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Protein degradation is crucial for proper cellular function. It 
can fine-tune cellular pathways by reducing or eliminating the 
activity of a particular protein or clear away nonfunctional or 
dysfunctional proteins that can arise upon damage or unfolding. 
For the latter case, cells use numerous monitoring systems to 
identify unfolded proteins and trigger their rapid degradation 
before cell damage can occur. The best-studied systems of cel-
lular protein quality control (QC) are those of soluble, cytoplas-
mic proteins. In addition, highly efficient QC systems act at the 
plasma membrane where the accumulation of even a few dam-
aged transmembrane proteins could cause loss of cell integrity 
and death. As a consequence, cells appear to have evolved mul-
tilayered and efficient QC systems that function at different 
locations and use different mechanisms to ensure fidelity in the 
recognition of damaged proteins. This review focuses on the re-
cent advances in the understanding how eukaryotic cells detect 
unfolded cell surface proteins. For more information on the path-
ways that function in the degradation of plasma membrane pro-
tein we refer to previously published reviews (Okiyoneda et al., 
2011; MacGurn et al., 2012).

A key feature of QC pathways that target soluble proteins 
is the recognition of unfolded proteins by molecular chaperones 
that bind to exposed hydrophobic regions of unfolded proteins, 
assist in refolding, and if refolding fails, assist in the degradation 
of the damaged protein (Chen et al., 2011; Kästle and Grune, 
2012; Doyle et al., 2013). Guided by these insights from cyto-
plasmic protein QC, researchers have for many years focused 
on the identification of chaperone-like factors that might act 
similarly as sensors for unfolded transmembrane proteins at the 
plasma membrane. Several studies have used the model organ-
ism Saccharomyces cerevisiae due to its genetic tractability to 
identify quality control factors that are responsible for the rapid 
degradation of unfolded cell surface proteins (Li et al., 1999; Liu 
and Chang, 2006; Lin et al., 2008; Wang et al., 2011). Depend-
ing on the model protein and the method used for the analysis, 
these studies identified many factors involved in endocytosis, 
endosomal trafficking, and vacuolar/lysosomal degradation of 
cell surface proteins. In fact, these studies confirmed or identi-
fied the function of many proteins that play a role in the gen-
eral degradation route for cell surface proteins, referred to as 
the multivesicular body (MVB) pathway (Henne et al., 2011; 
Hurley and Stenmark, 2011; Babst and Odorizzi, 2013), but did 
not identify specific quality control proteins, which shall be dis-
cussed later.

Degradation of cell surface proteins is 
mediated by the MVB pathway
In yeast, degradation of most plasma membrane proteins requires 
the ubiquitin ligase Rsp5, a HECT-type E3 ligase that tags pro-
teins destined for degradation with ubiquitin (Hein et al., 1995; 
Wang et al., 1999; Belgareh-Touzé et al., 2008). Rsp5 seems to 
perform all the ubiquitination reactions associated with the en-
docytic pathway. Although a single ubiquitin has been shown 
to be sufficient to trigger degradation of the tagged protein 
(Terrell et al., 1998), polyubiquitination of cell surface pro-
teins seems to be common (Lauwers et al., 2010). The ubiqui-
tinated transmembrane cargo is then recognized by factors of the 
endocytosis machinery, such as Ede1, and clathrin-mediated 

The plasma membrane quality control system of eukary-
otic cells is able to recognize and degrade damaged cell 
surface proteins. Recent studies have identified two mech-
anisms involved in the recognition of unfolded trans-
membrane proteins. One system uses chaperones to detect 
unfolded cytoplasmic domains of transmembrane proteins, 
whereas the second mechanism relies on an internal quality 
control system of the protein, which can trigger degrada-
tion when the protein deviates from the folded state. Both 
quality control mechanisms are key to prevent proteotoxic 
effects at the cell surface and to ensure cell integrity.
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Figure 1. Trafficking pathways of cell surface proteins in eukaryotic cells. Numbers refer to trafficking steps that are involved in QC. *, function in QC of 
transmembrane proteins has not been shown; ub, ubiquitin.
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pathway serves not only protein QC but functions in the general 
protein turnover.

