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Abstract

Cellular proteostasis (or protein homeostasis) depends on the timely folding and disposal of
conformationally damaged polypeptides during their life span at all subcellular locations. This
process is particularly important for membrane proteins confined to the cell surface with critical
regulatory role in cellular homoeostasis and intercellular communication. Accumulating evidences
indicate that membrane proteins exported from the endoplasmic reticulum (ER) are subjected to
peripheral quality control (QC) along the late secretory and endocytic pathways, as well as at the
plasma membrane (PM). Recently identified components of the PM QC recognition and effector
mechanisms responsible for ubiquitination and lysosomal degradation of conformationally
damaged PM proteins uncovered striking similarities to and differences from that of the ER QC
machinery. Possible implications of the peripheral protein QC activity in phenotypic modulation
of conformational diseases are also outlined.

Introduction

Preventing the accumulation of misfolded, aggregation prone and potentially cytotoxic
polypeptides that are generated by mutations, transcriptional and translational errors or
cellular and environmental stresses are essential to preserve protein homeostasis [1-3]. The
global proteostasis network encompasses regulatory mechanism of transcription, translation
and protein folding, vesicular transport as well as degradation pathways [3]. The balance of
protein folding and degradation, at least in part, depends on the folding energetics of the
client protein, influenced by posttranslational modifications, oligomerization and the lipid
environment, as well as the activity of the relevant folding and degradation machinery [3].
Molecular chaperones and co-chaperones can shield exposed hydrophobic residues and
stabilize folding intermediates to suppress aggregation and promote folding of newly
synthesized membrane proteins at the ER [4]. Chaperones and co-chaperones also
participate in triage decision by targeting nonnative polypeptides for degradation via
ubiquitin (Ub) proteasome system (UPS) [4,5]. This requires retrotranslocation of misfolded
membrane proteins from the ER into the cytoplasm and processive cleavage by the 26S
proteasome [1,5].

Incompletely understood conformational surveillance mechanisms determine the fate of
non-native membrane proteins in post-ER compartments. Membrane proteins with limited or
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delayed conformational defects can escape the ER and be retrieved from the cis-Golgi
compartment back to the ER or targeted from the trans-Golgi network by vesicular transport
carriers into vacuoles/lysosomes [2]. The Endosomal Sorting Complex Required for
Transport (ESCRT)-dependent concentration and inward budding of ubiquitinated native
cargoes from the limiting membrane of endosome provide a solution for the topological
problem of polytopic membrane protein degradation [6]. Here we review recent progresses
in identifying some of the constituents of the PM proteostasis mechanism that participate in
the timely removal and degradation of damaged membrane proteins.

The substrate specificity of the plasma membrane QC

The selective recognition and elimination of conformationally defective membrane proteins
from post-ER compartments has been postulated more than a decade ago [2]. A Golgi QC
mechanism was proposed for the rapid vacuolar/lysosomal disposal of several substrates in
both yeast and mammalian cells [2]. The mutant form of the PM H*-ATPase (Pmal-10), the
o factor receptor (Ste2-3p), the arginine permease (Can1') and the destabilized general
amino acid permease (Gapl) are rapidly degraded from the yeast PM [7-9]. In mammalian
cells unliganded MHC |, mutant variants of CFTR, ap-receptors, transferrin receptor, bile
salt export pump (BSEP), megalencephalic leukoencephalopathy with subcortical cyst 1
(MLC1), influenza hemagglutinin, vasopressin V-2 receptor (V2R), dopamine D4.4 receptor
(DRD4) and Na*-H* exchanger 6 (NHE6) with perceived or documented structural defects
are also rapidly eliminated from cell surface [10-17] (see Table 1). Destabilizing point
mutations are primarily localized in the cytoplasmic and transmembrane segments in these
polypeptides. Accelerated PM disposal of H*/K*-ATPase, « and  opiod receptor, Kv1.4
potassium channel, glucose transporter 1 (GLUT1) and CFTR, however, could be also
triggered by impaired N-linked glycosylation at the exofacial surface [18-22]. The global
conformational defect of these PM proteins may be attributed to impaired targeting to the
calnexin-calreticulin chaperone cycle at the ER [23] and/or direct structural destabilization
of the native fold in a chaperone-independent manner [22,24]. The rapid degradation of the
glycosylation-deficient CFTR from the PM was induced by the combination of these
mechanisms [22].

