














vacuolar limiting membrane (Fig. 4B) but prevents its process-
ing into fragments (Fig. 4C).
To determine the effect of protein concentration on toxicity,

Wsc1* and Wsc1*-6R were expressed using the PRC1, GAS1,
and GAL1 promoters corresponding to weak, moderate, and
strong expression. Quantitative immunoblotting of substrates
confirmed the relative strength of these promoters for Wsc1*
and Wsc1*-6R (supplemental Fig. S6, C–E). In liquid culture,
weak expression of either protein had no effect on cell growth
compared with control (supplemental Fig. S6A). Moderately
expressedWsc1*-6R (PGAS1) accumulated to the same extent in
wild type and �pep4 cells, demonstrating that the difference in
toxicity is not due to unequal protein levels. At high expression
from the GAL1 promoter, Wsc1*-6R is strongly toxic to both
strains compared with controls (supplemental Fig. S6, B and F).
In this case, the difference in toxicity between wild type and
�pep4 strains persists but is diminished. These data demon-
strate a dose-dependent relationship to the toxicity of aberrant
proteins inserted into the vacuolar membrane.

We next wished to understand howWsc1* fragments trigger
toxicity. Immunolocalization indicates that degradation prod-
ucts are at the vacuolar membrane, but it was unclear if they
remained integrated or became peripherally associated follow-
ing proteolysis (Fig. 4A). To answer this question, cell extracts
were prepared from wild type and �pep4 strains expressing
Wsc1*-6R and treated with alkali to strip soluble and peripher-
ally associated proteins from membranes. Membranes and
alkali-extracted proteins were separated by high speed centri-
fugation and detected on immunoblots. Full-length Wsc1*-6R
fractionated with the membrane pellet, as expected (Fig. 6D,
�-HA panel, lane 6). The stable Wsc1*-6R degradation prod-
ucts were detected exclusively in the membrane fraction, dem-
onstrating that they remain integrated in the vacuolar mem-
brane even after extensive luminal proteolysis (Fig. 6D, �-HA
panel, lane 3).
To analyze the integrity of vacuolar membranes, we incu-

bated cells expressing Wsc1* or Wsc1*-6R with the lipophilic
dye FM4–64 to visualize vacuolar membranes (33). Wild type

FIGURE 6. Accumulation of Wsc1* fragments causes toxicity. A, wild type, �pep4, and �vps27 cells containing (PGAL1)Wsc1* or (PGAL1)CPY* grown in raffinose
media were spotted as 10-fold serial dilutions onto glucose (promoter-repressed) and galactose (promoter-activated) medium plates and incubated at 30 °C
for 2 and 3 days, respectively. B, wild type and �pep4 cells containing the control vector, (PGAS1)Wsc1*, or (PGAS1)Wsc1*-6R were spotted on selective synthetic
plates and incubated at 30 °C for 2 days. C, growth analysis of wild type and �pep4 cells containing the empty vector (pRS315), (PGAS1)Wsc1*, or (PGAS1)Wsc1*-6R.
Cells were grown in selective synthetic media to log phase and diluted to 0.1 A/ml. Growth was measured as 0.1 A600/ml readings from cultures at regular
intervals over 10 h. The data plotted reflect three independent experiments with the mean � S.D. (error bars) indicated. *, p � 0.01, Student’s t test. D,
membranes prepared from wild type and �pep4 cells expressing (PGAS1)Wsc1*-6R were treated with 0.1 M sodium carbonate, pH 11.0, for 30 min on ice. A
portion was reserved as total (T), and the remaining was subjected to centrifugation at 100,000 � g. Supernatant (S) and membrane pellet (P) fractions were
collected and analyzed by immunoblotting. Wsc1*-6R was detected using anti-HA antibody. Kar2p and Sec61p serve as soluble and integral membrane protein
controls, respectively.
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and �pep4 cells expressing Wsc1* display vacuolar morpholo-
gies similar to control cells (Fig. 7, compare d and g with a). By
contrast, wild type cells expressingWsc1*-6R contain distorted
or fragmented vacuoles (Fig. 7j).�pep4 cells, which accumulate
full-length Wsc1*-6R in the vacuolar membrane, display rela-
tively normal vacuoles (Fig. 7m).
Ultrastructural analysis of Wsc1*-6R expressing wild type