The studies in yeast identified many genes that not only 
function as protein QC factors but were also involved in the 
general degradation of transmembrane proteins (see Box 1 with 
regard to the definition of QC factors). However, the question 
remained, which factors are specifically required for the quality 
control of plasma membrane proteins? A first answer to this ques-
tion was obtained by QC studies in mammalian cells.

Chaperone-dependent QC of plasma 
membrane proteins
Two recent studies using mammalian cell lines identified QC 
genes important for the rapid turnover of unfolded model plasma 
membrane proteins. One study used an artificial fusion protein 
composed of a plasma membrane anchor and a protein domain that 
unfolds at elevated temperature (mutant bacteriophage lambda 
repressor) to identify QC factors (Apaja et al., 2010). The find-
ings based on this fusion protein were then confirmed using mutant 
forms of G protein–coupled receptors (GPCRs). The second study 
was based on the unstable CFTR mutant F508, a mutated ABC 
transporter that is the most common cause of the genetic disorder 
cystic fibrosis (Okiyoneda et al., 2010). Interestingly, the molec-
ular chaperones Hsp70 and Hsp90 and the ubiquitin ligase CHIP 
were found by both studies to be important for plasma mem-
brane QC (Fig. 1). In both cases, the data suggested that chaper-
ones are recognizing unfolded cytoplasmic regions of the cell 
surface proteins and that these chaperones recruit the ubiquitin 
ligase CHIP. The ubiquitinated proteins were then rapidly endo-
cytosed and delivered in an ESCRT-dependent manner to the 
lysosome for degradation (Fig. 2 A).

The mammalian studies concluded that the plasma mem-
brane QC depends on the same players that are responsible for 
recognizing damaged cytoplasmic proteins. The main difference 
is the degradation pathway the proteins take after ubiquitina-
tion: degradation by the proteasome in the case of soluble pro-
teins and the MVB pathway in the case of cell surface proteins. 
It is interesting to note that CHIP modifies plasma membrane 
proteins preferentially with K63-linked polyubiquitin chains 
(Apaja et al., 2010, 2013), the preferred ubiquitin tag for the 
MVB pathway (Lauwers et al., 2009; Erpapazoglou et al., 2012), 

endocytosis delivers the ubiquitinated protein to an early endo-
some (Fig. 1, step 1; Haglund and Dikic, 2012). At the endosome, 
the cargo (proteins sorted through the endosomal system) has 
two options: recycling to the cell surface either directly or indi-
rectly via the trans-Golgi (Fig. 1, step 2 and 5, respectively) or 
continuing to the vacuole for degradation. Although the pre-
cise mechanism is not known, it is thought that competing de-
ubiquitination and re-ubiquitination reactions at the endosome 
are key to deciding the fate of the cargoes (Piper et al., 2014). 
This important regulatory step of the endocytic pathway is dis-
cussed in more detail later. If ubiquitination prevails, the cargo 
will be captured by the ESCRT (endosomal sorting complex re-
quired for transport) machinery, a complex of proteins that sort 
ubiquitin-tagged transmembrane proteins into vesicles that bud 
into the lumen of the endosome (Fig. 1, step 4; Hurley, 2010). 
The presence of intraluminal vesicles (ILVs) is a hallmark of 
late endosomes, which are thus also called multivesicular bod-
ies (MVBs).

Several of the ESCRT proteins contain ubiquitin-binding 
domains that interact with tagged cargo and initiate their sorting 
into the ILVs (Shields and Piper, 2011). The ESCRTs are also 
responsible for the formation of the ILVs, a membrane defor-
mation event with a topology reversed to that of all other vesi-
cle formation events of the cell. During the packaging of the 
cargo into the ILVs, ubiquitin is removed from the cargo and re-
cycled for further use (Amerik et al., 2000; Luhtala and Odorizzi, 
2004). At this stage, the transmembrane cargo is isolated from 
the cytoplasm and therefore no longer able to affect cellular 
function. After the MVB is fully matured (all the protein sorting 
has occurred), the limiting membrane of the MVB fuses with 
the vacuolar membrane and releases the ILVs into the lumen of 
the vacuole. The lumen of the vacuole contains a large number 
of hydrolases that degrade the lipids and proteins contained 
within the vesicles (Fig. 1, step 7).

