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Abstract: Misfolded proteins in the endoplasmic reticulum (ER) are selected for ER-associated
degradation (ERAD). More than 60 disease-associated proteins are substrates for the ERAD path-
way due to the presence of missense or nonsense mutations. In yeast, the Hsp104 molecular
chaperone disaggregates detergent-insoluble ERAD substrates, but the spectrum of disease-
associated ERAD substrates that may be aggregation prone is unknown. To determine if Hsp104
recognizes aggregation-prone ERAD substrates associated with human diseases, we developed
yeast expression systems for a hydrophobic lipid-binding protein, apolipoprotein B (ApoB), along
with a chimeric protein harboring a nucleotide-binding domain from the cystic fibrosis transmem-
brane conductance regulator (CFTR) into which disease-causing mutations were introduced. We
discovered that Hsp104 facilitates the degradation of ER-associated ApoB as well as a truncated
CFTR chimera in which a premature stop codon corresponds to a disease-causing mutation.
Chimeras containing a wild-type version of the CFTR domain or a different mutation were
stable and thus Hsp104 independent. We also discovered that the detergent solubility of the
unstable chimera was lower than the stable chimeras, and Hsp104 helped retrotranslocate the
unstable chimera from the ER, consistent with disaggregase activity. To determine why the
truncated chimera was unstable, we next performed molecular dynamics simulations and noted
significant unraveling of the CFTR nucleotide-binding domain. Because human cells lack Hsp104,
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these data indicate that an alternate disaggregase or mechanism facilitates the removal of
aggregation-prone, disease-causing ERAD substrates in their native environments.
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proteasome; ubiquitin; apolipoprotein B; cystic fibrosis transmembrane conductance regulator; protein
aggregation; yeast

Introduction
Approximately one-third of all proteins in eukaryotes
enter the endoplasmic reticulum (ER), which serves as
the first destination for soluble and membrane proteins
that traverse the secretory pathway. However, proteins
targeted to the ER can misfold or fail to acquire critical
post-translational modifications, which in some cases
lead to the generation of “protein conformational dis-
eases”. In most of these instances, maturation of the
disease-causing protein is compromised due to genetic
mutations. During or soon after synthesis, these proteins
are recognized by molecular chaperones, ubiquitinated,
and then extracted or “retrotranslocated” from theER for
degradation by the cytosolic proteasome.1–5 This path-
way is known asER-associated degradation (ERAD), and
to date greater than 60 proteins linked to specific human
diseases areERAD substrates.6

Somemisfolded proteins that reside in the cytosol or
nucleus aggregate or alternatively form amyloids, which
also leads to protein conformational diseases.7 Emerging
data indicate that the chemical and/or chaperone-rich
environment in the lumen of the ER prevents the forma-
tion of protein aggregates in this compartment.8,9 How-
ever, disease-associatedmembrane proteins that contain
aberrant domains residing in the cytosol could also
aggregate. Therefore, human cells might express a spe-
cialized chaperone or chaperone system to disassemble
ER membrane protein aggregates, or the aggregates
might be handled by an alternative degradation path-
way, such as ER-phagy.10,11

Yeast and bacteria express a hexameric, cytosolic
AAA+-ATPase protein disaggregase that dissolves insol-
uble species and either refolds them with the assistance
of other chaperones or delivers the solubilized species
to cytosolic proteases.12–14 AAA+-ATPases couple ATP
hydrolysis to drive energy-expensive processes, such as
the unwinding of DNA, remodeling of the lipid bilayer,
protein transport, chromatin condensation, transcription
regulation, prion severing, as well as protein disaggrega-
tion and degradation.15–18 In yeast, the disaggregase is
known as Hsp104.19,20 To investigate whether Hsp104
plays a role in the ERAD of a detergent-insoluble mem-
brane protein, we fused a transmembrane helical hairpin
to an aggregation-prone domain that resides in the
cytosol.21,22 We discovered that degradation of this
unstable substrate in the ER was Hsp104 dependent
and that Hsp104 function was required prior to sub-
strate ubiquitination, which serves as a prerequisite for
proteasome-mediated degradation duringERAD.4,23

Human cells lack Hsp104. Therefore, we wished
to investigate if an ER membrane-associated protein

expressed in human cells with an appended aggregation-
prone cytosolic domain is targeted for ERAD. To begin
to answer this question, we asked if human ERAD sub-
strates expressed in yeast require Hsp104 function.

We first developed a new yeast expression sys-
tem for a truncated form of apolipoprotein B (ApoB).
ApoB is the major proteinaceous component in chylo-
microns and low-density lipoproteins (LDLs) and is a
large (~540 kDa), amphipathic protein produced in two
isoforms: full length ApoB (ApoB100) and an isoform that
is ~48% of the full-length protein (ApoB48). ApoB100 is
synthesized in the liver, enters the ER cotranslationally,
becomes incorporated into LDLs, and is secreted into the
serum when excess hepatic lipids are available.24,25

ApoB48 is instead synthesized in the small intestine and
after entry into the ER is incorporated into chylomicrons
when lipids are abundant, for example, after a
triacylglycerol- and cholesterol-rich meal. Both forms of
ApoB contain multiple aggregation-prone β-sheets and
shorter α-helices,26 creating its amphipathic nature and
allowing for cholesterol, triacylglycerol, and fatty acid
binding and transport in the blood. Shorter forms
of ApoB (e.g., ApoB29) have also been detected in
humans, and although these individuals suffer from
hypolipidemia because the protein binds lower levels of
lipids/cholesterol, ApoB29 still undergoes proper regu-
lation in the secretory pathway and has been expressed
and examined in yeast.24,27 Second, we fused the sec-
ond nucleotide-binding domain (NBD2) from the cystic
fibrosis transmembrane conductance regulator (CFTR)
to a transmembrane helical hairpin to tether this
domain to the ERmembrane. Cystic fibrosis is themost
common, lethal inherited disease in Caucasians in
North America. To date, ~200 disease-causing muta-
tions in this integral membrane ion channel have been
identified, including some in NBD2.28 Among these
mutations is a truncation in NBD2 (W1282X), which
results in a poorly expressed yet potentially correctable
mutant protein,29,30 as well as a point mutation
(N1303K) that appears to stabilize the protein.31 Based
on the fact that the W1282X truncation resides in a
central core of the NBD2—and because of the highly
hydrophobic nature of ApoB, which is targeted for
ERAD under lipid-poor conditions24,25—we hypothe-
sized that these substrates would be aggregation prone
and thus Hsp104-dependent ERAD substrates in
yeast. As outlined below, this hypothesis was correct,
lending support to the view that ERAD substrates can
also aggregate in human cells and that an Hsp104-like
activity must exist in the cytosol to ensure clearance of
these toxic species.
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Results

