins depends on Sec6lp ( Wiertz et al., 1996a; Pilon et al., 19%7pdrlet al.,
1997,1998; Bebok et al., 1998; Zhou and Schekman, 1999). The ERAD associated
components identified by genetic analyses and biochemical methods @@ne cases,
shown, and in others, believed to interact with Sec61p, the core protém iaigort channel
of secretory proteins into the ER (Sommer and Wolf, 1997; Zhou, @88B;, Johnson, et al.,
1999; Johnson and Haigh, 2000). Various studies propose that the composition of the
retrograde export channel will differ substantially from thiathe import channel (Wiertz, et
al., 1996; Pilon, et al., 1997; Rémisch, 1999; Plemper et al., 1997,1999; Ye et al., 2004, Lilley
and Ploegh, 2004). In order to get direct biochemical proof for the tgpoof the export
channel and to clarify interactions among known components as wél esamine the
possible role of the Sec61p in retrotranslocation, this study wagstakele Appropriate
methods as Blue Native electrophoresis and co-immunoprecipitation adepged to the
posed problems and applied in this study, in the hope of contributing tteauwelerstanding
of the mechanisms of retrotranslocation of malfolded proteins fromEfReback to the

cytoplasm.
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2. Materials and methods

2.1 Materials

2.1.1 Saccharomyces cerevisiae strains

Strain
BY4743

BY47434nhrd3

MHY1366

MHY1651

W303-1B

W303-1C
W303AC
W303-CAD
W303-CtD
YCT519

YJB 005
YJB 009
YWO0433
YXLO03
YXLO05

YXLO09

YXLO023

YXLO11

YXLO13

YCT519-1

Genotype

MATa/MATa MET154met15 LY S2lys2
Aura3/Adura3 dleu2/dleu2 his3-1/his3-1
BY4743 Anrd3::KANT

Materials and methods

Reference
EUROSCAREF,
Frankfurt

EUROSCARF

MATa his34200 leu2-3,112 ura3-52 lys2-801 trp1-Bwansoret al, 2002

prcl-1

MATa his34200 leu2-3,112 ura3-52 lys2-801 trpl-Bwansoret al, 2002

prcl-14doalO::HIS3

MATa ade2-1 canl1-100 his3-11,15 leu2-3,112 trp1@hiang and

ura3-1 canl-100

W303-1Brcl-1

W303-1BMATa dprcl::LEU2
W303-1CAderl::HisG

W303-1MER1::HA

W303-1CMATa dubcl::HIS34ubc7::LEU2
W303-1BMATa prcl-1 Ahrd3::HIS3
W303-1BMATa prcl-1 Ader3::HIS3
W303-1BMATa prcl-1 Ader3::HIS34hrd3::HIS3
W303-1C4der3::HIS34ubcl::HIS34ubc7::LEU2
W303-1BMATa dprcl::LEU2 Aubcl::HIS3
Aubc7::LEU2

W303-4C MATa Ader3::HIS3

W303-4C MATa 4hrd3::HIS3

W303-1CMATa 4hrd3::HIS3 dubcl::HIS3
Aubc7::LEU2

W303-1CMATo Ader3::HIS34hrd3::KANT
Aubcl::HIS34ubc7::LEU2

W303-1CMATa dubcl::HIS34ubc7::LEU2

Schekman, 1991
Knopet al, 1996a
R. Plemper

Knopet al, 1996a

Knopet al, 1996a
C. Taxis

Plemperet al,1999
Bordalloet al,1998
Bordalloet al, 1998
This work

This work
This work
This work
This work

This work

This work (R.Hitt)

26



Materials and methods

YXL026 W303-4C MATo Ader3::HIS34hrd3::HIS3 This work

YXL035 W303-1BMATa dprcl::LEU24hrd3::HIS3 prel-1  This work

YXL036 W303-1BMATa dprcl::LEU2 prel-1 This work

YXL038 W303-1BMATa dprcl::LEU24hrd3::HIS3 prel-1  This work
NPL4::13myc::KAN

YXL039 W303-1BMATa dprcl::LEU24hrd3::HIS3 This work
NPL4::13myc::KAN

YXL040 W303-1BMATa dprcl::LEU2 NPL4::13myc::KAN  This work

2.1.2 Escherichia coli strains

Strain Genotype Reference

DH5a supE44 Alac U169 B0 lacZ AM15) hsdRL7 recAl Hanahan 1983
endAL gyrA69thi-1 relAl
XL2-Blue recAl endAl gyrA96 thi-1 hsdR17 supE44 relAl &iratagene
[F'proAB lacfZAM15Tn10 (Tef) Amy Cani ]

2.1.3 Plasmids

Plasmid
pCT42
pCT51
pCT67
pHIT304
pHIT304suc
pHIT324
pHIT324suc
pHIT341
pHIT344
pHIT348
pHIT349
pHIT360
pJK59
pMA1
pRS315-DER3-3HA
pTSO03

Insertion
PRS31&71pns-CPY*::3HA
PRS31&7cyp1:CPY*::3HA
pRS316(URA3, HISFfpus::CTG*
pRS3167cpy.:CPY*DHFRwt
PRS31BkLpy::SSucz:CPY*DHFRwt
PRS3167cpv::CPY*DHF Ryt
PRS318tpy.:SSucs:CPY*DHFRt
pRS31Gircl-1
pRS316/CPY::CPY*Rhodanese
pRS316/CPY::CPY*BPTI
pRS316/CPY::CPY*BPTI::3HA
pRS316/CPY::CPY*SUC2
pRS316/Sec63::GFP
pRS316(URA3, HIS3Wrpns:CTG*
pRS315/DER3::3HA
pRS30@tel-1

Reference
. Taxis
. Taxis
. Taxis
. Hitt
. Hitt
. Hitt
. Hitt
. Hitt
R. Hitt
R. Hitt
R. Hitt
R. Hitt
Prinz et al., 2000
C. Taxis
P. Deak
H.Wolfgang

A 0 0 X0 UV O O O
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pTX190a
pXL3140
pXL3141
pXL3161
pXL3162
PXL3163
pXL3164
pXL4241
pXL4242
pXL4261
pYS14
pZK102
pZK129

pRSBl@CUPl::CPY*
pRS314/3HA::Hrd3
pPRS314cyp..CPY*

PRS3167syca:ssSuc2::Suc2CPY* Tepy

PRS3167cpy.:ssSuc2::CPY*rGA215

PRS3167cpy.:ssSuc2::CPY*rGA215::3HA

PRS3167pH3:CPY*rGA215

PRS4247sycz:5sSuc2::SUc2CPY* Tepy

pRS424/CPY*GFP

PRS426?sycz:5sSuc2::Suc2CPY*Tepy

pRS316/3HA::Hrd3
pPRS3167cpy.:CPY*rGA215
pPRS3167cpy.:CPY*rGA215::3HA

YCP315der3CS3HA YCP(CEN, LEU2)der3C399S::3HA

2.1.4 Antibodies

Antibody

Rabbita-Cdc48

Rabbita-Cdc48

Rabbita-CPY
Rabbita-Cuel
Rabbita-Der3

Rabbita-Flag

Rabbita-Kar2

Rabbita-Sec61

Rabbita-HA
Mousea-CPY

Mousea-GFP

Dilution

1:200 for IP
1:10000 for western
1:500 for IP
1:10000 for western
1:200 for IP

1.2500 for western

1:2500 for western

1:500 for IP
1:5000 for western
1:10000 for western

1:500 for IP
1:10000 for western

1:500 for western

1:10000 for western

1:10000 for western

Materials and methods

C. Taxis
this work
this work
this work
this work
this work
this work
this work
this work
this work
Saito et al., 1999
K. Zlatka
K. Zlatka
J. Bordallo

Reference

F. Madeoet al, 2000

T. Sommer

Fingeet al, 1993

J. Bordal&d al, 1998

Sigma

Ros al, 1989

Biedereret al., 1996

Sigma, Deisenhofen
Mol. Probes

Babco/Covance, USA
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Mousea-HA-Epitope 1:500 for IP Babco/Covance, USA
1:10000 for western
1:500 for IP Calbiochem

Mousea-myc-Epitope
1:5000 for western

HRPO conjugated Goat-Mouse 1:10000 for western ~ Dianova, Hamburg

HRPO conjugated RabhitMouse 1:10000 for western Sigma, Deisenhofen

2.1.5 Enzymes

Restriction endonucleases used in this study were provided eitRerchg or by New
England Biolabs (NEB).

Name Resource

Creatine Phosphate Kinase Boehringer/Roche, Mannheim

Deep’ Vent-DNA-Polymerase NEB

Endoglycosidase H NEB

Glusulase Perkin Elmer Inc., Boston, MA, USA

Oxalyticase Enzogenetics, Corvallis, OR, USA

Protease K Sigma, Deisenhofen

PWO-DNA-Polymerase Boehringer/Roche, Mannheim; Peqglab, Erlangen

RNAse A Sigma, Deisenhofen

T4-DNA-Ligase Boehringer/Roche, Mannheim; NEB, Beverly,
USA; Gibco/lnvitrogene, Karlsruhe

Tag-DNA-Polymerase Boehringer/Roche, Mannheim

2.1.6 Kits

Name Resource

QIAEX 1l Gel extraction Kit Qiagen, Hilden

QIAprep Spin Miniprep Kit Qiagen, Hilden

QIAquick PCR Purification Kit Qiagen, Hilden

ECL-Western Detection Kit Amersham-Pharmacia, Little Chalfdait,G

HMW Native Marker Kit Amersham-Pharmacia, Little Chalfont,GB

Lumi-Light Western Blotting Substrate Boehringer/Roche, Mannheim
Silver Staining Kit Amersham-Pharmacia, Little Chalfont,GB
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2.1.7 Chemicals

Unless otherwise indicated, the chemicals used in this study pvevéded by the

companies Genaxxon, Merck, Roth, Roche and Sigma.

Name Resource

Acrylamide Serva

g-aminocaproic acid Sigma

All-Blue Protein Marker Bio-Rad, Hercules, CA, USA

ATP Boehringer/Roche, Mannheim
Bis-acrylamide Serva

Bis-Tris Sigma

Completé™ Inhibitor-Cocktail Boehringer/Roche, Mannheim
Coomassie G250 Serva

Creatine phosphate Boehringer/Roche, Mannheim
Cycloheximide Sigma, Deisenhofen

Deoxy-Big-CHAP Calbiochem

DNA molecular weight marker NEB; Gibco/lnvitrogene, Karlsruhe
Digitonin Calbiochem

n-Dodecylf3-D-maltoside Calbiochem

ECL Chemiluminesend¥ film Amersham-Pharmacia, Little Chalfont, GB
5-FOA Toronto Research Chemicals Inc., Canada
Gel-Blotting Paper GB001-003 Schleichei& Schuell, Dassel
Nitrocellulose Membrane Biotrab&NT 0.45um Pall Corporation, Ann Arbor, MI, USA
Protein A-Sepharose CL-4B Amersham-Pharmacia, Little Chalfont, GB
Protein G Plus/Protein A agarose Calbiochem-Oncogene, Darmstadt
Protogel 49,5% Calbiochem
PVDF-Immuno-Blot-Membrane Bio-Rad, Hercules, CA, USA

See-Blue Protein Marker Invitrogene

Tunicamycin Sigma

10% Triton X-100 Calbiochem
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2.2 Methods

2.2.1 Growth conditions of model organisms
2.2.1.1 Saccharomyces cerevisiae

The standard media were applied in this study for inoculation of ggass (Ausubel,
1992; Guthrie and Fink, 1991). Yeast were usually grown at 30°C eithengpiete medium
(YPD) (1% (w/v) Bact@l yeast extract, 2% (w/v) Badibpeptone, 2% (w/v) glucose, pH 5.5)
or on synthetic medium (SD) (0.67% (w/v) yeast nitrogen base, 2% @ucose, pH 5.6)
containing 0.3 mM adenine, 0.4 mM tryptophan, 1 mM lysine, 0.3 mM histidineniA7
leucine, and 0.2 mM uracil (final concentration) (complete SD mediGel)s were growrno
logarithmic phase (1-3 Qfgyunits/ml) at 30°C on a rotary shaker, unless otherwise indicated.
Yeast transformants carrying plasmids were grown in SD unedicking either leucine, or
uracil, or tryptophan, or uracil and tryptophan depending on the selautoker genes
(LEU2, or URA3 or TRP4respectively) present on the plasmids (selective SD mediam). |
order to induce the expression of CPY* under @ promoter, 10QuM of CuSQ, as final
concentration was added into selective SD medium when the eslisgrown to 0.6-0.8 OD
units/ml. The culture has to be incubated at 30°C for another 3-5 hifer(icge doubling of

cell number).

Solid medium contained 2% (w/v) Ba€toAgar in addition to the YPD or SD
medium components. Plasmid shuffle in yeast transformants cawgmglasmid with the
URA3encoding gene as a marker was induced by incubation on SD platesiogricc mM
uracil (final concentration) and 1mg/ml fluoro-orotic acid (5-FQw)addition, resulting in
the loss of the plasmid carrying thERA3 marker. Selective growth of yeast cells carrying a
gene deletion marked by tlkarl gene for geneticin resistance was performed by incubation
on YPD plates containing 0.2 mg/ml geneticin (G-418 sulphate).

The sporulation of diploid cells was induced by incubation on YPD plaG0d@
overnight and then on sporulation plates (1% (w/v) potassium aceta@a(a/v) Bactdl
Agar) at 25°C for 3-4 days.

Yeast strains were permanently stored in 15% Glycerol at —80°C.
2.2.1.2 Escherichia cali

Cells were propagated in LB medium (0.5% (w/v) yeast extract(vif§ Bactd]
trypton, 0.5% (w/v) NacCl, pH 7.5) or SOC medium (2% (w/v) Bactoypton, 0.5% (w/v)
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Bactd] yeast extract, 0.4% (w/v) glucose, 2mM NaCl, 0.25mM KCI, 1mM MgCmM
MgSQy) and grown at 37°C. Cells transformed with plasmids carrying ¢éme amg for
ampicillin resistance as selection marker were propagated in LRimexintaining 0.1mg/ml

ampicillin.

E. colistrains were permanently stored in 30% Glycerol at —-80°C.
2.2.2 Genetic methods
2.2.2.1 Yeast transformation

Standard lithium acetate methods for plasmid transformation intst yesre used
according to Soni et al., 1993. The transformants were selectedRiaf, WEU" or TRP
prototrophy dependent on plasmids.

Transformation of yeast with PCR fragment contairkag was performed according
to Achimet al, 1995. After Ethanol precipitation, PCR product was resuspendequliim EO
buffer (10mM Tris-HCI, 1mM EDTA) and transformed into freshlygaeed yeast competent
cells with lithium acetate method. After heat shock at 42°C for 20mhe cells were
resuspended in 10ml YPD media and the culture was incubated at 30°Ghading for
another 3hrs. Then the cells were resuspended and spread on YPRqitesng 200mg/I
geneticin (G418) and incubated at 30°C for 1-2 days. Bigger colonies from repteapée
selectively streaked on new YPD-G418 plates for three ttmesxclude probability of false

positive colonies.
2.2.2.2 Mating type test

The mating type of yeast strain can be tested through statr@ins YP312 (mating
type a) and YP320 (mating typs, which contain an auxotrophic markasl-123mutation
and can not grow by itself on MV plate (0.67% (w/v) yeast nitrogea, [28% (w/v) glucose,
pH 5.5) without any supplementary amino acids. Only diploid cellgyoan on such kind of
plate after YP312 or YP320 is mated with a strain which not only toding type matched,
but also has to contain a complementary mutation hig3-11 in W303-1B isogenic
background. For instance, if an unknown strain is able to mate with Y&®ILE not able to

mate with YP320, its mating type shoulddoeContrarily, its mating type should be a.
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2.2.2.3 Growth test

For temperature sensitive growth test of yeast, 10D of eadte resuspended in 1ml
sterile dHO and diluted into 18~10*. 5ul of cells were dropped on YPD plate. The plates

were incubated either at indicated temperature for 2-3 days.
2.2.2.4 Construction of yeast strains
2.2.2.4.1 Deletion through mating

The strains YXLO09 Nlat a, Aprcl:iLEU2, Ader3::HIS3) YXL023 (Mat a,
Aprcl::LEU2, Ahrd3::HIS3) YXL026 (Mat a, Aprcl:LEU2, Ader3::HIS3, Ahrd3::HIS3)
were generated by cross mating W803(Mat a, Aprcl::LEU2) with YWO0433 Mat a,
Ader3::HIS3,Ahrd3::HIS3, prcl-). The strain YXL005Mat a, Aprcl::LEU2,Aubcl::HIS3,
Aubc7:LEU2 was generated by cross mating WA803 (Mat a, Aprcl::LEU2) with
YCT519-1 Mat a, Aubcl::HIS, Aubc7::LEU2, prcl-]. The strain YXL0O03 Mat a,
Ader3::HIS3,Aubcl::HIS3,Aubc7::LEU2, prcl-) was generated by cross mating YJB009
(Mat a, Ader3::HIS3, prcl-) with YCT519 Mat a, Aubcl::HIS3,Aubc7::LEU2, prcl-).
The strain YXL011 Mat a, Ahrd3::HIS3, Aubcl::HIS3, Aubc7::LEU2, prcl-]} was
generated by cross mating YJBOOGat a, hrd3::HIS3, prcl-) with YCT519 Mat a,
Aubcl::HIS3 Aubc7::LEU2, prcl-). In brief, haploid cells with different mating type (acjr
were cross-streaked and mated on a YPD plate at 25°C for 4-8 tes.tihd zygotes were
observed under microscope, the single zygote was picked out and putwrY&Deplate by
a microneedle under the microscope, following incubation at 30°Q{®rdays. Then
heterozygous diploid cells were sporulated on a 2% potassium acet@atpP5°C for 3-4
days. Tetrads dissection were performed ing2@ferile dHO containing 1.5% Glusulase at
room temperature for 3min and continuously at 4°C for 1lhr aftepl8§t@rile DHO was
added. Tetrads were then separated under the light microscope using a micrangseiteto
a micromanipulator. The complementation analysis for requirementttwér ehistidine-,
leucine- or histidine- and leucine were performed after four spores cdroa ¥&D plate. In
addition, a mating type test for the four spores were performedike sure they are two to
two meiotic segregants. Finally, the selected spores weakysad by PCR and Western
blotting.