cells shows dramatic disruption of vacuolar morphologies and
the accumulation of aberrant membrane structures (supple-
mental Fig. S7, compare A and D). In addition, these cells
strongly accumulate lipid droplets, an indicator of lipid disequi-
librium (supplemental Fig. S8) (75, 76). These data show that
the by-products of a missorted GQC substrate exert toxicity by
physically disrupting the membranes to which they are
inserted.

DISCUSSION

The range of protein quality control mechanisms is far wider
than previously thought. The breadth is not surprising, given
their importance in maintaining cellular protein homeostasis.
Although early studies focused on those stationed at sites of de
novo protein synthesis, there is now great interest in less under-
stood pathways that can be found throughout the cell (3, 5, 9,
10, 38, 77–80). Instead of just monitoring the folding of poly-
peptides as they are made, these mechanisms also police popu-
lations of functional proteins for those going bad. Thus, strate-
gies suited only for actively folding proteins, like the mannose
timer hypothesis in ERAD (81–83), would not apply there.
The peripheral quality control system appears to be charged

with both roles. For example, themultispanning protein Pma1p

is subject to ERAD if it is grossly misfolded by mutation. One
allele, pma1-7, is caught byGQCanddiverted to the vacuole for
turnover (9). Other mutants, undetected by either pathway,
traffic to the plasmamembrane, where they rapidly endocytose
and traffic to the vacuole (84, 85). The reasons for these sorting
patterns are unclear because specific features, recognized by
one system and not others, are not known. The plasma mem-
brane system can also detect post-maturation conformational
changes. In mammalian cells, the most common disease allele
of the cystic fibrosis transconductance regulator is �F508 (86).
At 37 °C, �F508 is retained in the ER and degraded by ERAD.
However, shifting cells to 26 °C allows the maturation and traf-
ficking of the mutant to the plasma membrane, where it is at
least partially functional (87–90). Because of this effect, getting
mutant forms of cystic fibrosis transconductance regulator to
bypass the ERAD checkpoint has been a major research goal as
a therapeutic strategy. However, the existence of a plasma
membrane quality control mechanism complicates the strat-
egy. Returning cells to 37 °C, and presumably the correspond-
ing conformation, triggers�F508 recognition, endocytosis, and
transport to lysosomes by the MVB pathway (5, 55, 91). Thus,
the importance of understanding these mechanisms cannot be
overstated. Lukacs and co-workers (4, 5) recently reported the
role of cytosolic chaperones in recognizing misfolded proteins
at the plasma membrane. Interestingly, some of these are
known components of other quality control systems suggesting
mechanistic overlaps. These studies demonstrate the necessity
to account for peripheral quality control before the therapeutic
strategy can be viable.
In this study, we report that the GQC substrate Wsc1* sorts

to theMVB pathway for turnover (Fig. 8A), making it a point of
convergence between cell surface and Golgi mechanisms.
Unlike plasma membrane receptors, which tend to recycle if
MVB sorting is subverted, misfoldedWsc1p traffics to the vac-
uole even if the pathway cannot be utilized. This suggests that
the signals required for vacuolar transport andMVB sorting are
separable. Thismade it possible to demonstrate that the route is
essential for complete substrate degradation. Diversion of mis-
folded Wsc1p to the alternative vacuolar transport route
caused the accumulation of partially degraded molecules still
embedded in the vacuolar membrane (Fig. 8B). This result pro-
vided evidence that the normal transport pathways used by res-
ident vacuolar membrane proteins are not suitable for protein
quality control. Remarkably, we discovered that the resulting
“luminally sheared” form of Wsc1p is highly toxic. This form
disrupts vacuolar membrane integrity and might indirectly
affect lipid homeostasis. This showed that the efficient whole-
molecule degradation provided by theMVBpathway could also
provide a protective function for the cell (Fig. 8). Taken
together, these data provide a physiological basis for trafficking
misfolded proteins through theMVBpathway. Because periph-
eral quality control substrates ultimately use the same pathway,
the principles gleaned from the Wsc1* studies are likely to be
more generally applicable.
With the MVB pathway being a convergence point, why are

two (or more) post-ER surveillance sites needed? The studies
from the Lukacs and Gardner laboratories (4, 5, 77, 91) may
have already provided the answer. In both cases, the groups