Protein sorting at the TGN also feeds into the MVB path-
way. The TGN receives both newly synthesized transmembrane 
proteins that passed the ER QC system and proteins that have 
been retrieved from the endosome with the help of the retromer 
protein complex (Fig. 1, step 5; Seaman, 2012). The TGN QC 
system seems to be able to recognize unfolded proteins and tag 
these proteins with ubiquitin (MacGurn et al., 2012). Ubiqui-
tinated proteins are then bound by sorting receptors such as the 
GGA proteins that concentrate the ubiquitinated cargoes into 
vesicles destined for the endosome (Fig. 1, step 6; Puertollano 
and Bonifacino, 2004; Scott et al., 2004; Shiba et al., 2004). At 
the endosome the ubiquitinated proteins are sorted into the MVB 
pathway and delivered to the lysosome for degradation. Exam-
ples of TGN-based QC in yeast are the rapid degradation of mu-
tant forms of Pma1 (plasma membrane ATPase; Pizzirusso and 
Chang, 2004) and Wsc1 (cell wall integrity sensor; Wang et al., 
2011). It should be noted that the TGN not only sorts unfolded 
proteins to the endosome for degradation. For example, at high 
nutrient concentrations, newly synthesized nutrient transporters 
are redirected at the TGN away from the secretory pathway to-
ward the endosome by a ubiquitin-dependent sorting mecha-
nism (Blondel et al., 2004). Therefore, similar to endocytosis 
at the plasma membrane, the TGN-to-endosome trafficking 

Box 1. What is a QC factor?

The term “QC factor” is not clearly defined and is used differently by 
researchers in the field. A broad definition of a QC factor would be: 
A factor that plays a role in the turnover of an unfolded protein. This 
definition includes any factors that are involved in the degradation of 
the unfolded protein, such as ubiquitin ligases, vacuolar peptidases, 
the endocytic machinery, and proteins involved in fusion of endo-
somal membranes. A much more narrow definition for QC factor is: 
A factor that is only involved in the degradation of unfolded proteins. 
Based on this definition, none of the above-mentioned proteins and 
protein complexes would qualify as QC factors. Both of these defini-
tions are problematic because of the overlap between systems in-
volved in protein QC and other degradation pathways. Therefore, 
terms such as “folding sensors” (systems that recognize unfolding), 
“pro-folding factors” (proteins that support folding), and “degradation 
machinery” (general protein degradation system) might be better 
suited to define the function of a particular protein involved in QC.
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involved in the QC of peripheral transmembrane proteins. One 
obvious explanation might be functional redundancy among the 
chaperones, which would make the identification by a genetic 
screen very unlikely. However, a study in yeast using a similar 

whereas in the cytoplasm CHIP mainly adds K48-type ubiqui-
tin chains to its substrates (Xu et al., 2009).

It is surprising that the various genetic screens in yeast did 
not identify these components of the chaperone system as being 

Figure 2. Plasma membrane protein QC mechanisms. (A) Chaperones recognize unfolded cytoplasmic domains and recruit a ubiquitin ligase. Ubiqui-
tinated proteins are rapidly endocytosed and degraded via the MVB pathway. PM, plasma membrane. (B) Nutrient transporters use the same intrinsic 
mechanism, the LID-degron system, for both substrate-dependent degradation and QC. Deviations from the ground state of the transporter, caused either 
by substrate binding or by stress (e.g., heat shock), result in ubiquitination of the degron. A moderate heat shock might trigger the conformational changes 
of the import cycle even in absence of substrate. Ubiquitinated transporters are rapidly endocytosed and degraded. Ubiquitination efficiency of substrate-
bound transporters depends on the cytoplasmic substrate concentration (high concentrations stabilize the substrate-bound state).
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the ARTs do not function analogous to chaperones because the 
binding of ARTs to transporters does not seem to require un-
folding of these transmembrane proteins. Furthermore, there is 
no data that would suggest that ARTs act as pro-folding factors. 
Finally, the ARTs are not folding sensors that recognize general 
features of unfolded proteins (e.g., exposed hydrophobic protein 
region), but instead function together with Rsp5 in the degrada-
tion of a specific set of cell surface transporters under all condi-
tions. Nevertheless, the ART-Rsp5 system plays an essential 
role in the efficient QC of many cell surface transporters (Zhao 
et al., 2013).