2.2.2.4.2 PCR-based genedisruption through homologous recombination

Deletion of gendHRD3was performed via the methods of PCR-based gene disruption

through homologous recombination (Wach et al., 1994; Orr-Weaver #98l; Orr-Weaver
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and Szostak, 1983). In order to produce the tetra deletion strain YXIAAE33(:HIS3,
Ahrd3::KanMX4, A ubcl::HIS3Aubc7::LEUD, genomic DNA of in the EUROSCAF strain
collection BY4743Ahrd3::KanMX4 was isolated, which served as the template in a
subsequent PCR using the oligonucleotide 5° ATT GAA AAC TTT CGIA GATG C-3°

and 5’ACG AAC TCG CAC TTC AGC -3’ as sense and anti-senseeqwirihe resulting
1.6kb PCR product, which contains separateél)Obps nucleotides of both upstream and
downstream ofHRD3 gene sequence andkanMX4 selectable marker, was transformed
directly into haploid cells of YXLO0O3Mat a, Ader3::HIS3, Aubcl::HIS3,Aubc7::LEU2,
prcl-1). Deletion of the genelRD3from YXL003 was verified by colony PCR.

2.2.2.4.3 Mutation through an integrative plasmid

In order to introduc@rel-lallele into W303 isogenic background, pop-in and pop-out
method was applied according to Seherer and Dans, 1979. pTS03, which comahsla
allele inURA3marked integrative vector YIp5, was linearized3acland transformed into
W30AC (Mat a, Aprcl::LEU2) and YXL023 Mat a, Aprcl:LEU2, Ahrd3::HIS3) to
generate YXL036Nlat a, prel-1Aprcl::.LEU2) and YXL035 Mat a, prel-1Aprcl:LEU2,
Ahrd3::HIS3) respectively. Descendants which by recombination have integraascigl
sequence were selected by growth on UBlAtes and then applied with a 5’-fluoroorotic acid
selection, which leads to loss ORA and PRE1sequence. The integration was proved by
temperature sensitive growth (38.5°C) test and chymotrypsin-likgitgcassay of the

proteasome (Heinemeryer et al., 1997).
2.2.3 Molecular biological methods

All DNA manipulations were carried out by standard techniquemi{&zok et al.,
1989; Ausubel, 1992). Enzymes were used as suggested by the privideli.cells were
transformed by heat shock. The DNA was purified via QIAEX |l &taction Kit, QIAprep
Spin Miniprep Kit and QIAquick PCR Purification Kit. The PCR-amptif DNA fragments
were sequenced by Biolux, Stuttgart-Vaihingen or GAGC, Konstanz.

2.2.3.1 1 solation of yeast genomic DNA

10 ml YPD of yeast overnight culture were pelleted by ceiginfy at 3000 x g for
3min at room temperature. The culture medium were removed by taspisad the pellet
were resuspended in 0.5ml @M in a microcentrifuge tube. Freshly prepared 200ul of
breaking buffer (10mM Tris-HCI (pH 8.0), 1mM EDTA, 0.1M NaCl, 1%SDS, PftonX-
100), 200ul of Phenol:Chloroform:lsopropanol (24:25:1) and 200ul of acid-washesl gla
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beads were added to the tube, the organic mixture was vortexed fon3After adding
200ul TE buffer (50mM Tris-HCI (pH8.0), 2mM EDTA), the tube is cémgged at 20,000% g
for 3min and the upper aqueous phase was transferred to a fresh Ipeicitite DNA was
precipitated with ethanol for 30min at —20°C. The precipitate of rmielgds was recovered
by centrifugation at 20,000x g for 10min at 4°C. After removal of sugtent by aspiration,
the pellet was dried in the air for 15min, redissolved in 0.4ml of TS Bl 100mg/ml
RNase and incubated at 50°C for 45min. After being recovered by agatrdn at 20,000% g
for 5min at RT, the pellet containing genomic DNA was washed ontte il of 70%
ethanol plus 10ul 3M Sodium acetate, air dried and resuspended in 50ul of TE.

2.2.3.2 Colony-PCR of Yeast cells

A single colony of yeast strain was picked and transferredR@R microtube by a
toothpick. The cells were opened in microwave for 1min by using a pav80W. Then the
cells were resuspended in 40ul of PCR reaction mixture (3Zp| 41l 10 x Taq PCR buffer,
1ul 25mM MgCI2, 1ul 10mM dNTPs, 0.4ul of each 100 pmol/L primer). Adtex cycle of
“hot start” at 95°C for 5min, 0.7ul ofaq polymerase was added and 25 PCR cycles were

carried out.
2.2.3.3 Construction of plasmids

pXL4261 was constructed by using a 2-step PCR method. PCR waesl qaut to
amplify theSUC2gene using yeast chromosomal DNA of W303-1C as template (medoti
with the sense primer 5°-CC ATC GAACG CGT AGC GTT AAT CG-3’ containin@lal
digestion site and anti-sense primer 5°-CGG TCT TTG CAA T&W CATATG TTT TAC
TTC CCT TAC TTG G-3’ containing an extra Nde | digestion isithhe middle of sequence.
The DNA fragment corresponding pocl-1 (CPY*) was amplified from pHit341 containing
this gene (reaction 2) with the sense primer 5-CCA AGT AAGAGAGT AAA A
CATATG AT CTC ATT GCA AAG ACC G-3’ containing an extNdel digestion site in the
middle of the sequence and anti-sense primer 5 - CGG AAT TGATAC TTA CAA ACT
CG-3’ containingecaR| digestion site. A third PCR, using the products of reactidcdUCQ
and reaction 2pfcl-1), was performed to obtain the fusion prodBttC2prcl-1 This fusion
product was cloned at thHecoRI-Clal sites of yeast 2u vector pRS426. DNA sequencing
confirmed that no mutations were introduced, due to PCR errors, withicoding sequence
of SUC2-CPY*. For further studies, SUC2-CPY* fragment was subclamed EcoRI-Clal

sites of a yeast centromeric vector pRS316 to generate pXL3161.
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To generate &As-HRD3 expressing plasmid witiRP4 marked gene sequence, a
Kpnl-Sad fragment (3324bps) containinglAs-HRD3 from pYS14 was subcloned into
pRS314 resulting in pXL3140.

pXL3141 was generated by subclonindpanl-Sad fragment (2797bps) containing
prcl-1under CUP promoter from pTX190a into pRS314.

A Bsu36tClal fragment (1341bps) from pHit304suc contain@@Y promoter, signal
sequence oBUC2and partial gene dZPY was subcloned into pZK102 to produce pXL3162.
A Bsu36iXhol fragment (1341bps) from pHit304suc containi@PyY promoter, signal
sequence odUC2and partial gene dPY was subcloned into pZK129 to produce pXL3163.
A Bsu36tEcoRI fragment (2129bps) from pCT67 containifgPH3 promoter, signal
sequence o€PY and partial gene aZPY was subcloned into pZK102 to produce pXL3164.

2.2.4 Biochemical methods

Quantification of DNA was done by measurement of OD260 and OD280.

Quantification of Protein was measured by standard Bradford test.
2.2.4.1 Alkaline lysis of yeast whole cell extracts

2-3 ODsgp units of yeast cells were incubated with 30mM NaNd harvested at
20,000x% g for 1 min, the pellet was resuspended in 1ml of@IHAfter the cells were lysed
on ice for 10 min using 150ul lysis buffer (2M NaOH, 7.p9IE), 150ul of 55% TCA was
added and the cells were incubated on ice for another 10min. Thpitated proteins were
centrifuged at 20,00& g for 10min at RT and the pellet was resuspended in 100ul Urea
Sample Buffer (8M Urea, 200mM Tris-HCI, pH 6.8, 0.1mM EDTA, 5%(w/B)SS$ 1.5%(v/v)
S-ME) and mixed on a multivortex at 37°C for 15-20min. After a cergafion at 20,00& g
for 5min at RT, 10-15ul of the supernatant was subjected to a SDS-PAGE (see 2.2.4.3).

2.2.4.2 Silver staining and Gel Drying

Denaturing SDS-polyacrylamide gel was visualized by silteming which was
performed according to manufacturer’s instruction of Kit (see 2.AIBPAGE-Gels were

dried at 65°C by a Gel-dryer under vacuum.
2.2.4.3 SDS-PAGE and Western Blotting

Denaturing SDS-glyacrylamide _@l dectrophoresis (PAGE) was carried out
according to Lammli, 1970. SDS polyacrylamide gradient gels of 1.9nukness of 5-16%
or 5-12.5% were made by using a Gradient Former (Bio-Rad).rBitimé- or Midi- Protein

system (Bio-Rad) was adopted.

36



Materials and methods

After migration on SDS-PAGE gels, protein were electro-temstl to nitrocellulose
or PVDF membranes for 60-90min by using a semi dry trans&ersy(Hoefer Pharmacia
Biotech, San Francisco, CA). Equal loading per lane was confirmedidief staining with
PonceauS. Pre-incubation, antibody incubations and washes were perfdam®eBST
(16mM NaHPQi, 4mM NaHPO, 100mM NaCl, 0.1%Tween). For western analysis,
detection of the specialized proteins was performed using the respectbaagrats indicated.
Immunodetection was carried out according to the manufacturer'scptofrom ECL
Chemiluminescence detection Kit (Amersham Biosciences) or-Light Western substrates
Kit (Roche). When it was required, the Nitrocellulose membranB\DF membrane was
reprobed with other antibodies after being incubated with hargipisigi buffer (62.5mM
Tris-HCI, 2% (w/v) SDS, 100mM-ME) at 60°C for 25min with occasional agitation.

2.2.4.4 Cycloheximide chase analysis

Degradation of targeted proteins were evaluated by treatofdogarithmic phase
strains (ORpo 1.0-1.5) with Cycloheximide (100ug/ml) to halt protein synthesis.sGedre
removed at the indicated time points and the reactions were stoppteel dgdition of 30 mM
NaN; solution. Afterwards, either alkaline lysis (see 2.2.4.1) was peefbri{2.5-3.0
ODgod/time point) or crude microsomal membranes (50-8Gddime point) were natively
isolated and solubilized (see 2.2.4.7), dependent on different experimepadgundicated.

The degradation of targeted proteins were detected by immunoblots (see 2.2.4.3).
2.2.4.5 Tunicamycin treatment experiment

N-Glycosylation of Glycoproteins was inhibited by treatmentagfatithmic phase
growing 0.8-1.0 Olgy Cells with Tunicamycin (50ug/ml) imivo. 2.5 ODQyo units of cells
from indicated strains were subjected to alkaline lysis (see 2.2adihylicated time points

and immunoblots for targeted protein were followed (see 2.2.4.3).
2.2.4.6 Preparation of yeast spheroplasts

50-500 ORgo units of logarithmic phase yeast cells £4Y1.0-3.0) were collected and
washed once with 15mM Sodium azide, then cells were resuspended andehdnbaS
buffer (0.1M Tris/Sulphate, pH 9.4, 20mM DTT buffer) in 30°C water bathl@d5min.
Cells were then resuspended in 1-2 ml of Sorbitol buffer (1M Sorl@&hM NaHPQO,,
25mM NaHPQO,) with addition of oxalyticase (50pug/ml in a final concentrati@md
incubated 30min in 30°C water bath with slightly agitation. Efficjeoicspheroplasting were
controlled under the light microscope and harvested carefully avijentle centrifugation at
500x% g, for 5min at 4°C.
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2.2.4.7 Preparation and solubilization of crude microsomal membranes

Unless otherwise stated, all the steps were carried out at Spleroplasts were
resuspended at 100@dg units/ml in ice cold PS200 buffer (200mM Sorbitol, 20mM Pipes
(pH 6.8), 5mM MgCJ, 1mM DTT) and equal amount of ice cold B buffer (250mM Sorbitol,
20mM Hepes/KOH (pH 7.4), 50mM KOAc, 5mM Mg€ClimM DTT, 1mM EDTA)
containing 1mM PMSF, 1mM protease inhibitor cocktail (Roche), 1mdfapstatin A,
1mg/ml Antipain, 1mg/ml Leupeptin and 1mg/ml Chymostatin respegtivaeid lysed by
using glass homogeniser for 20 strokes. The homogenates theentaiiged at 150& g
for 5min at 4°C for twice to remove unlysed spheroplasts. The superoataaining vesicles
were fractionated by centrifugation for 1lhr at 48009 at 4°C. The pellet of crude
microsomal membrane was washed once with ice cold B buffer anspessled in ice-cold
membrane storage buffer B2 (20mM Hepes/KOH (pH 7.4), 50mM KOAc, 500ANIAE
20% (w/v) Glycerol, 5mM MgGl 1mM DTT, 1mM EDTA, 1mM PMSF). After the protein
concentration was defined according to Bradford, (1976), the microsoerabranes were
frozen directly by liquid nitrogen and stored-&0°C.

The washed membrane suspension was solubilized by adding solunlizatfer B1
(20mM HEPES/KOH, pH7.4, 50mM KOAc, 500migtaminocaproic a&id (EACA), 10%
(w/v) Glycerol, 2mM EDTA, 1mM DTT, 1mM PMSF) and a defined volumoke 5%
Digitonin / 1% Triton X-100 / 10% Deoxy-BigCHAP / 5% DDM to aissrof different final
concentration of detergents as indicated, respectively. After inogldat 1hr in cold room
with Top-to-End rotation, insoluble material was removed by ultraitegeétion for 30min at
75000rpm (200,006 g) at 4°C in a Beckman TLA 120.2 (Beckman Instruments, Palo Alto,

CA). The solubilized supernatant was freshly in use.
2.2.4.8 Endo-H in vitro digestion

40 OD600 log phase growing cells were harvested , spheroplaste?l 4se6), and
lysed with 1ml denaturing Hepes lysis buffer (50mM Hepes/KOH 7b), 140mM NacCl,
1mM EDTA, 2% (v/v) Triton X-100, 0.5% (w/v) Sodium deoxycholate, 0.1% SDSiV
freshly added PMSF and 0.5% (v/v) Compl¥terotease inhibitor cocktail, Roche) following
an incubation on ice for 20min. The lysate was separated byfagation for 15min at
20,000x g at 4°C. The supernatant was incubated for 2hrs with 5ul of poaldRabbit anti-
CPY by using a Top-to-End rotator in cold room. Then the mixtureaegaally divided into
two tubes. Each tube was added with 5.6mg Protein A Sepfia€bséB in 80ul Hepes lysis
buffer and incubated on the rotator in the cold room for another 1 hr. TheSegimrose
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beads were collected and washed gently with 1.4ml Hepes lyses fuff5 times and 1 time
with 1.4ml potassium phosphate washing buffer ( 50mM Potassium phogpkhtg.5),
0.02% (w/v) SDS, 1mM PMSF, 0.5% (v/v) Compl&teprotease inhibitor cocktail) by
centrifugation for 20 seconds at 100@ at RT. After the Sepharose beads were resuspended
in 25ul potassium phosphate washing buffer containing additional 0.7% fMB. 2ul
Endoglycosidase H was added into one of the aliquots. Then both tubemeudrated at
37°C for 1lhr and the digestion was stopped by adding 25ul Urea sample duuftaining

1.5% p-ME and heated for 5min at 95°C. Before being subjected to the 3% Pthe

samples were cleared by centrifugation for 5min at 20:09@t RT.
2.2.4.9 Protease K protection experiment

All steps were carried out on ice or at 4°C. The spheroplasts prepared as
described in 2.2.4.7. Afterwards, the spheroplasts were lysed witoldd2S200 buffer just
with pipettes to keep vesicles be intact. The supernatant gatrifagation at 150& g were
split into 250 ul aliquots and were either mixed (1) with 250 pIS#0® buffer with 0.1 mM
PMSF or (2) with 250 pl PS 200 buffer with 0.1mM PMSF containing 0.2ningfoteinase
K or (3) with 250 pl of PS200 buffer with 0.1mM PMSF containing 0.2 m@roteinase K
and 2% Triton X-100, respectively. The samples were incubated forir2@mice. 3mM
PMSF was added to stop the enzymatic activity. The cytosnticoeganellar fraction was
separated by ultra-centrifugation for 30 min at 100,80 at 4°C in a Optima™ TLX
Ultracentrifuge (Beckman) using a TLA 110 rotor. The cytosolic swgient was transferred
to new tube and the organellar pellet was immediately resugpend®0 pl SDS-sample
buffer. The supernatant was treated with 1/10 volume of 110% TCA and spurati2@;000
x g for 10 min. After discarding the supernatant, the pellet wahedaonce with ice cold
acetone and resuspended in 60 pl SDS-sample buffer. The saraptescubated for 15 min
at 37°C with slight agitation, then heated at 95°C for 5 min. The samptre cleared by
centrifugation at 20,008 g at RT before being applied to SDS-PAGE.

2.2.4.10 Blue Native Electrophoresis

Blue Native PAGE (BN) was carried out as described by Schaggkenvon Jagow,
(1991) with modifications described in 2.2.4.10.1 and 2.2.4.10.2. If not stated, all thetgel
(BN-PAGE and 2-Dimentianal-SDS-PAGE) were connected to aingpddirculator or

embedded in an icebox and run in the cold room (8-9°C).
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2.2.4.10.1 Preparation of the BN-Gels (gradient 4%-12%)

All solution were stored at 4°C. 49.5% of Acrylamide/Bis-acrytEammixture (AB-
mix) (49.5% T, 3% C) was made manually and filtered once by @Dfiter under the
vacuum. 3x Gel buffer (pH7.0) contains 150mM BisTris and 200mM EACA. Cathode buffer
B (pH7.0) contains 15mM BisTris and 50mM Tricine. Cathode buffer Ahés same as
Cathode buffer B with presence of 0.02% Serva Blue G250. Anode buffer (pEonit@)ns
50mM BisTris. One protocol for one mini-Gel with 0.75mm spacer tisdias following. 2ml
of each 4% and 12% separation gel solution was poured into Gradientr EBraaRad). And
the stacking gels should be poured before the separating gel wasepsed. The gels have
to be made one day before use and stored at 4°C.

2.2.4.10.2 Preparation of the samples and Running of the BN-gels

All detergents stocked solution mentioned were made with solulmlizauffer B1
(see 2.2.4.7). The aliquots of crude microsomal membrane (see 2.2.#ufjeinB2 were
thawed on the ice and then a corresponding volume of Bl buffer containiegenliff
detergents was added to the microsomal membrane suspensiom#&b eoficentration of
12.5% glycerol and 1% Digitonin. For solubilization with other deteggetiie final
concentration is indicated in 2.2.4.7. After solubilization of the membraotips (see
2.2.4.7), the supernatant was combined with 1:10 volume of BN sample bufferM100m
BisTris (pH 7.0), 500mM EACA, 5% (w/v) Serva blue G) and applied to 0.73%mBmim-
thick 4-12% BN gels in a Hoefer Mighty mini vertical electrophoresis unit aoefdi Mighty
midi vertical electrophoresis unit. Electrophoresis was run foot@ 3-4 hr at 5mA in
stacking Gel and 10mA in Separating Gel at 4°C. The cathode buffersfexchanged with
buffer B after the top 1/3-1/2 of the gel was covered with dye.higje molecular weight
markers are Thyroglobulin (669kDa), Ferritin (443kDa), Catalase (280kDactate
dehydrogenase (140kDa) and Albumin (66kDa).