As opposed to signaling induced posttranslational modification, structural perturbation that
is necessary and sufficient to target a PM proteins for degradation [25,26] remains to be
determined. The increased protease susceptibility of the Pmal-10, the low temperature
rescued (r)AF508-CFTR, as well as the glycosylation-deficient and C-terminally truncated
CFTR is consistent with a causal relationship between PM protein unfolding and accelerated
lysosomal degradation [10,13,22,27]. A direct correlation was recently established between
unfolding, ubiquitination and PM disposal of a transmembrane model protein, composed of
the C-terminally truncated CD4 molecule fused to the temperature-sensitive N-terminal
domain of bacteriophage A(CD4T-Ar) [28]. Thermodynamic destabilization of the cytosolic
Am domain was sufficient to increase the CD4-Ay, PM turnover, internalization and
lysosomal delivery [28]. Direct perturbations of transmembrane domains by insertion of
charge residues or depletion of lipid rafts enriched in sphingolipid can also sensitize PM
proteins for conformational destabilization and subsequent recognition by the peripheral QC
[9,11,15,29]. Structural destabilization of the Pmal and Gapl transmembrane domains in
strains defective of sphingoid base synthesis could be mechanistically similar to the
farnesol-induced conformational change of the HMG-CoA reductase at the ER [30].

We propose that a subset of tyrosine kinase receptors (TKR, e.g. ErbB2, Ron, EGF, Met and
EphA2 receptors) represents conditional substrates for the peripheral QC machinery [31,32].
Several kinase domains of TKRs are maintained in the their native fold by dynamic
interaction with the molecular chaperone Hsp90 that recognizes poorly defined
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conformational flexibility of client proteins [33]. Inhibiting the Hsp90 ATP binding with
benzoquinon ansamycins leads to the forced dissociation of the Hsp90-TKR complex and
subsequent unfolding of the kinase domain. This culminates in the Ub-dependent disposal of
the TKR by accelerated internalization and a combination of proteasomal and lysosomal
proteolysis, a pharmacological intervention applied to down-regulate oncogenic TKR for
cancer treatment [33,34].

Polyubiquitination signals the degradation of nonnative membrane
proteins from the PM

Since poly- and multiple-mono-Ub can serve as efficient endocytic and lysosomal targeting
signals, these posttranslational modifications are exploited for the regulated disposal of both
native and nonnative PM proteins in mammalian cells [25,31] (Table 1). Increased
ubiquitination of mutant variants of BSEP, Pmal, DRD4, V2R, NHE6 and CFTR was
documented at either the PM or post-Golgi compartments [7,27,35,36]. Conversely, down-
regulation of the E1 Ub-activating enzyme delayed the peripheral turnover of mutant
CFTRs, DRD4 and V2R, as well as CD4T-Ay, in ts20 cells [22,27,28]. Extracellular K*-
depletion and high salt or acidity also triggered Ub-dependent degradation of the wild-type
HERG channel and LDL receptor, respectively, presumably by conformational
destabilization [16,37]. Thermal unfolding of CD4T-A,, was indeed coincided with its
ubiquitination at the PM, monitored by bioluminescence resonance energy transfer in real-
time [28].

Recent evidences suggest that structural and functional promiscuity of the poly-Ub chain is
greater than originally proposed. Besides K48, most other Ub-linkages are involved in
proteasomal degradation of misfolded polypeptides [38]. In addition to K63, K11-, K29- and
K48-linked poly-Ub chains can be recognized as internalization and lysosomal sorting
signals [39]. Although we lack systematic analysis of poly-Ub configuration in nonnative
PM proteins, the K63-linked Ub-chain was more abundant in unfolded CDA4T-A, at the PM,
while the ER-entrapped CD4T-A, and cytosolic EGFP-A,, contained preferentially K48-
linked Ub-chains [28], consistent with the emerging model that an overlapping set of Ub-
chains can participate in proteasome- and lysosomal-dependent protein degradation with
variable efficiency [38,39].