Characterization of a new ERAD substrate
derived from the cystic fibrosis transmembrane
conductance regulator
We previously reported on a model aggregation-
prone ERAD substrate in yeast, termed Chimera A
[Fig. 1(A)].21 This chimera contained a truncated NBD2
(NBD2*) from a yeast transporter, Ste6, which is
homologous to CFTR. NBD2 was tethered to the ER
membrane by virtue of a synthetic transmembrane
domain (tm1-2). The resulting protein—Chimera A*—
was unstable, exhibited lower detergent solubility and
was targeted for ERAD in an Hsp104-dependent man-
ner.22 Thus, we reasoned that CFTR NBD2 might simi-
larly be used to develop a series of new—and potentially
aggregation-prone—ERAD substrates. Indeed, CFTR
NBD1 and NBD2 are aggregation prone, and resolution
of their X-ray crystal structures required the presence of
numerous solubilizing mutations or deletion of a regula-
tory insertion motif.32–34 To test this hypothesis, we
appended the CFTR NBD2 onto the same transmem-
brane helical hairpin (tm1-2) that resides in Chimera A*
[Fig. 1(A)]. Into this chimera, we then introduced the fol-
lowing disease-causing mutations: (1) a missense muta-
tion, N1303K, which is relatively common in European
populations and exhibits greater stability than several
other misfolded CFTR variants31,35; and (2) a stop codon
at positionW1282 (W1282X), which results in premature
termination, accounts for ~11% the population with cys-
tic fibrosis, and leads to severe disease.36 Although Food
and Drug Administration (FDA)-approved drugs help
correct the most common disease-causing allele, F508del
CFTR, as well as select other mutant alleles,37,38 phar-
maceuticals that rectify molecular defects associated
with W1282X and N1303K are lacking. Nevertheless,
some improvement was seen in a patient homozygous for
the W1282X allele who was administered one of the
FDA-approved drugs.36

We first examined the degradation rates of the
wild-type (WT), N1303K, and W1282X CFTR chi-
meras by cycloheximide chase and found that the WT
protein was stable, as predicted based on the relative
stability of Chimera A, which contains the full-length
NBD2 [Fig. 1(B)].21 In contrast, a chimera harboring
the W1282X premature termination codon was unsta-
ble, but the N1303K mutant chimera exhibited an
identical profile as the WT protein. This result is con-
sistent with the relative stability of N1303K CFTR in
mammalian cells31 and suggests that disease presenta-
tion arises from another phenomenon. As anticipated for
an ERAD substrate, the degradation of W1282X was
also Cdc48 dependent [Fig. 1(C)]. Next, we examined
whether differences in stability reflected the extent of
polyubiquitination, which is required for proteasome-
targeting during ERAD.4,23 As shown in Figure 1(D,E),
instability correlated with substrate ubiquitination, that
is, the W1282X mutant was polyubiquitinated to a

greater extent than the other, stable constructs. Together,
the W1282X chimera is a new ERAD substrate, one that
might help define the molecular basis of CF in patients
who carry this allele.

Degradation of the W1282X chimera is Hsp104
dependent
To confirm thatW1282X is anERAD substrate and there-
fore is retrotranslocated from the ER in a ubiquitin-
dependent manner, we utilized an assay in which the ER
extraction (i.e., retrotranslocation) of a ubiquitinated
membrane protein can be recapitulated in vitro.39 To this
end, yeast ER-derived microsomes were prepared from
cells expressing the W1282X chimera. The microsomes
were then incubated with 125I-radiolabeled ubiquitin,
an ATP-regenerating system, and yeast cytosol, which
contains factors required for substrate recognition and
ubiquitination. After centrifugation, the retrotranslocated
fraction of W1282X should reside in the supernatant. As
shown in Figure 2(A), ubiquitinationwasATP dependent,
as expected.We also found that ~25% of the ubiquitinated
W1282X chimera was retrotranslocated (compare the “S”
and “P” fractions), which is consistent with the extent of
retrotranslocation reported for the truncated form of
Chimera A, ChimeraA*.21 Because Chimera A*was also
degraded in an Hsp104-dependent manner,22 we sur-
mised that the unstable W1282X chimera might behave
similarly. As predicted, W1282X turnover was signifi-
cantly slowed in yeast lackingHsp104 [Fig. 2(B)].

Because Hsp104 is required for the ERAD of
detergent-insoluble substrates,22 the data presented
above strongly suggested that the W1282X protein is
aggregation prone.We previously reported thatHsp104 is
also recruited to inclusions in theERtohelpdissolve these
species.22 Other work showed that Hsp104 can be rec-
ruited to cytoplasmic inclusions.40 To address whether
Hsp104 was recruited to the ER when W1282X was
expressed—especially under conditions in which it was
stabilized (i.e., in the presence of MG132)—we expressed
Chimera A*, the W1282X chimera, and an ApoB variant
(see below) in yeast containing an integrated form of
Hsp104-GFP. Yeast containing an empty vector served as
a control. In this experiment, the presence of puncta in
cells expressing these substrates would be consistent with
the formation of cellular inclusions. As shown in Figure 2
(C), puncta were only evident in cells expressing Chimera
A*, as anticipated,22 aswell asW1282Xand theApoBvar-
iant (see below). These data are consistent with cellular
aggregation of W1282X and Hsp104-mediated substrate
solubilization.

Prior work linked the degradation of unstable
Hsp104-dependent ERAD substrates to reduced
detergent solubility,22 which is consistent with Hsp104-
mediated disaggregation. Therefore, we hypothesized
that theWTandN1303K chimeraswould bemore soluble
in a nonionic detergent than the W1282X chimera. As
anticipated, the W1282X chimera was solubilized ~50%
less efficiently with 0.5 mM dodecyl maltoside (DDM)
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than the WT and N1303K chimeras [Fig. 3(A,B)]. We
then examined whether the W1282X chimeric protein
had formed denser inclusions in the ER membrane than
the N1303K chimera. To this end, membrane lysates
were fractionated to equilibrium in a sucrose gradient

[Fig. 3(C)]. In our previous study, the Hsp104-dependent
substrate migrated to a fraction with greater density
compared to a more soluble and stable substrate.22

Indeed, the new Hsp104-dependent chimera with lower
detergent solubility (i.e.,W1282X) also resided in denser

Figure 1. Truncation of a nucleotide-binding domain destabilizes a CFTR-derived chimeric protein. (A) Top, schematic of the new
CFTR chimera described in this report in comparison to Chimera A.21 The “tm1-2” sequence is derived from Chimera A, and the
NBD2 of Ste6 and CFTR, depicted in black and blue, respectively, are ~20% identical. Bottom, tm1-2 (in orange) links the chimera
to the ER membrane, and NBD2 is displayed in the yeast cytosol. Representative structure of the NBD2 from CFTR is modified
from the PDB (3GD7). (B) Metabolic stabilities of the WT and N1303K and W1282X mutant forms of the CFTR-derived chimeras
were determined by cycloheximide chase at 26�C. The results from three independent experiments, �SEM, are shown.
(C) Metabolic stability of the W1282X mutant form of the CFTR-derived chimera was determined by cycloheximide chase in WT
(CDC48) and cdc48-6 yeast. Cells were grown at 26�C and then shifted to 39�C for 3 h prior to the start of the chase to induce the
mutant phenotype. The results from eight independent experiments, �SEM, are shown. (D) The level of chimera ubiquitination was
examined in a WT yeast strain grown at 26�C. Cells were lysed and the designated proteins were isolated after
immunoprecipitation using anti-HA-conjugated agarose beads to precipitate the chimera. Western blotting was then performed to
detect the substrate (HA) and ubiquitin. (E) Quantification of results from 6 to 10 independent experiments, �SEM, are shown.
*** denotes P < 0.001.
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(i.e., 1.4M–1.6M) fractions compared to the more solu-
ble and stable chimera (i.e., N1303K) or theWT protein
[Fig. 3(D)]. These collective results suggest that pro-
tein disaggregation is required to facilitate the retro-
translocation of a ubiquitinated, aggregation-prone
CFTRmutant.

