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ABSTRACT  A wide range of diseases are associated with the accumulation of cytosolic pro-
tein aggregates. The effects of these aggregates on various aspects of normal cellular protein 
homeostasis remain to be determined. Here we find that cytosolic aggregates, without nec-
essarily disrupting proteasome function, can markedly delay the normally rapid degradation 
of nontranslocated secretory and membrane protein precursors. In the case of mammalian 
prion protein (PrP), the nontranslocated fraction is recruited into preexisting aggregates be-
fore its triage for degradation. This recruitment permits the growth and persistence of cyto-
solic PrP aggregates, explaining their apparent “self-conversion” seen in earlier studies of 
transient proteasome inhibition. For other proteins, the aggregate-mediated delay in precur-
sor degradation led to aggregation and/or soluble residence in the cytosol, often causing 
aberrant cellular morphology. Remarkably, improving signal sequence efficiency mitigated 
these effects of aggregates. These observations identify a previously unappreciated conse-
quence of cytosolic aggregates for nontranslocated secretory and membrane proteins, a 
minor but potentially disruptive population the rapid disposal of which is critical to maintain-
ing cellular homeostasis.

INTRODUCTION
Protein aggregation is a common feature in various diseases 
(Selkoe, 2003; Rubinsztein 2006; Soto et al., 2006; Aguzzi and 
Rajendran, 2009). Pathologic cellular aggregates are generally 
composed of misfolded or incompletely folded proteins. In many 
diseases, a single protein species (typically a mutant version of a 
normal protein) is thought to initiate aggregation and form its ma-
jor component. These aggregates are often sequestered in discrete 

structures variously termed inclusion bodies, aggresomes, various 
disease-specific morphological structures (e.g., Lewy bodies), and 
other more recently described cytological structures (Kopito, 2000; 
Kaganovich et al., 2008). Because of their conspicuous association 
with disease, considerable work has been done to investigate ag-
gregate structure (especially amyloid), aggregate formation, and 
aggregate clearance. By contrast, delineation of the specific cel-
lular consequences of aggregates has only recently received sig-
nificant attention.

Typically, protein aggregation diseases are dominant “gain-of-
function” disorders. Hence it is not necessarily the loss of the aggre-
gate-prone protein to the aggregate that leads to cellular pheno-
types, but the gain of a new functional property of the protein and/
or aggregate. These functional consequences are likely to be pleio-
tropic, heterogeneous, and wide-ranging. Indeed, numerous mech-
anisms have been proposed by which protein aggregation can influ-
ence cellular physiology (Satyal et al., 2000; Trojanowski and Lee, 
2000; Bence et al., 2001; Willingham et al., 2003; Balch et al., 2008; 
Duennwald and Lindquist, 2008). Understanding both substrate-
specific and more general downstream consequences (both posi-
tive and negative) of protein aggregates is likely to be of importance 
for fully understanding the pathogenesis of at least some protein-
folding disorders.
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A common model of aggregate-mediated cellular dysfunction 
involves sequestration of key cellular factors (Olzscha et al., 2011). 
For example, aggregates of polyglutamine-expanded mutant pro-
teins in Huntington’s disease may sequester essential proteins pos-
sessing normal polyQ repeats, including the transcription factors 
TATA-box binding protein (TBP) and CREB (cAMP response ele-
ment-binding)-binding protein (CBP) (Nucifora et al., 2001; Schaffar 
et al., 2004). Studies with cell lines and human disease tissues have 
elucidated the presence of ubiquitin (Ub) and various components 
of the 20S proteasome in different misfolded protein aggregates 
(Lowe et al., 1988; DiFiglia et al., 1997; Alves-Rodrigues et al., 1998; 
Cummings et al., 1998; Ross and Pickart, 2004). Specific proteins 
may be depleted in a substrate-selective manner. One recent ex-
ample is the depletion of a cytosolic Ub ligase, Mahogunin, by cyto-
toxic forms of the prion protein (PrP) (Chakrabarti and Hegde, 2009). 
Inclusion bodies are also enriched in proteins involved in diverse 
cellular processes, suggesting that coaggregation of misfolded, 
damaged, or mutant proteins with normal cellular proteins could 
explain both the presence of multiple proteins in inclusion bodies 
and the toxicity associated with protein aggregation in many neuro-
degenerative diseases (Satyal et al., 2000; Nucifora et al., 2001; 
Ravikumar et al., 2004; Zhang et al., 2007). Thus, in these models, 
aggregates have a toxic “gain of function” by effecting a “loss of 
function” on another cellular protein or pathway.

More recently, considerable attention has been paid to aggre-
gates influencing general protein homeostasis pathways (Balch et al., 
2008). These include the biosynthetic, maturation, quality control, 
and degradation pathways that together determine the overall pro-
tein composition (and hence cellular physiology) at any given mo-
ment. It is hypothesized that a subtle shift in any of these pathways 
(e.g., by slightly reducing the efficacy of quality control) would per-
turb homeostasis and cause a range of cellular dysfunction (Gidalevitz 
et al., 2006; Balch et al., 2008; Olzscha et al., 2011). For example, 
aggregates were shown to perturb the Ub-proteasome system, per-
haps by direct inhibition of the proteasome (Bence et al., 2001; 
Bennett et al., 2005, 2007). More dramatically, aggregates were able 
to reveal previously masked temperature-sensitive phenotypes (even 
at the permissive temperature) of various otherwise unrelated mu-
tant proteins (Gidalevitz et al., 2006). The explanation offered for this 
striking observation was that modestly perturbed maturation and 
quality control pathways were being revealed by their preferential 
importance to especially metastable proteins (Olzscha et al., 2011). 
A similar slight but progressive and physiologically relevant pertur-
bation to the protein homeostasis pathways was also proposed to 
accompany aging (Cohen et al., 2006; Ben-Zvi et al., 2009). These 
studies illustrate that even minor perturbations to basic cellular pro-
cesses can be detected if sufficiently sensitive assays are employed.

Here we describe the serendipitous discovery of a previously un-
appreciated pathway influenced by cytosolic protein aggregates: 
the normally rapid degradation of nontranslocated secretory and 
membrane proteins. These are polypeptides that, despite contain-
ing hydrophobic signals for translocation into the endoplasmic re-
ticulum (ER), fail to be properly imported. This failure is typically due 
to intrinsic inefficiencies in the targeting or translocation reactions 
(Kim et al., 2002; Levine et al., 2005) but may also be a consequence 
of regulated translocation (Kang et al., 2006). This nontranslocated 
population is typically rapidly degraded by a proteasome-depen-
dent pathway (Rane et al., 2004; Besemer et al., 2005; Garrison 
et al., 2005; Kang et al., 2006). We now find, however, that their 
degradation can be directly influenced by the presence of cytosolic 
aggregates without detectable loss of general proteasomal activity. 
Conversely, in certain specialized circumstances, nontranslocated 

proteins may actually contribute substantially to aggregate dynam-
ics, facilitating their persistence and growth.

RESULTS AND DISCUSSION
Definitions and nomenclature
This study deals with aggregates, accumulations, nondegraded, 
and mislocalized proteins. These terms, particularly “aggregate,” 
are variably defined in the literature. It is therefore worth clarifying 
our usage. In what follows, aggregate indicates an altered state of a 
protein in which more than the normal number of copies of that 
protein are coassociated in a manner that changes its biochemical 
properties. The altered biochemical properties that typify aggre-
gates include reduced solubility, altered (typically increased) pro-
tease resistance, higher density (i.e., increased protein per unit vol-
ume, as might be visualized by fluorescence), reduced diffusional 
mobility, and altered (typically decreased) antibody accessibility. 
Not all of these parameters can be assayed in each circumstance, 
but one or more of these are used in this study to provide evidence 
for an aggregated state. Importantly, no additional properties 
should be inferred by the reader; for example, amyloid or prion 
states are highly specific types of aggregate.

