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Abstract The endoplasmic reticulum (ER) is equipped with a quality control function
that retains misfolded and unassembled proteins and allows only structurally mature
polypeptides to be transported to their final destination. The retained proteins are even-
tually retro-translocated to the cytosol and destroyed by a process called endoplasmic
reticulum-associated degradation (ERAD). Besides being involved in the degradation of
aberrant polypeptides, the ERAD pathway is also used to regulate cellular functions and
is exploited by some plant and bacterial toxins to reach the cytosol after internaliza-
tion by target cells. After summarizing the general characteristics of the ERAD pathway,
we describe the features of known plant ERAD substrates and of the plant degradative
machinery, highlighting the role of protein disposal in the response to ER stress.

1
Introduction

Protein folding is an error-prone process, and while certain polypeptides can
fold quite efficiently, a relevant fraction of other proteins fails to reach a na-
tive conformation even under normal conditions. These misfolded polypep-
tides may be endowed with new and deleterious activities, act as dominant
negative mutants, or may more generally get involved in spurious interac-
tions that interfere with normal cellular functions. As such, they must be
rapidly eliminated. Indeed, when the overall efficiency of protein biogene-
sis in a mammalian cell population was measured, it was found that up to
two-thirds of newly synthesized polypeptides were rapidly destroyed (Schu-
bert et al. 2000). In addition, cellular proteins are subjected to post-synthetic
damage due to the action of reactive small molecules, proteases, and to
changes in primary sequence (protein ageing). These post-synthetic changes,
as well as exposure to high temperatures, can lead to a degree of protein
unfolding that can be deleterious to the cell. It is therefore clear that cells
must have a way to deal with this continually generated mass of aberrant
and potentially damaging protein. The way the endoplasmic reticulum (ER)
copes with the problem of disposing of misfolded proteins is the subject
of this chapter.
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2
Retention in the ER as a Prelude to Degradation

Many of the proteins that are inserted into the ER lumen or into the ER mem-
brane are not residents of this organelle and so must be transported to other
intracellular sites, or be secreted. About 20 years ago, it became apparent that
proteins entering the ER are subjected to a quality-control mechanism that al-
lows only correctly folded and (when applicable) assembled polypeptides to
be transported to their final destination (reviewed in Ellgaard and Helenius
2003). It was later realized that rather than being degraded within the lumen
of the ER, soluble and membrane bound secretory proteins that fail to fold are
destroyed after being dislocated to the cytosol, where they become substrates
of proteasomes. Thus, although the vacuole can also contribute to the disposal
of ER and secretory proteins (Hong et al. 1996; Tamura et al. 2004), retention
and proteasomal degradation appears to be a common mechanism that cells
use to avoid the potentially dangerous expression of aberrant polypeptides.
This disposal pathway is often referred to as ER-associated protein degrada-
tion (ERAD) and considerable progress has been made during the last decade
towards understanding its individual steps at the molecular level.

Different mechanisms can contribute to the retention of misfolded proteins
in the ER. One of them could be the absence of an exposed export signal.
According to current models, export of proteins from the ER can occur by
bulk-flow or can be mediated by receptors that recognize specific signals on
the exported proteins (see chapt. by Aniento et al., this volume). If these sig-
nals are not exposed on the surface of the molecule because of misfolding, the
protein will be retained in the folding compartment. The retention of unfolded
proteins in the ER can also be due to their association with molecular chaper-
ones, which in turn are maintained in the ER at steady state because they bear
signals for retrieval from downstream compartments or because they form an
insoluble matrix and are therefore excluded from budding vesicles.

A role for protein trafficking in the ERAD pathway is suggested by the
finding that a generalized block in the transport of proteins to the Golgi com-
plex can inhibit the degradation of certain substrates (reviewed in Ahner and
Brodsky 2004). In addition, it has been shown that certain misfolded proteins
can leave the ER in transport vesicles only to be returned prior to degradation
(Vashist et al. 2001; Yamamoto et al. 2001; Sato et al. 2004). However, since
a block in protein transport can also have a direct impact on ER structure and
homeostasis, it remains to be established whether certain proteins must recy-
cle from the Golgi to be degraded, or whether the observed effects are due to
a general perturbation of ER functions.

In certain cases, aggregation can contribute to the retention of unfolded
protein in the ER. Misfolded proteins are often aggregation prone, and their
inclusion in large complexes is likely to limit their diffusion through the
ER and their insertion into transport vesicles. While in some cases aggre-
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gate formation does not hamper the subsequent degradation of the misfolded
polypeptide (Molinari et al. 2002), in other cases the ER seems to be unable to
efficiently disrupt such complexes, leading to the prolonged accumulation of
the misfolded proteins (Sparvoli et al. 2001).

3
An Overview of the ERAD Pathway

In general, the ERAD process can be divided in at least four stages: (i) recog-
nition of the aberrant polypeptide, (ii) dislocation, (iii) release from the ER
surface, and iv) degradation. However, it is becoming clear that rather than
constituting a single defined pathway, ERAD can be considered as a collec-
tion of different pathways that may involve different players depending on the
characteristics of the protein substrate in question.