The W1282X mutation destabilizes an α-helix in
the NBD2
The W1282X premature stop codon truncates CFTR
within a short α-helix. Given the decreased detergent
solubility and stability of the W1282X ER-embedded
chimera, we reasoned that the truncation either directly
exposes a prominent hydrophobic region within NBD2
or unravels a portion of the domain upstream of position
1282, thereby exposing hydrophobic sequences. To test
these hypotheses and to gain atomic-level insight into
the structure and dynamics of NBD2 constructs, molecu-
lar dynamics (MD) simulations were performed on WT
NBD2, the N1303K mutant, and the W1282X truncated
construct, and the resulting trajectories were analyzed
(Fig. 4). First, we derived residue-based root-mean-
squared fluctuation (RMSF) profiles and found them to
be identical for the WT and N1303K species, consis-
tent with their identical properties in each of the
assays performed above. RMSF values represent the
mean fluctuation for each residue calculated over the

entire MD trajectory, and large values mean larger
fluctuations. In contrast, the RMSF values for the ~54
residues toward the N-terminus from W1282X
(1228–1281; part of the Cβ and the ATP binding core
subdomains in NBD2) were significantly higher, indi-
cating higher fluctuations and reduced stability in this
region, which is consistent with the overall experimen-
tally observed reduced stability of this construct. The
increased fluctuations in the α-helix part (residues
1249–1258) in the truncated mutant are also consis-
tent with a partial loss of secondary structure as
observed from a Defined second structure of proteins
(DSSP) analysis (Supporting Information Fig. S1).
DSSP analysis provides the secondary structure of the
protein as determined from geometric features and
hydrogen bond patterns.42 Next, we calculated the
radius of gyration (Rg) as a function of simulation time
for residues 1202–1282 (the common part) for all con-
structs. Rg is the measure of protein compactness and
defined as the root-mean-square average of the dis-
tance of all atoms from the center of the mass of the
protein. The results of this calculation are presented
in Supporting Information Figure S2 and demonstrate
identical behavior for the WT and the N1303K con-
struct. In contrast, the truncation mutant exhibits a
reduced Rg profile. Finally, we calculated the per-
residue solvent accessible surface area (SASA) for

Figure 2. Hsp104 facilitates the ERAD of the W1282X CFTR chimera. (A) Microsomes were prepared from WT yeast expressing
W1282X and were subjected to in vitro ubiquitination for 45 min at 26�C. Reactions were performed in the absence (−ATP) or
presence (+ATP) of an ATP regenerating system. After centrifugation, W1282X was immunoprecipitated from the supernatant
(S) and pellet (P) fractions. The supernatant represents the fraction (~25% of the total) of the W1282X chimera retrotranslocated
during the assay. Representative autoradiograph (top) and corresponding anti-HA-HRP blot (bottom) is shown from two
independent experiments performed with replicates. (B) The stability of the W1282X chimera was examined in WT and hsp104Δ
yeast. Data represent the means of three independent experiments, �SEM. The WT and N1303K mutant proteins were unaffected
by deletion of the HSP104 gene, as they are already highly stable (data not shown). (C) Hsp104-GFP-expressing pdr5Δ yeast were
transformed with an empty vector (EV), Chimera A* (Chi A*), the W1282X chimera, or ApoBΔSS. Early log-phase cells were plated
onto glass bottom microwell dishes for imaging using a Nikon A1 confocal microscope. Fields of cells were imaged before
treatment and following a 1 h treatment with 100 μM MG132 at 37�C, as indicated. Representative images of Hsp104-GFP
fluorescence and cells (DIC) are shown from pretreatment (control) and post-treatment (+MG132). White scale bar ~5 μM.
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residues 1202–1281 for the WT and the truncation
constructs, again, as a function of simulation time
[Supporting Information Fig. S3(A,B)]. SASA is
defined as the surface area of a molecule that is solvent
exposed and typically measured using a probe radius of
1.4 Å, which is the radius of water. To facilitate the anal-
ysis, we have also calculated the difference plot
(WT truncation) [Supporting Information Fig. S3(B)]. In
this plot, negative values correspond to residues that are
more solvent exposed in the truncation mutant than in
the WT. Two observations could be made from this

analysis: First, the truncation mutant exposes more
overall surface area to the solvent than the corresponding
residues in the WT (i.e., most values are negative), and
second a more pronounced effect (i.e., differences larger
than 0.2 nm2) is observed for the following, mostly hydro-
phobic, residues: G1207, I1230, Q1238, R1239, V1240,
G1241, L1242, L1243, K1250, L1258, I1269, D1270,
L1279, andQ1281. In particular, six consecutive residues
(Q1238, R1239, V1240, G1241, L1242, and L1243) dem-
onstrate an average increase of 0.34 nm2 in their SASA.
Together, these observations provide a model to explain

Figure 3. The W1282X CFTR chimera exhibits lower detergent solubility and oligomerizes in the ER membrane. (A) The solubility
of the WT, N1303K, and W1282X CFTR chimeras in ER-derived microsomes was examined in the presence of buffer (0 mM),
0.5 mM DDM, or 1% SDS. (B) Quantification of the results of the solubility assay, as performed in part (A), based on an analysis of
four to six independent experiments, �SEM. (C) A schematic of the flotation assay used to measure the oligomerization of
membrane proteins.41 (D, E) LYSATES from WT yeast expressing the designated chimeras, and WT CFTR were prepared and
analyzed by sucrose density centrifugation. Gradient samples were processed and immunoblotted against the HA tag to detect
protein residence. The quantification of experiments with the (D) N1303K stable CFTR chimera and the (E) W1282X unstable
chimera are shown. For comparison, the fractionation of the WT species (closed circles) is reproduced in both panels. Data were
standardized to the amount of protein in each gradient fraction relative to the total from four independent experiments, �SEM.
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the higher aggregation tendency of the W1282X trunca-
tion mutant and perhaps the selection of other ERAD
substrates forHsp104-dependent degradation.

Development of a new apolipoprotein B yeast
expression system
In the absence of sufficient lipids in the ER, ApoB syn-
thesis and translocation into the ER are slowed, which
allows for chaperone recognition, ubiquitin conjugation,
and degradation by the 26S proteasome.25,43 Because
ApoB is a large (~540 kDa) amphipathic protein, we
hypothesized that cytosolic factors must prevent aggre-
gation as it is being retrotranslocated from the protec-
tive environment of the ER to the cytosol. It has also
been suggested that ER-associated lipid droplets (LDs)
could interact with ApoB and prevent aggregation dur-
ing ERAD.44–46 Although data suggest that LDs are dis-
pensable for the ERAD of select substrates,47 some
aggregation-prone proteins in the cytosol interact with
LDs en route to their destruction.48,49

In prior work, we used the yeast Saccharomyces
cerevisiae to model the ApoB degradation pathway with
the ApoB29 isoform, which is still regulated by ERAD
(see below), and identified chaperones that affect turn-
over, includingHsp70,Hsp90,Hsp110, and protein disul-
fide isomerase.27,50,51 However, ApoB was expressed
under the control of the GAL promoter, which necessi-
tated a shift from growth in glucose, an optimal carbon
source, to galactose, a nonoptimal carbon source. Because
yeast replication is compromised in galactose, we were
concerned that this stress-inducing condition might con-
found data on the potential roles that disaggregases play
during ERAD. Therefore, we coopted the chimeric GEV
transcription factor to regulate ApoB expression. GEV
contains a Gal4 DNA-binding domain, an Estrogen
(e.g., β-estradiol)-binding domain, and a portion of the
VP16 transcription factor [Fig. 5(A)]. As previously
described,52 GEV is constitutively expressed and

inactive, but in the presence of β-estradiol, GEVpromotes
transcription of genes underGAL control.