A key aspect of the ARTs is the fact that these proteins can 
be regulated by phosphorylation and ubiquitination (Lin et al., 
2008; MacGurn et al., 2011; Becuwe et al., 2012b; Merhi and 
André, 2012). Regulation of ART proteins has been observed 
as consequence of changes in the environment and the cell’s 
metabolism. Each ART protein targets a specific set of nutrient 
transporters, allowing the cell to fine-tune the turnover rate of 
these transporters dependent on the metabolic state. Increasing 
the degradation rate of a particular set of nutrient transporters 
is expected to cause a rapid drop in the cellular concentration 
of the corresponding nutrient. This regulatory mechanism is 
able to react faster to metabolic changes than transcriptional 
control alone could achieve. In addition, by targeting all ARTs, 
the cell is able to trigger down-regulation of most transporters 
in unison, a phenomenon that is observed during amino acid 
starvation and cycloheximide poisoning (MacGurn et al., 2011; 
Jones et al., 2012).

The LID-degron system, a protein-intrinsic 
QC mechanism
Studies of yeast Fur4 degradation have given important insights 
into the mechanism of nutrient transporter QC. Fur4, the uracil 
importer of yeast, belongs to the family of APC transporters, a 
large protein family conserved from bacteria to humans. These 
transporters contain 12 transmembrane domains and operate based 
on an alternative-access model, meaning that the transporter 
switches between a conformation that allows binding of extra-
cellular substrate at a central binding pocket to a conformation 
in which substrate is released from the binding site into the cy-
toplasm (Boudker and Verdon, 2010; Forrest et al., 2011). Fur4 
uses the proton gradient across the plasma membrane of yeast 
to import uracil from the extracellular space.

Similar to other nutrient transporters, high substrate con-
centrations in the medium trigger the rapid down-regulation of 
Fur4 (Séron et al., 1999). This degradation requires ubiquitination 
by Rsp5, which targets two lysine residues in the cytoplasmic 
N-terminal domain of Fur4 (Marchal et al., 2000). Ubiquitinated 
Fur4 is endocytosed and degraded via the MVB pathway. Sur-
prisingly, the same two lysines ubiquitinated during substrate-
dependent down-regulation are also required for the degradation 
of Fur4 under stress conditions such as heat shock or peroxide 
treatment, even though 15 other lysines are predicted to be ex-
posed to the cytoplasm. Additional analysis of Fur4 turnover sup-
ported the idea that both substrate-dependent down-regulation and 
QC-dependent degradation rely on the same intrinsic, chaperone-
independent mechanism, the so-called LID-degron system (Fig. 2 B; 

temperature-sensitive protein domain that was used in the mam-
malian experiments (a mutant lambda repressor) found that an-
choring the domain to the plasma membrane prevented the 
rapid degradation of the unfolded domain (Lewis and Pelham, 
2009). This observation might indicate that, in contrast to the 
mammalian system, QC at the yeast plasma membrane and cy-
toplasm differs, either in the recognition of unfolded regions by 
chaperones or in the recruitment of the ubiquitin ligase. For one, 
yeast does not express a ubiquitin ligase homologous to mam-
malian CHIP. Two yeast ligases, Ubr1 and San1, have been iden-
tified that seem to function similarly to CHIP in cytoplasmic 
QC (Heck et al., 2010). However, all studies of peripheral QC 
in yeast identified Rsp5 as the major ubiquitin ligase responsi-
ble for the degradation of damaged plasma membrane proteins. 
Rsp5 is not known to interact with chaperones, and thus it is pos-
sible that yeast does not rely on a chaperone-based system for its 
plasma membrane QC. That said, QC of only a small set of yeast 
surface proteins has been studied and therefore it is possible that 
future studies might find cases where plasma membrane QC is 
chaperone dependent.

