
Garbage on, Garbage off: New Insights into Plasma Membrane
Protein Quality Control

Jason A. MacGurn
Department of Cell and Developmental Biology, Vanderbilt University Medical Center, Nashville,
TN 37232-8240, U.S.A

Abstract

Maintenance of cellular protein quality – by restoring misfolded proteins to their native state and

by targeting terminally misfolded or damaged proteins for degradation – is a critical function of all

cells. To ensure protein quality, cells have evolved various organelle-specific quality control

mechanisms responsible recognizing and responding to misfolded proteins at different subcellular

locations of the cell. Recently, several publications have begun to elucidate mechanisms of quality

control that operate at the plasma membrane (PM), recognizing misfolded PM proteins and

targeting their endocytic trafficking and lysosomal degradation. Here, I discuss these recent

developments in our understanding of PM quality control mechanisms and how they relate to

global protein quality control strategies in the cell.

Introduction

Proteins are constantly exposed to different cellular microenvironments that exert various

stresses – including oxidative stress, thermal stress, physical stress, and chemical stress – all

of which threaten the native fold of proteins and generally contribute to protein damage and

misfolding. Therefore, it is not surprising that eukaryotic cells have evolved multiple

elaborate and interconnected mechanisms dedicated to maintaining protein quality in

specific organelles and subcellular compartments. In general, these quality control

mechanisms exhibit several shared features, including: (i) the ability to distinguish between

native and non-native substrate, or “client”, proteins, (ii) the potential to interact with a

broad array of misfolded clients, and (iii) the ability to protect cells from the toxic effects

protein misfolding in both physiological conditions and during cellular stress. Over the

course of the past decade, many specialized quality control mechanisms that fit these criteria

have been characterized in the cytosol [1,2], the endoplasmic reticulum (ER) [3-7], the

nucleus [8,9], and the mitochondria [10,11]. From this research, it is clear that the specific

chemistry and context of some organelles necessitates dedicated quality control

mechanisms, but it is also clear that many different quality control mechanisms are
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overlapping and interwoven to provide robust protein quality control throughout the cell.

Importantly, lessons from different quality control mechanisms are leading to the emergence

of common themes and design patterns that will guide us in our efforts to understand how

protein quality is maintained at different compartments in the cell.

Until recently, very little was known about quality control mechanisms that operate at the

plasma membrane (PM). This is surprising, given the variety and importance of

physiological processes that occur at the PM, including sensing of environmental cues,

transduction of signals across the PM bilayer, uptake of nutrients, ion flux, and adhesion to

other cells and surfaces. However, recent studies have highlighted the critical role of

ubiquitination pathways both as sensors of PM protein misfolding and as mediators of

plasma membrane quality control (PMQC). Specifically, ubiquitin modification of

misfolded integral membrane proteins in the PM targets endocytosis and subsequent

trafficking to the lysosome, resulting in protein degradation which generates free amino

acids that can either be stored or transported to the cytosol and recycled [12,13]. Here, we

review recent findings that have expanded our understanding of PMQC, comparing these

systems with other cellular quality control pathways and highlighting the most important

unresolved issues that need to be addressed in future studies.

PMQC: Unique Challenges and High Stakes at the Cell Surface

Maintaining high PM protein quality control and preventing the accumulation of misfolded

integral membrane proteins at the cell surface is critical, not only to ensure proper

physiological responses to and interactions with the environment, but also to maintain

essential ion and chemical gradients between the cytosol and the extracellular space that are

vital for life. Indeed, each channel and transporter at the surface is a potential liability which

could threaten the integrity of the cell if misfolded variants persist at the PM. Along with

such high stakes come substantial challenges. For example, changes to the extracellular

microenvironment, mechanical stresses, or extrinsic factors that affect membrane fluidity

could all promote misfolding of integral membrane proteins at the PM. Furthermore, PMQC

has unique limitations compared to QC at other locations in the cell. For example, ER

quality control can potentially detect protein misfolding of an integral membrane protein on

its cytosolic domains (ERAD-C), its membrane spanning domains (ERAD-M), or domains

accessible to the lumen of the ER (ERAD-L), and these distinct pathways contribute to

robust quality control in the ER [14]. In contrast, it is unclear how misfolding of

extracellular domains in PM proteins would be detected and, once detected, how such a

signal would be transduced to ubiquitination machinery in the cytosol. Also in contrast to

other quality control mechanisms such as ERAD, where substrate ubiquitination results in

rapid retrotransolocation and proteasomal degradation, it is clear that misfolded PM proteins

targeted for degradation along the endocytic pathway have multiple opportunities for

ubiquitin modifications to be reversed by deubiquitylating enzymes to allow for recycling