After introducing a GEV expression system into
recipient yeast, we determined the time course of ApoB
expression after β-estradiol addition. As noted above, for
these studies, we used a shorter form of the apolipopro-
tein, ApoB29, that still retains significant lipid-binding
properties, undergoes regulated degradation, and is
expressed at high levels in yeast.27,53We then constructed
versions of ApoB29 that either contained or lacked the
signal sequence [Fig. 5(B)]. Several disease-causingmuta-
tions in ApoB, which cause hypolipidemia, reside in the
signal sequence, which reduces protein translocation into
the ER.54–56 This phenomenon could be recapitulated in
yeast.57 We found that an HA epitope-tagged form of the
signal sequence-containing (ApoB) and a signal sequence-
deficient derivative (ApoBΔSS) of the protein were
observed as early as 30 min after β-estradiol addition
[Fig. 6(A); Supporting Information Fig. S4(A)]. In con-
trast, a 4 h incubation is required to induce ApoB in the
presence of galactose.27 As hoped, yeast also continued to
grow at normal rates in the presence of β-estradiol
[Supporting Information Fig. S4(B)] as they remained in
glucose-containingmedia.

We next asked if ApoB29 and ApoBΔSS associate
with the ER and whether the signal sequence supported
ER translocation. Lysates from yeast containing each
form of ApoB29 were treated with Endoglycosidase H
[Fig. 6(B); EndoH], which removesN-linked glycans. Only
the signal sequence-containing ApoB species shifted to a
lower molecular weight, and the apparent shift of ~6 kDa
was consistent with the expected acquisition of two
N-linked glycans [Fig. 5(B)].58 As a control, the ER resi-
dent glycosylated enzyme, Pdi1, also shifted to a lower
molecular weight after lysates were treated with EndoH.
In contrast, the migration of rabbit anti-glucose 6
phosphate dehydrogenase (G6PD), an unglycosylated
protein, was unaffected. Next, we focused on ApoB29

Figure 4. The W1282X termination codon destabilizes the NBD2 of CFTR. Average RMSF values over three 500 ns simulations are
shown. Black, blue, and green lines correspond to the WT, W1282X, and N1303K construct, respectively. Low RMSF values are
indicative of a more stable construct.
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lacking the signal sequence because it was robustly
targeted for ERAD and was aggregation-prone (see
below). Limited proteolysis was conducted onER-derived
microsomes prepared from yeast expressing ApoBΔSS.
We found that ApoBΔSS was rapidly proteolyzed [Fig. 6
(C)], confirming that the substrate failed to enter the
ER. Sec61, an ER-resident integral membrane protein,
and Kar2, an ER luminal chaperone, were protease
resistant. Finally, we asked whether ApoBΔSS, even
though it lacked a signal sequence, was associated with
the ER membrane. Robust ER association was antici-
pated based on its fractionation with ER-derived micro-
somes [Fig. 6(B)] and its overall hydrophobic character.
As anticipated, ApoBΔSS was resistant to carbonate
extraction, which is used to extract proteins that periph-
erally associate with biological membranes,59 as was
Sec61 [Fig. 6(D)]. Taken together, we have established a
new, superior ApoB expression system and show that a
signal sequence directs ApoB into the yeast ER, where
the protein is glycosylated. In contrast, ApoB lacking the
signal sequence associates with the exterior of the ER.

ApoB is absent from LDs
LDs were proposed to facilitate the retrotranslocation
of integral membrane ERAD substrates,60 and previous
work suggested that ApoB resides at or near LDs in
transfected cells that normally lack this protein.44–46 To
determine if ApoB occupies LDs in yeast, which may
maintain protein solubility and obviate the requirement
for Hsp104, we isolated LDs [Fig. 7(A)].61 For this analy-
sis, we used cells containing an integrated GFP-tagged
copy of Tgl3, which resides in LDs,62 and that expressed
both the signal sequence-containing and signal
sequence-deficient versions of ApoB. We first noted that
Tgl3 was present in the LD fraction, as anticipated
[Fig. 7(B)]. In contrast, Vph1, a vacuolar protein, and

Sec61 resided instead in the membrane fraction (pellet).
ApoB and ApoBΔSS (upper and lower bands, respec-
tively) also resided in the membrane fraction but were
absent from LDs.

Hsp104 facilitates the proteasomal degradation
of ApoB lacking a signal sequence
To determine whether ApoB and ApoBΔSS were
targeted for ERAD, we next conducted cycloheximide
chase assays. Based on preliminary experiments, we
found that only the ApoBΔSS species was unstable (data
not shown but see Fig. 8) and posit that robust insertion
of the signal sequence-containing species into theERpre-
vents retrotranslocation. This is in contrast to full length
ApoB100, which is an ERAD substrate in the absence of
sufficient lipids due to translational pausing.63 There-
fore, we focused on the fate of ApoBΔSS,which associates
with the exterior surface of the ER (Fig. 6). To determine
whether ApoBΔSS was degraded by the proteasome, we
again conducted cycloheximide chase assays but in both
WTand pdr5Δ yeast, which prevents efflux of theMG132
proteasome inhibitor. As shown inFigure 8(A), ApoBΔSS
degradation was slowed in the presence of MG132. In
contrast, degradation was unaffected in yeast lacking
Pep4, which is the major vacuolar protease (data not
shown). Next, we asked whether Hsp104 plays a role in
ApoBΔSS degradation and discovered that turnover was
inhibited in hsp104Δ yeast [Fig. 8(B)]. Consistent with
these data, expression of ApoBΔSS also led to the forma-
tion of Hsp104 puncta in cells, particularly when the
proteasomewas inhibited [Fig. 2(C)]. Our results suggest
that the degradation of disease-associated forms of
ApoB, which inefficiently translocate into the ER in
some patients with hypolipidemia, requires the activ-
ity of anHsp104-like enzyme.

Figure 5. Design of a new ApoB yeast expression system. (A) Diagram of the pACT1-GEV yeast integration vector. (B) Linear map
of the signal sequence (ss) containing (top) and signal sequence deficient (ApoBΔSS; bottom) ApoB29 inserts, which were ligated
into a GAL-inducible plasmid. The positions of the two N-linked glycosylation (orange inverted triangles) and the triple HA tag are
also shown (image is not to scale).
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Discussion
The ER is responsible for folding, post-translationally
modifying, and assembling one third of the proteome in a
eukaryotic cell.64–68 However, many proteins that enter
the secretory pathway fold poorly and/or require long
periods of time before they mature and exit the ER for
delivery to their final destinations. Stochastic errors in
gene expression or stress responses further compromise
protein folding in the ER. Protein misfolding is further
exacerbated when proteins harbor disease-associated
mutations, and many of these substrates are handled by
the ERAD machinery.6 Similarly, misfolded proteins in
the cytosol are directed to quality control systems, and
aggregation-prone species are recognized by specialized
AAA-ATPases, which have been best described in

yeast.14,69 In contrast, only a few disease-associated sub-
strates, for example, the Z variant of alpha-1 antitrypsin
(ATZ), assemble into highly ordered oligomers within the
lumen of the ER, which are then destroyed in the lyso-
some (in humans) or vacuole (in yeast).70–72