The ART proteins
If chaperones are not essential for plasma membrane QC in 
yeast, what mechanism recognizes the unfolded state of cell sur-
face proteins? This is a difficult question to answer because the 
reason why a particular protein is degraded is often not known. 
In the case of nutrient transporters, at least three reasons have been 
described that can trigger the rapid degradation of these pro-
teins. Many transporters are rapidly degraded in the presence 
of high concentrations of the nutrient they import, referred to 
as substrate-dependent down-regulation (Blondel et al., 2004; 
Felice et al., 2005). This negative feedback system ensures that 
the cytoplasmic concentration of the nutrient does not exceed a 
level that could negatively affect the metabolism of the cell or 
even become toxic. The rapid degradation of transporters is also 
caused by cellular responses to stress such as amino acid starva-
tion (Jones et al., 2012) and exposure to the translation inhibitor 
cycloheximide (MacGurn et al., 2011). Finally, nutrient trans-
porters have been shown to be endocytosed and degraded in the 
presence of cellular insults such as heat shock and exposure to 
toxic chemicals, which are thought to cause protein unfolding 
(Volland et al., 1994; Keener and Babst, 2013). Of these, only 
the latter reason for protein degradation would be considered 
quality control. However, factors identified in yeast to be impor-
tant for heat shock–induced degradation of nutrient transporters 
also play a role in the degradation of the transporters under all 
other conditions. A good example is the class of proteins called 
the arrestin-related transport receptors (ARTs; Becuwe et al., 
2012a). The first member of this group of proteins was found  
in a genetic screen that aimed to identify genes involved in the 
quality control and degradation of the yeast arginine transporter 
Can1 (Lin et al., 2008). The ARTs function as Rsp5 adaptors for 
nutrient transporters in that they bind to transporters at the plasma 
membrane, TGN, and possibly endosome and aid in the recruit-
ment of Rsp5 (Fig. 1). As a consequence, the ARTs increase the 
efficiency of Rsp5-dependent ubiquitination of nutrient trans-
porters (Nikko et al., 2008; Nikko and Pelham, 2009). However, 
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is to prevent client protein aggregation and allow for refolding 
to occur. In contrast, the LID-degron system seems to specifi-
cally trigger degradation of the transporter. The LID shares hy-
drogen bonding with all cytoplasmic loops and thus is able to 
sense conformational changes that occur throughout the protein, 
in the transmembrane regions or the extracellular domains of 
the transporter. As a consequence, under various conditions, such 
as substrate binding, heat shock, or oxidation, the same Fur4 
degron (lysine residues) is targeted for ubiquitination indepen-
dent of the cause or type of conformational change. The LID 
functions as an internal sensor that directs the information of any 
larger conformational change of the transporter to a dedicated 
ubiquitination site, the degron. In contrast, chaperone-based QC 
targets the particular domain or region of the protein that un-
folds, thereby directing the ubiquitin ligase to a lysine in prox-
imity of the unfolded region. Therefore, depending on the insult, 
the lysine targeted for ubiquitination might differ.