In cases where we cannot know the aggregated status of a pro-
tein, we use other descriptors. “Accumulation” refers to an increased 
population of a protein than would be observed under normal con-
ditions. “Nondegraded” means a protein or population that under 
other circumstances would have been degraded (and hence results 
in accumulation over time). ”Mislocalized” indicates a population of 
a protein that is in a different cellular compartment than the major, 
normal functional form of that protein. With each of these terms, the 
protein is not necessarily aggregated, although it certainly could be. 
Hence in this study the aggregation status should not be inferred in 
instances where we use these other terms.

Finally, a wide range of PrP variants and other constructs are 
used in this study. These variants differ in their localization and bio-
chemical properties and, in most cases, have been characterized 
extensively in earlier studies. To assist the reader, Supplemental Ta-
ble S1 has been provided. It lists the constructs, their main features, 
and appropriate references.

A mechanism for “self-perpetuation” of cytosolic  
PrP aggregates
We began our study by investigating a previous observation of ap-
parent “self-perpetuation” of PrP aggregates in the cytosol (Ma and 
Lindquist, 2002). In that study, transient proteasome inhibition (for 
2 h) led to the generation of a small population of unglycosylated 
PrP that was relatively insoluble and partially protease resistant, con-
sistent with a cytosolic aggregated species. More surprisingly, re-
moval of the inhibitor not only failed to clear the aggregate, but led 
to its selective growth and accumulation over time to very high lev-
els. This accumulation was interpreted to mean that the initial seed 
of the aggregate was in a conformation that led to conversion of 
newly synthesized PrP into that same conformation, thereby mirror-
ing the prion conversion process that generates infectious prions.

Subsequent studies showed that this cytosolic PrP (cyPrP) is not 
transmissible, arguing that it had not acquired a conformation that 
leads to templated conversion (Norstrom et al., 2007). Furthermore, 
the source of cyPrP was traced primarily to PrP molecules that had 
failed to enter the ER, and not molecules originating inside the ER 
(Drisaldi et al., 2003; Rane et al., 2004). In fact, cyPrP generation, 
even with prolonged proteasome inhibition, could be prevented 
simply by increasing the efficiency of PrP translocation with another 
signal sequence (Rane et al., 2004, Kang et al., 2006). Although 
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visualization of intracellular PrP, and permitted us to assay the subse-
quent rate of repopulation of PrP by new synthesis. In untreated 
cells, essentially all PrP at steady state was surface exposed, and 
hence not seen after trypsin treatment. The small amount that is 
observed was likely in intracellular compartments of the secretory 
pathway, because its glycans are not fully mature. A major mature 
glycosylated species was repopulated over the course of 24 h (Figure 
1C). Identical results were obtained for Opn-PrP (Figure 1C), and, in 
both cases, a long-lived intracellular membrane protein (Sec61β) 
was unaffected by trypsin treatment or recovery. On treatment of 
PrP-expressing cells with MG132 (for 4 h) and extracellular trypsin 
digestion, very small amounts of intracellular pools were observed. 
Only on long exposures was an unglycosylated species seen (un-
published data). During recovery, however, unglycosylated species 
accumulated over time along with the glycosylated mature species 
(Figure 1C). These unglycosylated species were almost exclusively 
from nontranslocated PrP as they were barely observed with Opn-
PrP cells treated under identical conditions (Figure 1C). Similar re-
sults were obtained in cells transiently transfected with PrP or Opn-
PrP (unpublished data; see also Rane et al., 2004). Furthermore, a 
different efficient signal sequence (from preprolactin [Prl]) fused to 
PrP (Prl-PrP) also abolished the generation of unglycosylated species 
of PrP in similar proteasome inhibition/recovery experiments 
(unpublished data). These observations suggested that nontranslo-
cated PrP failed to be effectively degraded in proteasome-pre-
treated cells, despite removal of the proteasome inhibitor.

To verify this conclusion, we performed pulse-chase studies of 
PrP to directly examine the fate of the nontranslocated population. 
Unlike at steady state, when nontranslocated PrP is usually unde-
tectable (e.g., Figure 1), pulse labeling (for 30 min) showed that 
∼5–10% of newly synthesized PrP fails translocation and contains 
an unprocessed signal sequence (Figure 2A, lane 1; quantified in 

these observations shed light on some aspects of cyPrP biosynthesis 
and degradation, they didn’t explain the apparent “propagation.” 
To investigate this issue, we revisited the proteasome inhibition ex-
periments using stable cell lines expressing either wild-type PrP or 
osteopontin (Opn)-PrP at levels comparable to endogenous PrP in 
brain (Kang et al., 2006). The latter is a version of PrP containing the 
highly efficient signal sequence from Opn (Kim et al., 2002), and 
therefore generates little nontranslocated cyPrP (Rane et al., 2004, 
2010).

We confirmed that, as with transient transfection, stable PrP-ex-
pressing cells generate an unglycosylated form upon short term 
(4 h) proteasome inhibition with MG132 (Figure 1A). This unglycosy-
lated species was due to stabilization of nontranslocated PrP be-
cause it was not seen with Opn-PrP–expressing cells (Figure 1A) and 
because it was shown in earlier studies to contain an uncleaved sig-
nal sequence (Drisaldi et al., 2003; Rane et al., 2004; Orsi et al., 
2006). We further verified that this species was intracellular (as 
judged by inaccessibility to extracellular trypsin) and detergent in-
soluble (unpublished data), again consistent with earlier observa-
tions of transiently transfected cells (Ma and Lindquist, 2002; Drisaldi 
et al., 2003; Rane et al., 2004; Orsi et al., 2006). Thus, in stable cells 
expressing PrP at moderate levels, a small population of nontranslo-
cated species is constantly being generated in the cytosol and de-
graded by the proteasome. Inhibition of the proteasome stabilizes 
this species, and generates a “seed” of cyPrP that appears to be 
aggregated.

We next performed transient proteasome inhibition and recov-
ery experiments to investigate the consequences of this seed of 
nontranslocated PrP aggregates. Between the initial treatment and 
recovery, the cells were trypsinized and replated (Figure 1B). This 
experimental procedure removed mature PrP from the cell surface, 
ensured complete removal of the proteasome inhibitor, allowed the 

FIGURE 1:  Transient proteasome inhibition amplifies nontranslocated PrP aggregates. (A) N2a cells stably expressing 
either wild-type PrP or Opn-PrP were treated with proteasome inhibitor (5 µM MG132) for 4 h and analyzed by 
immunoblotting before or after deglycosylation with peptide N-glycosidase F (PNGase F). The arrowhead indicates a 
nonglycosylated species seen upon proteasome inhibition. (B) Design of experiment shown in panel C. Glycosylated PrP 
(with red asterisks) on the surface is removed by trypsin, after which only intracellular species are spared. Repopulation 
of PrP occurs after replating and recovery. (C) PrP or Opn-PrP cells were left untreated or treated with 5 µM MG132 for 
4 h, after which they were washed, trypsinized, and replated as eight replicates in inhibitor-free medium. The eight wells 
were harvested at the indicated times (in hours) after replating and were analyzed by immunoblotting for either PrP (top 
panels) or Sec61β (bottom panels).
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is selectively altered: Rather than being de-
graded by the proteasome, it is now stabi-
lized. This stabilization was not due to a lack 
of reversal of proteasome inhibition be-
cause a PrP construct lacking a signal se-
quence (ΔSS-PrP; Ashok and Hegde, 2008; 
Rane et al., 2008) was degraded normally in 
comparably treated cells (Figure 2D, lanes 
3 and 4), and stabilized only when protea-
some inhibitor was continuously present 
throughout the pulse-chase (Figure 2D, 
lanes 5 and 6). Thus only the species of PrP 
containing an unprocessed signal sequence 
is stabilized in transiently inhibited cells, de-
spite return of proteasome activity. As ex-
pected, Opn-PrP did not generate easily 
detectable nontranslocated PrP (Figure 2, F 
and G), consistent with its highly efficient 
translocation into the ER (Rane et al., 2004; 
Levine et al., 2005; Kang et al., 2006). It is 
worth noting that MG132 could, either di-
rectly or indirectly (e.g., by inducing acute 
ER stress; Kang et al., 2006), influence trans-
location into the ER of proteins with certain 
signal sequences. This seems unlikely, how-
ever, because in the time frames and ex-
perimental conditions analyzed here, we 
have not detected evidence of acute ER 
stress (unpublished data). For example, 
translation was not notably attenuated in 
the presence or absence of MG132 treat-
ment (Figure 2, A, D, and F). Furthermore, 
quantitation of the pulse-chase experiment 
(Figure 2C) suggests that the increase in 
precursor PrP can be explained largely by 