In this study, we developed and characterized an
ER-associated substrate that contains a hydrophobic
lipid assembly domain (ApoBΔSS) and an ER-tethered
aggregation-prone NBD (W1282X) that resides in the
cytosol.We then showed that theHsp104 disaggregase is
required for the efficient degradation of these substrates.
Importantly, deletion of Hsp104 does not generally
impair the disposal of substrates via the ubiquitin-
proteasome system, indicating that the phenomena we
report in this study do not arise from a general,

Figure 6. The signal sequence-containing ApoB species translocates into the ER, whereas the signal sequence-deficient protein
remains tightly associated with the external surface of the ER. (A) Rapid expression of the signal sequence-deficient protein
(ApoBΔSS) after addition of β-estradiol. An identical pattern of expression was observed when the signal sequence-containing
species was examined (Supporting Information Fig. S4A). G6PD served as a loading control. (B) Lysates from cells expressing
ApoB and ApoBΔSS were treated with buffer or EndoH, as indicated, proteins were resolved by SDS-PAGE, and ApoB (HA), the
glycosylated PDI protein (as a positive control), and G6PD (as a negative control) were detected by Western blotting.
(C) ER-derived microsomes from cells expressing ApoBΔSS were treated with buffer or proteinase K (ProK), as indicated, and the
stability of the proteins as well as the ER lumenal protein Kar2 and the integral ER membrane protein Sec61 (as negative controls)
were examined by western blotting. (D) A crude membrane fraction from cells expressing ApoBΔSS was treated with buffer or
sodium carbonate, and after centrifugation, the residence of the protein as well as Sec61 (as a positive control) in the supernatant
(Sup) or pellet fraction was analyzed by Western blotting.
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nonspecific stress response.73,74 Therefore, we suggest
that disease-associated forms of ApoB that compromised
protein translocation as well as the W1282X CFTR
mutant might aggregate or form inclusions in human
cells, affect protein homeostasis (i.e., “proteostasis”), and
contribute to disease onset. It is likely that their destruc-
tion will require the action of either a protein dis-
aggregase or an alternate disposal mechanism. Notably,
our previous data suggested that Hsp104 acted before
Cdc48-mediated retrotranslocation during the ERAD of
aggregation-prone substrates in yeast.22 It will therefore
be important to define how p97 operates with putative
alternate disaggregases in human cells.

Which factors might handle these ER-associated
substrates in humans? To date, several candidates

exist in human cells. The prime candidate is the
Hsp70-Hsp40-Hsp110 system. Work from Bukau and
colleagues indicates that aggregates formed from
model substrates as well as disease-associated aggre-
gates are effectively solubilized by this system.69

After solubilization, the substrate either folds to its
native state or is targeted to the proteasome and des-
troyed. Data in bacteria and yeast suggest that most
aggregates in the cytosol fold after interacting with
Hsp104 and associated chaperones.14 Another candidate,
RuvBL1/2, is also a AAA+-ATPase, and is best
described as a DNA-dependent helicase75; however,
modulating the levels of this enzyme in yeast or
mammalian cells impacts the generation and dissolu-
tion of protein aggregates.76 Other, more specialized

Figure 7. Yeast LDs lack exogenously expressed ApoB. (A) Protocol for the isolation of highly enriched LDs in yeast. (B) Aliquots
from the LD isolation protocol were examined by Western blotting using the indicated antibodies. Yeast expressed both
translocated (upper band) and untranslocated (lower band) ApoB and aliquots were removed before (Homogenate) and after
(Pellet) a centrifugation step that was used to isolate an initial membrane fraction as well as from the final LD fraction. In this
experiment, ApoB expression was induced in the presence of galactose, as previously described.27 The Tgl3 LD-resident lipase
served as a positive control. Note that this LD fraction lacked contaminating vacuolar (Vph1) as well as ER (Sec61) membranes.

Figure 8. Untranslocated, ER-associated ApoB is degraded in a proteasome- and Hsp104-dependent manner in yeast. (A) Yeast
lacking the multidrug efflux pump, Pdr5, were incubated in the presence of vehicle (DMSO) or the proteasome inhibitor, MG132,
and after addition of cycloheximide, aliquots were taken at the indicated times and the relative amount of ApoBΔSS remaining
was determined by Western blotting. Data represent the means of eight independent experiments, �SEM, and were standardized
to the amount of protein at the 0 min time point. (B) WT and hsp104Δ yeast expressing ApoBΔSS were subject to a cycloheximide
chase analysis, as above. Data represent the means of 10–11 independent experiments, �SEM, and were standardized to the
amount of protein at the 0 min time point. * denotes P < 0.05.

Doonan et al. PROTEIN SCIENCE | VOL 28:1290–1306 12991299



factors with disaggregase-like activities have also
been identified.69

It is possible that protein inclusions associated with
the ER are handled by the autophagy machinery. Early
data on the Z variant of ATZ—a soluble protein that
resides exclusively in the ER—suggested that the sub-
strate was targeted for autophagy after it oligomerized in
the ER.72More recently, it was shown that ATZwas deliv-
ered for lysosomal degradation after transport through
the secretory pathway but was then recognized in an
autophagy-like manner, that is, one that required an
ER-phagy receptor complex.72 It is noteworthy that aggre-
gated forms of ApoB, which arise when cells are treated
with oxidizing agents such as polyunsaturated fatty
acids,77 are delivered from the Golgi via autophagoly-
sosomes for degradation in the lysosome.78 Similarly, deg-
radation and refolding of the W1282X mutant appear to
be modulated by small molecules that regulate the
autophagy pathway as well as proteasome activity.35

Based on these and other emerging data,79 autophagy-like
pathways may represent a back-up system for substrates
ineffectively routed to the ERAD pathway in human cells.

Finally, it is likely that other ER-associated
proteins—especially those which display misfolded or
large hydrophobic domains in the cytosol—will
require ERAD back-up systems to prevent cellular
toxicity. It is also important to note that aggregation-
prone, disaggregase-requiring ERAD substrates may rep-
resent the exception rather than the rule. To date, several
proteins, including KWS (a membrane protein with
misfolded domains in both the ER and cytosol)80 and
CTG* (a GFP-tagged, membrane tethered form of a solu-
ble ERAD substrate),22 the WT and N1303K chimeras,
and the signal sequence-containing ApoB29 species (this
work), were degraded in an Hsp104-independent manner
in yeast. However, we anticipate that the number of
ERAD substrates linked to human diseases will rise over
time due to the ever-expanding availability of human
genome sequence databases and better links between clin-
ical and genomic databases. Many of these substrates
might also display misfolded, hydrophobic domains in the
cytosol. It will be vital to consider whether they too will
require protein disaggregases for elimination, or whether
ER-phagy or noncanonical forms of autophagy will be
required. This information will be critical as drugs are
sought to correct defects associated with misfolded ER
proteins.

Materials and Methods

Yeast strains, strain construction, and growth
conditions
Unless noted otherwise, yeast strains were grown at
30�C using standard conditions.81 To express ApoB,
yeast strains were first made β-estradiol inducible by lin-
earizing pACT1-GEV (a kind gift from Dr. A. O’Donnell,
University of Pittsburgh) using EcoRV (New England
Biolabs) according to the manufacturer’s specifications.

The linearized plasmid was transformed into log-phase
yeast cells (OD600 = 0.4–0.6) and integrated at leu2Δ0.
Transformantswere selected on richmedia supplemented
with glucose and containing 0.1 mg/mL Nourseothricin
(Nat) (Werner Bioagents, Jena, Germany). Positive
transformants were struck three successive times onto
media supplemented with Nat to ensure successful
integration.