The ubiquitination machinery of the peripheral QC system

Components of the ubiquitination machinery involved in conformationally-defective PM
protein degradation have been recently identified by two different approaches in higher
eukaryotes. A proteomic analysis was utilized to isolate the ubiquitination machinery in
complex with the thermally unfolded CD4T-A, chimera confined to the PM. The unfolded
CDA4T-Am chimera was immunoisolated under non-denaturing conditions from HEK293
cells and the complex composition was analysed by liquid chromatography and mass
spectrometry. The proteomic analysis revealed that CHIP (C-terminal Hsp70 interacting
protein), a cytosolic E3 Ub-ligase, as well as Hsc70 and Hsp90 were selectively associated
with unfolded, but not the native CD4T-)A¢ at the PM [28]. CHIP consists of an N-terminal
tetratricopeptide (TPR) domain that binds Hsc70, Hsp70 and Hsp90 molecular chaperones, a
central helical domain mediating CHIP dimerization and a C-terminal U-box domain
responsible for the binding of E2 Ub-conjugating enzymes (e.g. UbcH5 and Ubc13) and the
Ub-ligase activity [40-42]. CHIP function as a QC E3 Ub ligase that selectively
ubiquitinates conformationally defective cytosolic and ER polypeptides has been established
[41]. CHIP TPR domain binds to Hsc70 and Hsp90, enabling complex formation with
unfolded CD4T-Ac, suggesting that CHIP function is not restricted to damaged ER and
cytosolic polypeptides disposal [28,41,42]. Although CDAT-Ac unfolding recruited Hsc70/
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Hsp70/Hsp90 to the PM [28], chaperone-independent substrate recognition by CHIP cannot
be ruled out [43].

As a parallel approach, phenotypic small interfering RNA (siRNA) screens were performed
in HelLa cells to isolate the E3 Ub ligase(s) responsible for unfolded rAF508-CFTR
elimination from the PM. This assay also isolated CHIP as the E3 Ub ligase responsible for
the ubiquitination and degradation of unfolded rAF508-CFTR in two cell models [44].
Biochemical assays proved that Hsc70 and Hsp90 in concert with a subset of co-chaperones
(see below) were required for the rAF508-CFTR ubiquitination and disposal from the PM
[44]. In accord with their cellular abundance, the Hsc70-CHIP complex appears to play a
more important role in unfolded CFTR recognition than the Hsp90-CHIP machinery [42,44—
46] (Fig. 2). The conformation-sensitive ubiquitination of the rAF508, but not the wild-type
CFTR by Hsc70-CHIP complex was confirmed using an in vitro reconstitution assay [44].
The contribution of CHIP-dependent ubiquitination to the accelerated disposal of
conformationally defective V2R and DRD4 from the PM was also confirmed [28,44],
underlying the multiple substrate recognition capacity of the peripheral QC system.

The phenotypic siRNA screens also revealed that co-chaperones DNAJAL (Hdj2), DNAJB2
(HSJ1), Ahal and HOP together with an E2 Ub-conjugating enzyme UbcH5 are essential
constituents of the rAF508-CFTR ubiquitination machinery in post-Golgi compartments
[44]. Ablation of the J-domain protein DNAJA1 profoundly attenuated the rAF508-CFTR
ubiquitination, implying that DNAJA1 has a role in the Hsc70-dependent recognition of
non-native PM proteins similar to its involvement in the ER QC [4,47]. The Hsc70-Hsp90
coupling factor HOP and the Hsp90 co-chaperone Ahal probably enhance Hsp90 interaction
with the PM client protein [44,48]. Supporting their degradative role in CFTR processing,
ablation of HOP or Ahal facilitates the non-native AF508-CFTR biosynthetic maturation
[49,50]. DNAJB2, an Ub-interacting motif (UIM) containing J-domain protein, appears to
regulate the rAF508-CFTR ubiquitination only at the post-endocytic stage. This molecular
mechanism remains to be established, but it may either enhance the ubiquitination or
attenuate deubiquitination of the rAF508-CFTR [51]. Likewise, it is plausible that
deubiquitinating enzymes along the endocytic pathway regulate the degradation efficiency
of non-native PM proteins as demonstrated for the mutant Pmal and the wild-type CFTR
[52,53].