its decreased degradation during the 30-min labeling period. 
Hence, although translocational inhibition could contribute partially 
to cyPrP aggregate growth, the primary mechanism seems to in-
volve stabilization of the basally generated nontranslocated PrP 
precursor.

Curiously, cyPrP lacking the signal sequence (ΔSS-PrP) and/or 
the glycosylphosphatidylinisotol (GPI)-anchoring sequence 
(ΔSSΔGPI-PrP), while accumulating upon proteasome inhibition 
(Figure 3A, lanes 5 and 6) and apparently aggregated as judged 
by detergent solubility (Figure 3B, lanes 5 and 6), does not con-
tinue to grow and accumulate upon removal of the inhibitor (Fig-
ure 3C). This result could be explained if aggregates of ΔSS-PrP 
and ΔSSΔGPI-PrP are more rapidly turned over (e.g., by au-
tophagy) than those formed by PrP precursor. Alternatively, the 
degradation of newly synthesized ΔSS-PrP and ΔSSΔGPI-PrP 
may be impervious to preexisting aggregates, whereas degrada-
tion of precursor PrP is selectively delayed in the presence of 
preexisting aggregates. Of these possibilities, we favor the latter 
based on direct analysis of newly synthesized precursor PrP and 
ΔSS-PrP by pulse-chase analysis (Figure 2, A and D, respectively). 
Furthermore, the observation that ΔSS-PrP and ΔSSΔGPI-PrP are 
stabilized to a similar extent as precursor PrP upon proteasome 
inhibition (Figure 3A) suggests that turnover of these three spe-
cies by autophagy pathways is probably comparably slow. We 
therefore conclude that, in the presence of preexisting aggre-
gates, precursor PrP is preferentially delayed in its normally 
rapid proteasomal degradation. This delay apparently leads to 

Figure 2, B and C; see also Rane et al., 2004; Kang et al., 2006; 
Orsi et al., 2006). The remainder of pulse-labeled PrP is core-gly-
cosylated upon its initial synthesis. During a 1-h chase (Figure 2A, 
lane 2), core-glycosylated PrP matures to higher molecular weight 
forms due to glycan modifications in the Golgi. By contrast, most 
(∼65%) of the nontranslocated precursor PrP is degraded during 
the chase (Figure 2C). In the continuous presence of proteasome 
inhibitor, core glycosylation and maturation remained normal (Fig-
ure 2A, lanes 5 and 6; Figure 2B). The nontranslocated precursor 
species of PrP, however, was now stabilized: Not only was it more 
readily visible during the pulse-labeling (Figure 2, A–C), only ∼19% 
was degraded during the chase (Figure 2C). Note that two forms 
of unglycosylated PrP are observed: These two forms appear to 
correspond to signal-uncleaved and -cleaved forms (Orsi et al., 
2006). The latter may arise due to either dislocation of misfolded 
PrP from the ER lumen, cotranslational slippage of nascent PrP into 
the cytosol after its signal has been processed in the ER, or some 
unidentified cytosolic processing of nontranslocated PrP. In any 
case, this form is also stabilized in the presence of proteasome 
inhibitor.

In cells that had been treated with proteasome inhibitor but sub-
sequently returned to normal conditions, the signal-uncleaved form 
of nontranslocated PrP (i.e., precursor) was preferentially stabilized 
(Figure 2A, lanes 3 and 4; see densitometry trace in Figure 2B), with 
only ∼29% degraded during the chase (Figure 2C). This finding sug-
gests that, in transiently inhibited cells, the fate of the nontranslo-
cated population of PrP containing an unprocessed signal sequence 

FIGURE 2:  PrP precursor is selectively stabilized in proteasome inhibitor–pretreated cells. 
(A, D, and F) Pulse-chase analyses of PrP (A), ΔSS-PrP (D), and Opn-PrP (F). Pulse-labeling with 
35S-Met was for 30 min (lanes 1, 3, and 5), followed by chase for 1 h (lanes 2, 4, and 6). The 
pulse-chase was performed on either untreated cells (unt; lanes 1 and 2), in the continuous 
presence of 5 µM MG132 (MG; lanes 5 and 6), or on cells 4 h after a 4-h MG132 treatment was 
washed out (w.o.; lanes 3 and 4). Mature (mat), core-glycosylated species (glyc), precursor (pre), 
and processed (pro) species of PrP are indicated. For ΔSS-PrP, ubiquitinated species can also be 
observed (ub1, ub2, etc.). A partially digested species is also indicated with an asterisk. Panels B 
and G show densitometric traces of the pulse lanes for untreated (black), MG132 (red), and 
washout (blue) samples for the experiments in panels A and F, respectively. (C) Quantitation of 
the experiment in panel A. The percentage of total PrP generated in the precursor form during 
pulse-labeling, and the amount of its degradation during the chase, are shown. (E) Comparison 
of migration on SDS–PAGE of pulse-labeled PrP vs. ΔSS-PrP. Note that the top band of ΔSS-PrP 
comigrates with the processed species observed for PrP, whereas the precursor form of PrP 
migrates slightly slower. The asterisk indicates a partially digested form of cyPrP that is 
generated by yet unknown cytosolic proteases (see also Figure 3A).
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Colocalization of nontranslocated PrP 
with cyPrP aggregates in live cells
While the “self-propagation” of PrP proved 
to be unrelated to prion replication, our in-
vestigation of this phenomenon revealed 
an unexpected finding: Nontranslocated 
PrP is especially prone to stabilization in 
the presence of preexisting aggregates. To 
validate and extend this conclusion, we 
sought to visualize this phenomenon di-
rectly in live cells in the absence of protea-
some inhibitor treatments. This visualiza-
tion not only minimized potential 
confounding effects of proteasome inhibi-
tors (such as changes in PrP mRNA, deple-
tion of cellular Ub pools, induction of ER 
stress, or translational attenuation), but al-
lowed us to spatially localize the stabilized 
population of nontranslocated PrP. We 
therefore expressed monomeric fluores-
cent protein (mFP)-tagged wild-type PrP 
(PrP-mFP) in cells containing aggregates of 
cyPrP tagged with a different colored mFP.

