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A defining feature of eukaryotic cells is the segregation of complex biochemical processes
among different intracellular compartments. The protein targeting, translocation, and traffick-
ing pathways that sustain compartmentalization must recognize a diverse range of clients
via degenerate signals. This recognition is imperfect, resulting in polypeptides at incorrect
cellular locations. Cells have evolved mechanisms to selectively recognize mislocalized
proteins and triage them for degradation or rescue. These spatial quality control pathways
maintain cellular protein homeostasis, become especially important during organelle stress,
and might contribute to disease when they are impaired or overwhelmed.

PROTEIN LOCALIZATION AND
MISLOCALIZATION

Nearly all proteins in a eukaryotic cell are
synthesized by ribosomes that reside in the

cytosol. Roughly 35% of these proteins are seg-
regated to the endoplasmic reticulum (ER),
∼25% to the nucleus, ∼5% to the mitochondria
(and chloroplasts in plant cells), and <1% to
peroxisomes and lipid droplets (Juszkiewicz
and Hegde 2018; UniProt Consortium 2018).
Thus, two-thirds of nascent proteins need to be
selectively targeted from the cytosol to subcellu-
lar destinations where they are typically translo-
cated across or embedded into a membrane.
Because correct localization is critical for a pro-
tein’s function, cells invest extensive resources
toward generating and maintaining this spatial
organization.

The molecular basis of the cell’s different
targeting and translocation pathways vary
widely (Wickner and Schekman 2005; Rapoport
2007; Hegde and Keenan 2011; Ma et al. 2011;
Shi and Theg 2013; Wiedemann and Pfanner
2017). Nevertheless, a fundamental shared prin-
ciple is that protein targeting involves the recog-
nition of a targeting signal within the nascent
protein by a targeting factor for the destination
organelle. Different types of targeting signals
specify different destinations, whereas the cor-
responding targeting factors either have recep-
tors at the intended destination or are already
located at the destination. Thus, the fidelity of
cellular spatial organization relies critically on
the specificity and efficiency by which signals
are recognized by their cognate targeting factors.

As with any molecular recognition event, a
degree of inefficiency is inevitable because of
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intrinsic limits on specific binding. Most
protein targeting pathways face the additional
problem that targeting signals are degenerate
and not sequence-specific (von Heijne 1985,
1995). Furthermore, the targeting signals for
different destinations can share a degree of simi-
larity, risking inappropriate recognition. Thus,
even under optimal conditions, protein target-
ing can fail for a proportion of nascent proteins.
Because proteins in the wrong cellular compart-
ment are at risk of inappropriate interactions,
unregulated function, or aggregation, they must
be promptly recognized and either degraded or
rescued.

How does a cell recognize when a protein is
out of place? At first glance, the answer seems
straightforward: Proteins in the wrong environ-
ment are unlikely to fold or assemble properly,
so the quality control pathways dedicated to
misfolded proteins would also deal with mislo-
calized proteins. Although this is certainly true
to some extent, cells have additionally evolved
recognition factors that seem to be specialized
for protein mislocalization. As discussed in de-
tail below, these factors often have a similar spe-
cificity as protein targeting factors, but instead
of engaging a receptor at the destination organ-
elle, they are coupled to ubiquitination and deg-
radation machinery. In this way, mislocalization
can be recognized by the prolonged exposure of
a targeting signal that should have been recog-
nized by a targeting factor.

This review discusses the challenges to high-
fidelity protein localization and the extent to
which it fails under physiologic and pathologic
conditions. Failure of protein compartmentali-
zation is emerging as a substantial quality con-
trol burden on cells and several factors have
recently been implicated in their recognition
and disposal. The importance of these spatial
quality control pathways for organismal homeo-
stasis is highlighted by the pathologic conse-
quences of their saturation or failure.

MOLECULAR RECOGNITION OF
DEGENERATE SIGNALS

The targeting signals that mediate protein
compartmentalization are almost all degenerate

motifs characterized by certain biophysical fea-
tures rather than specific amino acid sequences.
The most specific signal is a carboxy-terminal
tripeptide (Ser-Lys-Leu-COOH, with some var-
iation) for peroxisomal targeting that is specifi-
cally recognized by Pex5 (Ma et al. 2011).
The X-ray structure of this interaction reveals
the basis of its specificity (Gatto et al. 2000). In
contrast to this exception, however, all other
targeting signals (including most peroxisomal
proteins that use other signals) are largely se-
quence-independent. This imposes a major
challenge to high-fidelity recognition because
the binding site for the signal must necessarily
be flexible to accommodate diverse sequences.

The signal for cotranslational protein target-
ing to the ER contains the widest diversity as a
result of the 7000 proteins (in mammals) that
use this pathway (Guna and Hegde 2018; Uni-
Prot Consortium 2018). The minimal basis for
this signal is simply a stretch of ∼7–9 primarily
hydrophobic helix-compatible residues (von
Heijne 1985). This can be found in either cleav-
able signal peptides or a transmembrane do-
main (TMD). Both of these elements are highly
variable in amino acid sequence, composition,
length, and flanking regions. Yet, signal se-
quences and TMDs must be recognized as a
class while excluding all other nascent pro-
tein sequences of proteins destined for non-ER
locations.