Different mechanisms can contribute to the recognition of misfolded pro-
teins in the ER. The same molecular chaperones that assist the folding of
newly synthesized polypeptides have been often implicated in the process
that prepares aberrant proteins for degradation. Indeed, chaperone interac-
tions, aside from their value in facilitating protein folding may be important
in maintaining proteins in soluble form and/or in targeting any terminally
misfolded proteins to the next step of the ERAD pathway (dislocation).

The plant homologue of the immunoglobulin heavy chain binding protein
(BiP) is a major ER chaperone of the Hsp70 protein family. Certain ERAD
substrates have been found to bind extensively to BiP in the ER, their degra-
dation being tightly associated with their release from the chaperone (Knittler
et al. 1995; Skowronek et al. 1998; Chillarón et al. 2000; Molinari et al. 2002).
Degradation of some, but not all, ERAD substrates has been found to be im-
paired in the presence of different BiP mutants (Plemper et al. 1997; Brodsky
et al. 1999; Nishikawa et al. 2001), and aggregation of some misfolded pro-
teins has been found to be exacerbated in yeast strains carrying mutated BiP
(Nishikawa et al. 2001; Kabani et al. 2003). So, although BiP may play differ-
ent roles in ERAD, one of them appears to be to maintain particular protein
substrates in a soluble, retrotranslocation-competent state.

Different ER oxidoreductases including yeast Eps1p (Wang and Chang
2003), ERp57 (Antoniou et al. 2002), and protein disulfide isomerase (PDI)
(Molinari et al. 2002; Tsai et al. 2001) have also been implicated in the dis-
posal of ERAD substrates. Although extensive unfolding may not be strictly
required for dislocation (Tirosh et al. 2002; Fiebiger et al. 2002), reduction of
disulfide bonds has been shown to precede dislocation of IgM heavy chains
(Fagioli et al. 2001) and ER oxidoreductases are obvious candidates as the
catalyzers of reducing reactions required to prepare disulphide-bonded sub-
strates for the membrane translocation step (Molinari et al. 2002). However,
it should be noted that yeast PDI has been implicated in the disposal of
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a cysteine-free polypeptide, indicating that substrate reduction is not the only
activity of PDI involved in quality control (Gillece et al. 1999). A physiologi-
cal redox state is important not only to allow substrate reduction, but also for
the general functioning of the ERAD machinery, since a cysteine-free protein
is stabilized in the ER by treatments that affect intracellular redox potential
or free thiol status (Tortorella et al. 1998). Finally, it is interesting to note that
the degradation of certain membrane proteins has been found to require the
action of cytosolic chaperones such as Hsp70 and Hsp104p, the latter being
a yeast protein belonging to the AAA-ATPase superfamily (Hill and Cooper
2000; Zhang et al. 2001; Taxis et al. 2003). The activity of cytosolic chaperones
appears to be specifically required for the disposal of large or tightly folded
cytosolic domains of certain membrane proteins (Taxis et al. 2003).

Although interaction with chaperones is clearly important to prepare
ERAD substrates for degradation, it is also becoming evident that other
factors contribute to divert unfolded proteins from the biosynthetic to the
degradative pathway. Within this context, the best characterized recogni-
tion mechanism within the ER is the one based on specific modifications of
N-linked glycan chains. Many of the proteins that are inserted into the ER are
modified by the addition of a core glycan of 14 saccharides (Fig. 1), which is
transferred from a lipid carrier to asparagine residues within the sequon Asn-
X-Ser/Thr, where X can be any amino acid but proline. The structure of the
glycan initially transferred to the protein is the same in virtually all eukary-
otes, and this high level of conservation likely reflects a conserved functional
role. The large polar structures of core glycans can have a direct effect on
protein stability and solubility, but also contribute to protein folding by me-
diating the interaction of nascent and newly synthesized glycoproteins with
two ER chaperones, calnexin and calreticulin (see chapt. by Vitale and De-
necke, this volume). While calnexin is a type I membrane protein, calreticulin
is a soluble protein. Briefly, these chaperones are related to the legume lectin
family and both of them interact with monoglucosylated oligosaccharides
produced by the action of ER glucosidase I and glucosidase II (Fig. 1). Most
importantly, monoglucosylated oligosaccharides are also produced by the ac-
tion of UDP-glucose:glycoprotein glucosyltransferase (GT), a folding sensor
that can selectively and iteratively add a glucose residue to misfolded (but
not to folded) proteins, giving them further opportunities to interact with
calnexin and calreticulin, and thus to complete structural maturation.

In several cases, it has been observed that inhibition of glucose trimming,
and hence of calnexin/calreticulin binding, accelerates the degradation of
misfolded proteins (de Virgilio et al. 1999; Wilson et al. 2000; Chung et al.
2000; Molinari et al. 2002; Mancini et al. 2003). Although this indicates that
entry into the calnexin/calreticulin cycle can protect certain substrates from
degradation, stabilizing ERAD substrates in their monoglucosylated form not
always resulted in a prolonged half-life. While degradation of certain sub-
strates was retarded (Molinari et al. 2002; Cabral et al. 2002; Oda et al. 2003),
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Fig. 1 Structure of the N-linked core oligosaccharide. A branched oligosaccharide com-
posed of 14 units is presynthesized and transferred en bloc to specific asparagine (Asn)
residues. The three branches are indicated with the letters A, B and C. The oligosac-
charide contains two N-acetylglucosamines (squares), nine mannoses (circles) and three
glucoses (diamonds). The site of action of glucosidase I and II are indicated. Yeast and
mammalian ER α1,2-mannosidase I preferentially removes the mannose residue present
at end of the B branch (empty circle)