To generate fluorescent cyPrP aggre-
gates, we N-terminally tagged a version of 
PrP (in particular, PrP residues 40–231) lack-
ing both its N-terminal signal sequence 
and C-terminal GPI-anchoring signal. Such 
mFP-PrP40–231 constructs efficiently pro-
duce readily visible cytosolic and nuclear 
aggregates in nearly all cells (Chakrabarti 
and Hegde, 2009). N2a cells expressing 
PrP-mCFP (cyan fluorescent protein) with or 
without mRFP-PrP40–231 were analyzed by 
microscopy at various times after transfec-

tion. In the absence of cytosolic aggregates, PrP-mCFP localizes to 
the cell surface and perinuclear structures of the secretory path-
way, including Golgi and endosomes, closely mirroring untagged 
PrP (Rane et al., 2004). In cells containing aggregates of mRFP-
PrP40–231, PrP-mCFP was typically unaffected in its localization. In 
∼12.2% of cells, however, a subpopulation of PrP-mCFP clearly co-
localized with the mRFP-PrP40–231 aggregates to varying extents 
(Figure 4A). In some cells, PrP-mCFP was largely on the rim of ag-
gregates, whereas in other instances, it was more homogeneously 
incorporated. Aggregates in the cytoplasm as well as nucleus were 
able to recruit PrP-mCFP. The latter unambiguously illustrates that 
the colocalizing population of PrP-mCFP is not in the secretory 
pathway. Colocalization could be observed beginning as early as 
8 h, when PrP-mCFP fluorescence was first clearly visible, and was 
observed in cells of varying expression levels (unpublished obser-
vations). Importantly, the colocalization was not influenced by 
choice of FPs, as different combinations gave the same results 
(unpublished data), and an FP expressed in the cytosol did not 
coaggregate with the cyPrP aggregates (Supplemental Figure S1; 
see also Chakrabarti and Hegde, 2009).

Colocalization of PrP-mCFP with mRFP-PrP40–231 was largely 
eliminated (to 2.5% of cells) by replacing the PrP signal sequence 
with the more efficient signal sequence from prolactin (termed Prl-
PrP-mCFP) (Figure 4B). Even in the most highly expressing cells, Prl-
PrP-mCFP was found only in the secretory pathway, clearly segre-
gated from mRFP-PrP40–231 aggregates. Similar results were 
obtained when the Opn signal sequence was used (unpublished 

aggregation as judged by its relative insolubility in detergent 
solutions. Aggregation would further exacerbate the situation, 
leading to the apparent “self-conversion” phenomenon (see 
model in Figure 3D).

It should be noted that, although the signal-containing non-
translocated PrP is clearly the main (or only) species that contrib-
utes to aggregate propagation (as evidenced by the pulse-
chase), the nonglycosylated bands that accumulate over time are 
heterogeneous (see, e.g., Figure 1C). This mixed population ap-
pears to be the consequence of some proteolytic trimming or 
processing. Because this consequence was also seen for ΔSS-PrP 
(e.g., Figure 2, D and E, and Figure 3, A and C), the processing 
is likely to be occurring in the cytosol, although we cannot rule 
out processing in another compartment after partial transloca-
tion by an unusual mechanism. Regardless of the source of pro-
cessing, the final processed product migrates closely to ΔSSΔGPI-
PrP (Figure 3A). This result explains the previous suggestion 
(based on migration in SDS–PAGE) that the “self-propagating” 
species of PrP had the N- and C-terminal signals removed (Ma 
and Lindquidst, 2002). Although that had been interpreted to 
indicate transit through the ER lumen, this conclusion may not be 
correct because there seem to be alternative mechanisms for 
generating a similarly migrating product. Thus we conclude that 
“self-propagation” can be explained by selective stabilization of 
unprocessed nontranslocated PrP in the presence of preexisting 
cyPrP aggregates generated by transient proteasome inhibition 
(Figure 3D).

FIGURE 3:  cyPrP aggregates lacking a signal sequence do not propagate. (A) Cells transiently 
transfected with PrP, ΔSS-PrP, or ΔSSΔGPI-PrP were analyzed by immunoblotting before and 
after treatment with 5 µM MG132 for 4 h. (B) Cells treated for 6 h with 5 µM MG132 were 
separated into a detergent-soluble and -insoluble fraction before analysis. Twice the relative 
amount of insoluble fraction was loaded compared with the soluble fraction. (C) ΔSS-PrP and 
ΔSSΔGPI-PrP were analyzed by the replating assay as in Figure 1C. Note that although 
unglycosylated species are clearly stabilized by proteasome inhibition, this species does not get 
amplified upon inhibitor removal and recovery. (D) Model for apparent “propagation” of cyPrP 
aggregates. The left panel shows PrP biosynthesis under normal conditions, where ∼90% of 
synthesized polypeptides are correctly imported into the ER, whereas ∼10% are nontranslocated 
precursors that are rapidly degraded in the cytosol. In the presence of preexisting aggregates 
(middle panel), the precursor molecules containing a signal sequence (red) are preferentially 
recruited into the aggregate instead of degradation. This aggregation can be largely averted by 
improving translocation into the ER with an efficient signal sequence (right panel).
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population of PrP-mCFP served as a con-
trol for nonaggregated diffusionally mobile 
protein. After photobleaching, PrP-mCFP 
on the plasma membrane (blue arrowhead, 
Figure 4C) recovered with a t1/2 of ∼2–3 min, 
as expected for a GPI-anchored membrane 
protein (Figure 4, C and D; Supplemental 
Figure S2). In contrast, little or no recovery 
was observed over a 19-min period for the 
PrP-mCFP population on the surface of the 
intracellular aggregates (red arrowhead, 
Figure 4, C and D; Supplemental Figure 
S2). This was the case whether one section 
of an aggregate or an entire aggregate 
was photobleached, indicating minimal 
exchange of PrP-mCFP within the aggre-
gate or between the aggregate and other 
cellular pools (unpublished data). As ex-
pected, photobleached mRFP-PrP40–231 
did not recover within the 19-min experi-
ment (Supplemental Figure S2). We there-
fore conclude that the PrP-mCFP that colo-
calizes with the mRFP-PrP40–231 aggregate 
is diffusionally restricted, suggesting that it 
is aggregated there. Thus preexisting 
mRFP-PrP40–231 aggregates substantially 
influence the fate of nontranslocated PrP-
mCFP without noticeably altering the pop-
ulation that transits through the secretory 
pathway.

Accumulation of nontranslocated PrP 
in aggregate-containing cells
We also attempted to visualize untagged 
wild-type PrP coaggregating with mCFP-

PrP40–231 by indirect immunofluorescence at various times after 
transfection. Consistent coaggregation could not be detected reli-
ably, apparently due to poor antibody access (as even FP-tagged 
PrP in the aggregate was not decorated effectively by anti-PrP anti-
bodies; see Supplemental Figure S3). Nonetheless, varying amounts 
of increased intracellular accumulation of PrP was observed in ∼20% 
of cells containing cytosolic mCFP-PrP40–231 aggregates (Table 1; 
see Figure 5 for examples). Experiments expressing wild-type PrP 
without mCFP-PrP40–231 showed aberrant increased intracellular ac-
cumulations in fewer than 5% of cells (Table 1). At later times (3 d), 
gross alteration of cell morphology was observed in some of the 
aggregate-containing cells. Remarkably, the increased accumulation 
and altered cellular morphology were seen far less frequently in Prl-
PrP–expressing cells, suggesting that these effects can be ascribed 
to nontranslocated PrP (Figure 5 and Table 1).