2.2.4.10.3 Further procedures
2.2.4.10.3.1 Western Blotting

BN gels were equilibrated in colourless cathode buffer for 15miRiTatio remove as
much as possible excess Serva blue and soaked in Blotting buffer (ZésiMCIl, 150mM
Glycine, 0.02% (w/v) SDS) containing no methanol for 10min at RIDPP membrane was
activated with methanol completely and soaked in Blotting buffer with 7 piedét®opaper.
Protein transfer was performed for 1.5-2hrs at 100mA/ per miratgebld room by using a
semi dry transfer system (Hoefer Pharmacia Biotech, SaciBca, CA). From Cathode side,
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the order of the sandwiches was 3 pieces of filter paper, BNPY&IF and final 4 pieces of
filter paper (because of Coomassie dye). After blotting, MIBFP membrane was shortly
destained with 100% methanol for a few seconds to remove the Coomgssie much as
possible. Before the normal Western procedure was performed, witlelinef Ponseau S.
staining, HMG protein marker on the membrane was visibly markéud avball pen. The
PVDF membrane was normally immunodecorated with first antilbe@ynight and was able
to be reprobed with different antibodies for a few times (see 2.2h8&)unoblots were

developed by Lumi-Light Western substrate Kit (Bohringer Mannheim).
2.2.4.10.3.2 Denaturing second dimensional SDS-PAGE

After the first dimensional BN electrophoresis (0.75mm thick, BaokRnini vertical
electrophoresis unit), the required BN-gel slices were ex@asedsoaked for 15-30min in
denaturing buffer (1M Tris-HCI, pH 6.8, 1%SDS and 2.6%E). The gel slices were then
washed for 5min for three times in the same buffer but in the abséfeVE. Remarkably,
removal of B-ME is necessary as it prevents subsequent polymerisation ofr@anade
stacking gel when the second dimension is done. The gel strip warpuh&orizontally on
the top of a prepared 1mm thick SDS-PAGE in a mini (0.5cm higikistagel, 4.5 cm high
separating gel). The stacking gel was poured around gel shcesiabubbles should be
visible between gel slices and stacking gel and one cut combraogtai3 wells was put on
one side of gel strip. Before electrophoresis was started, tisbiaps were sealed with 1%
agarose. 5ul of Urea sample buffer were dropped into the cathode asifear indicator.
Migration of proteins occurs under 20mA per gel and 150V as liatibviing Western
detection (see 2.2.4.3)or Silver staining (see 2.2.4.2).

2.2.4.10.3.3 Endo-H in gel digestion

After the first dimensional BN electrophoresis (1.5mm-thickirgel was used in this
case) was finished, proteins were visualized with Coomassnngtd0.005% Serva Blue G-
250, 50% Methanol, 7% acetate acid) for 20min followed by partial desgafior 30-60min
with a solution containing 30% methanol and 7% acetate acid to rdmokground staining.
The excised gel pieces (approximately 5mm x Immx 1.5mm) werstoigmaller fragments,
weighed and approximately equally divided into two aliquots. The gekgiwere rinsed
twice with dHO. Then the gel pieces were soaped in 3-4 gel volumes 100% Acetonitrile
(HPLC grade) for 10-15min with occasionally short vortex. After liquid was removed by
centrifugation at 5000 x g for 2min at RT, the gel particlesevaeied with a Speed vacuum

for 15min. The gel particles were swelled in 2 gel volume of Glycoprotein denaturing
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buffer (5% (w/v) SDS, 10% (v/vp-ME) and incubated for 30min at 56°C. After washing
twice with Buffer (1% (w/v) SDS, 2% (v/M)-ME) and water for two times, the gel particles
were treated again with 100% Acetonitrile following a desiccdip®peed vacuum. The gel
particles were then swelled in two gel volume of potassium phospieghing buffer
containing 0.7% (v/vp-ME. 3ul Endoglycosidase H was added into one of the aliquots and
incubated for 3hr at 37°C, then 1ul more Endoglycosidase H was addechcamated
overnight until a total digestion 12-15 hrs at 37°C. The digestion wpped by adding 1/6
volume of Urea sample buffer containing 1.5% (yWME was added into aliquots and
heated at 95°C for 5min. All the materials including liquid andstieés were loaded into the
wells on a normal SDS-PAGE. The wells was sealed with 1%osgabefore the

electrophoresis started.
2.2.4.10.3.4 MALDI-TOF-MS

MALDI-TOF analyses was performed in cooperation with Prof.Alpert Sickmann
(Robert Virchow Centre, University of Wirzburg). Gels should batéce under dust-free
conditions using deionized water, solvents and reagents of electrophgrade. Gels are
exposed for 0.1% Coomassie Brilliant Blue G-250 in the mixture gontamethanol/acetic
acid/water (40:10:50) for 1.5 hrs and then washed with 15% acetic a@thtwve unbound
dye. Protein bands of interest were cut from the gel (pigoced mm) using clean scalpels.

The samples were sent to Proteomics Department in Wirzburg per normal post.
2.2.4.11 Native Co-immunoprecipitation

The native co-immunoprecipitation was carried out as following. 5QQiits of
Logarithmic phase yeast cells ( 2-3 §fPunits/ml) were harvested by centrifugation and
washed once with 15mM ice-cold NakL5mI/1000D600 of cells). After crude microsomal
membrane was isolated as mentioned in 2.2.4.7, membrane suspension&-5vamnes
diluted with solubilization buffer B1, and solubilized by adding Digiorio a final
concentration of 1%. When it was required, 5mM ATP or a 1 x ATP regmg system
(ARS) (5mM ATP, 30mM Creatine phosphate, 50ug/ml Creatine phosplisése, 5mM
MgCl,) was added in B1 dependent on purpose. Remarkably, 5% Digitonin, 200mM.ATP
x ARS stock solution were made in solubilization B1 to keep consisédintoncentration.
Solubilization reaction was mixed gently for one hour by using atddmnd rotator in the
cold room. After insoluble material was removed by ultra cemfaifion for 30min at
75000rpm (200,006¢ g) at 4°C in a Beckman TLA 120.2 (Beckman Instruments, Palo Alto,

CA), 50ul of the supernatant was taken for evaluation of total lysate protein andtadds|
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of 2 x Urea sample buffer containing 3% (VB£ME. The remaining lysate was adjusted with
solubilization buffer B1 containing 1% Digitonin into five aliquots wih approximately
volume 450u1/1000D/per tube. 5ul of polyclonal rabbit anti-Cdc48 antisédadayift from

F. Madeo), 5ul of polyclonal rabbit anti-CPY antisera, 2.5ul of ayfipurified rabbit anti-
Cdc48 (a kind gift from T.Sommer), 2.5ul of affinity purified rabbiti€sec61 (a kind gift
from T.Sommer), 2.5ul monoclonal mouse anti-Myc (Calbiochem) and 2.6pbctonal
mouse anti-HA (Babco) was added to each tube to immunoprecipitagéspmmding targeted
proteins, respectively. In addition, for negative control, no antibodyaddsd. The mixture
was wheeled gently for 12-16 hrs by using a Top-to-End rotator inreoid. 50l Protein G
Plus/Protein A Agarose (Calbiochem) were added to the mixturehwtas then kept on
wheeling for 4-5 hrs on rotator in cold room. Protein G Plus/Protefgé&rose beads were
harvested by centrifugation at 1580g for 1min at 4°C and washed for 3-4 times with
solubilization buffer B1 containing 0.5% Digitonin. Proteins were remonad the beads by
addition of 80ul 1x Urea sample buffer containing 1.5% (VRIME. All samples were
incubated at 65°C for 25min following a centrifugation for 5min at 20;0@0before 10-15
pl of samples were applied to a 9% or 5-16% SDS-PAGE.

2.2.4.12 In situ assay for chymotrypsin-like activity of the proteasome

Overlay assay was performed as following. The cells, wiefe freshly patched and
incubated on the YPD plate at 30°C overnight, were replicated cstawike filter paper on a
fresh YPD plate. The replica plate with the cells on therfiaper was incubated at 30°C for
24 hrs. After being transferred into a glass Petri dish, tHe oa the filter paper were
permeabilized by 10ml chloroform for 15min. The dried filter paper thas transferred to a
plastic Petri dish and overlayed carefully with 10ml substratéisal (1% agar, 9.7ml 50mM
Tris-HCI (pH 8.0), 300ul of 10mM N-Cbz-Gly-Gly-Leu-pNA in DMSO),yahubble on the
edge of filter paper must be seriously removed. After beingbeted at 37°C for 3hrs, the
overlaid filter paper was incubated at RT for 5min with 10ml buff¢0.1% (w/v) sodium
nitrite in 1M HCI) and 5min with 10ml buffer 2 (0.5% (w/v) ammonium suiphte in 1M
HCI) respectively. After addition of 10ml of buffer 3 (0.05% (w/v) 1-naphthyl-etidiEamine
in 47% (v/v) Ethanol), the overlaid filter paper was incubated auRRil positive colonies
were visualized in pink colour. To stop the colour reaction, the overlaid filter papemsad
with water immediately for three times.

To quantify the chymotrypsin-like activity, 1 Q3 of logarithmic phase cells
(ODgpol.0 units/ml) were washed with water and the moist cell pelee\wermeabilized by
0.8ml Chloroform for 15min. After addition of 105ul of Bl 100ul of the upper agueous

43



Materials and methods

protein fraction was transferred into a new microtube containing I@@gtion buffer (0.1M
Tris-HCI (pH 8.0), 0.15mM succinyl-Leu-Leu-Val-Tyr-7-amino-4-tmgtoumarin) and
incubated for 10min at 37°C with a gentle agitation. The reactienstapped by adding of
1ml 100% of ice-cold ethanol. After a clarity by centrifugatior2®,000x g for 3min, the

fluorescence was measured at 460nm, using an excitation wavelength of 380nm.
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3. Results

3.1 New Substrates constructed for trapping the rebtranslocon of the ER

In order to investigate whether the Sec61 translocon, the ERmpnaigort channel,
may also be involved in the process of retrograde transport of dedfgroteins to the
cytosol (export), a series of CPY* fusion protein substrates wjtkcial structural
characteristics were engineered. As Sec61p is part of thenpiratgort channel, the rationale
behind the experimental design is that demonstration of a redegratein transport channel
with Sec61p as a component would be possible if channel and substrate cowpplee
during export. Provided that one of these fusion protein substrates yaoulthe export
channel, it would be possible to determine the composition of the agisticon. In addition,
new information on ERAD as a whole could be obtained by followingetretranslocation
of such fusion proteins from the ER back to the cytosol.

3.1.1 Characteristics of CPY* fusion proteins

CPY*, a model substrate in the study of ERAD, is a mutant vexsidhe soluble
vacuolar protease carboxypeptidase Y (yscY), encoded BBRE4.gene (Finger et al., 1993;
Wolf and Schéfer, 2005). Different CPY* fusion proteins containing tgtaiided domains
were previously constructed (Hitt and Wolf, unpublished data) and afreeffuanalysed as
ERAD substrates in this work. One of the CPY* fusion partnetseisightly folded cytosolic
enzyme DHFR from mouse {liiydrofolate Reductase) (Eilers and Schatz, 1986; Schlenstedt
et al.,, 1994; Mingarro et al., 2000). The DHFR domain of a CPY*-DHFRwmsioh was
believed to be still able to be folded completely in the ER. CPYFRinut is a mutant form
of DHFR which can no longer fold properly. CPY*-DHFRmut was used asalfolded
control for CPY*-DHFRwt (Thillet et al, 1998). CPY* was also fused to RhodaneseRd B
(Bovine Rancreatic Typsin hhibitor), both of which are small and compact proteins difficult
to unfold (Ploegman et al., 1978; Miller et al., 1991; Parekh et al., 1995alkkivet al.,
1998a,b). CPY*DHFR, CPY*BPTI-HA and CPY*Rhodanese were cloned behind the
promoter and signal sequence BRC1 | wanted to test whether ERAD and, more
specifically, retrotranslocation, is affected by tightly frdlddomains located in the ER due to
fusion to CPY*. Another CPY* fusion was created using invertase. bs@rthe product of
the SUC2gene, is a large (60 kDa) and heavily glycosylated secretet preésin (Kern et
al., 1992; Gilstring and Ljungdahl, 2000). CPY*Suc2p was cloned behingromeoter and
signal sequence #?RC1 This fusion protein was constructed to determine the flexilwlity
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the retrotranslocation channel and to see whether a malfolded awmdy hglycosylated
protein could be retrotranslocated back into cytosol. CPY* is postdtemally translocated
into the ER. To investigate whether there are differences ird¢lgeadation of malfolded
proteins co- and post-translationally translocated into the ERCEMésignal sequence on
CPY*DHFRwt and CPY*DHFRmut was replaced with the signal sequeh&uc2p, a co-
translationally translocated protein. These constructs werendéstyas sucCPY*DHFRwt
and sucCPY*DHFRmut. in which Suc®p is

terminally fused to CPY*, using th8uc2ppromoter and signal sequence. We hoped that

In addition, Suc2CPY* was constructed,

these CPY* fusion proteins, which are expected to behaberasfideERAD substrates due
to the presence of the CPY* moiety, may block the retrotranslocohahdxport out of the

ER due to the presence of tightly folded domains and/or a large number of glywen cha
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Figure 5. ER-degradation of the misfolded CPY* fusin proteins. Cycloheximide chase
experiments performed in wild type (W303-1C) and tBRAD defective straindder3 AdoalQ
AdoalQ\hrd1 and AubclAubc7 expressing both CPY* and the CPY* fusion prote@3Y*DHFRwt
and sucCPY*DHFRwt (A), CPY*DHFRmut and sucCPY*DHFRmM(B), CPY*BPTI-HA; (C),
CPY*Rhodanese (D), CPY*SUC2 (E) and SUC2CPY* (Fspectively. Proteins were visualized
using CPY antibodies.

3.1.2 Degradation of CPY* fusion proteins requires components of the ERAD system

In previous studies, several components of the ER degradation systerdeseribed
to be crucial for the efficient degradation of CPY*. These incluge E2 ubiquitin
conjugating enzymes Ubclp and Ubc7p, and the E3 ubiquitin ligase Devipwéd in the
Introduction). To ascertain that the degradation of the various CPY*-fusion prg&iasated
depends on the same components, the fate of CPY* fusion proteins wasednialythe
following ERAD deficient yeast strainglubcldubc7, Ader3 and4ddoalQ lacking the second
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ERAD E3 known to date (Fig. 5). The stability of CPY* and CPY* fusiootgins was
analysed by Western blotting after inhibition of proteins synthegisycloheximide. The
approximate molecular mass of CPY*, CPY*DHFR (wt or mut) and BYCOHFR (wt or
mut), CPY*BPTI, CPY*Rhodanese, CPY*Suc2 is 67kDa, 89 kDa, 78 kDa, 100 kDa and 152
kDa, respectively (Fig. 5). The degradation of CPY*DHFRwt, sucCPYERWwt,
CPY*DHFRmut, sucCPY*DHFRmut and CPY*BPTI is slower than the turnove&€PY* in
wild type cells at 30°C (Fig. 5A and B). CPY*Rhodanese, on the btnad, is degraded with
similar kinetics to CPY* in wild type cells at 30°C (Fig. 5C, B and F). The DHFR, BPTI
and Rhodanese fusion proteins are completely stable for the extkatabfase period in cells
devoid of the ubiquitin conjugating enzymes Ubclp and Ubddpqldubc?) (Fig. 5). CPY*
and the fusions CPY*Rhodanese, CPY*BPTI, CPY*DHFRmut, sucCPY*DHFRnare w
also stabilized indder3 cells (Fig. 5B, C and D). However, the Der3p dependence of
CPY*DHFRwt and sucCPY*DHFRwt is less clear. This is surpgdbecause Der3p/Hrd1lp
functions as an ER-membrane E3 ligase together with the Baclp and Ubc7p, and all
three are essential components of CPY* degradation. Recently, Doa@Bllentified as a
second ER-membrane localized E3 and it has been involved in the degradaibc6p and
Ste6p (Swanson et al., 2001; Huyer et al., 2004). Ubc6p and Ste6p are deglagendent
of Der3p or Sec61lp (Swanson et al., 2001; Huyer et al., 2004). In order ttigatesf
DoalOp plays a role in the turnover of CPY*DHFRwt and sucCPY*DHE-Rwese proteins
were expressed iddoalOandAddoal®der3 cells. As shown in Fig. 5A, sucCPY*DHFRwt
was stabilized only when both, DoalOp and Der3p, are missing. The turnover of
CPY*DHFRwt in Adoalder3 cells appears similar to its turnover in wild type adbal0
cells. This data indicates that, as suspected, the tvi®m B®alOp and Der3p/Hrd1lp, may
have overlapping target substrates to act upon.

CPY* fused to invertase exhibits a marked difference in mignatepending on
whether Suc2p is in the N- (Suc2CPY*) or C- (CPY*Suc2) terminu¥.*SBc2p migrates at
a position expected for a protein of 152 kDa (calculated). CPY*Suakmimded in WT and
Ader3cells, and stabilized in thdubcl4dubc7double mutant. Suc2CPY*, on the other hand,
migrates as three species: the full-length protein of 152 kDavam@maller species of 128
kDa and 124 kDa. Whereas the full-length (152 kDa) protein appears dedgraded as
quickly as CPY* either in WT odder3 and 4doalOcells, the two smaller species exhibit
different, partially impaired degradation kinetics (Fig. 5 E, Ferestingly, Suc2CPY*
migrates as a single 152 kDa species indilec14dubc?strain and it is completely stable over
the duration of the chase period (Fig. 5F). The 152 kDa specie®Y0f3Dc2 and Suc2CPY*
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corresponds to the fully glycosylated protein. We suspected thdaRth&Da and 124 kDa
species of Suc2CPY* (Fig. 5F) are underglycosylated forms. yDegylation with
endoglycosidase HEqdo H)in vitro and block of N-glycosylation with tunicamycin vivo
revealed that the 152 kDa species dropped in molecular masstingliteat these are fully
glycosylated CPY*Suc2 and Suc2CPY* imported into the ER. The 128 kDa BW¢26

also a glycosylated species, since its size decreases following bothroetresa(Fig. 6A, B).