[15]. This important feature – the chance for multiple quality checkpoints along the

endocytic trafficking pathway – suggests that the overall quality of PM proteins is

determined by multiple sequential quality control mechanisms, and not just the ability to

recognize misfolding of proteins at the PM.
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CHIPing away at Garbage: Chaperone-mediated PMQC

While the first evidence of PMQC came from reports over a decade ago [16,17], it is only in

recent years that the first mechanisms of PMQC have been reported. Two important studies

demonstrated that conditional misfolding of integral membrane proteins at the PM – either

mutant CFTR (ΔF506) or chimera constructs containing domains known to misfold at

restrictive temperature – triggers ubiquitin-dependent endocytosis and lysosomal trafficking

for degradation [18,19]. Both studies demonstrate that the detection of misfolded PM

proteins is mediated by the CHIP (C- terminus of Hsp70 interacting protein) ubiquitin

ligase, which catalyzes the ubiquitination of misfolded substrates and is thus required for

subsequent endocytosis and lysosomal trafficking events (Figure 1 and Table 1). CHIP has a

domain architecture that includes a C-terminal U-box domain responsible for recruitment of

E2 ubiquitin conjugating enzymes and an N-terminal tetratricopeptide (TPR) domain that

interacts with Hsc70 and Hsp90. These interactions allow these chaperones to function as

adaptors for the CHIP ligase, effectively promoting the ubiquitin-mediated degradation of

chronic Hsc70 and Hsp90 clients. In between the TPR and U-box domains, CHIP contains a

dimerization domain, but structural studies have demonstrated that CHIP homodimers are

asymmetrical and only one E2 conjugating enzyme can be recruited per complex [20].

More recently, several reports have linked CHIP to the endocytic trafficking and lysosomal

degradation of additional PM proteins. For example, CHIP in conjunction with Ubc13 was

shown to be required for the endocytic downregulation of growth hormone receptor (GHR)

expressed in different mammalian cell lines[21], although it is not entirely clear if CHIP is

recognizing misfolded GHR as a quality control mechanism. Another recent study

demonstrated that misfolding of the human ether-a-go-go-related gene (hERG), the α-

subunit of the Kv11.1 K+ channel critical for repolarization of cardiac cells, resulted in

CHIP-mediated ubiquitination, endocytosis, and lysosomal degradation [22] (Table 1). Thus,

there is an emerging consensus that CHIP is a major factor of PM quality control in

mammalian cells.

Importantly, CHIP has also been shown to function in cytosolic quality control and in ER

quality control [23-25], and can catalyze the addition of both K48-linked and K63-linked

polyubiquitin chains. This versatility suggests that CHIP contributes to overall cellular

protein quality control, capable of being recruited to multiple subcellular locations to

ubiquitinate chaperone clients and target their proteasomal or lysosomal degradation.

Perhaps not surprisingly, a recent report found a link between mutations in CHIP and

autosomal recessive cerebellar ataxias, a group of inherited neurodegenerative disorders

[26]. Interestingly, this study demonstrated that, in contrast to its wildtype counterpart,

mutant CHIP was associated with accumulation of N-methyl-D-aspartate receptors

(NMDARs) at a cellular level [26]. Future analysis of these disease-linked CHIP mutants

will need to address if the defect is associated with accumulation of receptors at the PM, in

the ER, or both.
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PMQC and the ART-Rsp5 network in Yeast

In yeast, endocytosis of specific cargo typically requires ubiquitination by the Rsp5 E3

ubiquitin ligase (the only member of the Nedd4 family of ubiquitin ligases encoded in the

yeast genome), which can either target substrates directly or indirectly via a family of

adaptor proteins known as ARTs (arrestin-related trafficking adaptors) [12,27-29]. Recent

studies have implicated the ART-Rsp5 network in the targeted ubiquitination and

endocytosis of misfolded proteins at the PM (Figure 2 and Table 1) [27,30]. ART family

adaptors are absolutely required for the endocytosis and degradation of many different PM

proteins following exposure to misfolding stress, and cells with defects in the specific nodes

of the ART-Rsp5 network are extremely sensitive to these stresses [30]. This sensitivity

correlates with the accumulation of proteins at the surface, and is also observed for other

endocytosis mutants but not for later trafficking events like endosomal sorting by the

ESCRT pathway or vacuolar fusion [30]. In most cases, blocking endocytosis of misfolded

proteins required deletion of two or more ART family adaptors, which is indicative of a

highly redundant and robust system [30]. Importantly, the ART-Rsp5 network exhibited

synthetic genetic interactions with other membrane protein quality control pathways

functioning at the ER and Golgi, indicating that these sequential quality control mechanisms

operate in series to maintain membrane protein quality control throughout the cell [30].