Signals for cotranslational ER targeting are
recognized by the 54 kDa subunit of the signal
recognition particle (SRP) (Keenan et al. 2001).
The availability of multiple X-ray structures of
SRP54 without (Keenan et al. 1998; Clemons
et al. 1999) and with a bound signal (Janda
et al. 2010; Hainzl et al. 2011; Hainzl and
Sauer-Eriksson 2015) shows it to contain a hy-
drophobic binding groove that is accommodat-
ing in two ways. First, the helical scaffold that
forms the hydrophobic groove can be in multi-
ple conformations. Second, residues that line the
groove are enriched in methionines whose side
chains are flexible. This explains how the groove
can bind a wide variety of signals; however, it is
unclear from solely structural considerations
how specificity for only ER-destined cargo is
achieved (Fig. 1).
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Part of the answer may lie in the observation
that the hydrophobic groove appears to be auto-
inhibited by a carboxy-terminal amphipathic
helix that might reduce promiscuous binding
(Voorhees and Hegde 2015). Further contribu-
tions to fidelity arise from substrate-dependent
modulation of SRP54’s GTPase cycle and inter-
action with its receptor (Zhang et al. 2010).
However, these mechanisms probably do not
completely eliminate promiscuous recognition
of TMDs in mitochondrial membrane proteins.
Although the nascent polypeptide-associated
complex (NAC) seems to aid in this discrimina-
tion (Gamerdinger et al. 2015), it is unclear how
it functions in molecular terms.

A similar recognition problem exists for tail-
anchored membrane proteins. These proteins
have a single TMD close to the carboxyl termi-
nus that serves as the targeting signal for either
the ER, mitochondria, chloroplasts, or peroxi-
somes (Borgese and Fasana 2011; Hegde and
Keenan 2011). The primary mode of recogni-
tion appears to be TMD hydrophobicity, with
additional contributions from flanking charged
residues (Kalbfleisch et al. 2007; Costello et al.

2017). Although the TMDs for ER-targeted tail-
anchored proteins tend to be more hydrophobic
than those destined for other organelles, the
overlap is substantial (Guna and Hegde 2018).
Furthermore, structures of the ER targeting
factor Get3 bound to a TMD (Mateja et al.
2015) do not reveal an obvious basis on which
all mitochondrial tail-anchored proteins could
be rigorously excluded. As with cotranslational
targeting, subtle kinetic differences in Get3
interactions with substrate and nonsubstrate
TMDs may help increase fidelity (Rao et al.
2016), butwould not eliminate errors altogether.

A number of observations indicate that tar-
geting factors have broader intrinsic specificities
than the clients for which they are intended.
First, mitochondrial tail-anchored proteins can
bind to the mammalian homolog of Get3 in
vitro (Itakura et al. 2016) and their overexpres-
sion results in Get3-dependent ER targeting in
yeast (Vitali et al. 2018). Conversely, deletion of
components for the ER tail-anchored target-
ing pathway results in mitochondrial misloca-
lization (Schuldiner et al. 2008; Jonikas et al.
2009). Second, acute depletion of SRP allows at

ER signal sequence
(prolactin)

Transmembrane domain
(κ opioid receptor)

Transmembrane domain
(ADP/ATP carrier)

Mitochondrial presequence
(aldehyde dehydrogenase)

SRP54 M-domain

Figure 1. The recognition problem for hydrophobic targeting sequences. Shown are examples of an endoplasmic
reticulum (ER)-destined signal sequence (only the hydrophobic domain is depicted), the first transmembrane
domains for proteins destined for the ER (opioid receptor) and mitochondria (ADP/ATP carrier), and a mito-
chondrial presequence (only the amphipathic helix is depicted). Despite many similarities among the four
targeting sequences, the first two need to be recognized by the M-domain of SRP54, whereas the other two
need to be avoided. The amino acids in the targeting sequences are colored as follows: acidic in pink, basic in light
blue, highly hydrophobic in dark green, moderately hydrophobic in pale green, and polar in yellow. The substrate
bindingM-domain of SRP54 is taken fromProteinData Bank (PDB) code 3JAN,whichwasmodeled from1QB2,
the X-ray structure of the human SRP54 M-domain (Clemons et al. 1999). Hydrophobic residues of SRP54 are
colored green.
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least some ER-destined proteins to be recog-
nized by the mitochondrial import pathways,
resulting in mistargeting (Costa et al. 2018).
Third, depletion of NAC permits SRP to recog-
nize cytosolic and mitochondrial proteins in vi-
tro (Wiedmann et al. 1994) and target them to
the ER in vivo (Gamerdinger et al. 2015). These
types of experiments illustrate that when one
targeting factor is missing or saturated, other
targeting factors that ordinarily are not engaged
now bind promiscuously. This suggests that tar-
geting factors for different destinations have
overlapping specificities, and that part of their
overall fidelity comes from competition for sub-
strates. The corollary to this idea is that such
overlap necessarily results in some degree of in-
trinsic inefficiency and mistargeting even under
normal circumstances.