the degradation of others was left unaffected (Chung et al. 2000; Fagioli and
Sitia 2001; Mancini et al. 2003) or even accelerated (Liu et al. 1999). These data
would suggest that in many cases glycoprotein degradation can occur both via
a pathway involving an interaction with calnexin/calreticulin and via a path-
way that does not involve these chaperones. In addition, it appears that some
substrates can escape the attention of lectin chaperones and proceed along
the ERAD pathway even when glucosidase action is blocked, while others are
more sensitive to treatments that favor the accumulation of monoglucosylated
glycans. These observations indicate that glucose trimming plays an import-
ant but complex role in the ERAD pathway.

The trimming of mannose residues is a further modification of gly-
can structure that has been implicated in the regulation of ERAD. The
ER of yeast and mammals contains a Class I α1,2-mannosidase that re-
moves a mannose from the B-branch of the oligosaccharide to yield the
Man8GlcNAc2 B isomer (Fig. 1). If this process is inhibited using kifunensine
or 1-deoxymannojirymicin, or the mannosidase gene is disrupted, degra-
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Fig. 2 Schematic model of the ERAD pathway. After being inserted in the ER through
the Sec61 channel, proteins fold with the assistance of molecular chaperones and folding
enzymes such as BiP and PDI. These folding assistants help maintaining unfolded pro-
teins in solution before they manage to fold or are delivered to the retro-translocation
channel. In the case of glycoproteins, folding can be assisted by the lectin chaperones
calnexin (CNX) and calreticulin. Although not depicted in the figure, folding substrates
can sequentially bind different chaperones. Binding to calnexin and calreticulin requires
trimming of glucose residues by glucosidase I (Glc I) and II (Glc II). Further trimming
by glucosidase II releases the substrate protein from calnexin. If the released protein
fails to fold, it can be reglucosylated by UDP-glucose:glycoprotein glucosyltransferase
(GT). Prolonged residence in the ER allows trimming of one or more mannose residues
by ER mannosidase I (Man I), and the mannose trimmed glycan mediates binding to
EDEM. Since calnexin and EDEM interact, it is possible that substrates are directly
transferred from CNX to EDEM. The Sec61 complex and a protein complex containing
Derlin-1 have been implicated in the retro-translocation step. Retrotranslocated proteins
are ubiquitinylated by the concerted action of ubiquitin-conjugating enzymes (E2) and
of ubiquitin-protein ligases (E3). The p97/Cdc48-Ufd1-Npl4 complex is recruited to the
ER membrane by the Derlin-1 complex and contributes to the dislocation of the ERAD
substrate, which is then escorted to the proteasome for destruction. During these late
stages of ERAD, glycoprotein substrates can be deglycosylated by the action of cytosolc
peptide:N-glycanase (PNGase)

dation of many glycoprotein substrates is impaired (Su et al. 1993; Knop
et al. 1996b; Liu et al. 1997; Jakob et al. 1998; de Virgilio et al. 1999; Chung
et al. 2000; Wilson et al. 2000; Fagioli and Sitia 2001). Conversely, overex-
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pression of ER mannosidase I enhanced the degradation of a glycoprotein
substrate (Hosokawa et al. 2003). Even in the case of a substrate that is
stabilized by an interaction with calnexin, mannosidase inhibition blocked
degradation when glucosidase action (and thus calnexin binding) was also
hampered (Wilson et al. 2000). This indicates that the stabilization afforded
by inhibition of mannose trimming was not due to enhanced binding to
calnexin. So, how do mannosidase inhibitors impede the degradation of gly-
coprotein substrates? In yeast, deletion of a gene encoding a non essential
protein known as homologous to mannosidase I (Htm1p/Mnl1p), selectively
causes a reduction in the rate of degradation of mutant glycoproteins, but
not of unglycosylated substrates (Jakob et al. 2001; Nakatsukasa et al. 2001).
The Htm1p/Mnl1p protein lacks two cysteine residues that are essential for
α-mannosidase activity, so it is not involved in the processing of N-linked
oligosaccharides. Rather, it is thought to act as a mannose-specific lectin, able
to recognize de-mannosylated oligosaccharides. Similarly, an ER degradation
enhancing α-mannosidase-like protein (EDEM) that lacks mannosidase ac-
tivity has been characterized in mammals and its overexpression shown to
accelerate degradation of a misfolded protein (Hosokawa et al. 2001). The
mammalian protein can complement the yeast orthologue, highlighting the
conservation of the quality control system in evolutionarily distant organ-
isms (Gnann et al. 2004). EDEM was found to interact with calnexin, and
some substrates appear to be transferred from calnexin to EDEM for degra-
dation (Oda et al. 2003; Molinari et al. 2003). A model has been therefore
proposed in which, after release from calnexin, misfolded proteins either re-
enter the calnexin cycle by the action of GT or are sequestered by EDEM for
degradation (Fig. 2). The specificity of the putative lectins remains to be de-
termined but, although Man8GlcNAc2 was initially thought to represent the
main signal for degradation, several lines of evidence indicate that further
trimming intermediates may be recognized by the quality control system (Er-
monval et al. 2001; Kitzmüller et al. 2003; Frenkel et al. 2003; Herscovics 2001;
Herscovics et al. 2002; Hosokawa et al. 2003). It should also be noted that de-
mannosylation per se is unlikely to constitute a signal for degradation since
for instance, most glycoproteins are trimmed to Man8GlcNAc2 in Saccha-
romyces cerevisiae, and mannose-trimmed glycans can be found in long-lived
residents of the ER (Matsuoka et al. 1994; Navazio et al. 2002). A cooperation
between mannose-binding lectins and ER chaperones may therefore be cru-
cial to confer to the recognition machinery the required specificity toward
misfolded glycoproteins. The recent identification of other lectin-like proteins
involved in ERAD highlights the complexity of the mechanisms used to target
proteins to degradation (Buschhorn et al. 2004; Olivari et al. 2005).