CPY*Suc? Suc2CPY* CPY#*5uc2 Suc2CPY*
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Figure 6. Glycosylation of CPY*Suc2 and Suc2CPY*Lysates of W303-1C cells expressing
CPY*Suc2 or Suc2CPY* were analysed by SDS-PAGEfdd by immunoblotting with monoclonal

antibodies against CPY. Prior to lysis, CPY*Suc2Soic2CPY* were immunoprecipitated from cell
extracts with polyclonal antibodies against CPY #medted with endoglycosidase H (A) or the cells

were treated with or without tunicamydmvivofor 1 hour (B).

Together, this data suggest that, like CPY*, the degradation ofCEW¢* fusion
proteins examined depends on ERAD. Although the fusion proteins contain a tgmpac
folded or heavily glycosylated domain, they do not compromise therggtstication process
and are degraded via ubiquitin system. Since none of the fusion prdisingo ERAD
considerably under WT conditions, they did not seem to be suitable fan es@eriments

geared toward the identification of a retrotranslocation channel.
3.1.3 A useful bait: CPY*GAr215

Recent data suggest that ERAD substrates are polyubiquitinatéideaneixtracted out
of ER lumen or membrane in an ATP-dependent manner either via theAARAse complex
Cdca8™NPlp or directly via the proteasome (Ye et al., 2001; Jarosch et al., 2002;
Rabinovich et al., 2002; Ye et al., 2003; Medicherla et al., 2004; Elkabaitz 2004; Richly
et al., 2005; Bazirgan and Hampton, 2005). Since both fully folded andyhghraosylated
ER proteins appear to be degraded via ERAD (see sections 3.1.1 a)dahather way to
block the retrotranslocon could be by disturbing the pulling machinenRéfCE Defective
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membrane extraction due to disturbance of the CHt#4¥“" complex or of the 26S
proteasome may lead to obstruction of the retrotranslocation chamaedby allowing its
detection. It has been shown that the EBNA virus has evolved a mechanism to rescape i
detection via a long stretch of Gly-Ala repeats (GAr) in BBNAL protein that blocks its
proteasomal proteolysis (Levitskaya et al., 1995; Levitskaya di98l7, Heessen et al., 2003).
Fusions of Gly-Ala repeats to a number of proteasome substrateasketheir turnover by
the proteasome (Dantuma et al., 2000; Heessen et al., 2002). Reoceasysiiown that Gly-
Ala repeats introduced into the proteasomal substrate ornithine decarbd@oDaSE stall the
degradation of this enzyme (Hoyt et al.,, 2003, Zhang and Coffino, 2004).stitighg, a
degradation intermediate of ODC was observed whose length is compaitibla sequence
loss up to the Gly-Ala repeats. It was shown that this is ni@dy ldue to an "idling" of the
19S cap ATPases of the proteasome unable to "grab" the unsuyuctligpery" Gly-Ala
repeats (Zhang and Coffino, 2004). Independently, we also decided to eenQiR¥*
constructs containing Gly-Ala repeats (Fig. 7) to test whethasport of this substrate out of

the ER would block the retrotranslocation channel.

Py« N

I*
m

—

G255R o971 aa

I*

G255R 433 906 aa
—_
215 aa

—

CPY*-GArHA, N GArepeats -3xHA-C

—

G255R 133 206 aa
215aa

Figure 7. Schematic representation of CPY* and GhAla repeat fusion constructs of CPY?*,
CPY*GAr215 and CPY*GAr215HA ;. To construct CPY*GAr215, the glycine-alanine (GAapeats

(215 amino acids) were introduced into CPY* at asraid position 433.

The CPY*GAr215 and CPY*-GAr215HAhybrids were constructed by C. Alberola
and Z. Kostova (C. Alberola (2003), Diplomarbeit, Universitat Stuttgamg shown to
undergo ER-associated degradation. Cycloheximide chase experinséiols that
CPY*GAr215 (~98 kDa) and CPY*-GAr215HA~100 kDa) are degraded within 90 min in
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wild type cells deleted for CPY (Fig. 8A) with kineticsndliar to CPY*. Interestingly, a ~78
kDa intermediate of CPY*-GAr215HAappears and accumulates during these chases (C.
Alberola (2003), Diplomarbeit, Universitat Stuttgart; T. Bohnaci04), Diplomarbeit,
Universitat Stuttgart) (Fig. 8A). This intermediate can no lorigedetected when the same
blots are reprobed with the anti-HA antibody, indicating that ther@inal HAs epitope has
been cleaved off. The ~22 kDa reduction in molecular mass togettiedoss of the C-
terminal HAs-tag indicates that the C-terminus has been removed up to thel&hepeats
and suggest that degradation commences at the C-terminus of tha. @fatéhermore, in
Ader3 andAubclAubc? cells defective in the ERAD ubiquitination machinery, angrigl-1
and cim3-1 cells defective in proteasomal proteolysis, only full length CEBX&R215HAs
accumulates during a 90min chase (Fig. 8B), reinforcingdisa that the 78 kDa species is a
degradation intermediate of CPY*-GAr215kA

A

Apreil
chase (min) wvector 0 30 60 90
- — - CPY*GAr215HA; {100kD)
IB: ce-CPY :
w s e |- |ntermediate (78kD)
1B: c2-HA — s =€ CPY*GAr215HA, (100kD)
Bz ce-5ec61 — — — — — 50050
B
Aprct Aprcl Aprct
Ader3 AubciAubcr pred-1 cim3-1

chase{min} 0 30 &0 30 0 20 &b 20 0 30 50 %0 0 30 60 90

Bo-cry | GRS | | ptdasas  (GHepes = GBS apap - 100D

-75kD

sons DD S Sasa e | eee w0

- 75kD

[B: 0=-5ec6] | s o o e | | eoo s eer e | | SDesresrey | | e ewe.

Figure 8. Degradation of CPY*GAr215HA; depends on ERAD ubiquitination machinery and the
proteasome.Cycloheximide chase experiments were performediid type cells W303-1B lacking
CPY (Aprcl), ERAD mutant straindder3 AubclAubc7and proteasomal mutarpsel-1andcim3-1
expressing pRS316-CPY*GAr215HA Whole cell extracts were analysed by SDS-PAGE and
immunoblotting with antibodies against CPY and H#éspectively. Sec61p levels at each time point

were determined as loading controls.
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To prove that the 78 kDa species does not originate from a trandlatefeat and
inefficient import into the ER caused by the Gly-Ala repeatplasmid was constructed by
replacing CPY signal sequence on CPY*GAr215ki#vith the SUC2signal sequence. The
SUC2signal sequence should induce co-translational transport of CPY*GAA2LiBkD the
ER (see material and methods). Upon expression in W3@IIs, both the full length (~100
kDa) and intermediate (~78 kDa) forms of co-translationally ingaoi€PY*GAr215HA
were visible (Fig. 9A), indicating that this 78 kDa immune-signas indeed a processing
product during retrotranslocation of the CPY*GAr215Hpgvotein. To show that the full
length CPY*GAr215HA has entered the ER and that the 78 kDa intermediate was generat
after ER import, the extent of N-glycosylation of both forms of @Y*GAr215HAs was
determined. The shift in molecular mass followingitro Endo H treatment shows that both
the full length and intermediate forms of co- and post-traosiafy imported
CPY*GAr215HA; are N-glycosylated (Fig. 9, A and B).

Aprct Aprct
S -CPY*GAr215HA, CPY*GAr215HA,
IP:tx-HA = = + = = +
IP:a-CPY + + - + & =
Endo H — + — = — =

Glycosy, full len th)ug- -
Unglgcos; full Iength  o—
Gg:cosg:.interme [ate » i

Ung 5

cosh. intermediate ? ‘ I
L]

IB: ¢2-CPY IB: tx-CPY
A B
Figure 9. Both full length and the 78 kDa intermedate of CPY*GAr215HA; are glycosylated
SSuczCPY*GAr215HA; (A) and CPY*GAr215HA (B) were immunoprecipitated with antibodies
against HA and CPY from W30X (Aprcl) cell extracts expressingsgs-CPY*GAr215HAg from
plasmid pXL3163 (A) or CPY*GAr215HAfrom plasmid pZK129 (B) and treated wHmdo H before
analysis by SDS-PAGE and immunoblotting with mooael antibodies against CPY.

To demonstrate that full length CPY*GAr2155lAnd its 78 kDa intermediate fully
reside within the ER, a protease protection experiment was pedorCell fractionation and
proteinase K treatment of pelleted microsomes (P) and super(@jamictions demonstrate
that both forms are present in the microsomal fraction and dyepfotected from proteinase
K digestion (Fig. 10). Taken together, these results show that CP24GAA; is an ERAD
substrate which is not fully degraded but processed to a 78 kDa édi@tsnwhich resides in
the ER. The appearance of the intermediate in the ER but not aytts®l suggests that the
full length CPY*GAr215HA does not completely leave the ER. Instead, its retrotranslocation,
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which obviously begins at the C-terminal end of the molecule, seebesinterrupted when it
reaches the Gly-Ala repeats. The Gly-Ala repeats with#Y’‘Cmay mimic the “idling” at
the proteasome observed with ODC by Zhang and Coffino (2004). Inabés however, the
idling occurs at the retrotranslocation step and the parti@iyraded protein may slip back
into the ER or it may remain associated with the retrotransidtdme 78kDa intermediate
remains engaged with the retrotranslocation channel, this woulérrthe disassembly of

the channel and allow for its biochemical isolation.

CPY*-GAr215HA, Vector
5 F s P 5 P S P
Frotease K w0 BSOS S BE OME = =
TrtonX-100 - - - — + 4+ - =
< CPY*-GArZ15HAL100KD)
IB:ot CPY ! ﬁ = intermediates(78kD)
B a < CPY*-GAr215HA{100kD)
IB: o Kar2 Rl — -
IB: ir—Cuel -—0e . -

Figure 10. Both full length and the 78 kDa intermedhte of CPY*GAr215HA; are located in the ER.
Proteinase K protection assays were performed diomprto 2.2.4.9 in W308C cells expressing
CPY*GAr215HAs from plasmid pZK129. After protease deactivatiampernatant and pellet fractions were
separated and then analysed by SDS-PAGE and imroitiop with anti-CPY and anti-HA antibodies.
For control of vesicle integrity and protease attjv blots were probed with anti-Cuelp (ER
transmembrane protein) and anti-Kar2p (ER lumematen) antibodies. The asterigk) denotes the

cytosolic fragment originating from the incompleligestion of Cuelp.

Previous genetic experiments suggest that the Sec6l ER-proteamt intfannel
protein may also function as the retrograde channel for exporakéélded proteins out of the
ER (Plemper et al.,, 1997; Plemper et al., 1999). The ER-import eh&man extremely
dynamic entity, which disassembles following protein translooatiDashaies et al., 1991;
Rapoport et al., 1992). It is very likely that the ER-export chanrmildvalso behave
similarly, thereby ensuring Sec6lp’s availability for theeassly of import or export
channels according to the cell’'s needs. It was reasoned the #8 kDa intermediate of
CPY*GAr215HA; can not disengage from a Sec6l1p containing export channel, the level of
Sec61p necessary for protein import would diminish therefore integfarith efficient cell

growth. To establish this, the temperature sensitive growthctdefeSec61-2 cells was
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utilized, in which the level of Sec61-2p is reduced due to degradatidre shitant protein
(Biederer et al., 1996). It was observed that, while wild typés @etpressing malfolded
CPY*HA3; grow like cells containing an empty vector, there is a slmitt reproducible
growth reduction insec61-2cells expressing CPY*GAr215 at 35°C (Fig. 11B). A similar
growth defect is observed when CPY*GAr215 is expressegréi-1 cells defective in
proteasome function (Fig. 11C). One possible explanation could be thaslighgery”
CPY*GAr215 cannot be degraded or efficiently processed by theagsmte (see section
3.1.3, Fig. 8) and remains longer associated with both the proteasome &@ad6hp
containing retrotranslocation channel. Based on this theory, we decideadéstake the

biochemical identification of the retrograde export channel using CPY*GAr24Gbasrate.

Aprct
Aprel sech -2 prei-T

1100710710 1 1900710710 1 10010710 ¢
vector
CPY*HA,
CPY*GAr215

20°C, 24hrs 35°C, 24hrs 30°C, 24hrs
A B C

Figure 11. Full length and 78 kDa intermediate of @Y*GAr215 interfere with cell growth. Exponentially
growing cells of wild type W3Q3C (Aprcl) (A), cells containing an unstable Sec61 channdkjimcsec61-2B)
and mutant cells defective in proteasomal activifyrclprel-1(C) expressing an empty vector pRS316,
CPY*HA; or CPY*GAr215 under TDH3 promoter from plasmids pCT42 and pXL3164, respebti were
dropped onto CM-URAplates in serial tenfold dilutions and incubatedZ4hrs at 30°C or 35°C.

3.2 Several native protein complexes were found bysing Blue Native

Electrophoresis

The discontinuous system of i Native” polyacrylamide_gl-dectrophoresis (BN-
PAGE) has been successfully employed to identify membrane rpeaeiplexes of purified
mitochondria (Schagger and von Jagow, 1991). BN-PAGE is an attractitreodnéor
membrane protein research because it allows a rapid assessintéet state of protein
complexes and, therefore, has the potential of the direct detectiolynamic changes
occurring within a certain complex. In this method biological mendgsaare solubilized
using mild neutral detergents like digitonin and aminocaproic acid, wieitzhin protein
complexes in native conditions. After solubilization, an anionic dye (@sem blue G-250),
which binds to the surface of all membrane and to many water-s@ikditgns, is added. Just
like following addition of SDS, proteins assume a negative net cliamgeCoomassie blue
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G-250, but are not denatured (Schagger and von Jagow, 1991, Schagger, 206t¢. Gen
analyses, combined with biochemical methods such as co-immunopremipitatid
crosslinking, have identified a number of proteins involved in the ratslbcation process
from the ER to the cytosol. These components are, in some sase#), and in others,
believed to interact with the Sec61-translocon (see section 1.1).pteadthe BN-PAGE
system, in conjunction to Western blot analysis, to validate knownCERAnponents and
interactions, to identify new ERAD associated membrane proteins and cesym@ex, finally,

to investigate whether Sec61p is actually involved in retrotranslocation.
3.2.1 Purification and solubilization of microsomal membranes

The first step was to establish conditions for optimal celklgsd solubilization of
Sec61 containing microsomal membranes. Following multiple triat®ncluded that the
spheroplasting procedure using Oxalyticase digestion was the masergffand reliable
method for yeast cell lysis (see methods). The capacity ofama-detergents to solubilize
most integral membrane proteins also depends on the ionic strenttle eblubilization
buffer. Previous data has shown that a high concentratiori @fn$ is a prerequisite for the
isolation of functional Sec6l1 translocon complex. However, high condentrat salts is
incompatible with the principle of BN and especiallyikins are very harmful. Schagger and
von Jagow, 1991, suggest the addition of 500mM 6-aminocaproic acid in thdizafiaioi
buffer. | established that 500mM 6-aminocaproic acid can replace 500@Mt Krom the
electrophoresis system without disturbing the efficiency of sahalhibn, especially for the
Sec61 complex (data not shown). At least 200mM sorbitol or 10% glysaobdded in all
buffers to isolate and store active protein complexes (data not shown).

Sec61p contains ten highly hydrophobic transmembrane domains. | exptedmath
several mild and non-ionic detergents such as Triton X-100, Deoxy-Bi§C(DBC), n-
Dodecylf3-D-maltoside (DDM), and digitonin to determine the best detergemt f
solubilization of intact Sec61 complexes. | observed that stalwfitysec6lp gradually
decreased using digitonin, DBC, DDM and Triton X-100, respectively. Memvefficient
solubilization of the Sec61 complex was best in Triton X-100, followedigitonin, DBC,
and DDM (data not shown). The ERAD components Der3p and Hrd3p awerd in a stable
>700 kDa complex independent of the detergent used (digitonin, DBC or DDn X-
100 proved to be too harsh, yielding a complex pattern of immunoreactide tieat varied
with the detergent concentration (data not shown). | determined th#tefpurposes of this
study, digitonin was the mildest detergent that generated a refdstedpeitern, independent

of protein concentration and ratio between protein concentration and det@ere®2.2.2).
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Therefore, digitonin was used in the following work to isolate EBRgim translocation

complexes.

880 G 669 Figure 12. Protein markers for BN-PAGE. 5-13.5% BN-PAGE
20 e bt 55 was prepared. On the right lane, 5 pug of standarken proteins
from Sigma were loaded (Thyroglobulin 669kD, Fémrii43kD,
. - <& Catalase 234kD, Lactate Dehydrogenase, 140kD ard B&kD.
103: ‘ L 140 Thyroglobulin  (669kD) migrates close to the ferritidimer
(880kD). On the left lane, 10 pg of Apo-ferritin4@kD and
@ 56 880kD) and 20 pg Carbonic-anhydrase (29 kD, 103kbRkD,

29_ ._ 160kD) from Amersham were loaded.

The linear range of molecular weights on BN-PAGE proved to beceet®9 kDa and
500 kDa. Above this range linearity is lost, as shown for theifedimer (880 kDa), which
migrates at the same position as thyroglobulin (667 kDa) (FidefL2ane vs. right lane).
Therefore, BN is most likely a qualitative rather than a qusiv@ method for judging the
composition of protein complexes from molecular mass, especian wbnsidering that

migration pattern is also influenced by overall shape.

3.2.2 Blue Native electrophoresis analysis of protein complexes involved in the ER

retrotranslocation pathway

To examine the organization of ER retrotranslocation pathway comsorigiuie
Native electrophoresis was applied. Western blotting was peetbrwith antibodies against
ERAD substrates and other known components. Other researchers dwawt that
monoclonal antibodies are not optimal for BN analysis (personal coroatiom). It was
suggested that polyclonal antibodies used for BN have to be waffwitified because
Coomassie dye may disturb the identification of the proteins. Antibgdinst Der3p made
by our lab is polyclonal, but it is not affinity purified. | performee@reliminary experiment to
examine the specificity of antibodies against CPY (monoclomal)Cer3p (polyclonal) to be
used in BN analysis. A centromeric plasmid pHIT341 expressing GfP&h empty vector
pRS316 was transformed intaprcl cells. The microsomal membranes from these
transformants were isolated and analysed by BN. With antibodgsadgaPY, CPY* has a
smeary signal at > 700 kDa and a stronger one at ~100 kDa on B¥-FAg. 13 lane 1 vs.
lane 2). It seems that CPY* is mainly involved in these two pratemplexes. It is not clear
why the signal of CPY* is a smear on BN-PAGE. On SDS-PAGE Der3p antibody
unspecifically interacts with a protein at 50 kDa. To identifyreénad signal of Der3p on BN-
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PAGE, the microsomal membranes from W303-1C Addr3 cells were analysed by BN.
With antibody against Der3p, BN analysis shows that Der3p has mmg stignal at >700
kDa and a non-specific signal at ~430 kDa (Fig. 13 lane 5 vs. lane 6).
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& P

CPY* | — |-
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670kD— ' 670kD—
-

443kD— ,
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234kD—
i 234kD—
140kD—
. 140kD—
66kD—
66kD—
1 2 3 4 5 6
—CPY o—5echH] it—Der3

Figure 13 Specificity of antibodies against CPY ander3p on BN-PAGE 1% digitonin solubilized
microsomal membranes were analysed by 4-12% BN-PA&éEstern analysis was performed with anti-
CPY (lanes 1,2) or anti-Der3 (lanes 5,6) antibad&sc61p levels were determined as loading controls
(lanes 3,4). The asteri¢k denotes the bottom of the wells of the BN-PAGE.