Measurements of protein segregation effi-
ciency to the ER via the SRP pathway suggest a

failure rate of 5%–30% in cultured cells using
heterologous expression (Rane et al. 2004; Levine
et al. 2005; Kang et al. 2006; Emerman et al.
2010). Although this artificial situation may ex-
aggerate the failure rate, studies of prion protein
(PrP) translocation in transgenic mice suggest
that even in the appropriate cell typewithmodest
overexpression, the failure rate for PrP’s targeting
signal is 3%–5% (Rane et al. 2010). In unpub-
lished observations, we have found that attaching
a signal sequence to the biotin ligase BirA is in-
sufficient to fully exclude its activity from the
cytosol. Although this population ofmislocalized
BirA (or any other protein) is not obvious using
green fluorescent protein (GFP)-tagging or bio-
chemical fractionation, the far more sensitive
enzymatic assay of target modification readily re-
veals it (Emerman et al. 2010). Thus, ER targeting
has limits on its fidelity resulting in constitutive
low-level mislocalization (Fig. 2). As discussed in

Normal ER stress

Degradation Aggregation Mistargeting

Endoplasmic
reticulum

Figure 2.Multiple fates for an endoplasmic reticulum (ER)-destinedmislocalized protein. Protein import into the
ER can fail, resulting in a mislocalized protein in the cytosol (inside the red oval in the center). This failure occurs
constitutively at a low level under normal conditions (red arrows, left side) but can be enhanced for some proteins
during acute ER stress (red arrows, right side). The mislocalized protein can be degraded, aggregate with itself or
other proteins, or mistarget to another organelle.
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detail later, mislocalized proteins have multiple
potential fates, including proteasomal degrada-
tion, aggregation, and mistargeting to another
organelle. Although less well studied, the target-
ing pathways to other destinations are similarly
challenged and prone to at least some rate of
failure.

Why has evolution tolerated this apparent
inefficiency? The most plausible answer is that
targeting elements are often part of the final
protein and integral to its folding and function.
For example, >3000 membrane proteins in the
human genome are targeted via a TMD that has
functions beyond targeting. In multipass mem-
brane proteins, the TMD used for targeting is
also a critical structural element of the final pro-
tein; in single-pass membrane proteins, the
TMD often plays key roles in protein–protein
interactions. Thus, such functional constraints
imposed by these posttargeting roles necessarily
means that TMDs used for targeting are not
only diverse, but sequence features that are often
detrimental for optimal targeting are nonethe-
less conserved for other reasons.

Because the targeting of proteins to other
organelles is also frequently mediated by se-
quences that are part of the final protein, diver-
sity of targeting sequences, and hence a degree
of variability in targeting efficiency, would seem
to be both universal and inevitable. Given the
large proportion of cellular proteins that rely on
subcellular targeting during their biogenesis,
mislocalization is therefore a constant threat to
the generation and maintenance of spatial orga-
nization.

CAUSES AND CONSEQUENCES OF
IMPAIRED ORGANELLE IMPORT

In addition to intrinsic failures of localization
attributable to inefficiency, the failure rate is
sometimes exaggerated owing to environmental
perturbations. For example, during ER stress,
import is attenuated (Fig. 2). This appears to be
substrate-selective and is influenced by the na-
ture of the targeting signal (Kang et al. 2006).
Some signal peptides are refractory to stress-
dependent attenuation, including that for the
BiP, which is needed in the ER lumen to alleviate

the stress. By replacing the signal sequence of a
stress-sensitive protein (PrP) with the signal se-
quence of a stress-resistant protein, it was pos-
sible to enforce ER translocation even during
acute stress. The aggregation of PrP in the ER
lumen under these conditions, and its adverse
consequence for cell viability, indicates that
transient attenuation of translocation during
stress is a protective response (Kang et al. 2006).

Mitochondrial stress has also been shown to
impair protein import into the stressed mito-
chondrion, leading to several physiologic conse-
quences (Fig. 3). First, the load of new proteins
entering stressed mitochondria is reduced at the
expense of generating mislocalized proteins that
must be degraded by cytosolic proteasomes
(Wright et al. 2001). Second, failure to import
PINK1 into the inner membrane of stressed
mitochondria results in its accumulation at the
outer membrane, thus marking these organelles
for initiation of mitophagy (Sekine and Youle
2018). Third, reduced protein import into mi-
tochondria can initiate stress responses aimed
at stress alleviation. These include attenuated
import of the transcription factor ATFS-1 in
Caenorhabditis elegans (Nargund et al. 2012),
proteasome up-regulation (Wrobel et al. 2015),
an altered translational landscape (Wang and
Chen 2015), and activation of the transcription
factor Pdr3 in yeast (Weidberg and Amon
2018). Identifying the mechanism(s) of sensing
such stress responses and complete delineation
of the signaling pathways that culminate in the
observed responses are important goals.

Although acute reduction in translocation is
protective for both mitochondria and the ER,
chronic protein mislocalization clearly has ad-
verse consequences. Perhaps the most striking
illustration of this comes from the rare human
diseases caused by mutations in targeting sig-
nals (Arnold et al. 1990; Karaplis et al. 1995;
Seppen et al. 1996; Cassanelli et al. 1998; Hus-
sain et al. 2013; Guo et al. 2014). Suchmutations
typically have two consequences: reduced cor-
rectly produced protein and elevated mislocal-
ized protein. In most cases, it appears to be the
mislocalization that is particularly detrimental.
This is supported by the finding that such mu-
tations are autosomal dominant and cause more
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severe phenotypes than expected for haploinsuf-
ficiency in the gene.