Thus, the ART-Rsp5 network exhibits critical features of many QC systems, including (i)
the ability to specifically recognize misfolded PM proteins for targeted ubiquitination, (ii)
broad substrate recognition potential, either via direct interaction with Rsp5 or its adaptor

network, and (iii) the ability to protect cells during conditions of proteotoxic stress [30].

While it is clear that Rsp5 and specific ARTs function in PMQC, the precise mechanism of

recognition and the basis for distinction between native and non-native conformations of the

same protein is not well understood. One recent investigation of the yeast uracil transporter

Fur4 elucidated a key mechanism for how cell surface transporters may be recognized and

targeted for removal [31]. This study proposes that, in the absence of uracil, the peptide

sequence in Fur4 that is recognized by Rsp5 is apposed to the cytosolic leaflet of the plasma

membrane and inaccessible for binding to Rsp5 [31] (Table 1). However, in the course of

the uracil transport cycle, conformational changes in the transporter would destabilize this

peptide, making it more accessible to Rsp5. While additional biochemical analysis will be

necessary to confirm these ideas, it is clear that many PM transporters transit through a state

(or states) of conformational instability during the transport process [32-34]. Thus, it is

tempting to speculate that intermediates of substrate transport cycles may expose peptide

domains that are recognized by the ubiquitination machinery in the same way that misfolded

or damaged transporters would be recognized and targeted for degradation.

Another possible model for how misfolded PM proteins could be recognized and targeted

for degradation involves the detection of misfolded proteins by intrinsically disordered

domains present in the quality control machinery. Indeed, several recent studies have

provided evidence that intrinsically disordered domains can function in the recognition of

misfolded proteins. The yeast protein San1, a nuclear-localized RING ubiquitin ligase, is

predicted to be >50% disordered, and these disordered domains were shown to be critical for

the recognition, ubiquitination, and proteasomal degradation of misfolded substrates in the
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nucleus [35,36]. In a similar manner, the chaperone Hsp33 was shown to undergo a redox-

dependent transition from an ordered conformation to a disordered conformation, with the

regions of disorder critical for recognition of misfolded clients [37,38]. Given these and

other examples, there is an emerging consensus that intrinsically disordered domains have

the potential to recognize misfolded proteins. It is worth noting that many ART family

proteins, and particularly the ones critical for PMQC [30], are predicted to have high

degrees of intrinsic disorder, with three ART family members >50% disordered and all but

two >40% disordered. It is not yet known if these disordered segments of ART family

proteins are important for recognition of misfolded cargo, but this property of ART family

proteins might explain some key features of the ART network such as its broad cargo

recognition capability and the redundancy which makes the system so robust for PMQC.

Exploring New Mechanisms of PMQC

As mechanisms of PMQC are only now coming into focus, it is very likely that novel

PMQC mechanisms and pathways will emerge from diverse strategies and types of analysis.

One recent study investigated quality control pathways for the human Kir2.1 potassium

channel with an elegant screen in yeast. The authors were able to express Kir2.1 in strains

lacking the endogenous yeast potassium uptake system, which complemented growth in low

potassium conditions [39]. This allowed the authors to conduct a screen for mutants that

suppressed or enhanced this complementation, and the authors found that mutations that

prevented lysosomal degradation (particularly mutations in the ESCRT pathway) enhanced

the ability of Kir2.1 to complement the growth phenotype in low potassium [39].

Importantly, the authors then analyzed the degradation of Kir2.1 in human cells and found

that degradation was mediated primarily by lysosomal degradation and, to a lesser extent,

proteasomal degradation [39]. Although the exact mechanism of detection and

ubiquitination remains unclear, these results suggested a role for PMQC in determining the

stability of Kir2.1 at the PM (Table 1). This study also illustrates how synthetic genetic

analysis in yeast can be used to screen for quality control pathways that recognized

misfolded PM proteins and are highly conserved across evolution.

Fundamentally, protein quality control is about how cells distinguish between native and

non-native conformations of a given protein, and this is a particularly challenging problem

for integral membrane proteins, which must be monitored for proper folding of cytosolic

domains, extracellular domains, and transmembrane domains. Using an in vitro system that

reconstitutes ubiquitination events that occur at the ER and target substrates for ERAD, one

recent study demonstrated that association with deubiquitylating enzymes (DUBs) enhances

discrimination potential of ubiquitin ligases [40]. Using in vitro measurements and

computational modeling, the authors demonstrate that DUB association with an E3 ligase

can prevent polyubiquitin accumulation on “weak” substrates without dramatically affecting

polyubiquitin accumulation on “strong” substrates, thus enhancing discrimination between

native and misfolded substrates during ubiquitination [40]. While this study implicated this

mechanism for integral membrane proteins in the ER, it is possible that such a mechanism

also operates at the PM. Indeed, DUBs have been shown to associate with Rsp5 in yeast

[41-43], but whether or not DUBs associate with CHIP in mammalian cells remains to be

determined.
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As discussed above in the case of CHIP-mediated PMQC, a key strategy for recognizing

misfolded proteins throughout the cell is to use molecular chaperones as adaptors that recruit

the CHIP E3 ubiquitin ligase, but these mechanisms are limited to detection of the

misfolding of large cytosolic domains. Although decades of research have elucidated many

fundamental mechanisms for a handful of highly-conserved molecular chaperones, new

chaperones are still being discovered and it is clear that many remain to be discovered [44].