E3 Ub-ligases can recognize non-native client proteins either via chaperone interactions (e.g.
Ubrl/2 [42], UBE3A [54] and Cul5 [32]) or directly. The latter mechanism may prevail for a
subset of client proteins of CHIP [43], Hrd1 [55] and Sanl [56] in the cytoplasm, ER and
nucleus, respectively. Intriguingly, direct substrate recognition by Sanl is mediated by
intrinsically disordered N- and C-terminal domains with embedded conserved recognition
motifs [56]. In light of biological importance, it is conceivable that multiple ubiquitination
mechanisms are involved in the peripheral protein QC, a possibility supported by the finding
that CHIP ablation was unable to completely block the elimination of unfolded CFTR,
DRD4 and V2R from the PM, while other Ub-ligase (e.g. Hrd1 and Gp78) knock-down
could partially block the rAF508-CFTR removal in HeLa cells [44].

Based on the redundancy of QC machineries in general [1,5,57], we envision that multiple
Ub-dependent and, perhaps, Ub-independent degradation pathways as well, could be
involved in the peripheral protein QC. For instance, BAG-1 stimulates lysosomal
degradation without affecting the unfolded rAF508-CFTR ubiquitination at the post-Golgi
compartments [44] probably by facilitating interaction of the QC complex with endocytic
and ESCRT adaptors (see below) [44], as well as providing physical links to proteasome-
mediated degradation [58] and autophagy [59]. While Hsc70 strongly regulates the CHIP-
mediated ubiquitination for lysosomal degradation of unfolded rAF508-CFTR at the cell
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surface [44], Hsc70 is also involved in the chaperone-mediated autophagy of aberrant
proteins [60]. Further studies will be required to clarify the contribution of these alternative
degradation mechanisms in the context of the peripheral QC.

Comparison of the peripheral and ER/cytoplasmic QC

Intriguingly, constituents of the peripheral QC machinery are also involved in the ER and
cytosolic QC [5,41,47,49,51], suggesting that similar principles may govern the recognition
of structurally defective proteins at different cellular locations. This notion is in line with the
capacity of CHIP-UbcHS5 to synthesize Ub-chains with all possible linkages [40], conferring
recognition signals for proteasomal degradation and Ub-binding endocytic adaptors for
endo-lysosomal sorting [61]. One of the unique features of the ER/cytoplasmic proteostasis
is that parallel and complementary pathways, including chaperone-dependent and -
independent E3 ligases contribute to triage decision of misfolded polypeptides [55,62,63].
This redundancy appears to enhance the recognition flexibility and fidelity of the QC system
to triage a significant fraction of newly synthesized proteins at the ER and cytoplasm (Fig.
2). In accord, CHIP or chaperone/co-chaperone ablation had modest effect on the AF508-
CFTR ERAD, while significantly delayed the PM rAF508-CFTR degradation [44].

Endocytic adaptors for the lysosomal targeting of non-native PM protein

Rapid endocytosis of aberrant PM proteins is probably mediated by Ub-binding clathrin
adaptors (e.g. epsinl and eps15/eps15R) similar to that of signaling-induced downregulation
of native polypeptides [25,31,52]. These clathrin adaptors can recognize both K63- and
K48-linked poly-Ub chain [31,64]. In addition, BAG-1, an Ub-like domain containing
Hsc70 co-chaperone, may link the chaperone-PM protein complex to Ub-binding adaptors to
the internalization and lysosomal sorting machinery through its Ub-like domain [44]. The
severe recycling defect in concert with lysosomal rerouting of mutant CFTRs, V2R, DRD4
and CD4T-A¢ chimera implies that non-native PM proteins are subjected to conformation-
dependent post-endocytic sorting. ESCRT components Hrs (Hepatocyte growth factor-
regulated tyrosine kinase substrate), Stam1 (signal-transducing adaptor molecule), and
TSG101 (tumor susceptibility gene 101) are essential for ubiquitinated native cargo delivery
into MVB/lysosomes [6]. Down-regulation of Hrs, Stam1 or TSG101 also delayed the
degradation of unfolded PM proteins and retained them in early endosome, revealing the
anticipated function of ESCRT in peripheral QC of PM proteins [22,28,44].