The transient nature of the dislocating polypeptide has so far hampered
a detailed characterization of the process by which ERAD substrates cross
the ER membrane. Biochemical and genetic evidence indicate that retro-
translocation may occur through the Sec61 complex, the same protein con-
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ducting channel that mediates import into the ER. Different ERAD substrates
have been found to interact with the Sec61 complex (Wiertz et al. 1996; de Vir-
gilio et al. 1998; Wesche et al. 1999), and the degradation of several substrates
is affected in different yeast sec61 mutants (Plemper et al. 1997; Pilon et al.
1997; Zhou and Schekman 1999; Simpson et al. 1999). However, recent data
indicate that the ER membrane contains another protein complex that may
play a role in dislocation (Lilley and Ploegh 2004; Ye et al. 2004). This com-
plex contains the membrane proteins Derlin-1 and VIMP (VCP-interacting
membrane protein, where VCP is another name for p97/Cdc48, see below),
Derlin-1 being the mammalian homologue of the yeast Der1p, a protein that
is required for the degradation of a subset of ERAD substrates in this organ-
ism (Knop et al. 1996a; Taxis et al. 2003).

In general, dislocation to the cytosol is accompanied by substrate ubi-
quitinylation, a modification that constitutes a crucial signal for proteaso-
mal degradation. Accordingly, different ubiquitin conjugating enzymes and
ubiquitin protein ligases have been shown to be required for the degrada-
tion of ERAD substrates (Biederer et al. 1996; Bays et al. 2001; Swanson et al.
2001; Fang et al. 2001; Yoshida et al. 2002; Yoshida et al. 2003b). When poly-
ubiquitination is impaired, many substrates are not dislocated indicating that
recognition of the ubiquitin moieties is a pre-requisite for the extraction
of misfolded proteins from the membrane (Biederer et al. 1997; Bordallo
et al. 1998; de Virgilio et al. 1998; Kikkert et al. 2001; Jarosch et al. 2002).
Although ubiquitin chains were initially thought to provide the ratchet for
extraction of the protein by proteasomes, accumulating evidence indicates
that they may also facilitate recognition by other cytosolic factors that are
able to complete the extraction of the dislocating protein. One identified
factor is the cytosolic complex containing the AAA-ATPase p97 (also called
valosin-containing protein, or Cdc48p in yeast) and its partners Ufd1 and
Npl4 (Ye et al. 2001). p97/Cdc48p forms homohexamers that are thought
to undergo ATP-dependent movements and can potentially work as an un-
foldase, disassembling protein complexes in a fashion that is reminiscent of
the disassembly of SNARE complexes by the AAA-ATPase NSF. An interaction
with the Derlin-1 complex is likely to place p97 in the right position to take
care of ERAD substrates soon after they appear on the cytosolic side of the ER
membrane, possibly facilitating their release from interacting proteins (Rabi-
novich et al. 2002; Ye et al. 2003; Ye et al. 2004) (Fig. 2). p97 can bind substrates
independent from ubiquitination, but acts synergistically with the cofactor
Ufd1 in the recognition of polyubiquitin chains (Ye et al. 2003). In addition,
its yeast homologue Cdc48p has been proposed to cooperate with a set of
ubiquitin-binding factors to escort dislocated substrates to the proteasome
for degradation (Medicherla et al. 2004; Richly et al. 2005).