Yeast strains used in this study include: WT strains
MATa his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 and MATalpha
his3Δ1 leu2Δ0 lys2Δ0 ura3Δ0, as well as the Pdr5-defi-
cient strain MATalpha, ade2-1 can1-100, his3-11,15,
leu2-3,112, trp1-1, ura3-1, pdr5::KANMX4 and the vacuo-
lar protease-deficient strainMATalpha, ade2-1 can1-100,
his3-11,15, leu2-3,112, trp1-1, ura3-1, pep4::KANMX
(Dharmacon, Lafayette, CO);MATalpha, his3Δ1, leu2Δ0,
met15Δ0, ura3Δ0, TGL3::GFP-HIS3MX6;62 MATalpha
ura3-52 lys2-801 ade2-101 trp1-Δ63 his3-Δ200 leu2-Δ1
and MATalpha ura3-52 lys2-801 ade2-101 trp1-Δ63
his3-Δ200 leu2-Δ1 hsp104::LEU2;82 CDC48 (yPC9815),
MATa, ura3-52, his3Δ200, leu2-3,2–112, trp1-1, lys2-801
and MATa, ura3-52, his3Δ200, leu2-3,2–112, trp1-1,
lys2-801, cdc48-6;83 andMATa, pdr5Δ::KANMX, can1Δ::
STE2pr-Sp_his5, lyp1Δ, ura3Δ0,met15Δ0,HSP104-GFP::
LEU2 (a gift fromThomasNystrom).

Plasmids and plasmid construction
ApoB29 containing a heterologous signal sequence
(“ApoB”27) or lacking the signal sequence (ApoBΔSS)
were constructed as follows. Plasmid pYES2-ApoB29ΔSS
was constructed by polymerase chain reaction (PCR)
amplification of ApoB29 (amino acid 126–1371) in
pSLW1-B2927 with forward (50-GGGAATATTAAGC
TTGGTACATGTCCAGGTATGAGCTCAAG) and re-
verse (50-AGTGGATCCGAGCTCGGTACTCATTAAG
CGTAATCTGGAAC) primers. The purified PCR prod-
uct and Kpn1 digested pYES2 plasmid (Thermo Fisher
Scientific) were fused using Gibson assembly (New
England Biolabs, Ipswich, MA) and transformed into
Escherichia coli. To generate the ApoB expression vec-
tor, the full prepro-ApoB29 insert was generated using
PCR overlap extension84 followed by yeast gap repair
cloning as described.85 The following primers were
used to amplify the prepro sequence (amino acids
1–82): forward (50-TCGGACTACTAGCAGCTGTAATA
CGACTCACTATAGGGAATATTAAGCTTATGAGA
TTTCCTTCAATTTTTACT) and reverse (50-ACCA
GGCTGACATTTTCCTTCACTAGTGATACCC), and
ApoB29 (amino acids 33–1371), forward (50-GGGTA
TCACTAGTGAAGGAAAATGTCAGCCTGGT) and re-
verse (50-ATCTGCAGAATTCCAGCACACTGGCGGCC
GTTACTAGTGGATCCGAGCTCGTCGACTCATTAAG
CGTAATCTG) frompSLW1-B29.27 The assembledApoB
PCR product and Kpn1 digested pYES2 plasmid were
then transformed into yeast using standard methods and
plated on selective media. Transformants were screened
for ApoB expression in yeast by inducing protein expres-
sionwith 2%galactose for 5 h at 30�C.
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The CFTR chimera series was derived from Chi-
meraA21 and expressed under the control of theTEF pro-
moter in the pRS416 yeast expression vector.86 To create
the chimera, overlap PCR (see above) was performed to
fuse tm1-2 of Chimera A to NBD2 in CFTR while remov-
ing an EcoRI site in the CFTRNBD2 with a silent muta-
tion to allow for cloning into pRS416. Because the tm1-2
of ChimeraA contains an internal tripleHA tag, the plas-
mids also contain sequences to express triply HA-tagged
proteins. To introduce the analogous W1282X trun-
cation, primer oMP01 (50-GCGCCCGGGATGAAC
TTTTTAAGTTTTAAGAC-30) was used in combina-
tion with oMP21 (50-CGCCTGCAGTTACTGTTGC
AAAGTTATTG-30). To introduce the analogousN1303K
mutation in Chimera CFTR, QuikChange II site-directed
mutagenesis (Agilent) was performed with oMP22
(50-GGAACATTTAGAAAAAAATTGGATCCCTATG-30)
and oMP23 (50-CATAGGGATCCAATTTTTTTCTAAAT
GTTCC-30). The WT CFTR chimera expression vector
was produced using the Q5 site-directed mutagenesis
kit (New England Biolabs) to revert N1303K to the WT
NBD2 nucleotide sequence with oCG284 (50-TTAG
AAAAAACTTGGATCCCTATG-30) and oCG285 (50-AT
GTTCCAGAAAAAATAAATACTTTC-30). The resulting
plasmids, which are engineered to express the WT,
W1282X, and N1303K chimeras are named pMP13
through pMP15, respectively. The full coding sequence
of each construct was confirmed by DNA sequencing
(Genewiz, South Plainfield, NJ).

Antibodies and quantitative Western blotting
Antibodies used in this study include: horseradish perox-
idase (HRP) conjugated anti-HA (Roche Applied Science,
3F10) used at a 1:5000 dilution; G6PD (Sigma) diluted to
1:5000; donkey anti-rabbit HRP (GEHealthcare) used at
1:5000; rabbit anti-protein disulfide isomerase (PDI; a
kind gift from Dr. Vlad Denic, Harvard University)
diluted to 1:5000; rabbit anti-Kar287 diluted to 1:5000;
rabbit anti-Sec61 (raised again peptide LVPGFSDLM
and purified by Cocalico Biologicals, Stevens, PA) diluted
to 1:1000; mouse monoclonal anti-GFP (Roche) used at
1:1000; monoclonal anti-mouse HRP (Cell Signaling
Technology, Danvers, MA) diluted to 1:5000; mouse
monoclonal anti-Vph1 (Abcam, 10D7A7B2) diluted to
1:5000; rabbit anti-Hsp104 (a kind gift from Dr. John
Glover, University of Toronto) diluted to 1:1000; rabbit
anti-Ssa127 used at 1:5000; and rabbit anti-Sse127

diluted to 1:5000.
After sodium dodecyl sulfate polyacrylamide gel

electrophoresis (SDS-PAGE) and transfer to nitrocellu-
lose, proteins were visualized using the Supersignal West
Pico Chemiluminescent substrate (ThermoFisher Sci-
entific) or Supersignal West Femto Maximum Sensitiv-
ity chemiluminescent substrate (ThermoFisher Scientific,
Pittsburgh, PA). Images were obtained and quantified
using either a Kodak 440CF Image station and the
associated Kodak 1D software (Eastman Kodak,
Rochester, NY) or a BioRAD Universal Hood II Imager

and ImageJ software version 1.48v (National Insti-
tutes of Health).