In mice, it has been shown that even a
partially inefficient signal sequence on PrP
causes age-dependent neurodegeneration (Rane
et al. 2008), whereas deletion of the signal
produces a severe phenotype (Ma et al. 2002).
Because PrP is nonessential and its ablation has
little or no overt phenotype (Büeler et al. 1993),
the consequences of signal-perturbed PrP ex-
pression is apparently attributable to its inap-
propriate residence in the cytosol (Norstrom
et al. 2007). When considered with the observa-
tion that mislocalized insulin or parathyroid

hormone also causes disruption to protein ho-
meostasis and cell death (Arnold et al. 1990;
Karaplis et al. 1995; Guo et al. 2014), it appears
that protein mislocalization, even of a single
highly expressed protein, is generally detrimen-
tal in vivo over time. The mechanistic basis of
cell dysfunction caused by mislocalized proteins
is not clear but may be related to their aggre-
gation or inappropriate interactions with other
proteins or organelles.

Consistent with this interpretation, disrup-
tion of protein targeting pathways in yeast or
cultured mammalian cells results in cytosolic
aggregation of nontargeted proteins (Schuldiner

Mito.
precursor

ATFS1 PINK1

Normal Mito. stress

Proteasome
up-regulation

Mitochondrial
homeostasis

Selective
mitophagy

ATFS1Sensor? Pdr3

Metabolite?

PIN
K1

Figure 3. Protein mislocalization and signaling during mito. (mitochondrial) stress. Depicted are the fates of
several mitochondrial precursors during normal conditions (left) and acute stress (right). Failed import during
acute stress results in (presumably misfolded) mitochondrial precursors in the cytosol that can trigger protea-
somal up-regulation by a mechanism that is incompletely understood (Wrobel et al. 2015). In special cases, the
nonimported precursor is not degraded selectively during mitochondrial stress and can signal downstream
responses. This is the case for ATFS1, which can act as a transcription factor to up-regulate genes that improve
mitochondrial homeostasis (Nargund et al. 2012). PINK1 is normally imported into the inner membrane where
its cleavage permits retrotranslocation to the cytosol for degradation. During acute stress, PINK1 import to the
inner membrane is aborted, allowing its insertion into the mitochondrial outer membrane where it initiates a
series of events leading tomitochondrial autophagy (Sekine andYoule 2018). Pdr3 is also activated during certain
types of mitochondrial stress (Weidberg and Amon 2018), although the signal for activation, perhaps a mito-
chondrial metabolite, is not known.
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et al. 2008; Guna et al. 2018), mistargeting to
other organelles (Schuldiner et al. 2008; Jonikas
et al. 2009; Costa et al. 2018), induction of vari-
ous stress responses (Jonikas et al. 2009; Brand-
man et al. 2012), and increased sensitivity to
other perturbations of protein homeostasis path-
ways (Jonikas et al. 2009; Aviram et al. 2016).
For example, perturbation of tail-anchored
protein targeting pathways to the ER results in
aggregation in the cytosol and detectable mistar-
geting to other organelles (Schuldiner et al. 2008;
Jonikas et al. 2009; Guna et al. 2018). Similarly,
depletion of NAC results in promiscuous SRP
recognition of cytosolic and mitochondrial pro-
teins, theirmistargeting to the ER, aggregation of
many proteins, and activation of ER stress path-
ways (Wiedmann et al. 1994; Gamerdinger et al.
2015). Finally, acute SRP depletion results in de-
tectable mistargeting to mitochondria, impaired
mitochondrial function, and subsequent mito-
chondrial fragmentation (Costa et al. 2018).
Although all of these examples are gross exagger-
ations, they serve to illustrate the potential for
cellular disruption posed by mislocalized pro-
teins.

The fact that protein targeting has intrinsic
limits on its fidelity and results in a small but
constant flux of polypeptides mistargeted to the
cytosol or another organelle implies that each
compartment has mechanisms to recognize
and eliminate mislocalized proteins. If such
mechanisms did not exist, mislocalized proteins
would accumulate over time and cause impaired
cytosolic and organellar protein homeostasis
similar to that observed when mislocalization
is exaggerated. The factors that mediate spatial
quality control ofmistargeted proteins have only
begun to emerge in the past several years.

CYTOSOLIC MONITORS OF PROTEIN
MISLOCALIZATION

Genetic and biochemical strategies in yeast and
mammalian systems, respectively, have begun to
identify cytosolic monitors of protein mislocal-
ization. One principle that has emerged from
these studies is that targeting signals, which
are often hydrophobic, are recognized by quality
control factors that facilitate substrate ubiquiti-

nation and degradation by the proteasome (Fig.
4A). Several of these quality control factors with
overlapping specificities are believed to patrol
the cytosol for a range of potential targeting
signals that would signify a mislocalized protein
(Fig. 4B).

Studies in yeast aimed at identifying cyto-
solic quality control factors primarily used
ΔSS-CPY, a mutant carboxypeptidase Y (CPY)
mislocalized to the cytosol because of deletion of
its ER targeting signal (Medicherla et al. 2004).
Genetic studies showed that ΔSS-CPY degra-
dation requires the proteasome and the widely
used ubiquitin-conjugating E2 enzymes Ubc4
and Ubc5 (Park et al. 2007). In addition, Ssa1
(an Hsp70 family chaperone) and its cochaper-
one Ydj1 also facilitated ΔSS-CPY degradation
(Park et al. 2007). Based on solubility assays
performed in the presence or absence of these
factors, it appears that at least one function
of chaperones in this pathway is to prevent
ΔSS-CPY aggregation (or facilitate its resolubi-
lization) to allow proteasome delivery.