As mentioned above, many of the proteins that are inserted into the
ER are modified by the addition of N-linked glycans. These glycan chains
not only play a role in the recognition within the ER but also contribute
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to the identification of the dislocating substrate by ubiquitin ligases able
to recognize high-mannose glycan chains (Yoshida et al. 2002, 2003b). Re-
moval of these glycoprotein substrates also involves the action of a cytosolic
peptide:N-glycanase (PNGase), a deglycosylating enzyme (reviewed in Suzuki
and Lennarz 2003). Both the yeast and the mammalian enzymes selectively
act on high-mannose glycans and not on complex-type oligosaccharides. In
addition, these enzymes act on unfolded glycoproteins but are unable to
remove N-linked chains from folded ones (Hirsch et al. 2003, 2004). This en-
zyme therefore has the requisite activities to act on unfolded polypeptides
dislocated from the ER. PNGases from vertebrates and insects also contain
a PUB/PUG domain that has been implicated in the association with a variety
of ubiquitin/proteasome pathway-related proteins and proposed to recruit
a glycoprotein-degradation complex (Suzuki et al. 2001; Suzuki and Lennarz
2003). This domain is not present in the yeast and Arabidopsis thaliana ho-
mologues (Suzuki et al. 2001), suggesting that different protein complexes
may take care of dislocated glycoproteins in different organisms. Although
alternative proteolytic systems have been implicated in the degradation of
certain substrates (Fayadat et al. 2000; Cabral et al. 2000; Mancini et al. 2003;
Brandizzi et al. 2003; Schmitz et al. 2004) the proteasome-mediated destruc-
tion of the dislocated protein commonly constitutes the final phase of the
ERAD pathway. Since misfolded proteins presented by the dislocation ap-
paratus to the cytosol are likely to rapidly aggregate if left unattended, the
dislocation and degradation steps of ERAD are normally tightly coupled, and
cytosolic degradation intermediates cannot normally be detected unless pro-
teasomal activity is blocked. This tight link between dislocation and degra-
dation may also explain why certain ERAD substrates accumulate in the ER
rather than in the cytosol when proteasomal activity is inhibited (Chillarón
and Haas 2000; Mancini et al. 2000).

4
The Emerging Similarities and Differences of the Plant ERAD Pathway

Evidence in favor of the existence of a mechanism of protein retention and
disposal in the plant ER was provided by studies on the bean storage protein
phaseolin. Phaseolin is a homotrimeric protein of the 7S class that accumu-
lates in the storage vacuoles of bean (Phaseolus vulgaris) cotyledons during
seed development. Trimer formation is required for the intracellular trans-
port of this protein, and is under a complex regulation involving the inter-
action with BiP and the trimming of glucose residues from the N-linked gly-
cans (Lupattelli et al. 1997; Foresti et al. 2003). Trimer assembly is mediated by
two sets of α-helices present in the monomer, and deletion of either of these
domains leads to the synthesis of an assembly-defective protein (Ceriotti et al.
1991; Foresti et al. 2003). When expressed in tobacco protoplasts or transgenic
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tobacco plants, assembly-defective phaseolin shows a prolonged association
with BiP (Pedrazzini et al. 1994; Foresti et al. 2003), and is degraded by a path-
way that is not affected by brefeldin A (BFA), a fungal metabolite that blocks
Golgi-mediated traffic to the vacuole (Pedrazzini et al. 1997; Nebenführ et al.
2002). Although it still remains to be established whether cytosolic protea-
somes are involved in the eventual degradation of defective phaseolin, it can
be concluded that some aspects of the fate of this protein are shared with
other ERAD substrates. These aspects include extensive binding to molecular
chaperones, retention in the ER and BFA-insensitive degradation.

A second substrate found to be degraded in a BFA-insensitive fashion is
the A chain of the plant toxin ricin. Ricin is a ribosome-inactivating protein
synthesized by castor bean (Ricinus communis) endosperm cells. The ma-
ture protein consists of a catalytic chain (RTA) linked by a single disulfide
bond and non-covalent interactions to a cell binding B chain (RTB). RTA in-
activates ribosomes by specifically depurinating a site in 23S/26S/28S rRNA
that is critical for the binding of elongation factors, a modification that leads
to an irreversible block in protein synthesis (reviewed in Hartley and Lord
2004). To kill mammalian cells, ricin must therefore cross a cellular mem-
brane to reach the cytosol where its target ribosomes are located. Mammalian
cell intoxication begins with the endocytic uptake of ricin holotoxin and its
retrograde transport to the ER where the holotoxin is reduced with the help of
oxidoreductases present in this compartment (Lord et al. 2003; Spooner et al.
2004). RTA then appears to enter the ERAD pathway and is dislocated to the
cytosol (Wesche et al. 1999). Similarly to ricin, other protein toxins have been
shown to hijack the ERAD pathway to reach their cytosolic targets (Lord et al.
2003). Clearly, in order to act as cellular poison, a proportion of RTA must
uncouple from this pathway to avoid complete destruction by proteasomes,
a feature that distinguishes this and other toxins that retro-translocate from
the ER from standard ERAD substrates.

In castor bean endosperm cells, ricin is synthesized as a precursor in which
the RTA and RTB are connected by a linker peptide of 12 amino acids that
has been shown to be required for correct targeting to the vacuole (Frigerio
et al. 1998, 2001; Jolliffe et al. 2003). In this context, RTA is not recognized as
an ERAD substrate. The ricin precursor is then transported out of the ER and
delivered to the vacuole, where a propeptide preceding RTA and the linker
peptide are removed, generating mature ricin. When plant cells are forced
to express RTA by itself however, the glycosylated RTA initially segregated
within the ER lumen becomes cytosolic and is degraded in a BFA-insensitive
manner (Frigerio et al. 1998; Di Cola et al. 2001). Treatment with proteasome
inhibitors stabilizes RTA expressed in tobacco protoplasts, demonstrating the
involvement of this multicatalytic complex in RTA degradation (Di Cola et al.
2001). Although generally following the ERAD pathway, RTA behaves dif-
ferently to other substrates so far analyzed in yeast and mammalian cells.
As mentioned above, ERAD is generally characterized by a tight coupling
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between the dislocation and degradation steps, that avoids the transient ac-
cumulation of potentially dangerous proteins in the cytosol. In contrast, frac-
tionation experiments could clearly show the accumulation of dislocated RTA
in the cytosol even in the absence of proteasome inhibitors, indicating that
some specific feature allows this protein to escape prompt recognition by the
cytosolic degradative machinery (Di Cola et al. 2001).