Fluorescence imaging to detect protein
aggregates
A yeast strain expressing Hsp104-GFP and lacking a
multidrug resistance pump (pdr5Δ)40 was trans-
formed with an empty vector (pRS416-TEF), or vec-
tors engineered for the expression of Chimera A*,
W1282X, or ApoBΔSS (also see above).22 For ApoBΔSS,
the GEV expression system was introduced into the
strain, prior to transformation. Cultures were grown in
synthetic complete media lacking uracil and diluted to
early log phase the next day, prior to plating onto a
polylysine-coated glass bottom microwell dish (MatTek,
Ashland, MA). Expression of ApoBΔSS was induced by
the addition of β-estradiol 1.5 h prior to imaging. Cells
were imaged prior to treatment and 1 h after the addition
of a final concentration of 100 μMMG132 and incubation
at 37�C, essentially as described.22 Images were taken
using a Nikon A1 point-scanning confocal and an Apo
TIRF 100X oil immersion objective, NA = 1.49. Z-stacks
were deconvolved using NIS-Elements v5.10.01 (Nikon,
Melville, NY), and a single plane is displayed.

Limited proteolysis and carbonate extraction
Medium-scale microsomes88 were prepared from yeast
expressing ApoB as published, and 200 mg of total micro-
somes were combined with Buffer 88 (20 mM 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES),
pH 6.8, 150 mM KOAc, 250 mM sorbitol, and 5 mM
MgOAc) on ice. The 0min time point was removed, mixed
with a final concentration of 30% trichloroacetic acid
(TCA), and stored on ice. The remainder of the sample
was incubated with 0.04 mg/mL Proteinase K (Sigma) on
ice. Aliquots were taken at the indicated time points, com-
bined with TCA as above and stored on ice. All samples
were then centrifuged at 13,000 rpm in a microfuge
(10 min at 4�C), washed with acetone, air dried, and
resuspended in TCA sample buffer (80 mM Tris, pH 8,
8 mM ethylenediaminetetraacetic acid (EDTA), 120 mM
DTT, 3.5% SDS, 0.29% glycerol, 0.08% Tris base, 0.01%
bromophenol blue). Samples were heated 37�C for 20 min
and resolved by SDS-PAGE followed byWestern blotting.

Carbonate extraction was conducted on yeast
expressing ApoB essentially as described.89 This proce-
dure has long been used as a means to remove peripher-
ally associated proteins bound to membranes.59 In brief,
transformed yeast were grown at 30�C until log phase in
synthetic minimal media lacking uracil and sup-
plemented with 2% glucose. ApoB was induced using
300 nM β-estradiol for 2 h at 30�C. Yeast were harvested
and resuspended in 20 mM HEPES, pH 7.4, 50 mM
KOAc, 2 mM EDTA, and 0.1M sorbitol plus protease
inhibitors and lysed using glass beads. Unbroken cells
were removed by low-speed centrifugation and the super-
natant was centrifuged to isolate a crude membrane frac-
tion. After washing, the isolated membranes were
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incubated with either 0.1M Na2CO3 or Buffer 88 sup-
plemented with protease inhibitors and incubated on ice
for 30 min. The treatedmembraneswere then centrifuged
at 50,000g in SW55 Ti rotor for 1 h at 4�C, and the super-
natant and pellet samples were isolated and retained.
The pellets were resuspended in 0.1M Na2CO3 or buffer
and centrifuged at 60,000g in SW55 rotor for 10 min at
4�C, and the final pellets were resuspended in TCA sam-
ple buffer using a mechanical pestle. The supernatants
were mixed with TCA, incubated on ice for 15 min, and
centrifuged at 14,000 rpm for 10 min at 4�C in a
microfuge, and the resulting pellets were resuspended in
TCA sample buffer using amechanical pestle. All samples
were incubated at 37�C for 20 min followedbySDS-PAGE
andWestern blotting.

Protein degradation assays
To measure ApoB29 degradation using the β-estradiol
inducible system, yeast transformed with the desired
ApoB expression plasmid (see above) were grown
overnight in synthetic minimal media lacking uracil
but supplemented with 2% glucose at 30�C. The cul-
tures were diluted and grown to log phase, and the
ApoB protein was induced using 300 nM β-estradiol
for 2 h at 30�C. Equal optical densities (ODs) of yeast
were harvested and then resuspended to 5 OD600/mL
in synthetic minimal media lacking uracil but sup-
plemented with 2% glucose and 300 nM β-estradiol.
Cycloheximide chase assays were conducted at 30�C
as described previously.27,51 After protein synthesis
was stopped using 50 μg/mL cycloheximide, 2 OD600

units of cells were harvested at the indicated times.
Total protein was precipitated with TCA90 and
resolved by SDS-PAGE followed by Western blotting.

To determine the turnover rates of the CFTR chi-
meras, cycloheximide chases were performed as
described previously.21,91 In brief, cells were grown to
logarithmic phase in synthetic complete media lacking
uracil and incubated at 25�C. When the Hsp104 mutant
strain was examined, the cells were then shifted to and
grown at 37�C, while the Cdc48 mutant strain was
shifted to 39�C. Cycloheximide was added to a final con-
centration of 150 μg/mL to each culture, the cells were
lysed with 3.3MNaOH, 15% 2-mercaptoethanol, 1.1mM
phenylmethylsulfonylfluoride (PMSF), 2.2mM leupeptin,
and 0.77 mM pepstatin A, and then treated with TCA
to a final concentration of 12%. The protein pellets
were resuspended in TCA sample buffer and samples
were incubated at 37�C. Resuspended pellets were
analyzed by SDS-PAGE and immunoblotting.

Isolation of yeast LDs
LDs were isolated essentially as described,61 starting
from a 2 L culture of yeast that expressed a GFP-tagged
form of Tgl3 (a kind gift from G. Daum, Graz Univer-
sity of Technology). After ApoB was induced in a log-
phase yeast culture using galactose for 5 h at 30�C, the
cells were harvested, resuspended in 100 mMTris, pH 9.4

supplemented with 10 mM DTT, and incubated at
room temperature for 15 min before being harvested.
The treated cells were resuspended in 0.7M sorbitol,
75% yeast extract and peptone, 0.5% glucose, 10 mM
Tris, and pH 7.4 supplemented with 5 mM DTT. After
lyticase treatment for 15 min at 30�C, spheroplasts
were overlaid onto a cushion of 0.8M sucrose, 1.5%
Ficoll 400, 20 mM HEPES, pH 7.4, and centrifuged in
an HB-6 rotor at 6000 rpm for 10 min at 4�C. The pel-
leted spheroplasts were resuspended in 20 mM KPO4,
pH 7.4, and 1.2M sorbitol and centrifuged in an HB-6
rotor at 6000 rpm for 5 min at 4�C. The washed sphero-
plasts were next resuspended in 10 mM MES-Tris,
pH 6.9, 12% Ficoll 400, and 0.2 mM EDTA plus prote-
ase inhibitors and lysed using a Dounce homogenizer
with 15 strokes on ice, and the homogenate was diluted
with 1 volume of buffer plus protease inhibitors and
recentrifuged. This supernatant, which contained the
broken cell lysate, was overlaid with an equal volume
of buffer plus protease inhibitors and centrifuged in a
SW-28 swinging bucket rotor at 28,000 rpm for 1 h at
4�C. The top floating layer was again mixed with 1 vol-
ume of buffer plus protease inhibitors using a Dounce
homogenizer with 10 strokes on ice. This sample was
overlaid with an equal volume of 10 mM MES-Tris,
pH 6.9, 8% Ficoll 400, and 0.2 mM EDTA plus protease
inhibitors and centrifuged in a SW-28 swinging bucket
rotor at 28,000 rpm for 1 h at 4�C. The final top floating
layer, which contained LDs as well as vacuole rem-
nants, was gently combined with an equal volume of
10 mM MES-Tris, pH 6.9, 0.6M sorbitol, 8% Ficoll
400, and 0.2 mM EDTA plus protease inhibitors. Sam-
ples were overlaid with an equal volume of 10 mM
MES-Tris, pH 6.9, 0.25M sorbitol, and 0.2 mM EDTA
plus protease inhibitors and centrifuged in a SW-28 rotor
at 28,000 rpm for 30 min at 4�C. Highly enriched LDs
were isolated and mixed with TCA to a final concentra-
tion 10%. Samples were incubated on ice for 20 min and
spun at 14,000 rpm in amicrofuge for 15 min at 4�C. The
final pellets were washed in acetone, recentrifuged, air
dried, and resuspended in TCA sample buffer using a
mechanical pestle before being subject to SDS-PAGEand
Western blotting.