3.2.2.1 Der3p and Hrd3p occurs as a complex which acts as part of the retro-translocon

Based on crosslinking experiments and genetic data, it wasssegdbat Der3p and
Hrd3p form a sub-complex in the ER membrane, which engages in ER-torogtosol
communication required to regulate Der3p stability and coordinateDERents on both
sides of the ER membrane (Plemper et al., 1999; Gardner et al., 286800abd Wolf, 2001).

To examine whether this sub-complex really exists in the cells, | tramsfiAhrd3 cells with

the centromeric plasmid pYS14 expressing sH#d3p. Microsomal membranes were
prepared from these transformants and analysed by BN. A proteplecomigrating above

700 kDa could be identified (Fig.14A, lanes 1, 4 black arrowhead), containing both Der3p and
Hrd3p, noted as Der3p/Hrd3p complex I. Besides this, an additional Hrd3p zoanplend

140 kDa can be observed by using anti-HA antibody (Fig.14A, lanes 5, 6 white ardpwhea
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Figure 14. BN-PAGE determines the existence of higmolecular mass Der3/Hrd3 protein
complexes.1% digitonin solubilized microsomal membranes waubjected to 4-12% BN-PAGE
following immunoblotting with anti-Der3 or anti-HAantibodies. The asterisg) denotes the
bottom of the wells of the BN-PAGE. AAhrd3 cells as well asAhrd3, Ader3Ahrd3 and
Ahrd3AubclaubcTeells expressing HAHrd3p from plasmid pYS14 were analysed by BN. Blac
arrowhead indicates Der3p/Hrd3p complex |. grepwhead indicates Der3p complex Il. White
arrowhead indicates 140 kDa Hrd3p containing pnoteimplex. B, Wild type (MHY1366rc1-1)
andAdoalO(MHY1651, prcl-1) cells were analysed by BN. The diagram showsdifferent ER

membrane resident E3 complexes.

The presence of a strong Hrd3p signal in Der3p/Hrd3p complex | andkaowean the 140
kDa complex in wild type cellsAhrd3+HA3Hrd3p) is totally reversed imder3 cells
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(Fig.14A, lane 5 vs. lane 6): deletion DER3 leads to destruction of the Der3/Hrd3p
complex | and most Hrd3p migrates at a lower molecular massa 140 kDa. Hrd3p is a
protein with one single transmembrane domain and has a molecular mass around 95 kDa. This
smaller Hrd3p containing protein complex around 140 kDa might contain other umknow
protein components or it may be due to a mobility differencedrBth system. Gardner et al
(2000) observed that protein levels of Der3p and Hrd3p in the cel@natlar. They further
proposed that stabilization of Der3p by forming a stoichiometmpmex with Hrd3p might
be one function of Hrd3p in ERAD mechanism. It is well known thaBpes degraded very
quickly in Ahrd3 cells (Plemper et al., 1999). It is proposed that lack of Hrd3p leads
destabilization of Der3p which due to self-ubiquitination undergoes pomteagroteolysis
(Plemper et al., 1999; Deak and Wolf, 2001). Using anti-Der3p antibddi¢sanalysis
clearly shows that the Der3p containing Der3p/Hrd3p complex | diséése inAhrd3 cells
(Fig. 14A, lane 1 vs. lane 3). When Der3p/Hrd3p complex | disassenmoMard3 cells, two
weaker Der3p signals can be detected, suggesting that therbensyewly formed Der3p
containing protein complex of smaller amount in the cells lackind@pir noted as Der3p
complex Il (Fig.14A, lane 3 grey arrowhead). Most likely, this ingisathat the residual
amount of Der3p, which is not degraded in the absence of Hrd3p, is stilll bo components
of the membrane-associated ERAD machinery.

To test whether an ubiquitin conjugating enzyme E2 is part dDénd/Hrd3 protein
complex 1, | transformedAhrd3AubclAubc? cells with the centromeric plasmid pYS14
expressing HAHrd3p. Microsomal membranes were prepared from these transforammhts
analysed by BN. Der3/Hrd3 protein complex | does not show any matewoalss shift on the
BN-PAGE when both E2's Ubclp and Ubc7p are absent (Fig. 14A, lanes 4cl8 bl
arrowhead). This indicates that the two soluble ubiquitin conjugatingmess Ubclp and
Ubc7p are not the part of the Der3/Hrd3 protein complex I. As ol$envEig 14A lane 6,
when Der3p is missing, a weaker signal of the same molemass of the Hrd3p complex
appears. It indicates that at this position on BN-PAGE theréatrbig two Hrd3p containing
protein complexes. One of which is independent of Der3p. Alternatively3remains
partially associated with the main complex even after removal of Der3p.

A second ER E3 ligase that has been characterized is DoalOmZlneees located
in the ER membrane and is responsible for turnover of Ubc6p abgp*Iveit not CPY*
(Swanson et al., 2001; Huyer et al., 2004). To test whether Doaldpoigat of the
Der3p/Hrd3p complex I, microsomal membranes of wild type addalO cells were
analysed by BN-PAGE (Fig. 14B). ComparisonAoioalOand wild type cells shows that the
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Der3p/Hrd3p complex | did not exhibit any molecular mass shift, stiggebat DoalOp is
not part of the Der3p/Hrd3p complex | (Fig. 14B).

It has been shown that mutation of an essential cysteine (C399f6) RING domain
of Der3p leads to loss of function of the E3 and results in deBB&D (Bordallo and Wolf,
1999; Deak and Wolf, 2001). As the E3 activity of Der3p is requireddategradation in the
absence of Hrd3p, this mutation should prevent its degradation and |kagh tamounts of
Der3p complex Il in the absence of Hrd3p. | transformiddr3 and Ader3Ahrd3 cells with
the centromeric plasmid pRS315 expressing a 3HA-tagged mutatstbrvesf Der3p
(Der3C399S-HA). Microsomal membranes were prepared from these transformadts a
analysed by BN. Both Der3p and HA antibodies were used for Wegstatyss. Mutated
Der3C399S-HAp was able to replace wild type Der3p to form the Der3p/Hrd3p cample
(Fig. 15, lanes 1 and 3 black arrowhead). Noticeably, an accumulation of the3D8&36 /A
complex Il could be observed in the absence of Hrd3p (Fig.15, lanes 2 eaylatrgwhead).
Consistent with previous data (Bordallo and Wolf, 1999; Deak and Wolf, 200t }ththa
C399S mutation in the absence of Hrd3p compromises degradation of DexSp,résults
confirm that Der3p degradation requires the presence of a functioh&-R2 domain.
However, the data suggests that the RING structure of Der3pnibasfluence complex
formation.

Figure 15. The Ring-H2

t& ?;‘\a@ C399S mutation does not
7
w W b _
Der3c3g9s-HA, + + + + formation. BN-PAGE was

e

affect Der3p complex

performed as in Figure 13. The

H lex | .

< .(. Der3pitird3p complex asterisk(*) denotes the bottom
O & € Der3 lex |

670kD— [ < Der3p complex of the wells of the BN-PAGE.

443kD— The Ader3 and Ader3Ahrd3
234kD— cells expressing DER3c399s-
HA; from plasmid pRS315

were analysed. For immune-

140kD—

66kD— detection, both anti-Der3 and

1 p; 3 4 anti-HA antibodies were
u—Der3 Ei—HA applied

To identify other possible protein components of the Der3/Hrd3 protenplexes,
Coomassie staining protein bands from BN-PAGE were excised raalgsad by MALDI-
TOF. Due to the contamination of mitochondria membrane proteins, this approackdaiised

not shown).
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Der3p is an E3 ubiquitin protein ligase and it is hypothesizedHd8p may sense
the requirement for Der3p ligase activity in the presence of reist perhaps by directly
binding substrates, and signal through the Der3p transmembrane donzaitivate Der3p
function in a correct temporal and spatial manner (Gardner @080). As observed in Fig.
14A (Lanes 5, 6, 8), other than participating in a >700 kDa Der3p/Hrd3p compled3p is
also part of a protein complex of around 140 kDa. How do these protein cesplex
containing Hrd3p, cooperate in ERAD? To address this question, a cyiohdhe chase
experiment was performedihrd3 cells were transformed with the centromeric plasmid
pXL3140 expressing a 3HA-tagged Hrd3p and a second plasmid overexprEsdifig
Microsomal membranes were prepared from these transformahttheisame amount of OD
cells at different time points and analysed by BN. The gel staised with Ponceau S to
control for loading of equal amount of proteins. Western blots waakysed using anti-HA
(to visualize Hrd3p) and anti-Der3p antibodies. In comparison withbéestanount of Der3p
in the Der3/Hrd3 protein complex |, Hrd3p seems to be recruited t®¢h&Hrd3 protein

complex | from a 140 kDa protein complex pool during the turnover of CPY* (Fig. 16).

Ahrd3
CPYMOE) + + + + F o 4
HAzHrel3p +  + + + + + 4+ o+
CHX chase(min) ¢ 20 40 &0 0 20 40 60
> ‘ ‘ B , . «f Der3p/Hrd3p complex |
670kD—
443k D—
234kD—
TR — - < Hrd3p/?
660D —
o—Derd ci—HA

Figure 16. Hrd3p is dynamically involved in Der3p/Hd3p complex | during turnover of CPY*.
BN-PAGE was performed as shown in Figure 13. Cyekiide (CHX; 100 pg/ml) was added and
membrane extraction was performed at different tpomts. TheAhrd3 cells expressing pYS14 and
pXL3141 were applied for analysis. The cells werewg at 30°C. For inducing theUP promoter,
100 pM CuSO4 as a final concentration were addedtire CM-media and incubated at 30°C for 3-
5hrs. The immunoblots were probed with antibodigsirsst HA (Sigma) and Der3p.

This kind of dynamic change of Hrd3p involved in different protein complexay suggest
another signalling function of Hrd3p. The Hrd3p signal in the 140 kDa congplexy strong
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at zero point, which is different from the data shown in Fig. 14A Bn®ne possible
explanation is that, due to overexpression of CPY*, more Hrd3p may be needed to bind CPY*
to reduce ER stress.

To investigate whether Der3p/Hrd3p complexes could be a part ab&raeslocon, |
investigated whether the ERAD substrate CPY* is involved in tlagepr complex. As seen
in Fig. 13, CPY* and Der3p seem to coexist in the same >700 kDa carijae/ever, due to
the smeary signal of CPY*, it is hard to evaluate this blot.rtteloto exclude unwanted
proteolytic degradation during native isolation and solubilization ofos@mal membranes,
the AprclApepf4prbl strain, devoid of the vacuolar proteases carboxypeptidase Y,
proteinase A, and proteinase B known to be responsible for unsgeoieolysis, was used.
A centromeric plasmid pHIT341 expressing CPY* was transfornrmed these cells.
Microsomal membranes were isolated from these transformantnahged by BN (Fig. 17).
Again, Der3p and CPY* were found to coexist in the 670 kDa and >700 kDa protein
complexes. Besides, other CPY* signals were observed between 100n&D234 kDa,
suggesting that CPY* is also bound to other protein components of the amsydssociated
ERAD machinery.

Figure 17 BN-PAGE determines the coexistence of
ApepdAprb i Aprel

CPY* (CEN) - L Der3p and CPY* at high molecular mass protein
i 1 B complexes.The asterisK*) denotes the bottom of the

‘( Der3p/CPY* wells of the BN-PAGE. The cellapep&AprblAprcl

s70kD W |« Derdp/cPyt/?  Was transformed with a centromeric plasipidiT341

expressing CPY*. Microsomal membranes were

443kD - b= isolated for these transformants and analysed by 4-

234kD - | L 12% BN-PAGE. The immunoblots were probed with

A antibodies against CPY and Der3p. Der3p and CPY*

—— are coexisted at 670 kDa and >700 kDa protein

e complexes. The double asterisks (**) denote thesro
c—CPY  a—Der3

reaction

Soluble and membrane bound substrates differ partly in their requitefoe ERAD
components. Degradation of all CPY* derivatives (soluble and membrane ldand) et al.,
2003) depend on the E3 ligase Der3p. To find out whether the Der3p/Hrd3p cesngiiéer
in size / composition when substrates containing a compactly fotibedain or a
transmembrane domain are present, CG* (CPY*-GFP), CT* (CPY* whe last
transmembrane domain from Pdr5p) and CTG* (CPdh$membrane domainFB) were
overexpressed inprcl strain and analysed, respectively. On BN-PAGE, Der3p and CG* (Fig.
18A), Der3p and CT* (Fig. 18B) and Der3p and CTG* (Fig. 18C) canitaalized in a
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protein complex at around 700 kDa. Given that Der3p and Hrd3p coexist agothex 700
kDa (Fig. 14, 15), this data shows that all these CPY* derivativedvound to Der3p/Hrd3p
complex I. Although CT*, CG* and CTG* have different molecular massshift of protein
complex is visible on BN-PAGE.
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Apred e ———
G~ 4 ¥ e+ =+
% Tommn | T * cT* + + . .
i E e
M| <pepice Der3p/CTGH| < Der3p/CTGH
870kD - Der3p/CTY 570kD—
870kD = Der3p/CT*
443kD - 443kD~
443kD = .H*
234kD - o
234kD - oAkl
140kD - . 4 140kD - -
66kD - 66kD — 66kD—
1 2 1 2 1 2
IB: ci-Der3 o-GFP IB: ce-Derd o-CPY IB: o-Der3  «-GFP
D @0 o ®6 b
> b &
O = o &
cl X o 3
NoAY N A NooAT N A
FIO N ‘_,'L\ 'l.(’ 'k(' M ,30
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" B b eDersprcTGH
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Figure 18. CG*, CT* and CTG* were found to be assdated with Der3/Hrd3 protein complex I.

BN assay was performed as Figure 13. The astéfjstenotes the bottom of the wells of the BN-
PAGE. The triple asterisks denote the false sighalross-reaction caused by anti-Der3p antibodies.
The cellsAprcl containing a g plasmid pXL4242 expressing CG* (A), pCT67 expregLT* under
TDH3 promoter (B) or PMAL expressing CTG* undeDH3 promoter (C) were analysed separately
by BN following immunoblotting with anti-Der3 andn&GFP antibodies. (D), the cellsprcl,
AprclAubclAubce?, ufdl-landAssa2, 3, 4, ssal-4ontaining PMA1 were analysed by BN following
immunoblotting with anti-Der3 and anti-GFP antibesli
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In addition, | observed that, when CT* is overexpressefipirtl cells, very little Der3p is
left in >700 kDa protein complexes. Most Der3p and CT* are involved in anptbéein
complexes at 670 kDa (Fig. 18B).

Ubclp and Ubc7p are two soluble cytosolic ubiquitin conjugating enzythes;
polyubiquitination process is blocked in cells missing these two profEescytosolic AAA
ATPase Cdc4l§dl'Np'4pcompIex was proposed to act as a pulling force on the cytosolic side of
the ER membrane, to recognize and extract polyubiquitinated substfaben
retrotranslocation channel out of the ER to the cytoplasm (Jamisah, 2002; Ye et al.,
2003). Ufd1-1 mutant cells show a strong inhibitory effect of this procesalfgsSsa2p,
Ssa3p and Ssa4p belong to the cytosolic Hsp70 chaperone class whatlpp@sed to help
unfold the GFP domain of the ERAD substrate CTG* on the cytoplaside of ER
membrane (Taxis et al, 2003). The degradation of CTG* was comptaigipromised in
AssaZ2 3, 4, ssal-45mutant cells (Taxis et al, 2003). In order to go into more detdihe
functional machinery of Der3/Hrd3p complex in the retrotranslocationepspcCTG* from
plasmid PMA1 was overexpressed in ERAD mutants aghisclAubclAubc?, ufdl-1 and
AssaZ2 3, 4, ssal-45 Subsequently solubilized membrane protein complexes were ahalyse
by BN. The coexistence of a Der3/Hrd3p complex and CTG* is nettaff in these mutants
(Fig. 18D). However, in comparison with multiple CTG* containing protedmulexes
identified in Aprcl cells (Fig. 18D, lane 5 vs. lanes 6, 7, 8), it seems that the progexsi
CTG* in other ERAD deficient strains is prevented to a certigree, if ubiquitination,
pulling or unfolding on the cytosolic side of the ER is disturbed. @ata is in agreement
with our present belief that the interaction between Der3/Hrd3 protenplexes and ERAD
target substrates takes place in the earlier steps of ER&Dreb ubiquitination and
recognition on the cytosolic side of ER membrane. It may evemibated before the
complete formation of a functional retrotranslocon. In the case &f* @Rrivatives, the
Der3/Hrd3 protein complex, in addition to fulfilling the role of aB Ejase complex, may

even be part of the retrotranslocation channel.
3.2.2.2 Sec61p, a core component of the trandocon or retrotransiocon

The central question that will be attacked in the forthcomingmecitoncerns the
assembly and composition of the retrotranslocation channel of malfptdézins out of the
ER. Using CPY* as substrate, genetic experiments had provided evidence #Rtthannel
protein Sec6lp, required for protein import into the ER, also partisipate the
retrotranslocation of the ER degradation process (Plemper et al., Rl@@1per et al., 1999)
As protein import into the ER and protein export out of this organetjeiree a different
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machinery, it was hypothesized that the retrotranslocation chanimeSec61p as the pore
forming unit must have a different protein composition as compared ®ett@&lp containing
import channel (Kostova and Wolf, 2003). The plasticity of such chdamaing processes
with Sec61p as the core unit maybe supported by the fact th&et&dlp containing import
channel disintegrates after protein translocation releasireg $ex61p in the membrane
(Rapoport et al., 1996). As Der3p and Hrd3p form a complex in the ER rmeebihe
guestion arises if these components form a retrotranslocon on threwrafvadditional ‘pore
forming’ proteins as Sec61p are recruited for retrotranslocatisnloble ER proteins. These
potential complexes may play a role for retrotranslocation separatedppertively.