Although the ubiquitinylation of the N-terminal amino acid is involved
in the degradation of certain substrates in mammalian cells, ubiquitin is
normally linked to the substrate through an isopeptide bond between the
C-terminus of ubiquitin and a lysine residue of the target protein. Like other
toxins that are thought to dislocate from the ER, RTA is characterized by a low
lysine content, a characteristic that likely reduces the chances of this protein
being ubiquitinylated when appearing on the cytosolic face of the ER. The
idea that the transient accumulation of dislocated RTA in the protoplast cy-
tosol was indeed due to the low lysine content of this protein was confirmed
by the finding that increasing the number of lysine residues in RTA from
two to six was sufficient to convert RTA into a more standard substrate that
was unable to accumulate in the cytosol unless proteasomes were inhibited
(Di Cola et al. 2005). Consistent with this view was the finding that mutation
of the two endogenous lysyl residues present in native RTA caused a marked
stabilization of the protein in the cytosol of tobacco protoplasts. Although
ubiquitinylation of RTA could not be directly demonstrated, it is likely that
this dependence of the rate of degradation on lysine content reflects differen-
tial ubiquitinylation of the three RTA forms.

Since an active ubiquitinylation machinery is normally required for the ex-
traction of proteins from the ER, it is unclear how the lysine-free RTA could
dislocate as efficiently as the lysine-containing versions of the protein. One
possibility is that N-terminal ubiquitinylation is sufficient for RTA extraction,
but not for rapid targeting to the proteasome. Alternatively, ubiquitinylation
may be required only to release the dislocated protein from the ER surface
and not for the actual transfer through the membrane. If this is the case, RTA
may have evolved a mechanism to leave the dislocation apparatus without the
help of ubiquitin-dependent chaperones. Since ribosomes have been shown
to favor RTA refolding in vitro (Argent et al. 2000), it is possible that an in-
teraction between unfolded RTA emerging from the ER membrane and the
ribosome triggers toxin refolding and release into the cytosol.

The accumulation of deglycosylated substrates in the cytosol is normally
observed only when proteasomal activity is inhibited. This has been taken to
mean that deglycosylation and degradation are normally tightly linked, in ac-
cord with the observation that PNGase can be present in a complex with the
proteasome itself (Park et al. 2001). However, this observation would also be
compatible with a model in which glycopeptides are first generated by the
proteolytic activities of the proteasomes, and then deglycosylated by a cy-
tosolic PNGase. Since the transfer to PNGase is not strictly required for pro-
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tein disposal in yeast and mammals (Suzuki et al. 2000; Blom et al. 2004), it is
conceivable that, depending on the level of coupling between dislocation and
degradation, PNGase may work either before or after the proteasome along
the glycoprotein disposal pathway. The finding that deglycosylated lysine-free
RTA accumulated in the cytosol under physiological conditions when protea-
somes were active established that deglycosylation can precede proteasomal
degradation and suggested that ubiquitinylation plays an important role in
the final stages of plant ERAD (Di Cola et al. 2005).

The effects of changing lysine content on RTA degradation also high-
lighted a difference in the way plant and mammalian cells “see” specific lysine
residues and use them to target a protein for degradation. While the lysine-
free form of RTA was stabilized and supertoxic in the cytosol of tobacco
protoplasts, it retained native potency (when re-associated in vitro with RTB)
towards mammalian cells (Deeks et al. 2002). These data suggest that the en-
dogenous lysine residues in RTA do not act as targets for degradation of this
protein in mammalian cells, in striking contrast with the observations made
from the expression of RTA in plant cells. It is likely that the two lysines have
been maintained through evolution precisely because they are not used by
mammalian cells as targets for ubiquitinylation. At the same time, we may
speculate that their presence in the preproricin sequence, and recognition
by the ubiquitinylation machinery, may be advantageous in castor bean en-
dosperm in situations where the preproricin-producing cells may need to deal
with truncated forms arising from premature termination of translation or
from the translation of aberrant mRNAs (Schubert et al. 2000).

Another protein shown to dislocate to the cytosol in plant cells without be-
ing immediately degraded is sGFP-P, a fusion between the green fluorescent
protein (GFP) and the P-region of maize calreticulin. In tobacco protoplasts,
accumulation of this protein was not enhanced by treatment with BFA or
over-expression of Sec12 (which is known to cause a block in the ER-to-Golgi
transport), and the protein was slowly degraded via a non-proteasomal path-
way (Brandizzi et al. 2003). When this GFP fusion protein was expressed in
the epidermal cells of Nicotiana benthamiana leaves it was found to label
not only the nuclear envelope and the ER (as expected for an ER-targeted
protein), but also the cytosol, and was found to be transported into the nu-
cleoplasm in a microtubule-dependent fashion. In the case of this protein, the
mechanisms allowing uncoupling of dislocation and degradation remain un-
clear and analysis of further substrates will be required to determine whether
distinct phases of dislocation and degradation are more common in plants
that could be expected based on the results obtained in yeast and mammalian
cells. Clearly, the finding that the fluorescence emitted by this fusion was
evident in the cytosol and nucleoplasm indicated that either dislocation oc-
curred without unfolding of the GFP domain, or that sGFP-P could refold in
plant cytosol. While GFP itself can efficiently refold after denaturation, an-
other dislocated substrate containing a GFP moiety was found not to refold
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in vitro suggesting that dislocation of folded proteins remains a possibility
(Fiebiger et al. 2002).