In a second round of studies, the E3 ubiqui-
tin ligases needed forΔSS-CPYdegradationwere
revealed to be the cytosolic ligase Ubr1 and the
nuclear ligase San1 (Eisele andWolf 2008; Heck
et al. 2010). Importantly, the well-characterized
role of Ubr1 in recognizing certain amino-
terminal residues as part of the N-end rule deg-
radation pathway was not the basis of its role
in ΔSS-CPY degradation. Instead, subsequent
studies have suggested that San1 (and probably
Ubr1) recognize clients via exposed hydropho-
bic patches of ∼5 residues or more that typify
misfolded proteins (Fredrickson et al. 2011).

In parallel with these studies onmislocalized
protein substrates, misfolded cytosolic proteins
were analyzed by similar strategies in yeast. This
led to the finding of a similar set of factors, in-
cluding chaperones (most notably Ssa1 and
Ydj1) cooperating with Ubr1 and San1 E3 li-
gases (Prasad et al. 2010, 2018; Khosrow-
Khavar et al. 2012; Guerriero et al. 2013; Scazzari
et al. 2015; Maurer et al. 2016). Whereas addi-
tional factors were described for some substrates
(such as Hsp90 and its cofactors [McClellan
et al. 2005], Ubr2 [Nillegoda et al. 2010],
Doa10 [Maurer et al. 2016], or other J-domain
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proteins [Summers et al. 2013; Prasad et al.
2018]), the overall principles for quality control
of misfolded and mislocalized proteins seemed
to be very similar. Thus, one mechanism of mis-
localized protein quality control is apparently
based on the simple fact that a protein in the
wrong environment is not likely to fold correctly
owing to the absence of suitable maturation fac-
tors and modifications.

The studies in yeast used model substrates
lacking the signal sequence, an element that
would be retained in bona fidemislocalized pro-
teins caused by failed targeting. Furthermore,
mislocalized membrane proteins, which would
contain noninserted TMDs, were not examined.
In contrast, more recent biochemical analyses of
mislocalized proteins in a mammalian system

included signal sequences and TMDs, a key dif-
ference from the yeast studies that led to the
identification of different factors.

The study of mislocalized proteins in the
mammalian system originates from in vitro
studies of protein translocation into organelles
(Sharma et al. 2010). A typical control reaction
for protein targeting and translocation studies is
a sample lacking the target organelle. Notably,
secretory andmembrane proteins synthesized in
reticulocyte lysate lacking ER or mitochondria
get ubiquitinated (Hessa et al. 2011; Itakura et al.
2016). This observation suggested that at least
some quality control factors involved in degrad-
ing mislocalized proteins are present in the ly-
sate, providing a tractable experimental system
for their study.

Increasing hydrophobicity
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Hsp70/Ubr1/San1 Ubiquilin family Bag6

Misfolded
proteins
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Figure 4. Cytosolic recognition of mislocalized proteins. (A) Targeting signals (or transmembrane domains) can
be recognized by dedicated cytosolic factors that recruit ubiquitination machinery to mediate substrate ubiq-
uitination. These substrates are then degraded by proteasomes. (B) Schematic depiction of the concept that
different cytosolic factors, all of which recognize exposed hydrophobicity, are tuned to different lengths and
degrees of hydrophobic domains. Biochemical analyses suggest that there is substantial overlap in what is
recognized.
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Using this system, mislocalized ER-destined
proteins were found to interact with Bag6, a
protein whose depletion led to reduced mislo-
calized protein ubiquitination (Hessa et al.
2011). The E3 ligase RNF126 was later shown
to associate with Bag6 and mediate mislocalized
protein ubiquitination (Rodrigo-Brenni et al.
2014). Bag6 had previously been implicated in
recognizing ubiquitinated aberrant proteins in
the cytosol (Minami et al. 2010), but its sub-
strate range and mechanism of action were un-
clear. Subsequent studies showed that Bag6
strongly favors long linear hydrophobic se-
quences such as ER targeting signals, TMDs,
and carboxy-terminal GPI-anchoring signals
(Mariappan et al. 2010; Hessa et al. 2011;
Yamamoto et al. 2017). Removal of those ele-
ments from a mislocalized protein strongly im-
paired recognition by Bag6 even if the protein
was misfolded. Because these sequences are re-
moved or buried in the membrane upon suc-
cessful targeting, it appears that their cytosolic
exposure is a critical cue of targeting failure.
Thus, the selectivity of Bag6 for mislocalized
proteins arises from its specificity for targeting
sequences.