Rsp5 recruitment by the LID-degron. Currently 
it is not understood how cytoplasmic Rsp5 is recruited to the 
degron of Fur4. Experiments with modified versions of the 
degron suggested that the predicted increase in degron accessi-
bility caused by the loss of LID–loop interactions is key for the 
ubiquitination reaction (Keener and Babst, 2013). Although no 
specific ART protein has been implicated in the recruitment of 
Rsp5 to Fur4, data suggest that the Rsp5 adaptors Bul1 and Bul2 
might be involved in Fur4 ubiquitination (Nikko and Pelham, 
2009). Alternatively, Rsp5 might be recruited to the plasma mem-
brane by transmembrane adaptors such as Bsd2, Tre1, and Ear1, 
which have been shown to function in recruiting Rsp5 to Golgi 
and endosomes (Hettema et al., 2004; Sullivan et al., 2007; 
Léon et al., 2008). Membrane-associated Rsp5 might be able  
to directly recognize the exposed degron of Fur4 without the 
need of additional adaptors (Fig. 3). A third possibility is the di-
rect recruitment of cytoplasmic Rsp5 to the exposed degron 
(Fig. 3). Although Fur4 does not contain PPXY (Pro-Pro-X-Tyr) 
motifs, amino acid sequences that have been shown to mediate 
Rsp5 recruiting (Lin et al., 2008), direct Rsp5 recruitment to 
Fur4 via a different type of interaction cannot be excluded. 

Keener and Babst, 2013). A degron refers to a domain contain-
ing lysines that are targeted for ubiquitination in a regulated 
manner. Degrons are often found in proteins where degrada-
tion is used to regulate the function of the protein (e.g., degra-
dation of cyclins during cell cycle; Ravid and Hochstrasser, 
2008). The LID (loop interaction domain) refers to the cytoplas-
mic 20 amino acids before the first transmembrane domain of 
Fur4. Based on the crystal structure analysis of a bacterial Fur4 
homologue (Weyand et al., 2008), the LID is predicted to con-
tact all cytoplasmic loops and the C-terminal region of Fur4 via 
hydrogen bonding (hence the name “loop interaction domain”). 
However, many of these interactions are only present when sub-
strate is not bound to the transporter (referred to as ground state). 
Uracil binding induces large conformational changes in the trans-
membrane regions of Fur4 that cause disruption of LID–loop 
interactions. As a consequence, the LID is predicted to have  
increased flexibility when Fur4 is actively transporting substrate.

One functional consequence of this flexibility may be to 
expose the degron region of the protein, which allows the ubiq-
uitin ligase Rsp5 access to the lysines of the degron. Therefore, 
the LID functions as a conformation sensor that detects devia-
tions from the ground state and exposes a nearby degron. The 
degron becomes ubiquitinated, which triggers degradation of the 
transporter via endocytosis and the MVB pathway (Fig. 2 B). 
This system explains why degradation by high substrate con-
centrations or unfolding is mediated by the same mechanism: 
both conditions cause Fur4 to be in the nonground state.

Chaperone-mediated QC and the LID-degron system are 
similar in that both mechanisms rely on conformational changes 
that cause the exposure of a peptide sequence that can be rec-
ognized by the degradation machinery. However, an important 
difference between these two QC mechanisms is the fact that 
the LID-degron system does not require protein unfolding to 
cause ubiquitination. Protein conformations that are part of the 
normal substrate import mechanism can trigger the ubiquitina-
tion of Fur4’s degron. Chaperones bind to hydrophobic peptide 
sequences that, in a functional protein, are not exposed to the 
cytoplasm. An important function of this chaperone interaction 

Figure 3. Possible mechanisms of ubiquitin ligase recruitment by the degron. The ubiquitin ligase might be recruited to transporters either by transmem-
brane adaptors, via arrestin-related trafficking adaptors (ARTs), or by direct binding to the degron region of the transporter.
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The model described above has important consequences 
for the QC not only of transporters such as Fur4, but any plasma 
membrane protein that (1) undergoes conformational changes 
as part of the protein’s function and (2) is down-regulated when 
highly active. There are numerous yeast and mammalian pro-
teins that fit these two conditions, including ion channels and 
signaling receptors (Nabhan et al., 2010; Hyun et al., 2013). For 
example, the binding of an extracellular signaling molecule to  
a GPCR induces conformational changes in the receptor that 
activate signaling cascades on the cytoplasmic side of the mem-
brane (Oldham and Hamm, 2008). Furthermore, for many 
GPCRs it has been shown that high signaling activity causes 
endocytosis and degradation of the receptor, a negative feed-
back system that plays an important regulatory role in many 
signaling pathways (Hanyaloglu and von Zastrow, 2008). It is 
conceivable that increased temperatures might cause GPCRs to 
randomly switch to the activated state, even in the absence of 
the signaling molecule. The result would be the rapid degrada-
tion of the GPCR because the high activity of the receptor 
would trigger the down-regulation mechanism of the signaling 
receptor. Therefore, analogous to the LID-degron system in Fur4, 
activity-dependent down-regulation of GPCRs might also func-
tion as a QC system for these receptors, a model that will have 
to be tested experimentally.