A B C

Figure 19. BN-PAGE of Sec61 protein complexe$V303-

1C cells were transformed with pJK59 expressing6Sec
430KD > | e _ GFP. Microsomal membranes were isolated and arthlyge
430kD > | b - ra a 5-13.5% BN-PAGE. Subsequently immunoblotting was
g?gtgi performed with anti-Sec61 antibodies (A), anti-S&c6
VD . antibodies (B) and anti-GFP antibodies for detegctin

Sec63p(C).

it—Secal n—-Sec6? —GFP(Secad)

As shown in Fig. 14, in wild type cells the Der3p/Hrd3p complex appaaaround
700 kDa molecular mass on BN-PAGE. The same pattern was wdiae the detergents
DBC and DDM were used instead of digitonin (data not shown). Howeweas possible to
observe stable Sec61p complexes in BN-PAGE only when digitoniacextwere used.
Sec61p does not exist in free form but is mainly present in highemlakr-mass complexes of
approximately 140 kDa, 210 kDa, 230 kDa, 430 kDa and 480 kDa (Fig. 19A). The higher
molecular mass complexes of Sec61p (430 kDa and 480 kDa) are fartaleeasd less
dynamic than the 230 kDa molecular complex. They remained ratihstant upon changes
of protein and detergent concentration (data not shown).

The yeast translocation complex of the ER is composed of two suleaaplthe
Sec61p complex consisting of Sec61p (41 kDa), Sss1p (9.1 kDa) and Sbhlp (&ndire
Sec62/63 complex, consisting of Sec62p (30 kDa), Sec63p (73 kDa), Sec/Mpaj3and
Sec72p (23 kDa). The association of both subcomplexes as a heptagaeiiredrfor protein
translocation in yeast (Johnson and van Waes, 1999, Pilon et al., 1999). The 43®I k38
kDa Sec6lp complexes are common species of Sec6lp containing campleyeast
(Fraering et al., 2001) when yeast microsomes are analyseN{RABE. Sec62p (Fig. 19B)
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is part of both Sec61-containing 430 kDa and 480 kDa complexes wiki3[5es mainly a
component of the 430 kDa complexes in the wild type (W303-1C) celis 1BC). The 430
kDa and 480 kDa Sec-complexes are possibly functional heptameric gespie cells.

However, it cannot be distinguished if they are solely a trartsoceomplex, or a mixture of
translocation- and possible retrotranslocation complexes. No Sec6igbis together with

the Der3/Hrd3p complex at around 700kD. If Sec61p is part of a diffezotranslocation
complex, the failure to identify such a retrotranslocation comykeBN-PAGE might be due
to a short half-life of the assembly. For the import channel (Pamstra., 1995), it is known
that the complex falls apart after translocation (Deshaies et al., 1991; MudcH.68962).

To test the idea that an increase of the assembly timerofragislocation complex
could allow the identification of its components, five kinds of experimamre carried out.
First, it is known that when Ubc proteins are missing, CPY* mohybiquitinated and is not
pulled away from the ER. Therefore, the absence of E3 complelkenzymes like Ubclp
and Ubc7p might cause a blockage of the retrotranslocation chantied strotranslocating
protein. Second, overexpression of CPY* might affect the dislocatitwanwvays. On one
hand, it may induce formation of more retrotranslocons, and on the otbeu]dtlead to an
overloaded retrotranslocation, giving rise to a blockage of thetnatslocon. Third,
induction of malfolded proteins by DTT initiates the unfolded proteisponse (UPR)
(Travers et al, 2000; Friedlander et al., 2000) and many proteins inviolvERAD are
upregulated. Fourth, since a mutated Sec61 protein, Sec61-2p, ia gabltrate of ERAD at
38°C (Biederer et al., 1996; Bordallo et al., 1998), one could investigatgeshaf Sec61-2p
and catch retrotranslocation intermediates by testing the turmbv@ec61-2p. Finally, by
using a special “slippery” substrate (Zhang and Coffino, 2004) sucP¥EGAr215 (see
section 3.1.3), one might be able to catch protein complexes in aaestotation state and
thereby identify the components of the retrotranslocon.

| attempted to block the ER retrotranslocation channel and isolate at whole by
using yeast deletion strains defective in Der3p, Hrd3p or UbclpUdadp, containing
normal or high expression levels of the ERAD substrate CPY*. Hawthare was no visible
difference of Sec61p containing complexes on BN-PAGE isolatedtiiese ERAD mutants
as compared to wild type cells (Fig. 20A lane 2 and data not shovaweuér, when
microsomal membranes @ubclAubc7 cells overexpressing CPY*-HAwere analysed by
BN, the CPY*HA; signal was found at multiple locations along the blot (Fig. 20A Bne
Following a second dimensional analysis by SDS-PAGE, CP¢*¢tAld be observed bound
to >700 kDa Der3p complex | (Fig. 20B black arrowheads). Moreover, tWGHA; signals
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between 234 kDa and 443 kDa seem to be involved in Sec61lp complexe20@ white

arrowheads).

Since disturbance of the ubiquitination process leada hbock in

retrotranslocation of malfolded proteins from the ER to the cytogbbkance the translocation

process of secretory proteins from the cytosol to the ER lumemtisaffected in cells

defective in ubiquitination enzymes, this data suggests that lumdhétHA; might be

bound and retrotranslocated via these Sec-complexes. In addition, in aceowdth SDS-

PAGE protein analysis (Fig. 20B), a dominant signal of free CRX% could be detected
around 70 kDa by BN-PAGE (Fig. 20A lane 1). No clue could be found #e1p and
Der3/Hrd3p complexes are involved in the same protein complexes.
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Figure 20. BN-PAGE uncovers CPY*HA as being associated with Sec61 protein complexes i

AubclAubc? cells. AubclAubc7 cells were transformed with pCT51 expressing CPXHnderCUP

promoter. TheCUP promoter was induced as in Figure 16. The cellsswbhen disrupted by glass

beads. Microsomal membranes were analysed by a3B41BN-PAGE (A). Afterwards, BN-gel slices
were excised and applied to 9% SDS-PAGE (B). Wdnitewheads show the co-existence of CPY* and

Sec61p in two protein complexes. Black arrowheddsvsthe co-existence of CPY*HAand Der3p in

>700 kDa protein complex. The asteri§® denotes the bottom of the wells of the BN-PAGE.

Immunoblotting was performed with anti-HA, anti-Beand anti-Sec61 antibodies.

Accumulated aberrant ER resident proteins activate the unfoldedirpresponse

(UPR), which in turn upregulates the expression of UPR target genes enlgotiimpgotein of

the import machinery such as Kar2p, which assists in refolding otutedsproteins in the

ER, and proteins of ERAD machinery, promoting the turnover of sisalsled or unfolded
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proteins. Derlp, Der3p, Cuelp and Kar2p had been demonstrated to be ERAD caosnponent
induced by UPR (Knop et al., 199Bravers et al., 2000; Friedlander et al., 2000; Sidrauski et
al., 2002). To test possible changes of a retrotranslocon underdgidRans, wild type cells
(W303-1C) containing genomically expressed CPY* were treated2mild DTT to induce

the UPR, crude microsomal membranes were isolated from ¢ce#seat different time points

and analysed by BN (see 2.2 methods). As seen in Fig. 21C lane2p, idegrated as a 140

kDa complex on BN-PAGE immunobilots. Interestingly, after inducin@ With 2 mM DTT,

an increasing amount of the 140 kDa Kar2p containing complex was obsenved,
concomitantly, an additional 70 kDa signal of free Kar2p could be obs@figd1C, lane7

vs. lane 8 and 9).

W303-1C
Time(min) 0 30 60 0 30 60 0 30 &0
2mM DTT + o+ o+ + o+ o+ + 4+ o+
670kD !
2430 | b . c| W ..
b
234kD . a -
140kD
--
66kD _
1 2 13 4 5 6 7 8 B
o Sechl o Sechl o Kar2
A B C

Figure 21. BN-PAGE following UPR induction of Sec6d, Sec62p and Kar2p.W303-1C cells were
grown in YPD at 30°C. For inducing UPR, the cellrgitreated with 2mM DTT for 0, 30 or 60 min. Then,
microsomal membranes were analysed by a 5-13.5%°BEE. Proteins were transferred onto a PVDF
membrane and were probed and reprobed with angba@djainst Sec61 (A), Sec62 (B) and Kar2 (C).

This data suggests that the 140kDa signal may be dimerized War@p increases following

a successful UPR induction. However, under similar conditions, the deklocation of
Der3p complexes was not altered (data not shown). Converselgmbent of two Sec61-
Sec62 containing complexes of 430 kDa (c) and 480 kDa (d) and Sec6lp containing
complexes of 210 kDa (a) and 230 kDa (b) increased dramaticadly AEA and B). It is
interesting to note that 210 kDa-Sec61 complex (a) (Fig. 21A vs. Fig. 21B) is deaoigd of
Sec62p. In consistence with the data published on mRNA levels (Fdedl@t al., 2000;
Travers et al., 2002), it is determined by BN-PAGE that protaial$ of Kar2p, Sec61p and
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Sec62p are upregulated by UPR. However, this data does not prowdeatibn regarding
the function (translocation or retrotranslocation) of the observed protein cosiplexe
Derlp is a very sensitive UPR target protein and its lemeloe easily enhanced by a
temperature shift. Derlp acts in ERAD of ER-resident soluble ratést(Knop et al., 1996;
Hitt and Wolf, 2004a,b). Due to poor antibodies, it is hard to detect Derlp unodaal
conditions. To investigate whether Derlp is part of protein compleresected to
retrotranslocation, wild type cells containing a genomically espie®OERI1-HA were
incubated at 25°C. After treating cells with DTT for 1 hour to induocéolded protein
response, microsomal membranes from these cells were analysB.binterestingly,
besides the 30-kDa monomer, a variety of complexes containirtp®A (230 kDa, 430
kDa, 480 kDa and 670 kDa complexes) were identified (Fig. 22 lank {k).unclear at
present what the higher molecular mass complexes of Derlp mepr8ee6lp is present in
two of these complexes (430 kDa and 480 kDa) (Fig. 22 lane 2). One qmadldlage that
Derlp might be recruited to Sec-complexes or Der3/Hrd3 complexes (Fig. 22Vaniarie 2)

and function together in the retrotranslocon process when cells are under stress.

Figure 22. BN-PAGE of Derlp-containing

W303-1C
JmMMDTT (Thry + ¥ protein complexesThe asterisk*) denotes
* the bottom of the wells of the BN-PAGE.
&70kD < Der3p/derlp complex (670kD) o _
W303-1C cells containing a genomically
: . IDer1p/Secé1p complex
443kD {430kD,A80kD) expressed DER1-HAwere grown at 25°C
234kD < Derlp/] until ODgy Of the cells was around 0.7.
* [=Derlps? .
Then the cells were treated with 2mM DTT
b for one hour. Isolated microsomal
B membranes were analysed by a 5-13.5%
6o
< Derlp ronorher BN-PAGE. Proteins were transferred onto a

; 5 PVDF membrane and were probed and

reprobed with antibodies against HA (1) and
IB: o HADerp) o Secsl

Sec61p (2) for detecting Derlp and Sec61p.

One mutation irBEC61leading to the allel&ec61-Zaffects the stability of the Sec61
protein in yeast at 38°C, but does not lead to severe translocatexisdehen analysed at
25°C in vitro (Sommer and Jentsch, 1993). To gain a better understanding of thaf role
Sec61p complexes in the retrotranslocation process, cells endogeaerpdgsingsec61-2
were grown at 30°C, and then shifted to 38°C. It was hoped to visuaézieehaviour of
Sec6lp complexes during their own retrotranslocation. Microsomal raestgifrom cells
grown at 38°C were analysed by BN. It was found that the two domm#8D kDa and 480
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kDa Sec61p complexes formed as in wild type cells at 30°C. édlés were shifted to 38°C
for one hour, the 430 kDa and 480 kDa complexes seemed to disassemble gedl tmer
higher position on BN-PAGE (Fig. 23). The results indicate a changenplex assembly
under these conditions. Sec61-2p seems to reassemble with other pootésevin turnover
at 38°C. It is known that Sec61-2p is degraded very fast at 38°@{Bleet al., 1997).
However, the BN results do not clearly show a decrease of Seafithdptwo hours. Due to
experimental condition, large amount of cell culture (300 ml) awetly shifted from 30°C
to 38°C. Hence, the temperature of cell culture increases sl®abjing to gradual response
of cell to higher temperature, which may delay the degradation of Sec61-2p.

Figure 23. Sec6lp complexes change their

sectif-2 . o
K position when Sec61-2p containing complexes
670kD — are analysed at restrictive temperature of
< 480kD protein complex  38°C. The asterisk*) denotes the bottom of the
433D~ < 430kD protein complex
wells of the BN-PAGE. Mutansec61-2 cells
were grown at 30°C and shifted to 38°C for
indicated time point before membrane extraction.
BN-PAGE and Western analysis were performed
38"Cthist 0 1 2 as in Figure 20. Sec61-2p was detected by using
tr—5echHl

Sec61 antibodies.

All these experiments indicate complex formation of known membcangonents
involved in ERAD (Derlp, Der3p, Hrd3p) as well as the existencevafraiehigh molecular
mass complexes containing Sec6lp. They do not answer yet the quektitme
retrotranslocation complex as a whole. This will only become pessitiiis complex can be
caught in action while retrotranslocating a malfolded proteintsatbs A good candidate to
achieve this goal seemed to be CPY*GAr215, which was procésseatt degraded by the
proteasome (see section 3.1.3, Fig. 8). The explanation for this behawoimas from
experiments using an ODC-GAr chimera as substrate of ttegsome. The Gly-Ala (GA)
repeat is “slippery” on the proteasome, preventing the ATPageofithe 19S regulatory
particle from pulling the substrate into the 20S core proteasongegyadation (Zhang and
Coffino, 2004). This also seems to be true for the CPY* molecule ocomdably-Ala repeat,
preventing it from being digested and pulled out completely ottecER (Fig. 8). In order to
know if the retrotranslocation channel becomes blocked by this constnactif any
intermediates with the retrotranslocation channel are visibl@M#&2AGE, an experiment
was performed to analyse Sec61lp and Der3p containing protein compléxepresence of
CPY*GAr215. A centromeric plasmid pZK129 expressing CPY*GAr215Hmvas
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transformed into théprcl strain. As a control, a centromeric plasmid pHIT341 expressing
CPY* and an empty vector plasmid pRS316 were used as well. CPY*GAr2lé&stwaining
protein complexes migrated at molecular masses of 140 kDa, 430 kD& 7®0 kDa,
respectively (Fig. 24 lane 1,4). The 140 kDa and 430 kDa complexearapdee dominant.
Since a 430 kDa Sec61 protein complex co-localizes with CPY*GAr21%H4. 24 lane 7),

it may suggest that Sec61p act during retrotranslocation. Howevd3@hdda Sec61p signal

was also found in cells containing CPY* or empty plasmid (Fig. 24 lane 7 vs. lanes 8 and 9).

Aprcl
vector — - + — - -
CRYE = s s de g ow s owp =
EPVGAINEHDy & = = o v o= g
670KD = ’
443KD = : “ | CPYEGAI21SHA, /Sect 1p
& "< W | complex (430kD) ?
234kD = . . .
140kD — << - CPY*GAr215HA/7 (140kD)
66KD — .

1 2 3 4 5 6 7 8B 9
IB: ce-CPY 1B ci-HA 1B: z-5ec61

Figure 24. CPY*GAr215HA; is associated with 430kD Sec61 protein complexe$he asterisk (*)
denotes the bottom of the wells of the BN-PAGE. BANGE was performed as in Figure Hrcl cells
containing pZK129 expressing CPY*GAr215kihanes 1,4,7), pHIT341 expressing CPY* (Lanes 2,5,8
or an empty plasmid pRS316 (Lanes 3,6,9) were aadlyor complexes, respectively. Western analysis
was done with antibodies against CPY, HA and Sextihdicated.

However, as only CPY*GAr and not CPY* was found at a position wHsoeSec61p
was visible (430 kDa) (Fig. 24 lane 1 vs. lane 7), the question etusther this was due to
complex formation of CPY*GAr215 and Sec61p caused by blockage of tb&aaslocation
channel. In addition, if the proteasomally processed intermediatd®¥f@Ar215 were to
coexist with the Sec61p complex (Fig. 8), this would be a strong arguor blockage of the
channel by CPY*GAr215. Furthermore, as retrotranslocation sulsstrateCPY* species
must be N-glycosylated. To answer these questiongndo H in-gel-digestion experiment
was performed. After staining with Coomassie Blue G-250, the BS#pieces around 430
kDa were excised from the gel and digested with Endo H at 378€hight. Thereafter the
digested gel pieces were subjected to a SDS-PAGE andideetity were determined by
Western blot analysis. As shown in Fig. Zndo H digestion leads to shift of both, full
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length and intermediates of CPY*GAr215 to lower molecular massdgating that both
species of CPY*GAr215 were glycosylated. This is proof that bp#ties had entered the
ER and must be on their way out of retrotranslocation. The coexistei@ec61p with both
glycosylated full length and intermediates of CPY*GAr215 in thisised gel slices verified
by 2-D western analysis (Fig. 25), indicates an interaction degtwSec61p complex and
ERAD processing of CPY*GAr215. As a model, one might propose that, WRA¥HGEAr215

is targeted for retrotranslocation, the proteasome and the tri@ecit8 ™ NP4P complex can
not grasp the slippery Gly-Ala sequence and therefore the undigegtrmediate of
CPY*GAr215 slides back to channel. The channel is therefore interacting withpeciles of
CPY*GAr215.
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% |: _ | W303AC (Aprc) Figure 25. Both, full length and
m ! | HCPY*-GAr215HA, intermediates of CPY*GAr215HA;
are associated with 430kDa Sec61
protein complexes. BN-PAGE was
performed as in Figure 13. W38G
Endo H %, (Aprcl) cells containing pzK129

- =< Glycosy, CPY*-GAr215HA; expressing CPY*GAr215HA were
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T LGWBO%]SQ:;%?%ES,Q%5HA1_ 2.2.4.10.3.3. Then the materials were
IB: ci-HA subjected to 9% SDS-PAGE.
Immunoblotting was done  with
antibodies against CPY, HA and
Sec61p.
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To further investigate the processing of CPY*GAr215, a cyclohexinudeay
experiment was performed and both BN and SDS-PAGE followed byeYdestalysis were
applied to analyse protein turnover and possible conformational or corapakithanges of
the various complexes. Interestingly, three CPY*GAr215 containingiprecbmplexes were
visible: Der3p-CPY*GAr215 protein complex at around 700 kDa (Fig. 26A larg@sand
lanes 7-9), Sec61-CPY*GAr215 protein complex at around 430 kDa (Fig.&2&4 -3 and
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lanes 4-6) and CPY*GAr215 containing protein complex at 140 kDa. Sec6Xw ifoahd at
140 kDa at zero time point (Fig. 26 lane 4). CPY*GAr215 has a molecular mass of 89 kDa.