Studies on the fate of the barley mildew resistance o (MLO) protein have
recently helped shed light on the plant ERAD machinery. MLO is an inte-
gral membrane protein with seven transmembrane helices, an extracellular
N-terminus and a cytosolic C-terminus and normally accumulates in the
plasma membrane (Devoto et al. 1999). The MLO protein inhibits a resist-
ance reaction to the powdery mildew pathogen, and a series of mlo mutant
alleles that confer resistance to this pathogen have been described. Analysis
of several mutants revealed that some did not accumulate detectable levels
of the MLO protein, whilst having normal levels of transcripts. Analysis of
the stability of fusions containing either wild-type or mutated MLO proteins
revealed that while the fusions containing the wild-type protein were sta-
ble, the ones containing mutants were destabilized, and suggested that the
lack of MLO expression was through a quality control mechanism. Accord-
ingly, the degradation of an ustable (MLO-1) allele in Arabidopsis protoplasts
was found to be BFA-insensitive and could be slowed down by proteasome
inhibitors. Thus, the lack of expression of certain mlo alleles is due to a qual-
ity control mechanism that impedes expression of the mutant proteins at
the cell surface by diverting them for proteasomal degradation (Müller et al.
2005). Alleles that were found to be unstable in Arabidopsis were generally
found to be similarly unstable in yeast and human cells, suggesting that the
recognition mechanisms are evolutionarily conserved. This work has pro-
vided a direct characterization of a component of the plant ERAD machinery,
showing that degradation of MLO mutants requires the action of a plant
p97/Cdc48 homologue. The Arabidopsis genome contains three homologues
of the AAA-ATPase Cdc48/p97 (Lord et al. 2002; Müller et al. 2005). When
mutations in the ATPase domains were introduced in one of these genes, and
the mutated protein was coexpressed with the unstable MLO-1 fusion pro-
tein in Arabidopsis protoplast, degradation of the ERAD substrate was greatly
impaired (Müller et al. 2005). This, together with the observation that the
MLO-1 protein is ubiquitinylated in vivo, indicates that also in plant cells the
Cdc48/p97 protein and ubiquitinylation play an important role in the degra-
dation of certain aberrant proteins.

Besides clearly demonstrating the existence in plants of a pathway anal-
ogous to the one described in other systems, the work performed to date
has begun to reveal some of the mechanisms that govern substrate recogni-
tion, dislocation and degradation in plants. Both phaseolin and sGFP-P are
substrates for BiP binding, and this association may be required to maintain
these particular proteins in a degradation-competent state. Although only
a fraction of assembly-defective phaseolin was ever found in association with
BiP, the disappearance of total and BiP-bound defective phaseolin followed
similar kinetics, indicating that dissociation from BiP and degradation are ki-
netically linked (Pedrazzini et al. 1997). A BiP binding site has been mapped
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to a region of phaseolin that is also involved in trimer assembly (Foresti et al.
2003). When this region was appended to the C-terminus of GFP it did not
disturb protein folding (as judged by the GFP fluorescence) but did stimulate
BiP binding. Whether addition of this BiP binding site causes a destabilization
of the GFP-phaseolin fusion has not yet been determined.

Whether mannose trimming regulates the degradation of plant glycopro-
teins is currently not known, and so far the issue has been examined only in
the case of RTA. When expressed in tobacco protoplasts, this protein is modi-
fied by the removal of one or more mannose residues (Di Cola et al. 2001).
Since a mannosidase inhibitor did not affect degradation and since different
RTA glycoforms were observed in the cytosol when trimming was undis-
turbed, it appears that the recognition of RTA as an unfolded protein and its
dislocation do not rely on the recognition of a single, specific glycan structure
(Di Cola et al. 2005). RTA has been shown to interact with liposomes contain-
ing negatively charged phospholipids in vitro, and this interaction is known
to induce a conformational change in the protein that may facilitate the recog-
nition of RTA as an ERAD substrate (Day et al. 2002). It is thus possible that
RTA may have evolved a specific and glycan-independent mechanism to allow
its recognition as an unfolded protein in the ER of intoxicated cells. Clearly,
analysis of other glycoprotein substrates will be required to determine the
role played by mannose trimming in the plant ERAD pathway.