How does Bag6 avoid competing or interfer-
ing with targeting factors? The answer appears
to be twofold. First, the positioning of SRP54 at
the mouth of the ribosome exit tunnel via tight
ribosome–SRP interactions (Halic et al. 2004;
Voorhees and Hegde 2015) probably prioritizes
cotranslational SRP interaction with signal se-
quences and TMDs. Second, posttranslational
priority for targeting factors or chaperones
probably arises from a combination of their rel-
ative abundance, rate of binding, and intrinsic
specificity. Thus, calmodulin, which is involved
in posttranslational targeting of small secretory
proteins and certain tail-anchored proteins
(Shao and Hegde 2011; Guna et al. 2018), is
more abundant than Bag6 and seems to prefer
more moderately hydrophobic sequences rela-
tive to Bag6’s preference for higher hydropho-
bicity. For other tail-anchored proteins, the
on-rate of a factor called SGTA appears to afford
a competitive advantage (Shao et al. 2017).
SGTA can then hand over the tail-anchored pro-
tein to TRC40 (the mammalian homolog of

Get3) for ER targeting (Wang et al. 2010;
Mock et al. 2015; Shao et al. 2017).

Remarkably, the handover reaction from
SGTA to TRC40 is bridged by Bag6 and its two
interacting partners Ubl4A and TRC35 (Mock
et al. 2015; Shao et al. 2017). If this handover fails
to occur promptly, the substrate eventually dis-
sociates from SGTA. Because this failure occurs
in proximity to Bag6, it is positioned ideally to
capture mistargeted tail-anchored proteins for
subsequent degradation (Shao et al. 2017).
Thus, in metazoans, a quality control factor spe-
cialized for mislocalized proteins is embedded
within a targeting pathway to rapidly capture
any failures.

In yeast, Bag6 apparently has been lost and
the Ubl4A and TRC35 homologs (termed Get5
and Get4, respectively) interact directly with
each other to form a bridge between Sgt2 (the
SGTA homolog) and Get3 (Wang et al. 2010). It
is possible that metazoan cells place a higher
premium on eliminating mislocalized proteins
than in yeast, where rapid cell division provides
frequent opportunities to exclude aggregated
proteins from the newly budded daughter cell
(Liu et al. 2010).

Using very similar biochemical approaches,
the Ubiquilin family of proteins was identified
as TMD-binding factors involved in the quality
control of mislocalized mitochondrial proteins
(Itakura et al. 2016). Like Bag6, Ubiquilin family
members bind hydrophobic elements such as
TMDs and signal sequences (Itakura et al. 2016;
Suzuki and Kawahara 2016; Whiteley et al.
2017). They then recruit a ubiquitin ligase (that
remains to be identified) to facilitate degra-
dation of their bound clients. As a class, Ubiq-
uilins appear to prefer signals and TMDs
of somewhat lower hydrophobicity than Bag6
(Itakura et al. 2016), although the overlap is
substantial. Inmammals, three of the four Ubiq-
uilins are widely expressed in all tissues, as is
Bag6. Thus, most mammalian cells appear to
contain at least four quality control factors in
the cytosol that favor long hydrophobic targets.
The need for several such factors might reflect
the fact that signals and TMDs are highly diverse
in sequence and properties. An important goal
is to define the substrate ranges of these factors
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and the extent towhich they can compensate for
each other.

It is noteworthy that Dsk2, the yeast homo-
log of the Ubiquilins, is not needed for degrada-
tion of ΔSS-CPY (Medicherla et al. 2004). As
noted above, the absence of the signal sequence
may have led to this result. It will therefore be of
interest to determine whether in yeast, cytosolic
factors with specificity for highly hydrophobic
elements that characterize mislocalized proteins
feature in their degradation separate from the
pathways formisfolded cytosolic proteins. Based
on the mammalian results, Dsk2 would seem to
be an obvious candidate for such a factor.

Whereas the cytosolic factors for mislocal-
ized proteins have thus far focused primarily
on ER- and mitochondria-destined proteins,
onemight also expect analogous factors for mis-
localized nuclear proteins. Although many nu-
clear proteins shuttle between the cytosol and
nucleus, some are strictly nuclear. Examples
include histones, certain components of the nu-
clear pore complex, the nuclear lamina proteins,
and others. Whether or how these proteins are
recognized in the cytosol remains to be investi-
gated. One candidate is the recently identified
hybrid E2/E3 enzyme UBE2O involved in
degradation of ribosomal proteins that fail nu-
clear import (Nguyen et al. 2017; Yanagitani
et al. 2017). Although the specificity of UBE2O
remains to be fully explored, it appears to
recognize domains that overlap with nuclear lo-
calization sequences in ribosomal proteins (Ya-
nagitani et al. 2017).Whether it recognizes anal-
ogous sequences in proteins like histones or
lamins remains unknown.

MEMBRANE MONITORS OF PROTEIN
MISLOCALIZATION

In addition to cytosolic mislocalization caused
by failed targeting, some proteins can also mis-
target to the wrong membrane. Although the
fate of these mistargeted proteins is poorly un-
derstood, it appears that there are mechanisms
to selectively recognize and degrade them at
both the ER and mitochondrial outer mem-
brane (Fig. 5). In some cases, the mistargeted

protein might also be rescued to the correct des-
tination.

Studies in yeast and mammalian cells have
identified the ATPase Msp1 (ATAD1 in hu-
mans) as a factor required for efficient clearance
of mistargeted tail-anchored proteins from the
outer mitochondrial membrane and peroxi-
somes (Chen et al. 2014; Okreglak and Walter
2014). Notably, ER-destined tail-anchored pro-
teins are visible at thesemembranes in cells lack-
ing Msp1/ATAD1, indicating that at least some
degree of mistargeting occurs even under nor-
mal conditions.