A
Aprcl
CPY*GAr215
CHX chase{min) 0 45 890 C 45 80 ¢ 45 90
B ' " Der3p/Hrd3p/CPY*GAI215
< <
? complex |
g67k0 ) <Dar3p/CPY*GAr215
' complex ||

443kD — . : , CPY*GAr215/5ec61p
) complex {430k ?
o .
8 234kD —
= e L
G ok

140kD — .- B CPY*GAI215/5ech1p?

&ekD
1 2 3 4 5 i} 7 ] g
ti—CPY {1—5eco] o—Der3
B Aprel
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Figure 26. CPY*GAr215 is associated with a 430kDarptein complex containing Sec61pThe asterisk

(*) denotes the bottom of the wells of the BN-PAGE303AC (Aprcl) cells expressing CPY*GAr215
from pzK102 were applied for cycloheximide decaypenments. Microsomal membranes from these
transformants at each time point were collected andlysed by 4-12% BN-PAGE. The subsequent
Western analysis was performed with antibodiesregdder3p, CPY and Sec61p (A). In the meanwhile,
2.50D cells from each time points were lysed andlymed by SDS-PAGE. The Western analysis was
performed with antibodies against CPY and Sec6¢pldeat each time point were determined as loading
controls (B).

This 140 kDa protein complex may suggest the co-existence of a sBey6lp and
CPY*GAr215. Consistent with SDS-PAGE and Western analysis ¢@88), the immune
signal of CPY*GAr215 in the 140 kDa protein complex disappeared aftem9@vhile that
of 430 kDa protein complex remained stable after 90min (Fig. 26A [k3eand lanes 4-6).
This data leads to the following model: during cycloheximide chaségins are targeted to

the retrotranslocation machinery from the ER lumen. The Glysatpience slows down the
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turnover of CPY*GAr215 and leads to a processed 78 kDa intermediatsed by the
proteasome. It is possible that full length CPY*GAr215 and the degoadatermediate are
“sticking” in the retrotranslocation channel and waiting for furfirercessing. Due to this, the
ERAD pathway might be kinetically disturbed when CPY*GAr215 is gmesn the cells,
leading to longer interaction of the substrate with the retrotranslocation thEmseroposal
is supported by the growth defect visibleSac61-2cells expressing the CPY*GAr215 (see
section 3.1.3, Fig. 11). Sec61p available for growth-promoting protein ingpdininished
when a certain amount of Sec61p is engaged with the malfolded CPY*GAr215 for export.

3.2.2.3 Cdc48p is actively involved in the retrotranslocation process

The AAA-ATPase Cdc48 protein complex has been widely studiet fil@ation
experiments show that ER membrane associated p97 (yeast orthGdgd@p) forms two
complexes of around 670 kDa, named p97/p47 antPB¥#* (Meyer et al., 2000; Bruderer
et al., 2004). It was shown that p97/p47 (Cdc48/Shpl in yeast) is involveR-@oki
membrane fusions (Meyer et al., 2002) and the action of Chuyste complex is essential
for dislocation of ERAD-target proteins (Bays et al., 2001a; Ya.e2001; Braun et al., 2001,
Jarosch et al., 2002; Rabinovich et al., 2002; Gnann et al., 2004; Medichalla 2604,
Richly et al., 2005). CdcA8*“"Pcomplex is able to recognize polyubiquitinated substrates
emerging from the retrotranslocon and potentially acts as a twopudl them out of the ER
membrane or mobilize them from the ER membrane and subsequensfgtrthem to 26S
proteasome for degradation. At the time of these experintemgsinot clear how this protein
complex is recruited to the ER membrane and works independent of theveputa
retrotranslocon. In order to address this question, | applied BN-P#&Gdetect whether
Cdc48p is part of protein complexes located in the ER membrandsofAgrcl) expressing
CPY*GAr215. Five Cdc48p containing protein complexes can be observed (Fig. 27A, marked
with arrows). Except for the 100 kDa Cdc48p monomer, no significamreifte was visible
when these complexes were identified with 5mM ATP added to guararftenctional AAA
ATPase Cdc48p complex (Fig. 27A). The two 670 kDa signals nmditate Cdc48p/Sphlp
and Cdca8'“Y" protein complexes, respectively. By performing the same empatiin
prel-1cells expressing CPY*GAr215 or an empty plasmid, the Cdc48p proteipl@orh
was found to be associated with the Der3/Hrd3 protein complex | (kF@Pindependently
of CPY*GAr215 (Fig. 27B lanes 1,3 vs. lanes 2,4). Cdc48 protein complexs fowad to be
associated with the 430 kDa Sec61 protein complex only in cells sxgyeSPY*GAr215
(Fig. 27B lanes 3,5 vs. lanes 4,6). This data might suggest the formation of Cdc48p/Der3p and
Cdc48p/Sec61p protein complexes in the cells. It needs to be emphasizétetmolecular
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masses seen in BN-PAGE cannot give any information on complex ciimpaddowever, as
the Sec61p banding pattern (430 kDa and 480 kDa) never changes une@spenmental
condition, it could still be argued if Cdc48p and CPY*GAr215 just show upsoacally at
the same position of Sec61p.

A Aprecd B pret-f
CPY*GQAr215 VACTor -+ e o s
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’ LW
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Figure 27. Different Cdc48p containing protein comgexes can be identified by BN-PAGEA midi
4-12% BN-PAGE was applied. The asterisk (*) dendesbottom of the wells of the BN-PAGEive
Cdc48p associated membrane protein complexes wanelf A Cdc48/Der3 protein complex (>700kD)
and Cdc48 protein complexes around 670kD were famBN-PAGE. In addition, Cdc48 was found
to be associated with the 430kD Sec61 protein cexasl A, Microsomal membranes of WaU3
(Aprcl) cells expressing CPY*GAr215 from pZK102 were $dlized with or without addition 5mM
ATP in all buffers prior to BN-PAGE and later faninunoblotting with antibody against Cdc48p. B,
Microsomal membranes @irel-1 cells expressing CPY*GAr215 from pZK102 or contagempty
vector pRS316 were solubilized and subjected toFBGE. Immunoblotting was performed with
antibody against Der3p, Cdc48p and Sec61p, respdcti

3.3 Protein interactions of the ERAD machinery detamined by co-

immunoprecipitation

Blue Native analysis uncovered a variety of protein complexes inogaprotein
components involved in ERAD. Three kinds of protein complexes containiAdpEfRoteins
seem to be the most important: an > 700 kDa Der3p/Hrd3p complee lsésdon 3.2.2.1),
430 kDa Sec61p containing complexes (See section 3.2.2.2) and 670 kDa Cdc48pemple
(See section 3.2.2.3). These complexes could also be detected togdiltee ViR substrate
CPY* or CPY*GAr215, suggesting that they might be part of a retnstocation channel.
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However, due to limitation of BN analysis, information on componenth®fcomplexes
cannot be completely obtained solely by this method. Moreover, because BN-PAGIEE |
in terms of true molecular masses of the membrane protein eraspl changes in
composition within the various complexes are hard to visualize. To dhtéwer insight into
the mutual dependence of the observed protein complexes and associ&ied,dristerefore
undertook co-immunoprecipitation experiments. 6-Aminocaproic acid is d amganic
compound used in Blue Native electrophoresis and the effect of 750-amMn@caproic acid
in protein solubilization experiments is comparable to that of 500 nakal \Schagger and
von Jagow, 1991). To preserve the weak interactions of the retrotraimsiaganplex, | used
6-aminocaproic acid in IP buffer for facilitating the solubiliaatof membrane proteins. 1%

digitonin solubilized microsomal membranes were used as input.

Aprcl AprclAhed3, NPLA: 1 3mye
(pRS318) ({CPY*GAI215)
(pRS314) {HA;Hrd3p)

O )
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IB:ce-Cdcds | (@i fi—r1 - | = Cdcasp

IB: 0-5ec61 = Sechlp
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Figure 28. Interaction between Sec61p and Hrd3p, GalgNP“P js specific upon the expression
of CPY*GAr215. Co-immunoprecipitation experiments were performethwndicated antibodies as
described in section 2.2.4.11. CPY*GAr215 was esged under th€DH3 promoter from pXL3164.
The cells were collected when the g§of the cells reaches around 1.0. 5% Precipitata®e &nalysed

by immunoblotting with the antibodies against Sgréthd Cdc48p.

Sec61p seems to be a sticky protein that easily binds unspécificenany antibodies
(Hitt unpublished results and personal communication). To test whethemntthedies used in
this study unspecifically bind to Sec61p, a preliminary experimastperformed. As shown
in Fig. 28, the solubilized microsomal membranesApfcl cells, containing two empty
vectors (pRS314 and pRS316), were analysed by IP with the indicateodiedi followed by
immunoblotting with antibody against Sec61p. In paragrc1Ahrd3 cells containing an
endogenous Npl4-Myg fusion and expressing HArd3p from pXL3140 and CPY*GAr215
from pZK102 were used as positive control. Equal precipitation eifigien both yeast
strains was controlled by immunoblotting with antibodies against Cdé4gp28). As can be

seen, no unspecific binding of Sec6l1p to affinity purified antibodies agadwst8p, Myc,
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HA was found (Fig. 28 lanes 1, 2, 3 vs. lanes 6, 7, 8). But an unspendiadpiof Sec61p to

polyclonal antibody against CPY (Fig. 28 lane 4 vs. lane 9) exists.

3.3.1 Interaction between Der3p/Hrd3p complex and Cdc48p complex

Der3p/Hrd1lp and Hrd3p are the first ER anchored complex known towxqgttitin

ligase activity. Its activity is required for retrotranslocatof CPY* and a variety of other

malfolded proteins. BN analysis identified a Der3p/Hrd3p/substraiteipr complex and

other larger Cdc48p/Der3p protein complexes (Fig. 27B).

To investitiee mutual

dependence of the interactions between Der3p, Hrd3p and Cdc48p, | andiydddprcl

cells expressing HAdrd3p plus CPY* andAhrd3Aprcl cells expressing HAdrd3p plus

vector pRS316 by co-immunoprecipitation (co-IP) with
Immunoblotting with specific antibodies showed that ;H#&d3p,

coprecipitated with Cdc48p (Fig. 29A, lane 1).

the indicated anébodi

Der3p and CPY* were
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Figure 29. Cdc48p binds to the Der3p/Hrd3p proteircomplex Co-IP experiments were performed

with indicated antibodies as described in secticdh4211. A, solubilized membrane proteins (Input)
and precipitated proteins fronprclAhrd3 cells (+) expressing HAHrd3p from pXL3140 and CPY*
from pHIT341 orAprclAhrd3 cells (=) containing pXL3140 and an empty vectorSBR6 were

analysed with a 5-15% SDS-PAGE and immunoblotteth whe indicate

d antibodies. B, Co-IP

experiments of Cdc48p was performed from yeasinstrd/303-1C,Aprcl and Ader3. Analysis of

input and precipitate was done by immunoblottinthidA antibody.
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Der3p and HA-Hrd3p could be co-precipitated with Cdc48p independently of the presence of
CPY* (Fig. 29A, lane 2). Albeit weakly, Cdc48p was in turn co-predspitavith HAs-Hrd3p
independent of the CPY* substrate (Fig. 29A, lanes 3,4), indicating that Cdc48p mipke be a
to interact with Hrd3p. In accordance with the data shown by Gagfi#), the interaction
between Hrd3p and Der3p could be easily detected (Fig. 29A, lanesn3agrekement with
the data from BN, this data suggests that Cdc48p may be recruttezl Der3p/Hrd3p protein
complex. Next, | investigated the possible interaction of CPY* wRhmembrane proteins. |
found that both Der3p and Hrd3p could be co-precipitated with CPY* (Fig. 284,3a It
was shown by Schuberth and Buchberger (2005) that a HA-tagged CPY¥* mregipitate
Cdc48p by using antibody against HA. However, | wasn'’t able to repedtiea results (Fig.
29A lane 5). One possible explanation for this discrepancy is thigtlgnal anti-CPY
antibody may not be able to precipitate Cdc48p. In line with BNl this data shows that
an interaction exists between the Der3p/Hrd3p ubiquitin ligase exnible substrate CPY*
and the Cdc48 protein complex in wild type ceAd3Aprcl strain expressing HAlrd3p).
Interestingly, compared with wild type cells W303-1C, Cdc48p couldpsécipitate a little
HA3Hrd3p in mutant cells deficient in E3 ligase Der3p (Fig. 29B).dreement with BN
analysis, this data confirms that Hrd3p might have other functioBRAD other than being

interacting partner of Der3p.
3.3.2 Sec6lp interacts with Hrd3p and Cdc48p upon expression of CPY* GAr215

BN analysis showed that the ERAD substrate CPY*GAr215 co-lesaimth Sec61p
and Cdc48p in single protein complexes around 430 kDa, suggesting that Seghbtlpem
part of a retrotranslocon channel (Fig. 24, 25, 26, 27). However, thesengroteild also
accidentally migrate at the same position. To examine if Secétpndeed participate in
ERAD, co-immunoprecipitation experiments were performed to detesgible interactions
between Sec61p and ERAD associated protein components upon expression of CPY*GAr215.
For this purpose, yeast straifigrc1Ahrd3 (expressing HAHrd3p plus CPY*GAr215, Fig 30
lanes 1-4, 9) andprclAder3Ahrd3 (expressing HAHrd3p plus CPY*GAr215, Fig. 30 lanes
5-8, 10) were analysed. Cdc48p could precipitate the Der3p/Hrd3p ubiquétse l@pmplex
and both full length and the intermediate of CPY*GAr215 in wild tgpls @prclAhrd3
strain expressing HArd3p) (Fig. 30 lane 1). Meanwhile, HArd3p could also efficiently
precipitate Cdc48p, Der3p and both forms of CPY*GAr215 in wild types ¢adprc1Ahrd3
strain expressing HArd3p) (Fig. 30 lane 3). Most interestingly, a small amount of Sec61p
was co-immunoprecipitated by Cdc48p and;HAI3p in wild type cells&prclAhrd3 strain
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expressing HAHrd3p) (Fig. 30, lanes 1,2,3). This data suggests the formation of a potentia
Cdc48p/Der3p/Hrd3p/substrate/Sec61p protein complex. Although Cdc48p could atecipit
efficiently both, full length and intermediates of CPY*GAr215, CPYitadies could not
precipitate Cdc48p, but the Der3p/Hrd3p protein complex and a low le@dadflp (Fig. 30
lane 2). Using HA antibodies, 3HA tagged CPY*GAr215 did not precgi@ilc48p either
(data not shown). The partially processed and retrotranslocatetiG&#¥X15 may not have

the capacity to co-precipitate Cdc48p.

AprclAhrd3 ;\prc FAhrd3Ager3
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Figure 30. Interaction between a Der3p/Hrd3p/Cdc48{CPY*GAr215 protein complex and Sec61p
Co-IP experiments were performed with indicatedbalies as described in section 2.2.4.11. Soldiiliz

membrane proteins (Input) and precipitated protdiosn cells AprclAhrd3 (lanes 1-4, 9) and cells
AprclAder3Ahrd3 (lanes 5-8, 10) expressing BArd3p from pXL3140 and CPY*GAr215 from pZK102
were analysed with 5-15% SDS-PAGE. Western blottvag performed with indicated antibodies.

It was recently demonstrated that the Cdc48/p97p ATPase congiéerrasubstrates
by binding directly to unmodified and presumably unfolded segmeraofypeptide chain.
For further binding, it required the poly-ubiquitin chains attached toubstrate (Ye, et al.,
2003). Hence, | investigated whether deletion of one of the components énBg/Hrd3p
ubiquitin ligase complex affects the interaction between Cdc48p anttGFp215. In
accordance with Ye’s data, the experiment showed that CPY*GAr24a% still co-
precipitated with Cdc48p in the absence of Der3p (Fig. 30 lane 5), altipsagessing of
CPY*GAr215 is prevented in this ERAD deficient strain (Fig. 8B). ldear, when Der3p is
missing, the interaction between kH#d3p and Cdc48p and the interaction between
HA3Hrd3p and Sec6lp were interrupted (Fig. 30 lanes 5 and 7, respectively)dathi
suggests that Der3p is necessary for the interaction of HrdBppassible retrotranslocation
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channel protein Sec61p. Compared with Fig. 29B, the loss of interactiwedmeCdc48p and
Hrd3p in Der3p deficient cells could be due to the special steictf Gly-Ala repeats within
CPY*GAr215. Moreover, in line with BN data, HArd3p could still interact with non-
processed ER lumenal CPY*GAr215 (Fig. 30 lanes 6,7). this data teslitaat Hrd3p might
act in the process of substrate recognition in the ER lumen independent of Der3p.

Altogether, this data suggests that three different membraneirpicomplexes may
exist in cells: Cdc48p/Sec61p/Der3p/Hrd3p/CPY*GAr215, Cdc48p/Sec6lp/CPY*GAr215
and Cdc48p/Hrd3p/CPY*GAr215, which might indicate different stages of th
retrotranslocation process. Cdc48p could mediate the association bstistrates and the
ubiquitin ligase complex via directly or indirectly interactwgh one of them. In support of
the BN results and the physiological growth test, co-IP expatsnghow weak interaction
between Sec61p and ERAD proteins such as Hrd3p and Cdc48p and sulbsYra@a 215,
suggesting that Sec61p might be an ER retrograde transport channel protein.

Figure 31. Sec61p was identified to interact
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i - I * -

. P dfcj df&d" @ prel-1 cells expressing CPY*GAr215.Co
[ 23 4 5 6 immunoprecipitation experiments of Cdc48p,

IB: o-Cdlc48 = - < Cde48p Npl4p-Mycis, HAz-Hrd3p and CPY*GAr215
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Hhtsineg: * @@ |- Nplmyg:p CPY (Aprcl) and expressing endogenous Npl4-
13Myc, into which pXL3164 expressing
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IB: -CPY l = __. < CPy*GArz1s PXL3140  expressing  H#drd3p  were
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IB: o-Der3 Ylea - +@g:  |< Derdp analysed with 5-15% SDS-PAGE and the

proteins were immunoblotted with the

4%
; -
Ve e 31< ST indicated antibodies. * designates cross

reaction of immune signal. ** designates IgG.