5
The ERAD Pathway and the Unfolded Protein Response

Besides being equipped with a pathway dedicated to the disposal of misfolded
proteins, the ER also contains molecules able to sense the presence of aber-
rant polypeptides and to trigger a cellular response—the unfolded protein
response, UPR. This response invariably includes the increased expression of
ER chaperones and folding enzymes and can be triggered by any condition
able to compromise folding in the ER. In fact, it can be activated not only
by exogenous stresses such as the one imposed by pathogen infection, but
also by endogenous ones, such as genetic mutations or the differentiation of
professional secretory cells. Experimentally, inhibition of N-glycosylation or
treatment with reducing agents are commonly used to induce UPR in dif-
ferent systems, including plants. In developing bean cotyledons, tunicamycin
treatment leads to an increase in the synthesis of BiP (D’Amico et al. 1992)
and the levels of BiP, PDI, calnexin and calreticulin are increased in differ-
ent plant tissues exposed to treatments that cause accumulation of misfolded
protein in the ER (Denecke et al. 1991, 1995; Koizumi 1996; Koizumi et al.
2001). In addition, genetic mutations that lead to the synthesis of aberrant
zein polypeptides cause UPR in developing maize endosperm (Marocco et al.
1991; Coleman et al. 1995; Kim et al. 2004).
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While some basic features of UPR have been conserved throughout evo-
lution, plants, yeast and mammals may have developed somewhat different
strategies to respond to ER stress. In yeast, ER stress is sensed by the Ire1 pro-
tein, a type I transmembrane protein containing a luminal domain that senses
ER stress and a cytosolic kinase and endoribonuclease domain. BiP asso-
ciates to the luminal domain of Ire1p, but when unfolded proteins accumulate
the concentration of free BiP decreases and this leads to BiP dissociation,
followed by Ire1p oligomerization and autophosporylation. In turn, the cy-
tosolic domain of Ire1p catalyzes the splicing of the HAC1 mRNA that is
then translated into a transcription factor that activates a large set of genes
(Okamura et al. 2000; Travers et al. 2000). Genome-wide expression analy-
sis in yeast revealed an intimate link between UPR and ERAD. In addition to
the genes encoding molecular chaperones and folding enzymes, many other
genes encoding proteins involved in secretion or in the biogenesis of the se-
cretory pathway were found to be up-regulated during UPR (Travers et al.
2000). Among these were several genes known to be involved in ERAD. In
addition, the rapid degradation of an ERAD substrate was found to require
UPR activation, and UPR was found to be constitutively activated in strains
carrying mutations in ERAD components.

In mammals, UPR is under a more complex control. An initial phase
during which chaperone genes are induced mainly by the action of the ER-
membrane bound transcription factor ATF6, is followed by a second phase
during which ERAD gene transcription is activated in a mechanism that in-
volves mammalian homologues of yeast Ire1p and the transcription factor
XBP1 (Yoshida et al. 2003a). In addition to Ire1p homologues, the ER of mam-
malian cells contains an additional transmembrane kinase (PERK), which
is similarly activated when BiP dissociates from the luminal sensor domain
(Bertolotti et al. 2000). The cytosolic kinase domain of this protein phos-
phorylates the β-subunit of the translation initiation factor eIF2, causing an
inhibition of protein synthesis and the activation of a specific set of genes
(Harding et al. 1999; Okada et al. 2002). The first of these effects is thought to
reduce the demands made on the ER, and to collaborate with the induction of
chaperone synthesis in the recovery from the stress condition.

In plants, BiP transcription is regulated by a feedback mechanism that
involves the monitoring of BiP levels (Leborgne-Castel et al. 1999). Homo-
logues of Ire1p are present in Arabidopsis and rice (Koizumi et al. 2001) and
a bZIP transcription factor having characteristics similar in part to those
of ATF6 has been identified in Arabidopsis (Iwata and Koizumi, 2005). The
expression analysis of a large number of Arabidopsis genes led to the identi-
fication of UPR induced and repressed genes (Martinez and Chrispeels 2003;
Noh et al. 2003). Among the genes induced during UPR were those encoding
putative α, β and γ -subunits of the Sec61 translocon, and a putative ubiq-
uitin gene (Martinez and Chrispeels 2003). Since the Sec61 translocon and
ubiquitin have implicated in ERAD, it is possible that the induction of these
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genes contributes to maintaining an efficient disposal system in the plant ER
during stress.

6
Conclusions

While we are still far from a thorough characterization of the ERAD path-
way in plants, available information indicates that mechanisms able to extract
misfolded polypeptides from the ER lumen and ER membrane are active in
plant cells and that the proteasome is in some cases responsible for the degra-
dation of these dislocated polypeptides. The role of ERAD may not be limited
to the destruction of structurally defective proteins, and plant cells may ex-
ploit this potentially versatile pathway for the fine tuning of certain metabolic
processes. It is well established that different cellular pathways including
hormonal response, photomorphogenesis and pathogen defense are regu-
lated by the controlled degradation of specific proteins. In addition, the vast
array of ubiquitin-protein ligases identified in the Arabidopsis genome sug-
gests the presence of many ubiquitination cascades able to recognize unique
degradation signals (Vierstra 2003). By contrast, since ERAD is based on the
identification of ill-defined features presented by structurally defective pro-
teins, selective degradation could be achieved by a regulated alteration of the
folding state, as in the case of yeast 3-hydroxy 3-methylglutaryl coenzyme
A reductase (Hampton 2002; Shearer and Hampton 2005). It is thus possible,
if not likely, that ERAD will be found to play a much more pervasive role in
plant biology than initially thought.
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