This is certainly the case for chaperones of integral membrane proteins at the PM. While

canonical chaperones of soluble proteins, like Hsp70 or Hsp90, promote the folding and

maintenance of the soluble cytosolic domains of PM proteins, chaperones that promote the

folding and stability of transmembrane domains are not well established. Certainly lipids can

function to promote the stability of integral membrane proteins, as evidenced from

experiments showing that sphingolipids at the cell surface help stabilize the yeast general

amino acid transporter, Gap1 [45]. It is also likely that carbohydrates play a role in

promoting general PM protein stability, and in particular molecules like trehalose, a

disaccharide, seem to function as molecular chaperones that prevent protein aggregation and

promote membrane integrity and cell survival in conditions of proteotoxic stress [46-48].

Clues for potential chaperones that act within membrane lipid bilayers may come from

studies that profiled yeast transcriptional responses to various different proteotoxic stresses,

which reveal that many small (∼100 amino acids in length or less), hydrophobic ORFs are

transcriptionally induced in response to proteotoxic stress conditions [49-54]. One such

candidate chaperone is Hsp12, a small (109 amino acids in length) unstructured protein that

acquires secondary structure in a membrane environment [55]. Hsp12 is a potential

candidate membrane protein chaperone, as it is required for yeast survival to proteotoxic

stresses (heat, osmotic, and oxidative stresses) and it is clearly important for maintenance of

PM integrity under these conditions [55], but further studies will need to address if Hsp12

functions as a chaperone for integral membrane proteins at the PM. In addition to Hsp12,

many other small, hydrophobic ORFs have been shown to be required for yeast survival

during proteotoxic stress [56], suggesting that various small hydrophobic peptides play a

crucial role in resistance to protein misfolding. Whether or not any of these stress-induced

hydrophobic peptides function as chaperones for PM proteins remains to be determined.

Conclusions and Perspectives

Although research over the past two decades has provided evidence for cellular maintenance

of PM protein quality control, it is only in recent years that specific mechanisms for targeted

removal of misfolded PM proteins have been elucidated. These mechanisms involve

chaperone-mediated targeting of ubiquitin ligases as well as mechanisms that recognize

misfolded proteins via networks of ubiquitin ligase adaptors. In terms of human disease,

PMQC pathways appear to be a double-edged sword. Stringent PMQC may facilitate human

disease by recognizing mutant alleles of transporters or ion channels (such recognition of

misfolded CFTR by CHIP) and mediating their ubiquitination and endocytic

downregulation, making these pathways potential therapeutic targets for various

channelopathies. On the other hand, relaxing PMQC has the potential to promote

hyperproliferation by tolerating (or sustaining) signals from non-native, oncogenic variants

of signaling receptors. Only through investigation of these pathways and analysis of the
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cellular consequences of modulating PMQC activity can we fully appreciate the role of PM

quality control pathways in health and disease.
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Glossary Box

ERAD Endoplasmic Reticulum Associated Degradation

DUB deubiquitinating enzyme

CFTR cystic fibrosis transmembrane conductance regulator

ART arrestin-related trafficking adaptor

MVB multivesicular body

Channelopathies human diseases caused by mutations that affect ion channel function
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Figure 1.
Model of chaperone-mediated PMQC via the CHIP E3 ubiquitin ligase.
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Figure 2.
Model of ART-Rsp5-mediated PMQC in yeast.
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Table 1
Examples of PMQC in Yeast and Mammalian Cells

PM Protein Misfolding Condition Recognition Mechanism Ubiquitin Ligase Reference

Yeast

Ste2 ste2-3 allele (ts) unknown Rsp5 [16,17]

Can1 can1-ts allele unknown Rsp5 [17]

Pma1 pma1-10 allele unknown Rsp5 [57]

Gap1 low [sphingolipids] unknown Rsp5 [45]

Lyp1 heat stress Art1 and Art2 Rsp5 [30]

Fur4 heat stress Rsp5 Rsp5 [31]

Mammalian

CFTR ΔF508 CFTR Hsc70, Hsp90 CHIP [18]

hERG mutation, altered [K+] CHIP [22]

Kir2.1 unknown unknown unknown [39]
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