These results suggest that the nontranslocated populations of 
both FP-tagged and -untagged PrP are altered in their degrada-
tion in cells containing cyPrP aggregates. Although coaggrega-
tion could not be directly visualized with untagged PrP, its accu-
mulation was nonetheless readily apparent and could be traced 
to the slight inefficiency of the native PrP signal sequence. At 
present, the precise aggregation state and localization of the ac-
cumulated nontranslocated PrP has not been fully characterized. 
The fact that it occurs in only a subset of cells complicates bio-
chemical analyses, and the absence of an FP tag prevents the use 
of live cell diffusion analysis. These limitations notwithstanding, 
we can still conclude that the normally minor and transient 

data). Previous analyses have shown that the Prl and Opn signal se-
quences are highly efficient in vivo (Kim et al., 2002; Rane et al., 
2004, 2010; Levine et al., 2005), with little nontranslocated PrP 
(<5%). In contrast, the slightly inefficient signal sequence of PrP 
leads to ∼10–20% nontranslocated species in the cytosol (Kim et al., 
2002; Rane et al., 2004, 2010; Levine et al., 2005). That efficient 
signal sequences markedly reduce the degree of colocalization 
strongly suggests that the major population of PrP-mCFP that colo-
calizes with mRFP-PrP40–231 arises from nontranslocated polypep-
tides. Although it is possible that PrP-mCFP dislocated from the ER 
also contributes to colocalization, it seems unlikely. If this retrotrans-
located population were a significant contributor to coaggregation, 
it would not have been eliminated by increasing signal sequence 
efficiency because with both signals the vast majority of the PrP is 
translocated into the ER. It is worth noting that the Prl signal se-
quence is probably not perfect, because some coaggregation of 
Prl-PrP-mCFP with mRFP-cyPrP was observed eventually in the high-
est expressing cells (unpublished data). Thus, consistent with the 
biochemical experiments using the proteasome inhibitor paradigms, 
we find that nontranslocated PrP is preferentially stabilized in cells 
containing cyPrP aggregates, with which it partially colocalizes.

To determine whether the nontranslocated population of PrP-
mCFP that colocalizes with aggregates of mRFP-PrP40–231 is itself 
aggregated, we analyzed its diffusional mobility using fluores-
cence recovery after photobleaching (FRAP; Snapp et al., 2003). 
As a control for an immobile protein, we also performed FRAP 
on the mRFP-PrP40–231 aggregate, while the plasma membrane 

FIGURE 4:  Nontranslocated PrP coaggregates with cyPrP aggregates in live cells. (A) Cells 
cotransfected with mRFP-PrP40–231 (the aggregates visualized in the red channel) and PrP-CFP 
(green channel) were visualized ∼24–30 h after transfection. Individual channels and the merged 
images of two fields are shown. (B) As in panel A, but with Prl-PrP-CFP. Images were collected at 
the same time as in panel A, and with identical imaging settings. Note that with Prl-PrP, little or 
no coaggregation was evident, even in the grossly overexpressing cell in field #2. (C) An 
aggregate-containing cell from panel A (in field #2) was analyzed by FRAP of wild-type PrP-CFP. 
A region containing approximately half of an apparent aggregate (red arrowhead) as well as a 
section of the plasma membrane (blue arrowhead) was photobleached, and monitored for 
20 min at 1-min intervals. Shown are the images immediately before and after the 
photobleaching, as well as after 2 and 19 min of recovery. Note that the thin rim of fluorescence 
at the plasma membrane has recovered in the 19-min image (blue arrowhead), but the 
aggregate (red arrowhead) remains bleached even at 19 min. Images are shown only in the CFP 
channel. Similarly bleaching the mRFP-PrP40–231 resulted in no recovery (Supplemental 
Figure S2). (D) Recovery of fluorescence at the plasma membrane (blue circles) and aggregate 
(red squares) after photobleaching from the experiment in panel C.
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replacement of the native signal sequence with that from Prl 
(Figure 6). Normally, CRFR1 localizes to the cell surface and various 
intracellular membranous structures, consistent with its trafficking 
through the secretory pathway (e.g., Figures 7 and 8B). In cells 
containing mCFP-PrP40–231 aggregates, we observed increased in-
tracellular accumulation of CRFR1 in ∼20% of cells (Table 1; exam-
ples in Figure 7). This intracellular accumulation was observed in 
fewer than 6% of cells lacking mCFP-PrP40–231 aggregates (Table 1). 
Importantly, replacing the signal sequence of CRFR1 with that from 
Prl (Prl-CRFR1) reduced the fraction of cells containing intracellular 
accumulations approximately threefold (Table 1). These findings 
suggest that preexisting aggregates of one protein (mCFP-PrP40–231) 
can influence the fate of the nontranslocated population of an unre-
lated protein in the cytosol to cause its accumulation over time.

To generalize this conclusion, we examined the fate of both PrP 
and CRFR1 in cells expressing a qualitatively different type of ag-
gregate generated by the polyglutamine-expanded exon 1 of Hun-
tingtin (Htt). Green fluorescent protein (GFP)-HttQ103 with a poly-Q 
repeat of 103 residues forms aggregates in the cytoplasm and nu-
clei of ∼12–15% of cells (Robinson et al., 2008). When coexpressed 
with these Htt aggregates, PrP and CRFR1 were observed by im-
munofluorescence to accumulate as amorphous structures in the 
cytoplasm of ∼20% of cells containing HttQ103 aggregates (Table 1; 
Figure 8, A and B). This accumulation was observed approximately 
threefold less frequently for Prl-PrP or Prl-CRFR1 analyzed in parallel 
(Table 1). Thus, for two unrelated signal-containing proteins, we 
find that the nontranslocated polypeptides are altered in their 
degradation in cells containing either of two unrelated cytosolic 
aggregates.

population of nontranslocated PrP can be “amplified” to high lev-
els by preexisting aggregates of cyPrP that apparently preclude 
its efficient degradation.

Nontranslocated membrane proteins accumulate in 
aggregate-containing cells
Earlier studies of both isolated signal sequences and native proteins 
suggested that PrP is not unusual in displaying slightly inefficient 
translocation and raised the possibility that the observations men-
tioned earlier in the text regarding nontranslocated PrP might also 
apply to other proteins. One native protein with a slightly inefficient 
signal sequence is corticotropin-releasing factor receptor type 1 
(CRFR1), a G protein–coupled receptor (Kang et al., 2006). Indeed, 
a nonglycosylated form of CRFR1 accumulated upon proteasome 
inhibition, and this accumulation was substantially reduced upon 

PrP Prl-PrP CRFR1 Prl-CRFR1

24 h 48 h 96 h 96 h 24 h 48 h 96 h 96 h

PrP40–231 21%  
(32/151)

22% 
(48/216)

30% 
(39/130)

3.9%  
(9/232)

19% 
(44/235)

22%  
(22/98)

19% 
(25/133)

6.4%  
(11/172)

HttQ103 n.d. n.d. 25% 
(29/115)

6.0%  
(8/133)

n.d. n.d. 20% 
(25/128)

6.5%  
(10/155)

None n.d. 3.8%  
(5/129)

n.d. n.d. n.d. 5.5%  
(7/126)

n.d. n.d.

TABLE 1:  Quantification of aggregate-induced intracellular accumulation. The aggregated protein indicated at left was coexpressed with the 
test protein indicated along the top. At each time point, the % of aggregate-containing cells that showed excess intracellular accumulation of 
the test protein is indicated. The raw values are shown in parentheses. n.d., not determined.

FIGURE 5:  Nontranslocated PrP stabilization by cyPrP aggregates. 
Cells cotransfected with mCFP-PrP40–231 and either PrP or Prl-PrP 
were cultured for between 24 and 96 h before analysis by indirect 
immunofluorescence with 3F4 antibody against PrP. Prl-PrP remains 
mostly surface localized in most (>90%) cells (see Table 1); a 
representative example is shown. By contrast, PrP shows a more 
heterogeneous distribution of staining patterns with varying amounts 
of intracellular accumulations. A gallery of three images illustrating 
this heterogeneity is shown, with quantitation of cells with altered 
localization presented in Table 1. Note that various cells lacking visible 
aggregates are seen in the images to show the normal, primarily 
cell-surface localization typical for PrP.