Activity-dependent down-regulation can explain the heat 
shock–induced turnover of many cell surface proteins. However, 
severe disruption of the protein conformation caused by chemi-
cals, mutations, or very high temperatures might unfold the protein 
to an extent in which it is no longer able to trigger activation-
dependent down-regulation. Under these conditions the chaper-
one-CHIP system might play the key role in QC of these plasma 
membrane proteins, as shown for mammalian GPCRs (Apaja 
et al., 2010).

The endosome reevaluates QC decisions
Endocytosis delivers ubiquitinated proteins to an early endo-
some, where the competition between de-ubiquitination and 
re-ubiquitination decides the fate of many of the endocytosed 
transmembrane proteins (Hurley and Stenmark, 2011; Piper et al., 
2014). Proteins that have lost their ubiquitin tags are recycled 
back to the plasma membrane, whereas ubiquitinated proteins 
remain in the endosomal system and are ultimately degraded. 
Recycling to the plasma membrane occurs either via a fast, direct 
pathway or an indirect pathway via retromer-mediated recycling to 
the TGN (Fig. 1, step 2 and 5; Hsu and Prekeris, 2010; Seaman, 
2012; Taguchi, 2013). The factors involved in regulating these re-
cycling pathways are not well understood. In yeast, the major ligase 
involved in the ubiquitination of plasma membrane proteins, Rsp5, 
forms a complex with two de-ubiquitinating enzymes, Ubp2 and 
Ubp7 (Kee et al., 2005; Ren et al., 2007). This protein complex 
contains both ubiquitination and de-ubiquitination activities, 
and thus might be involved in the decision between degradation 
and recycling. However, Ubp2 seems also to positively regulate 
Rsp5 activity, which complicates the study of the role of endo-
somal de-ubiquitination in cargo recycling (Lam and Emili, 2013). 
In mammalian cells, several de-ubiquitinating enzymes have 
been identified that play an important role in the recycling of 

For example, direct substrate recognition without chaperones 
has been observed for the ubiquitin ligases Ubr1/2 and San1 
(Nillegoda et al., 2010; Rosenbaum et al., 2011), which seem to 
be able to bind directly to unfolded protein regions. Similarly, 
Rsp5 might be able to recognize the exposed degron of Fur4 as 
an unfolded protein sequence and target it for ubiquitination.

Because Fur4 belongs to the conserved APC superfamily 
of transporters it is likely that the LID-degron system is found 
in many other family members. Several of these members (e.g., 
Can1, Mup1, Tat2, Lyp1) have been shown to require the ARTs 
for efficient degradation (Lin et al., 2008; Nikko and Pelham, 
2009), suggesting that in these cases the ARTs might function-
ally interact with the LID-degron system. In fact, the LID-degron 
mechanism could explain how the ARTs are able to specifically 
interact with transporters that are either unfolded or substrate 
bound. In these cases the degron might function as the binding 
site for the ART proteins, which when bound to the transporter 
recruit Rsp5 (Fig. 3). This model is supported by data that local-
ized the ART-binding site to the N-terminal, cytoplasmic tail of 
the transporters Lyp1 and Can1 (Lin et al., 2008), the same region 
that occupies the LID-degron in Fur4. Therefore, it seems likely 
that QC of most of the nutrient transporters may depend on a 
similar intrinsic conformation sensor, the LID, which regulates 
Rsp5 recruitment by regulating an ART-binding site or degron 
(Fig. 3). A similar mechanism is likely present in mammalian 
cells, where studies have shown cooperation between Nedd4-type 
ubiquitin ligases and ART homologues (referred to as -arrestin) 
in the degradation of plasma membrane proteins (Foot et al., 
2008; Patwari et al., 2009; Nabhan et al., 2010).