To investigate possible compositional changes of the observed protgieges) co-
immunoprecipitation experiments were performed in proteasome nogiés{\prcl, prel-J
expressing an endogenous Cdc48 complex partner protein 13myc tagged &pidiphted
that, due to an overload of CPY*GAr215 in proteasome mutant cells, ragessof the
retrotranslocation process may be visible and active retrotratisiogrotein complexes may

be enriched. However, no differences in the interacting partofe@dc48p were observed
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(Fig. 30 lane 1 vs. Fig. 31 lane 2). The same interacting partn€dcdBp and Npl4p-Mycl13
were confirmed when both affinity purified polyclonal antibody agai@skc48p and
monoclonal antibody against Myc were used for immunoprecipitation JEitanes 2 and 3).
Additionally as shown in Fig. 31, prel-1cells, as well as in proteasome wild type cells (Fig.
30), the interaction between Cdc48p, Npldp-Mycl3,;HA3p, Der3p, CPY*GAr215 and
Sec61p might suggest that these proteins are able to constftutetianal protein complex
for the retrotranslocation of substrates out of the ER. As found ADERutantAder3cells,
the interaction between HArd3p and the Cdcil’g“"\'p"‘pcomplex was interrupted iprel-1
mutant cells, since neither Cdc48p and Npl4p-Myc13 could be co-petepivith HAHrd3
(Fig. 30 lane 7 & Fig. 31 lane 4) and less HAd3p could be co-precipitated by either
Cdc48p or Npl4-Myc13. Very little H&rd3p was precipitated by Cdc48p or Npl4p-Mycl13
in prel-1mutant cells (Fig. 31 lanes 2, 3) as compared to in wild type @alf. 30 lane 5),
possibly indicating that Hrd3p could be one of the important regulatonyponents for
recruiting a functional retrotranslocation protein complex. Notilgean prel-1 mutant cells,
Sec6lp was still able to be co-precipitated with both, Cdc48p and other KBBWD
membrane associated proteins as Hrd3p and ERAD target sulid®ét&Ar215 (Fig. 31
lanes 4, 5), indicating that, there might be also differencescanstitution of a
retrotranslocation complex between proteasomal mutants cells aadtsnaells deleted in
Der3p.

81



Discussion

4. Discussion

Cells prevent aggregation of malfolded proteins in the ER by aiaing a strict
quality control system. When this process fails in helping protagtgiire their native
conformations, these malfolded proteins undergo a process calleslsB&ated elgradation
(ERAD). Malfolded proteins are retained in the ER, retrotraastmtacross the endoplasmic
reticulum membrane back into the cytosol, where they are ubiquitinaateéinally degraded
by the proteasome (Hiller et al., 1996). During or immediatelpviohg retrotranslocation
malfolded proteins are ubiquitinated via an ER-membrane resident uftigrotein ligase
(E3) complex composed of Der3p/Hrd1lp (E3) and Hrd3p (Bordallo et al., D@2 et al.,
2000; Gardner et al., 2001). In some cases a second E3 ligase, Doal&jesdjgavanson et
al., 2001, Huyer et al., 2004). Liberation of the ubiquitinated proteins fine ER membrane
is achieved by the trimeric Cdc48PNPP complex (Jarosch et al., 2002; Ye et al., 2001; Ye
et al.,, 2003). Finally they are handed over to the proteasome vidBAeUBL domain
containing proteins Dsk2p and Rad23p (Medicherla et al., 2004). The idemdy
composition of the retrotranslocation channel allowing malfolded ipsote® cross the ER
membrane is under intensive debate. The multi-membrane spanning pieips Der3p
and Doal0p, are considered candidates for the formation of a retimtedios) channel due
to their pore-forming capacity. Because these membrane praensubstrate-specific
(Hampton et al., 1996; Bordallo et al., 1998; Plemper et al., 1998,1999b; Swaatof@01,;
Huyer et al., 2004), some believe that different ERAD substraitgist ine retrotranslocated
through different channels. However, as both Der3p and DoalOp are two E3inligpses,
they seem more likely to be modulators of a retrotranslocation dhasmeill now, most
experimental evidence obtained from the study of various ERAD atdsstsuggested that
protein export from the ER is mediated by a channel containing Set&dpecentral
component of the ER-protein import channel (Wiertz et al., 1996b; Pilah, €it997, 1998;
Plemper et al., 1997; Schmitz et al., 2000, 2004; Imai et al., 2005). FondRt of proteins,
the trimeric Sec61p complex has first to interact with eameéric Sec62p/Sec63p protein
complex to form an active import channel (Pilon et al., 1997). &stygenetic data indicate
an interaction between Sec61p and the ERAD components Hrd3p and Der3pefRiemal.,
1999a). This leads to the assumption that the export channel might ke forma similar
manner by the interaction of a free trimeric Sec61p compléx membrane proteins known
to be part of the ERAD machinery (Rdémisch, 1999). Although bidirectioatict (import

and export) using the same channel forming entity may seem ewahdor the cell's
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standpoint, there is no experimental proof indicating that Sec61p is also involveexptre
process. To gain further insight into ERAD-related processes, ltigat=s] whether Sec61p
participates in retrotranslocation from the ER using a biochemical approach.

To identify the ERAD retrotranslocation complex, Blue Native tedghoresis was
introduced in our research field, which allows a rapid assessrhéme gtate of membrane
protein complexes under various conditions. Blue Native electrophofresss been
successfully used for analysis of mitochondrial protein complerestlaeir composition
(Schéagger and von Jagow, 1991). It was also successfully employiedl&tion of the yeast
OST complex located in ER membrane (Knauer and Lehle, 1999). Doueedence of ten
hydrophobic transmembrane domains, Sec61p is the most difficult meny@am to be
solubilized from the ER. Hence, Sec61p is a reliable indicateplabilization efficiency of
microsomal membranes. Following by optimised experimental conditiSes6lp was
observed in five distinct protein complexes of 140 kDa, 210 kDa, 230 kDa, 430 kZ&@&nd
kDa. Fraering and his colleagues also observed the same 430 kDa ak®ad&ec61p
protein complex in 2001. The 210 kDa and 230 kDa Sec61p complex specids as v®
kDa complex are three additional complexes found in my study. Thesksrindicated that
the modified protocol functions as expected.

By Blue Native analysis, a stable ER resident E3 ligaseptex was found at > 700
kDa containing both Der3p and Hrd3p. Two E2 conjugating enzymes Ubclp and @bd7p,
another ER membrane resident E3 enzyme DoalOp do not participaitepnotein complex.
Different ERAD substrates, such as soluble CPY*, CG* and the tembnane CTG* were
found to be associated with this protein complex. However, there wakiftan molecular
mass of the Der3p/Hrd3p/Substrate complex compared to the Der3p/ittnaiex observed
in cells that do not express ERAD substrates. A possible exglarnatihat BN analysis is
limited in showing the correct molecular mass of membrane protenplexes. Instead, the
position at which such complexes migrate might mainly depend onoteiall shape. In line
with the genetic observations that Der3p is degraded quicldiid3 cells, the Der3p/Hrd3p
complex dissociates completely on BN-PAGE when the interaptaniger Hrd3p is missing
and another Der3p containing protein complex Il appears at 670 kDaldltioa, the
formation of the > 700 kDa Der3p/Hrd3p complex | is independent of theg&Selfunction
of Der3p because a RING-H2 C399S mutation within Der3p, which in&edithe enzyme,
does not disturb the formation of the Der3p/Hrd3p complex. This data subgesird3p
might stabilize Der3p through interaction with the transmembraneaidorof Der3p.

Interestingly, in agreement with genetic data that E3 enaatieity is necessary for self-
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ubiquitination of Der3p (Deak et al., 2001), all Der3C399Sp is found in Der3picmmy
protein complex Il after Der3p/Hrd3p dissociatesAhird3 cells. In cells, Hrd3p and Der3p
are expressed at similar levels (Gardner et al., 2000), indicatstoichiometric relationship
between Der3p and Hrd3p. However, the finding by Plemper et al. (1999D#1d8p
overexpression suppresses the destabilizing effeshiaf3 suggested that Hrd3p might have
additional roles in ERAD. BN analysis found two Hrd3p containing pratemplexes: One
is associated with Der3p and migrates at >700 kDa, the otheatesgat 140 kDa. The
existence of two different Hrd3p containing protein complexes mepresent two different
functions of Hrd3p. Provided that the small Hrd3p complex at 140 kDaseixiscells,
deletion of DER3 would lead to destruction of Der3p/Hrd3p protein complex | (>700 kDa)
with a parallel increase in the 140 kDa complex. In support of teigng#tion, BN analysis
found higher amounts of 140 kDa Hrd3p complexAder3 cells. Co-immunoprecipitation
experiments suggest that the partner Hrd3p in the 140 kDa complexentdye ERAD
lumenal substrate CPY*. Since most of the Hrd3p sequence rasithesER lumen (Plemper
et al., 1999; Saito et al., 1999), one could speculate that the lumenah ddriid3p senses
the requirement for the ubiquitin ligase Der3p following interactiah Wwumenal substrates
and signals through the Der3p transmembrane domain to activate Digeg® function
(Gardner et a., 2000). In this study, | demonstrate that Der3p ai8p Hixist as a protein
complex located in the ER membrane and might be a central ptre aétrotranslocation
complex. However, no Sec61p was found to be associated with this EB paotelex. It is
very likely that the active retrotranslocation complex is wBnyamic and dissociates quickly.
Convincing proof for Sec6lp’s participation in retrotranslocation may a@oime from
experiments performed under conditions in which malfolded proteins jdmthe
retrotranslocation channel or the kinetics of retrotranslocation were sanlfi reduced.

We reasoned that an ERAD substrate containing a strongly folded domathbe
used to block the retrotranslocation channel protein as shown for blockieghproport into
mitochondria (Eilers and Schatz, 1986). Thus, in the beginning of thig, stlok of attention
was given to the construction of CPY* fusion proteins containing coiypatded (DHFR,
BPTI or Rhodanese) or heavily glycosylated domains (Suc2p). ipated that a compactly
folded or heavily glycosylated domain fused to CPY* may jam ttretranslocation channel,
hence allowing the identification of the channel components. Howeverddaidailed as the
fusion proteins CPY*-DHFR, CPY*-BPTI, CPY*-Rhodanese and CPY*-Suc2p were
efficiently degraded in wild type cells. Consistent with mytss Fiebiger and Tirosh (2002)
found that the presence of fully folded domains does not impair ERdégignra both EGFP-
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tagged and DHFR-tagged Class | MHC HCs substrates were teslomat of the ER while
EGFP and DHFR retained their folded state (Fiebiger et al., 20@%h et al., 2002, 2003).
More recently, removal of N-linked glycans from ERAD substratas found to occur after
extraction but prior to proteasomal destruction (Blom et al., 20@diy&t et al., 2004),
suggesting that heavily glycosylated proteins can leave the ER.

A 238 amino acid long GlyAla repeat in the EBNA1 protein blocks protealsom
degradation and helps EBNA virus escape immune detection (LeighSwgakn, 2000;
Levitskaya et al., 1995,1997; Heessen et al., 2003). GlyAla repeatsiuo#d into the
proteasomal substrate ornithine decarboxylase (ODC) inhibit fufadagon of the enzyme
and give rise to a degradation intermediate of ODC (Zhang arfth@€dt004). It seems that
GlyAla repeats act as stop transfer signals for substratessing by the proteasome and
generate proteolytic fragments that end at the site of Gly#dartion. Zhang and Coffino
(2004) suggested that “slippery” GlyAla repeats couldn’t be grabbed by thesmmoieadue to
an “idling” of the 19S cap. It is, then, plausible that an ERAD satesttontaining GlyAla
repeats may, similarly, be stalled at the ATPases of tled&p complex or of the 19S cap of
the proteasome. This “idling” may increase the length of time tthe substrate remains
associated with the retrotranslocon and offer the possibility toatésolthe ER
retrotranslocation complex. A 215 amino acid long GlyAla sequence masjously,
introduced to CPY* at position 433, followed by a 3HA-tag (unpublished s3sult
CPY*GAr215HAg is synthesized as a 100 kDa protein. In wild type cells, thigiprat not
completely degraded, but processed to a 78 kDa intermediate lattien@-terminus.
Processing of CPY*GAr215HAdepends on the ubiquitin conjugating enzymes Ubclp and
Ubc7p, the E3 ligase Der3/Hrdlp and the proteasome (C. Alberola (2008m2nbleit,
Universitat Stuttgart; T. Bohnacker (2004), Diplomarbeit, Univar$Stuttgart). | determined
that both full length CPY*GAr215HAand the processed intermediate are N-glycosylated,
indicating that both species have entered the ER. CPY*GAr21sdatains the CPY signal
sequence and undergoes post-translational translocation into the Hbitacedethe CPY
signal sequence of CPY*GAr215HAvith the signal sequence derived from invertase (Suc2p)
which is co-translationally translocated. Both species of co-tramsédiy translocated protein
are also glycosylated, indicating that GlyAla repeat insédelde CPY* does not interfere its
translocation into the ER. Interestingly, not only full size CPY*GAr215k$Aocalized to the
ER, but also the 78 kDa intermediate is found inside this organéikefiliding suggests that
the Cdc48 complex is unable to dislocate the 78 kDa CPY*GAr intkateefrom the ER
membrane. Consecutively, the incompletely processed intermetiateslip back into the
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retrotranslocation channel. At the same time, the channel méggbh@aged with full length
CPY*GAr215HAs; as well. If the import channel protein Sec61p is also involved iniprote
export, this prolonged interaction of CPY*GAr215ki@ull length and 78 kDa intermediate)
with a Sec6lp containing retrotranslocon may, under certain conditiats,tde growth
defects due to sub-optimal levels of ER-import channels. To aditiesssue, | did a growth
test using temperature sensitsec61-2cells. Thesec61-2allele is lethal to cells above 38°C
because it leads to the degradation of Sec61-2p (Plemper et al., Up®9).constitutive
expression of CPY*GAr215 in sec61-2strain, a slight but reproducible growth reduction
was observed even at 35°C. This physiological data is in agre&ntirihe idea that Sec61p
is sequestered in retrograde transport channels. The hypothesigrabnged engagement
with substrate is supported by the finding that, in wild typescegliycosylated forms of both
full length and intermediate of CPY*GAr215 migrate at 430 kDa orHBGE. This 430
kDa complex contains Cdc48p and Sec6lp. However, a Cdc48p, and CPY* containing
complex does not appear when microsomal membranes of cells traedfaith CPY* are
analysed. Interestingly, | found that, upon cycloheximide chase an&y&s¥GAr215 at 430
kDa remains stable over the duration of the chase while thel sigri2l0 kDa decreases
quickly. This is in agreement with the idea that CPY*GAr215 block réteotranslocon.
However, Sec6lp generally migrates at 430 kDa when analysd8iNbelectrophoresis.
Hence, | wanted to know whether these proteins run accidentdlhe egame position. To
address this question, | carried out co-immunoprecipitation experimentsletermine
interactions among the AAA-ATPase Cdt#8"P“P complex, the E3 ligase complex
Der3p/Hrd3p, the ERAD substrate CPY*GAr215 and Sec61lp. Cytosolic Cdad@pts
partner Npl4p precipitated full-length and intermediate CPY*GAr2153pdiAsHrd3p and
Sec6lp. Similarly, HAHrd3p also precipitated full-length CPY*GAr215 and its 78 kDa
intermediate, Der3p, Cdc48p and albeit weakly, Sec6lp. The samengretere co-
precipitated when CPY antibodies were used. My study shows tlmhplex consisting of
Sec61p, Der3p/Hrd3p, CdcA8NPP and substrate can be isolated both by BN-PAGE and
co-immunoprecipitation. At this point, the stoichiometry of the rearsiocation complex is
completely unknown. Besides the components | have identified, the nestotration
complex may contain components of the ubiquitination machinery, such as Cuelp and Ubc7p.
During preparation of my thesis, two groups reported that Ubx2p, arrahteg
membrane protein containing both a UBA and a UBX domain, mediates biofddc48 to
the ubiquitin ligases Der3p and DoalOp, and to ERAD substrates (SchuizeBhchberger,
2005; Neuber et al., 2005). In addition, they found that Ubx2p and Cdc48p intéttact
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Derlp and Dfmlp, yeast homologues of the putative dislocation pore proteimDEHitt
and Wolf, 2004, Lilley and Ploegh, 2004; Ye, et al., 2004). Therefore, Ubx2plstaglay a
role in the assembly of the functional retrotranslocon. In my st@dlg48p precipitated
Hrd3p independent of Der3p and substrate. In cells delete@X®?, Cdc48p interacted with
Hrd3p to a certain degree, even though the interaction between Cdc4&e@mis lost
(Neuber et al., 2005). These observations suggest that Cdc48p and Hrdagt inéfore
Ubx2p recruits Cdc48p to the E3 complex. Additionally, | have determinad Hrd3p
interacts with CPY*GAr215 imder3 cells. Hrd3p is a transmembrane protein with only 43
amino acids in the cytosol and 767 amino acids resides in the ER IHierece, Hrd3p might
sense, via its large lumenal domain, the ER stress causedfbidathproteins and signal to

Cdc48p indirectly at an earlier stage of retrotranslocation.

2@5 Proteasome

Cytosol

ER Lumen

Figure 32. Retrotranslocation model proposed for ERD It shows here a possible model of the

retrotranslocation process of model substratediRe*,

Generally, ERAD can be broken down into four parts: quality control afohded
proteins in the ER lumen and recognition of misfolding; delivery to réteotranslocon;
retrotranslocation across the ER membrane; extraction and degnada the ubiquitin—
proteasome system. This study focused on the identification oéttleéranslocation complex
involved in ERAD. Using a substrate capable of blocking retrotraatsto; namely
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CPY*GAr215. | performed a combination of anvivo growth test andh vitro biochemical
analyses (Blue Native electrophoresis and co-immunoprecipitatiaote that Sec61p may
participate in retrotranslocation, as indicated earlier bytgearalysis (Plemper et al., 1999).
This finding will have to be further substantiated by additional experimeris ifuture.

In light of my findings and published reports, | propose a model for the
retrotranslocation of malfolded proteins from the ER (Fig. 32). 1. ERAxtrates associate
with Hrd3p, which senses ER stress. 2. The cytosolic AAA-ATPaed &4/NP4P complex
is recruited to the ER membrane indirectly by Hrd3p via an unknowfaator. 3. Ubx2p
mediates the association of the Cdc48p complex with a pre-exiirdp/Hrd3p complex. 4.
Sec6lp joins the CdcH8YNP¥P.Upx2p-Der3p/Hrd3p complex to form a mature
retrotranslocation channel. At the same time, components of the ubsystem and the 26S

proteasome are, also, recruited to the ER membrane.
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