FIGURE 6:  Nontranslocated CRFR accumulates upon proteasome 
inhibition. Cells transiently transfected with CRFR or Prl-CRFR (each 
tagged with a 12-residue epitope recognized by the 3F4 monoclonal 
antibody) were treated with 10 μM MG132 for the indicated time 
periods and analyzed by immunoblotting. Unglycosylated CRFR upon 
proteasome inhibition is observed to a lesser extent with the Prl 
signal sequence.
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a substantial proportion of the expressed protein being distributed 
diffusely in the nucleocytoplasmic compartment in addition to its 
expected ER localization. This phenomenon was observed in ∼65% 
of cells containing mRFP-PrP40–231 aggregates (n = 54), and was es-
pecially prominent in more highly expressing cells. The phenome-
non was seen far less frequently for Prl(SS+10)-GFPKDEL (in ∼12.5% 
of aggregate-containing cells; n = 40) and was limited to high ex-
pressing cells. As controls, matched constructs lacking the signal 
sequences were localized diffusely in the nucleocytoplasmic com-
partment and seemed unaffected by the mRFP-PrP40–231 aggregates 
(Supplemental Figure S4). Little or no evidence of coaggregation 
was detected for any of the constructs but was most readily ob-
served in the split images, where GFP fluorescence was not enriched 
(and was often excluded from) the cytosolic region containing the 
aggregate (Figure 9; Supplemental Figure S4).

These observations lead to three important conclusions. 
First, the fate of a totally artificial signal-containing protein 

Delayed degradation does not require coaggregation
What is the basis of selective stabilization and accumulation of non-
translocated PrP and CRFR1 by cytosolic aggregates? Based on the 
data presented earlier in the text, it is difficult to distinguish the 
order of events between two possibilities. In one model, preexisting 
aggregates might directly stabilize newly synthesized nontranslo-
cated precursors by coaggregation, thereby sequestering them 
away from the degradation machinery. Alternatively, preexisting ag-
gregates could inhibit the degradation machinery, thereby indirectly 
stabilizing nontranslocated precursors that might subsequently ag-
gregate. The hydrophobic and aggregation-prone nature of both 
PrP and CRFR1 made distinguishing among between possibilities 
difficult because stabilization and coaggregation seem to occur al-
most simultaneously. We therefore turned to a simplified substrate 
in which the highly soluble and autonomously folding GFP was tar-
geted to the ER by an N-terminal signal sequence and C-terminal 
KDEL signal. Because of its solubility, we reasoned that it may not 
necessarily be recruited into aggregates. Our goal was to ask 
whether the fate of the nontranslocated population of this artificial 
protein was influenced by the presence or absence of cytosolic ag-
gregates and, if so, whether this depends on coaggregation.

The signal sequences plus the first ten mature residues (indicated 
by “SS+10”) of PrP or Prl were appended to the N terminus of mGFP 
containing a C-terminal KDEL sequence. In preliminary experiments, 
we confirmed that these signal-containing constructs are normally 
localized to the ER (unpublished data). These constructs were then 
coexpressed with cytosolic mRFP-PrP40–231 aggregates and ob-
served at 24 and 48 h after transfection (Figure 9). At 24 h posttrans-
fection, most cells (>90%) expressing each of the constructs local-
ized as expected in a nonnuclear reticular pattern consistent with 
the ER. Evidence of coaggregation with mRFP-PrP40–231 was not ob-
served. At 48 h posttransfection, the construct containing the PrP 
signal sequence (PrP(SS+10)-GFPKDEL) now behaved aberrantly, with 

FIGURE 8:  Cytosolic HttQ103 aggregates stabilize nontranslocated 
proteins. (A) An experiment as in Figure 7 was performed, but using 
GFP-HttQ103 as the cytosolic aggregate and PrP or Prl-PrP as the test 
proteins. (B) As in panel A, using GFP-HttQ103 as the cytosolic 
aggregate and CRFR1 or Prl-CRFR1 as the test proteins. Quantitation 
of the results is shown in Table 1.

FIGURE 7:  cyPrP aggregates stabilize nontranslocated CRFR1. Cells 
cotransfected with mCFP-PrP40–231 and either CRFR1 or Prl-CRFR1 
were cultured for 24–96 h before analysis by indirect 
immunofluorescence with 3F4 antibody. Representative examples of 
staining patterns for CRFR1 and Prl-CRFR1 are shown, with 
quantification in Table 1. The left and right images show essentially 
normal (primarily surface) localization, and the two middle images 
show either a mixed surface/intracellular or completely intracellular 
localization pattern.
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aggregates did not stabilize the reporter at 
all, even at time points after transfection 
when stabilization of nontranslocated pro-
teins was readily observed (Figure 10B). This 
finding suggests that, although certain ag-
gregates can inhibit proteasome under at 
least some conditions (Bence et al., 2001), 
inhibition is not required for their ability to 
stabilize nontranslocated proteins. This con-
clusion is consistent with the results in Fig-
ure 2, where washout of proteasome inhibi-
tor led to resumption of degradation of a 
proteasome-dependent substrate even 
though unprocessed, nontranslocated PrP 
was stabilized. Taken together, these find-
ings suggest that stabilization of nontranslo-
cated proteins by aggregates is at least par-
tially selective and may indicate disturbance 
of quality control pathways upstream of the 
proteasome.

Conclusions and perspective
In this study, we have found that cytosolic 

aggregates are capable of perturbing the pathway(s) of cytosolic 
quality control that normally degrade nontranslocated secretory 
and membrane protein precursors. This population of polypeptides 
is normally never observed, and was long thought to be a minor and 
perhaps irrelevant species. In recent years, however, the efficiency 
of protein translocation into the ER (and presumably other organ-
elles) is appreciated to be less than perfect (Kim et al., 2002; Rane 
et al., 2004; Levine et al., 2005; Kang et al., 2006). Even from a 
theoretical standpoint, the biochemical reactions that mediate suc-
cessful and selective targeting of signal-containing proteins to their 
correct destinations cannot be 100% efficient. Given that roughly 
one-third of all cellular proteins need to be targeted to the secretory 
pathway, even 0.1% inefficiency would constitute a substantial and 
constant source of nontranslocated proteins, most of which require 
disposal. Direct measurements of translocation efficiency suggest 
considerably higher levels of failed translocation (Levine et al., 
2005), particularly under conditions of ER stress (Kang et al., 2006; 
Orsi et al., 2006), further emphasizing the importance of cytosolic 
quality-control pathways. Such pathways appear to culminate at the 
proteasome, the inhibition of which stabilizes nontranslocated PrP, 
nontranslocated CRFR1, as well as proteins pharmacologically in-
hibited in their translocation (Besemer et al., 2005; Garrison et al., 
2005). Although this study does not provide insight into what these 
pathways are, it does reveal that their efficient function can be com-
promised by different types of cytosolic aggregates.

The specific quality control pathway(s) that are inhibited by ag-
gregates remain to be determined, but it seems unlikely to be 
solely the proteasome. Indeed, lack of global inhibition of the Ub-
proteasome system is seen in transgenic mice expressing mutant 
Htt, in which Ub conjugates nonetheless accumulate (Maynard et al., 
2009). Candidates for perturbation would include chaperones 
and/or factors of the Ub-proteasome system, both of which have 
been found associated with aggregates (Cummings et al., 1998; 
Donaldson et al., 2003; Kaganovich et al., 2008; Olzscha et al., 
2011). For example, Hsp70, p97, Ub, proteasomes, and other 
general quality control factors are often recovered in aggregates 
biochemically or visualized to colocalize with aggregates by im-
munofluorescence (e.g., Ma and Lindquist, 2001). It is therefore 
possible that partial inhibition of multiple factors (Olzscha et al., 

[PrP(SS+10)-GFPKDEL] is influenced by an unrelated cytosolic 
aggregate. Second, this effect can be largely averted by a 
matched construct containing a highly efficient signal sequence 
[Prl(SS+10)-GFPKDEL]. This result suggests that the nontranslo-
cated population of PrP(SS+10)-GFPKDEL is being stabilized in 
the presence of the aggregate. Third, this stabilization of non-
translocated protein is not dependent on its cosequestration with 
the aggregate, suggesting that stabilization occurs by an indirect 
mechanism. We cannot exclude the possibility that a subpopula-
tion of nontranslocated GFP is coaggregated but is not visualized 
because the GFP is misfolded. Even in this scenario, however, it is 
clear that coaggregation is not an absolute prerequisite for stabi-
lization as a nonaggregated population was readily visualized.