Activity-dependent down-regulation as a QC 

mechanism. A unique aspect of the LID-degron system is the fact 
that it performs both the substrate-dependent down-regulation 
as well as QC. As a consequence, high substrate concentrations 
and insults on the protein (e.g., higher temperature) act syner-
gistically in the turnover of the transporter. Therefore, in most 
cases it is impossible to distinguish between protein degrada-
tion caused by high import activity or by a temporary unfolding 
event. In particular, increasing temperatures are expected to cause 
first an increase in import activity because the energy barriers 
associated with the conformational changes required for nutri-
ent import are easier to overcome at higher temperature. As a 
consequence, a moderate temperature increase is expected to 
cause a higher transporter turnover rate, even though substrate 
concentration is unchanged.

Increasing the temperature further might overcome the 
energy barriers of the import cycle even in the absence of sub-
strate (Fig. 2 B). At this point the import mechanism is uncou-
pled from substrate binding and occurs randomly. This idea is 
supported by the observation that a temperature shift from 30°C 
to 37°C causes rapid substrate-independent degradation of Fur4, 
even though the same temperature shift does not render Fur4 
unfolded and nonfunctional (Keener and Babst, 2013). Finally, 
at high temperatures we would expect to see transporter con-
formations that are not part of the normal import cycle, which 
would be referred to as “unfolding.” In any case, the LID-degron 
system would be able to recognize the conformational change 
and trigger degradation of the transporter (Fig. 2 B).
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surrounding membrane might affect the transport activity of 
these proteins. A rigid membrane interferes with the conforma-
tional changes necessary for transport and thus will inhibit nor-
mal function. In contrast, a fluid membrane will allow for too 
much flexibility of the transporter, and even in the absence of 
substrate, cause fast turnover of the protein via QC pathways. 
This model highlights how important a tight regulation of mem-
brane fluidity is in order to adapt to changing environmental con-
ditions such as temperature and salt concentration.

Concluding remarks
Recent studies have identified two different conformation-sensing 
mechanisms that function in the QC of membrane proteins 
beyond the ER. One mechanism uses a chaperone-based system 
to monitor membrane proteins and recognize unfolding events in 
cytoplasmic domains. The other mechanism, the LID system, is a 
sensor that is intrinsic to the proteins themselves. In the ground 
state of the protein, this intrinsic mechanism hides a ubiquitina-
tion site from ubiquitin ligases, but allows access to the site at any 
other conformational state. This system triggers rapid protein 
degradation even if the unfolded protein region is not accessible 
from the cytoplasm. It is possible that many multi-spanning trans-
membrane proteins use this or a similar system to ensure that un-
folding events occurring within the transmembrane region or in 
extracellular domains are detected. In fact, the activity-dependent 
degradation mechanisms found for many channels, transporters, 
and signaling receptors is expected to function as a QC system 
that triggers degradation of these proteins during heat shock. 
Some proteins might combine several QC mechanisms to deal 
with unfolding events in different parts of the protein. Inefficient 
degradation of unfolded proteins can lead to toxic accumulation 
of these proteins and the subsequent death of the cell (Wang et al., 
2011; Keener and Babst, 2013; Zhao et al., 2013). Therefore, 
amino acid sequences are under strong selection not only to pro-
duce functional proteins, but also proteins that if damaged are 
easily recognized and removed. As a consequence proteins have 
evolved to efficiently communicate with the QC systems of a par-
ticular cell and organelle. One important conclusion from this 
evolutionary view of protein unfolding is that proteins foreign to 
the organism or the organelle are not good tools for the study of 
QC systems. Future studies analyzing QC of endogenous cell 
surface proteins are likely to identify additional QC mechanisms 
unique for a subset of proteins or a particular stress situation.
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