FIGURE 7. Wsc1*-6R degradation by-products disrupt vacuolar mem-
brane morphology. Wild type cells with an empty vector (pRS315),
(PGAS1)Wsc1*, or (PGAS1)Wsc1*-6R and �pep4 cells expressing (PGAS1)Wsc1* or
(PGAS1)Wsc1*-6R were grown to log phase and stained with FM4-64 at 30 °C.
Cell imaging was performed using confocal and DIC microscopy. Scale bar, 5
�m.
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examined the fate of proteins where folding states can be con-
trolled by temperature. At low temperatures, the proteins are
folded and functional. After shifting to restrictive tempera-
tures, themutant proteins change conformations to sufficiently
pique the attention of local quality control mechanisms at the
plasma membrane and nucleus. These studies suggest that
quality control mechanisms are at play anywhere there are pro-
teins, folded or unfolded. Thus, the other role ofGQCmay be to
continuously monitor the integrity of folded resident Golgi
proteins. The discovery of its role in capturing misfolded pro-
teins undetected by ERADcould be explained simply by the fact
that such model molecules were easier to generate. However,
there are also clear differences between plasma membrane and
Golgi systems that might impact their client range. In GQC,
misfolded luminal domains like those inWsc1* are detected by
Golgi cargo-sorting factors, such as Vps10p (soluble substrates
are entirely luminal) (10, 26, 29). By contrast, misfolded soluble
proteins that canmake it to the plasmamembrane are secreted,
suggesting the absence of a surveillance mechanism on the
exterior of the cell, which is the topologic equivalent of the

organelle lumen (10, 92). Indeed, the �F508 lesion of cystic
fibrosis transconductance regulator affects the conformation of
its cytoplasmic domain, and the known recognition factors are
cytosolic (5). Although it is tempting to suggest a division of
labor between these pathways, the mutations in the pma1-7
allele that make it a substrate of GCQ probably cause confor-
mational changes to its cytosolic domains, suggesting thatGQC
is not restricted to luminal abnormalities (9).
In this paper, we report the transport mechanism used by

GCQ for the obligate substrate Wsc1p. Major questions
remain. The most immediate is how misfolded proteins are
detected in the Golgi lumen. Although Vps10p is an important
factor, how it and other yet to be identified factors differentiate
folded and unfolded proteins remains mysterious. Another
question is the molecular mechanism of toxicity for Wsc1*-6R
degradation by-products. Although the severity of their effects
on vacuolar membrane may be sufficient to explain their toxic-
ity, it remains to be determined how it manifests simply
through the degradation of the luminal domain. To our knowl-
edge, this is the first instance in which such a phenomenon has

FIGURE 8. Model of the MVB-dependent pathway for the transport of misfolded Wsc1p. A, normally, misfolded Wsc1p exits the ER and transits through the
Golgi apparatus. It is next sorted to the MVB pathway and degraded in its entirety within the vacuolar lumen. This mechanism requires the ubiquitin ligase
Rsp5p and ubiquitination of the Wsc1p cytoplasmic domain. B, misfolded GQC substrates missorted to the vacuolar limiting membrane. Degradation proceeds
but is constrained by the membrane, leading to partial degradation products still integrated in the membrane. These aberrant products disrupt vacuolar
membranes, which can lead to cell death.
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been observed in vivo. Althoughmany questions remain, recent
studies demonstrate that cellular protein homeostasis relies on
a complex network of quality control systems, some of which
remain to be discovered.
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