Msp1 is anchored via a single amino-ter-
minal TMD to the outer mitochondrial mem-
brane and peroxisomes, with its ATPase domain
facing the cytosol. The ATPase domain interacts
with itself to homohexamerize (Wohlever et al.
2017), resulting in a central pore similar to other
members of the AAA+ ATPase family (Olivares
et al. 2018). Reconstitution studies have shown
that purified Msp1 in liposomes is sufficient
to drive extraction of a tail-anchored protein
from the membrane to the cytosol in an ATP-
dependent reaction (Wohlever et al. 2017). In-
terestingly, mutations to key residues within the
Msp1 hexamer impair extraction, suggesting a
model in which substrates are pulled through
thispore similar tohowotherAAA+ATPasesuse
energy to apply force to their substrate proteins.

The substrate range of Msp1 and its mech-
anism of substrate recognition remain poorly
understood. The primary clue comes from anal-
ysis of Pex15, a tail-anchored protein that is sta-
ble in peroxisomes, but degraded rapidly from
the mitochondrial outer membrane (Weir et al.
2017). This observation seemed puzzling given
that Msp1 is present in both membranes. The
explanation lies in the fact that Pex15 forms a
complex with the peroxisomal membrane pro-
tein Pex3, and this complex is refractory to
Msp1-mediated degradation. Thus, Pex15 in the
mitochondrial outer membrane lacks its bind-
ing partner, allowing orphaned Pex15 recogni-
tion. The region of Pex15 that is recognized and
the specific factor(s) that mediate the recogni-
tion remain unclear. Because Msp1 has only
one TMD, it is difficult to see how this could
recognize the TMDs of tail-anchored proteins
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selectively. Thus, it is plausible that there are
other factors that interact with Msp1 to provide
specificity.

A potential adaptor for Msp1 is the protein
Cis1. In yeast, it was observed that failed im-
port into mitochondria results in induction of
Cis1, which apparently bridges the interac-
tion between Msp1 and the translocase of the
outer mitochondrial membrane (Weidberg and
Amon 2018). Because Cis1 (along with Msp1)
are needed to survive conditions of import fail-
ure, it is believed that they participate in clearing
mitochondrial translocase complexes of partial-
ly imported and trapped substrates to restore
their availability. These observations suggest
that Msp1 may have a broader client range
than only tail-anchored proteins and suggest
that its targeting to clients is mediated by adap-

tors such as Cis1 and potentially others that re-
main to be identified.

The converse problem of mistargeted pro-
teins at the ER membrane also warrants clear-
ance. Direct analysis of this problem is generally
lacking, but some insight has come from the
study of an artificial degron called CL1. Reporter
proteins appended with this short amphipathic
helix require the ER resident E3 ligase Doa10
for degradation in yeast (Metzger et al. 2008;
Maurer et al. 2016). In the absence of Doa10-
mediated degradation, the CL1-containing re-
porter is observed partially localized at the ER
membrane. Inmammalian cells, the resident ER
ubiquitin ligases TRC8 andMARCH6 (a homo-
log of Doa10) are required for degradation of
CL1-containing reporters (Stefanovic-Barrett
et al. 2018). Because CL1 partially resembles a

Msp1

Adaptor?

Misloc.
protein

Msp1

Degradation

Misloc.
protein

Djp1

Rescue

Endoplasmic reticulum

Mitochondrion

E3 ligase
complex

Figure 5. Recognition of mistargeted proteins at organelle membranes. Mistargeted proteins are depicted at the
endoplasmic reticulum (ER) and mitochondrion. At the ER, they might be recognized by E3 ubiquitin ligase
complexes centered around TRC8 or MARCH6 (Doa10 in yeast) and routed for degradation in the cytosol
(Metzger et al. 2008; Stefanovic-Barrett et al. 2018). At mitochondria, the AAA+ ATPase Msp1 (ATAD1 in
mammals) can recognize mistargeted proteins, possibly with the aid of an adaptor, to mediate extraction into the
cytosol (Chen et al. 2014; Okreglak andWalter 2014;Weir et al. 2017;Wohlever et al. 2017;Weidberg and Amon
2018).Whether ubiquitin ligases are involved and at what step they act to mediateMsp1-mediated degradation is
not known. Mistargeted proteins can also be rescued, as exemplified by a pathway from the ER to mitochondria
involving the chaperone Djp1 (Hansen et al. 2018). Misloc. protein, Mislocalized protein.
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signal sequence or part of a TMD, it might rep-
resent a serendipitous model for protein mistar-
geting to the ER. If so, these results suggest that
ubiquitin ligases implicated in ER-associated
degradation are also involved in degrading mis-
targeted proteins.

Recently, it was shown that some mitochon-
drial membrane proteins mistargeted to the ER
membrane are not degraded, but rather re-
trieved for successful import into mitochondria
(Hansen et al. 2018). An ER-localized factor
called Djp1 is required for this retrieval path-
way. In the absence of Djp1, mitochondrial
membrane proteins are promiscuously inserted
into the ER, degraded, and/or aggregated.
Whether analogous rescue pathways exist in
other instances of mistargeting is unknown. In
yeast cells, aggregates can be disaggregated with
the help of Hsp104 (Doyle and Wickner 2009).
The chaperone Sgt2, part of the tail-anchored
insertion pathway (Hegde and Keenan 2011),
can interact with Hsp104 (Wang et al. 2010).
This suggests the possibility that mistargeted
or aggregated tail-anchored proteins in yeast
could be rescued for insertion.