The possible role of peripheral QC as modifier of the loss-of-function
cellular phenotype

Promiscuous substrate specificity of Hsc70/Hsp90 towards non-native polypeptides implies
that the peripheral QC probably contributes to triage decision of numerous PM proteins and
the pathogenesis of certain conformational diseases. The phenotype of mutant BSEP and
CFTR, associated with progressive familial intrahepatic cholestasis type 2 disease and cystic
fibrosis (CF), respectively, suggest that the metabolic destabilization of these transporters
correlates with their ubiquitination at the PM [27,36]. The severity of cholestasis and CF is
inversely proportional with the PM density of the BSEP and CFTR, respectively [10,65]. In
light of the limited fidelity of the ER QC and the possibility of delayed unfolding of mutants
at the PM, it is tempting to speculate that the peripheral QC may exacerbate the phenotype
of conformational diseases by prematurely disposing partially functional mutants from the
PM. Indeed, selected mutants of CFTR, MLC1, V2R and BSEP could escape the ER QC
and targeted for endo-lysosomal degradation from the PM in both primary cells and
heterologous expression systems [10,27,36,66,67].
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Conclusions and perspectives

Recently cellular and biochemical processes recognizing and disposing non-native PM
proteins as part of the peripheral QC mechanism have begun to be elucidated. The
unexpected complexity of the peripheral proteostatic mechanism is exemplified by the
coordinated function of chaperones, co-chaperones, Ub-conjugating and -ligating enzymes,
as well as Ub-binding PM and endosomal adaptors and the ESCRT machinery that
complements the function of proteostasis networks of the ER, mitochondria, cytosol and
nucleus. Despite this progress, a number of questions remain to be addressed. Do alternative
degradation pathways (e.g. autophagocytosis and proteasome) contribute to peripheral
proteostasis? What is the conformational sensitivity of the peripheral QC machinery in
relation to the ER QC? Are other chaperone-dependent and -independent E3 ligases
involved in the peripheral QC in analogy to the proteostasis networks of the ER and
cytoplasm? Finally, can chemical or biological modulation of the peripheral proteostasis
help alleviating the loss-of-function/expression phenotype of PM proteins in conformational
disease and be exploited in therapeutic applications? Answers to these questions will help
establish the molecular basis and significance of the peripheral QC systems in the complex
cellular proteostasis networks in health and diseases.
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Figure 1. Working model for the peripheral protein QC network

1. The cytoplasmic region of conformationally defective PM proteins is selectively
recognized by Hsc70 in concert with DNAJA1 (JA1) and, possibly by the Hsp90/HOP/Ahal
machinery. 2. Prolonged interaction with the chaperone/co-chaperone complex recruits
CHIP-UbcHS5, leading to ubiquitination of conformationally damaged PM proteins. 3.
Ubiquitinated nonnative PM proteins are rapidly endocytosed, possibly by clathrin-mediated
internalization upon recruitment of Ub-binding endocytic adaptors. 4-5. Depending on the
folding propensity of the cargo molecule and the proteostasis network state, dynamic
interaction with chaperones and co-chaperones may favor the client protein refolding,
deubiquitination (e.g. [53]) and subsequent recycling to the PM. Alternatively, irreversible
unfolding of the PM protein would lead to persistent ubiquitination by CHIP-UbcHS5 and/or
by other E3 ligase(s), providing efficient sorting signals for ESCRT-dependent cargo
concentration, intraluminal budding and multivesicular endosome formation for delivery
into the degradative lysosomal compartment.
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Figure 2. Ubiquitination machinery of the ER and peripheral QC systems

Both chaperone-dependent (e.g. Hsc70/Hsp90-CHIP) and -independent (e.g. RMAL, Hrd1/
Gp78 and Doal0/MARCH-6) ubiquitination pathways can contribute to the ER QC system
[5,57]. This redundancy likely explains the limited phenotype of the Hsc70 or CHIP ablation
on the ERAD efficiency of a subset of misfolded substrates [44]. Chaperone-binding
cytoplasmic Ub-ligases (e.g. Ubr1/2 [42], UBE3A [54] and Cul5 [32]) may be also involved
in the ER QC of membrane proteins with exposing cytoplasmic misfolding. In contrast, the
redundancy of ubiquitination machinery appears to be limited for the peripheral QC,
explaining the pronounced phenotypic consequences of Hsc70 or CHIP ablation on the
peripheral degradation of nonnative PM proteins [44]. Although the contribution of
additional Ub-ligase(s) remains to be uncovered, the PM-localized Ub-ligase, such as Gp78/
AMEFR [68] and other cytoplasmic Ub-ligase may play a role in the peripheral protein QC
[44].
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