Assays for endoglycosidase H sensitivity,
ubiquitination, and detergent solubility
Expression of the ApoB protein was induced in trans-
formed yeast with 300 nM β-estradiol for 2 h at 30�C.
Equal amounts of protein were harvested and TCA pre-
cipitated, as described above. Sampleswere treated in the
presence or absence of Endoglycosidase H (Roche) for 2 h
at 37�C according to the manufacturer’s specifications.
Samples were subsequently resolved by SDS-PAGE and
analyzed byWestern blotting.

To compare the level of ubiquitination for the CFTR
chimeras, amodified in vivoubiquitination assaywas per-
formed.22 In brief, 30 ODs of transformed yeast were
grown in selective media supplemented with 2% glucose
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at 20�C–22�C and incubated for 1 h in the presence of
100 μM copper sulfate to induced expression of myc-
tagged ubiquitin from an introduced plasmid. The cells
were harvested and lysed by glass bead lysis in RIPA
buffer (10 mM Tris-Cl pH 8.0, 140 mM NaCl, 1 mM
EDTA, 1% Triton-X100, 0.1% sodium deoxycholate, 0.1%
SDS, 1 mM PMSF, 2 mM leupeptin, and 0.7 mM
pepstatin A), and unbroken cells were removed by centri-
fugation. The supernatant was collected, the beads were
washed and combined with the first supernatant, and the
lysedmaterial was next centrifuged at 18,000g for 10min
at 4�C. The supernatants were collected and the amount
of solubilized proteinwas assessed bymeasuring theA280.
Next, equal amounts of total protein were immuno-
precipitated with HA-conjugated beads, and after in-
cubation overnight, the beads were washed and the
immunoprecipitated protein was resolved by SDS-PAGE
and analyzed by Western blotting. To monitor the bio-
chemical ubiquitination and retrotranslocation of the
W1282X chimera, microsomes containing the substrate
(see above) were subjected to an in vitro assay, as
published.88

To monitor the detergent solubility of the CFTR-
derived chimeras, ER-enriched microsomes were iso-
lated via a large-scale microsome isolation protocol92

and a modified detergent solubility assay was used.22

Reactions containing ER-enriched microsomes (at a final
protein concentration of 0.5 μg/mL), DDM (at a final con-
centration of 0.5 mM), and phosphate buffered saline
(PBS) supplemented with 250 mM sorbitol were incu-
bated for 30 min at 20�C–22�C. As controls, the ER-
enriched microsomes were incubated in the absence of
detergent or in the presence of a strong ionic detergent.
Next, the reactions were centrifuged for 10 min at
18,000g and at 4�C. The supernatants were moved to
fresh tubes and the pellets were resuspended in an equal
volume of PBS with sorbitol. Both fractions were then
treated with TCA at a final concentration of 12% for
30 min on ice. Samples were again centrifuged and the
pellets were resuspended in TCA sample buffer. These
final samples were incubated at 37�C for 30 min, cen-
trifuged briefly, and subjected to SDS-PAGE and ana-
lyzed byWestern blotting.

Sucrose gradient analysis of an aggregation-
prone integral membrane protein
To investigate the aggregation state of the membrane-
embedded CFTR chimeras, WT yeast strains were trans-
formed with expression vectors for the indicated protein
and grown in selective media, as above. A modified ver-
sion of a previously described flotation assay41 was then
performed with ~50 ODs of cells that were collected and
lysed in 20 mM HEPES, pH 7.4, 50 mM KOAc, 2 mM
EDTA, 0.1M sorbitol, 1 mM of freshly added DTT, 20 μM
MG132, 10 mM NEM, and Roche Complete EDTA-Free
PI cocktail in the presence of glass beads. The lysate was
centrifuged for 5min at 300g and at 4�C to remove unbro-
ken cells, and the beads were washed with Buffer

88, whichwas collected and pooledwith the lysates. These
combined samples were recentrifuged, as above, the
resulting supernatants were collected, and a portion was
mixed with a 1.9M sucrose flotation buffer in 50 mM
HEPES pH 7.4, 150 mM NaCl, 5 mM EDTA, freshly
added 1 mM DTT, 1 mM PMSF, and Roche Complete
EDTA-Free PI cocktail. Gradients were set up as follows:
600 μL of the 1.9M sucrose flotation buffer on the bottom,
800 μL sample that was mixed with this buffer, 1.2 mL of
a 0.8M in sucrose flotation buffer, and 1 mL of a 0.6M
sucrose in flotation buffer. The gradients were then cen-
trifuged at 77,000g for 16 h at 4�C, and 12 fractions were
removed from the top of the gradient with a pipette and
placed in fresh tubes. Each sample was incubated on ice
for 30 min with a final volume of 12% TCA, the mixture
was centrifuged in amicrofuge at the top speed for 10min
at 4�C, and the pellets were resuspended in TCA sample
buffer by mechanical disruption as described above. All
samples were then analyzed by SDS-PAGE and Western
blotting.

MD simulations
The initial structure for the simulation was taken from
the 3GD7.pdb file in which the NBD2 is in a dimer incom-
patible conformation, including ATP and Mg2+. The
sequence of NBD2 was mutated back to the WT and the
mutated residues were further optimized using Discovery
Studio.93 Two constructs were created depending on the
boundaries of the sequence: (1) WT NBD2 and N1303K
with the boundaries 1202–1427 (226 residues), and
(2) W1282X, with 1202–1281 boundaries (80 residues).
Prior to simulation, the proper protonation state of titrat-
able residues was assigned using the prepare protein pro-
tocol in discovery studio. All systems were first subjected
to minimization with the steepest descent algorithm.94

Followingminimization, the number of particles, volume,
temperature (NVT) and the isothermal-isobaric ensemble
(NPT) equilibration for 100 ps each were performed. The
MD simulations were carried out using GROMACS (ver-
sion 4.5.5)95,96 with the AMBER99SB-ILDN force field97

and TIP4P water98 at 300 Kwith a time step of 2 fs using
the leapfrog algorithm.99,100 The cutoff of 10 Å was set for
van der Waals and Coulomb interactions. Long-range
electrostatic interactions were calculated using particle
mesh Ewald electrostatics.100,101 The LINCS algorithm
for bond lengths constrainwas used.102 Periodic boundary
conditions were applied in all directions. For each con-
struct, three separate, 500 ns simulations were per-
formed, each initiated from a different random seed for a
total of 1.5 μs.

Per-residue RMSF, per-residue SASA, and total
Rg were calculated for the common part of all con-
structs (residues 1202–1281) using the appropriate
routines in GROMACS. The secondary structure of the
proteins was calculated by the DSSP analysis,42 using
pattern recognition hydrogen bond and geometric fea-
tures for secondary structure determination.
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