Absence of proteasome inhibition in aggregate 
containing cells
The observation that stabilization of nontranslocated PrP(SS+10)-
GFPKDEL does not require its coaggregation suggests that its degra-
dation pathway is not functioning normally. The simplest explana-
tion would be if the proteasome were being inhibited by the 
aggregates, as has been suggested in earlier studies (Bence et al., 
2001; Bennett et al., 2005). An alternative (but not mutually exclu-
sive) possibility is that other aspects of cytosolic quality control, 
which still remains poorly understood, might be perturbed. This 
possibility is also consistent with recent studies suggesting that ag-
gregates can generally influence protein homeostasis pathways 
(Huang et al., 1998; Schaffar et al., 2004; Gidalevitz et al., 2006).

To investigate this issue, we used a Ub-GFP fusion protein to 
monitor proteasome activity in cells containing or lacking aggre-
gates (Dantuma et al., 2000). Characterization of this reporter in our 
cell culture conditions showed that, by immunoblotting, even low-
level proteasome inhibition for short periods of time led to detect-
able increases in reporter stabilization (Figure 10, A and B). The sta-
bilized protein is not seen as a Ub ladder for reasons that are not 
entirely clear but may involve highly active deubiquitination en-
zymes or possibly Ub chain addition en bloc instead of sequentially 
(Li et al., 2007). A wide range of an at least ∼10-fold difference in 
reporter levels was observed between minimal and maximal levels 
of proteasome inhibition. Remarkably however, mRFP-PrP40–231 

FIGURE 9:  Nontranslocated soluble proteins are stabilized in aggregate-containing cells. Cells 
cotransfected with mRFP-PrP40–231 (red) and the indicated signal sequence-GFP-KDEL fusion 
constructs (green) were imaged after 24 and 48 h. Wide-field images of cells show that at 24 h, 
the GFP fluorescence is essentially all ER-localized, with clear exclusion from the nucleus. At 
48 h, PrP(SS+10)-GFPKDEL now displays substantial nucleocytoplasmic localization. Localization is 
considerably lower for Prl(SS+10)-GFPKDEL, where only the highest expressing cells show some 
nuclear localization. Inset reveals the localization pattern and illustrates lack of obvious 
coaggregation of GFP with mRFP-PrP40–231.
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via their interaction with the Ub ligase CHIP (McDonough and 
Patterson, 2003). It is unknown whether any of these pathways are 
directly involved in degrading nontranslocated precursors. Although 
it may seem obvious that the same pathways will be used by 
misfolded cytosolic proteins and nontranslocated precursors, it is 
worth noting that the latter are unique in having at least one highly 
hydrophobic domain. Indeed, our findings that a signal-containing 
precursor is differentially affected relative to a signal-cleaved version 
of the same protein (which is nonetheless mislocalized) suggest that 
different pathways are involved. Working out the upstream compo-
nents of the cytosolic quality control pathway(s) for nontranslocated 
precursors therefore represents an important future goal.

Finally, it is worth considering whether our observations are po-
tentially an artifact of overexpression. We do not believe this to be 
the case for several reasons. First, at least some of our studies with 
PrP were performed on stable cell lines the expression levels of 
which were similar to (or even lower than) those observed in nor-
mal brain. Second, earlier studies examining translocation effi-
ciency of reporter proteins at a wide range of expression levels 
suggested that translocation inefficiency is not due to saturation 
but is an intrinsic property of some signal sequences (Rane et al., 
2004; Levine et al., 2005). Third, even endogenous proteins may 
be reduced in their translocation during certain conditions, such as 
acute ER stress (Kang et al., 2006). Fourth, in microscopy analyses, 
we observed similar effects in cells expressing different levels of 
the substrate protein. Thus it is likely that constant generation and 
degradation of precursors that have failed translocation is a basic 
cellular housekeeping process. Although we have surely exagger-
ated this phenomenon by overexpressing individual substrates to 
facilitate their analysis, there is good reason to believe that precur-
sors are constantly fluxing through the cytosol en route to their 
proteasomal degradation.

Similarly, we believe that although we artificially generated ag-
gregates by using specialized constructs or proteasome inhibition, 
our results may be relevant because it is increasingly clear that ag-
gregates are a common feature of various disease states, and per-
haps even normal aging (Cohen and Dillin, 2008; Morimoto, 2008). 
Furthermore, it has recently been appreciated that even extracellu-
lar aggregates are capable of accessing the cytosol by yet undeter-
mined pathways (Clavaguera et al., 2009; Desplats et al., 2009; Frost 
et al., 2009; Luk et al., 2009; Ren et al., 2009). Thus, although our 
observations are likely exaggerated in our model systems, we be-
lieve that they may hold relevance for protein misfolding disorders, 
including various neurodegenerative diseases. Indeed, perturbed 
quality control during aging and neurodegenerative disease is an 
emerging theme, and our findings now identify a new specific cyto-
solic quality control process that appears to be sensitive to pertur-
bation by aggregates. It will now be important to understand this 
quality control pathway for nontranslocated proteins so that one can 
assess which step(s) are affected by aggregates and how this inter-
ference might contribute to the pathogenesis of protein-misfolding 
diseases.

MATERIALS AND METHODS
Constructs, antibodies, and reagents
A list of all constructs used in this study, their respective references, 
and a brief description of their characteristics is provided in Supple-
mental Table S1. PrP, Opn-PrP, and Prl-PrP encode hamster PrP with 
the signal sequences from either rat Opn or bovine Prl, and have 
been characterized previously (Rane et al., 2004; Kang et al., 2006). 
The mFP-tagged versions of these constructs and the mFP-PrP40–231 
constructs have been described (Chakrabarti and Hegde, 2009). 

2011) leads to the net effect on nontranslocated proteins that we 
observe. Alternatively, specific proteins, such as a key Ub ligase or 
chaperone selective for nontranslocated precursors, might be 
inhibited by cytosolic aggregates. For now, answers to such 
questions must await delineation of the pathway(s) by which pre-
cursors are recognized and degraded, at which point key compo-
nents can be tested.