All of the examples discussed thus far involve
missegregation among different organelles.
However, many organelles are subcompartmen-
talized, even within a single continuous mem-
brane system. Because the protein compositions
of different subcompartments are distinct, spa-
tial quality control pathways may be needed to
maintain this specialization. One notable exam-
ple is represented by the Asi ubiquitin ligase
complex located in the inner nuclearmembrane.
The inner membrane is continuous with the
outer nuclear and ER membranes via nuclear
pore complexes that provide a barrier to free
diffusion. Nevertheless, proteins from the ER
and outer membrane can sometimes be mis-
segregated to the inner membrane. Degradation
of these mislocalized proteins requires the Asi
complex, which is believed to function analo-
gously to ubiquitin ligase complexes that me-
diate ER-associated degradation (Foresti et al.
2014).

Many other continuous membrane systems
are similarly specialized into spatially and func-
tionally distinct domains. Yet other quality con-

trol systems probably exist to retain this special-
ization. For example, highly polarized cell types
such as neurons have many plasma membrane
regions with very specific protein compositions
that must be tightly regulated for correct func-
tion. How stray proteins are eliminated from
each subdomain is poorly understood, but likely
to be of substantial biological importance.

MISLOCALIZATION IN DISEASE

As noted previously, the most obvious instances
in which protein mislocalization features in dis-
ease are the rare cases of a mutated targeting
sequence. These examples serve to highlight
the potential toxicity of a mislocalized protein
in physiologically relevant contexts (as opposed
to overexpression in model systems). Given the
detrimental consequences of even one protein
being chronically mislocalized, it is worth con-
sidering the issue of whether and how the small
amount of intrinsic protein mislocalization
might influence pathogenesis more generally in
human disease.

A prominent feature of numerous protein
misfolding diseases is protein aggregates in the
cytosol (Goedert 2015). Cultured cells contain-
ing cytosolic aggregates were observed to accu-
mulate a cytosolic population of proteins des-
tined for ER targeting (Chakrabarti et al. 2011).
The basis for this accumulation was attributable
to impaired degradation of the normally minor
nontargeted population; hence, cytosolic accu-
mulation could be minimized by maximizing
the efficiency of the targeting signal. Notably,
proteasome activity was normal in these cells,
arguing for disruption of another component
of the degradation pathway for mislocalized
proteins.

Cytosolic aggregates of a polyglutamine-
containing protein were found to be enriched
in Ubiquilins (Doi et al. 2004; Wang and Mon-
teiro 2007; Mori et al. 2012; Rutherford et al.
2013), perhaps for their disaggregation (Hjerpe
et al. 2016). In cultured cells, such aggregates
sequester so much Ubiquilin that the amount
free in the cytosol is markedly depleted (Itakura
et al. 2016). Because Ubiquilins play a role in
eliminating mislocalized proteins, Ubiquilin se-
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questration in aggregates would allow accumu-
lation of its substrates. Indeed, a mitochondrial
membrane protein lacking its targeting se-
quence was found to be normally degraded in
aggregate-lacking cells, but strongly stabilized in
aggregate-containing cells (Itakura et al. 2016).
Ubiquilins have been found sequestered in ag-
gregates in various human diseases (Mori et al.
2012; Rutherford et al. 2013), suggesting that
mislocalized proteins might accumulate in vivo
similarly to these observations in cells. Con-
versely, overexpression of Ubiquilins is protec-
tive in a mouse model of polyglutamine protein
aggregation (Safren et al. 2014), although the
basis of this protection remains unclear.

In addition to protein aggregation, chronic
organelle stress is a very common feature of
many disease states, including several protein
misfolding disorders (Yoshida 2007; Federico
et al. 2012). Increased protein mislocalization
may accompany organelle stress, imposing a
higher demand on the respective clearance path-
ways. Thus, it is attractive to postulate that a
combination of decreased import because of or-
ganelle stress and decreased clearance owing to
sequestration of key factorsmay lead to accumu-
lation of hydrophobic mislocalized proteins. Be-
cause these may themselves form aggregates or
induce organelle stress, this process may be self-
perpetuating once a threshold is reached. In-
deed, such a process appears to be the explana-
tion for why transient proteasome inhibition
leads to runaway accumulation of nontranslo-
cated PrP in the cytosol long after the protea-
some inhibitor is removed (Ma and Lindquist
2002; Chakrabarti et al. 2011).

As the pathways for recognition, clearance,
and rescue of mislocalized proteins become
clearer, it is likely that partial loss-of-function
mutations will feature in diseases of protein ho-
meostasis. Indeed, mutations in Ubiquilin-2
(UBQLN2) are known to cause neurodegenera-
tion in humans and in mice (Deng et al. 2011;
Hjerpe et al. 2016; Le et al. 2016), although the
pathogenic mechanism is unclear at this time.
Furthermore, as better reporters for sensitively
and specifically monitoring protein mislocaliza-
tion are developed, one can investigate whether
the spatial organization of the cellular proteome

declines during various age-related diseases, or
even as part of the normal aging process.
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