Although not formally a precursor, a signal-deleted secretory 
pathway protein (carboxypeptidase Y) has been used as a model of 
cytosolic quality control in yeast. Thus far, degradation of this mislo-
calized protein has been shown to rely on chaperones (Park et al., 
2007) and the Ub ligases Ubr1, Ubr2, and San1 (Eisele and Wolf, 
2008; Heck et al., 2010; Nillegoda et al., 2010). Parallel studies with 
an artificial “degron” showed that the ER-localized Doa10 Ub ligase 
represents yet another cytosolic quality control pathway in yeast 
(Ravid et al., 2006; Metzger et al., 2008). In multicellular eukaryotes, 
chaperones have also been implicated in cytosolic quality control 

FIGURE 10:  cyPrP aggregates do not detectably impair the 
proteasome. (A) Cells transfected with Ub-GFP were treated with 
5 µM MG132 for various time periods and analyzed for GFP by 
immunoblotting. The primary Ub-GFP band is indicated. Note that 
minor bands above and below this major species probably represent 
ubiquitinated and degraded species, respectively. (B) Ub-GFP was 
cotransfected with either mRFP or mRFP-PrP40–231. After 24 h, the 
cells were either left untreated or treated for 8 h with MG132 at the 
indicated concentrations. All cells were then harvested and analyzed 
by immunoblotting for GFP and RFP. Faint and dark exposures of the 
anti-GFP blot are shown. The MG132 titration illustrates that, even at 
low inhibitor concentrations, Ub-GFP stabilization is detectable. 
Coexpression of the mRFP-PrP40–231 aggregates, however, shows no 
detectable Ub-GFP.
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Ar-ion laser (for CFP or GFP excitation with the 458 nm and 488 nm 
lines, respectively) and a He-Ne laser (for RFP and Alexa-Fluor 594 
excitation with the 543 line). A 40× or 63× 1.4 NA oil immersion 
objective was used for all imaging. For comparisons between mul-
tiple samples, images were collected during a single session by us-
ing identical excitation and detection settings. The detector gain 
settings were chosen to allow imaging of the desired cells within the 
linear range of the photomultiplier tube without saturating pixels. 
For imaging interactions between proteins, randomly chosen fields 
of cells were imaged at two detector gain settings to visualize both 
dim and bright cells. Three dishes were imaged for each set of trans-
fections, and the complete set of experiments was performed thrice 
to eliminate artifacts arising from individual experiments. For FRAP 
analyses, a defined region of interest was photobleached at full la-
ser power (100% power, 100% transmission); recovery of fluores-
cence was monitored by scanning the whole cell at low laser power 
(30% power, 0.3% transmission) as previously described (Snapp 
et al., 2003). For immunofluorescence, transfected cells were stained 
as before (Rane et al., 2004). In short, cells were fixed with 3.7% 
formaldehyde in PBS, rinsed with PBS, permeabilized and blocked 
for 1 h at room temperature in blocking buffer (PBS containing 10% 
FBS, 0.1% saponin, and 50 μg/ml RNase A), followed by incubation 
with diluted primary antibodies in blocking buffer for 1 h at room 
temperature. After washing, cells were incubated for 30 min with a 
1:1000 (vol/vol) dilution of secondary antibody conjugated to 
Alexa-Fluor 594 (Invitrogen), washed with several changes of PBS 
(containing 10% FBS), and imaged in PBS (without FBS).

Quantification of imaging results
To quantify the experiments in Figures 5, 7, and 8, images of ran-
domly selected fields (chosen without visualizing the test protein) 
were analyzed. Using ImageJ, the RGB-color images were split, 
and only the panel with expression profile of PrP, Prl-PrP, CRFR1, or 
Prl-CRFR1 (in the gray scale) was used for analysis. Cells coexpress-
ing protein aggregates and the reporter proteins were identified 
manually, and only these were scored. The cells were demarcated 
into two areas representing the surface (perimeter) and intracellu-
lar regions, and the relative amount of fluorescence signal in each 
was measured. Any cell having more than 40% of the total signal 
arising from the intracellular population was considered “positive” 
for altered localization. Analysis for Figure 9 was done similarly, but 
using the z-stack image series to definitively identify the nucleus. 
Here cells where the GFP signal was diffusely nucleocytoplasmic 
throughout the z-stack were counted as altered; cells (by scanning 
the entire z-stack) that showed a clear demarcation between cyto-
plasm and nucleus, with reticular signal from the cytoplasm, were 
scored as normal. Approximately 50 cells were analyzed for this 
experiment. For Figure 4, coaggregation was judged to be posi-
tive if the test protein fluorescence was enriched in the aggregate 
or rimmed the surface of the aggregate. Approximately 200 cells 
were analyzed for this experiment.

Human CRFR1 and Prl-CRFR1 in pCDNA-3.1 has been described 
(Kang et al., 2006). Both constructs are tagged at the C terminus 
with an epitope (KTNMKHMAGAAA) recognized by the 3F4 anti-
body (from Signet Laboratories, Dedham, MA). PrP(SS+10)-GFPKDEL, 
Prl(SS+10)-GFPKDEL, PrP(10)-GFPKDEL, and Prl(10)-GFPKDEL all en-
code GFP with a C-terminal KDEL sequence in the pCDNA3.1 vec-
tor. The N terminus of these constructs contains either the first 32 
residues of hamster PrP (22-residue signal sequence plus 10 mature 
residues), the first 40 residues of bovine Prl (30-residue signal se-
quence plus 10 mature residues), residues 23–32 of PrP, or residues 
31–40 of Prl, respectively. All constructs contain an initiating methi-
onine with optimal Kozak’s consensus sequence. ΔSS-PrP and 
ΔSSΔGPI-PrP encode residues 23–254 and 23–231, respectively, of 
hamster PrP. Ub-GFP and GFP-Htt103 were gifts from N. Dantuma 
(Dantuma et al., 2000) and L. Greene (Lee et al., 2007). The mFP 
expression constructs were obtained from Clontech (Mountain 
View, CA). Antibodies were obtained from the following sources: 
3F4 mouse monoclonal (Signet Laboratories); TRAPα (Fons et al., 
2003); GFP (Chakrabarti and Hegde, 2009); RFP (Chakrabarti 
and Hegde, 2009). MG132 was obtained from EMD Chemicals 
(Gibbstown, NJ). 

Cell culture
N2a cells were cultured in DMEM containing 10% fetal bovine serum 
(FBS) at 5% CO2. Stable N2a cells expressing PrP or Opn-PrP have 
been described (Rane et al., 2004; Kang et al., 2006). Transient trans-
fections were with Lipofectamine 2000 (Invitrogen, Carlsbad, CA). 
Biochemical assays using transient transfection were carried out 24 h 
posttransfection. Assays involving cell imaging were performed at 
time points as indicated in the figure legends. For live-cell confocal 
imaging experiments, cells were grown in 35-mm glass-bottom mi-
crowell dishes (MatTek, Ashland, MA), and those to be fixed and 
immunostained were grown in eight-well Lab-Tek chambered cover-
glass from Nunc/Thermo Fisher Scientific (Rochester, NY). For bio-
chemical assays, cells grown in 6-, 12-, or 96-well tissue-culture 
dishes were used.

Biochemical analyses of cultured cells
Cells harvested for immunoblotting of total products were fully solu-
bilized in 1% SDS, 0.1 M Tris, pH 8; boiled; vortexed vigorously to 
shear DNA; and analyzed by SDS–PAGE and blotting. These proce-
dures permitted visualization of all species, instead of selecting the 
soluble species often observed when using other methods of lysis. 
Similarly, it is critical to fully solubilize and denature the whole cell in 
the pulse-chase studies to avoid selective visualization of only the 
soluble species. Pulse-chase analysis (Figure 2), deglycosylation 
(Figure 1A), and detergent solubility assays (Figure 3B) were as be-
fore (Rane et al., 2004). The replating assay (Figures 1C and 3C) is 
described in the respective legends. Typically, cells in a six-well dish 
were treated with inhibitor as described, after which they were 
rinsed at least twice with phosphate-buffered saline (PBS). They 
were then trypsinized and replated into replicate wells of a 96-well 
dish to achieve ∼70–90% density upon adherence. For the “0” time 
point, the cells were collected by centrifugation and solubilized in 
SDS. For the other time points (after the cells had adhered to the 
plate), the medium was removed and the adhered cells solubilized 
directly in SDS.

Fluorescence microscopy and imaging
Fluorescence microscopy was performed using a LSM510/Confo-
Cor 2 microscopy system (Zeiss, Thornwood, NY) equipped with an 
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