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ATP-binding cassette (ABC) transporters play pivotal physi-
ological roles in substrate transport across membranes, and
defective assembly of these proteins can cause severe disease
associated with improper drug or ion flux. The yeast protein
Yor1p is a useful model to study the biogenesis of ABC trans-
porters; deletion of a phenylalanine residue in the first nucleoti-
de-binding domain (NBD1) causes misassembly and retention
in the endoplasmic reticulum (ER) of the resulting protein
Yor1p-�F670, similar to the predominant disease-causing allele
in humans, CFTR-�F508. Here we describe two novel Yor1p
mutants, G278R and I1084P, which fail to assemble and traffic
similar to Yor1p-�F670. Thesemutations are located in the two
intracellular loops (ICLs) that interface directly withNBD1, and
thus disrupt a functionally important structural module. We
isolated 2 second-site mutations, F270S and R1168M, which
partially correct the folding injuries associated with the G278R,
I1084P, and �F670 mutants and reinstate their trafficking. The
position of both corrective mutations at the cytoplasmic face of
a transmembrane helix suggests that they restore biogenesis by
influencing the behavior of the transmembrane domains rather
than by direct restoration of the ICL1-ICL4-NBD1 structural
module. Given the conserved topology of many ABC transport-
ers, our findings provide new understanding of functionally
important inter-domain interactions and suggest new potential
avenues for correcting folding defects caused by abrogation of
those domain interfaces.

ATP-binding cassette (ABC)2 transporters comprise a large
family of proteins responsible for the ATP-dependent transfer
of substrates across biological membranes. Functional ABC
transporters, from prokaryote to human, present a conserved
architecture with two membrane-spanning domains (MSDs)

linked to two cytoplasmic nucleotide-binding domains (NBDs).
Important domain-domain interfaces govern the quaternary
structure of ABC transporters and participate in the conforma-
tional changes required for their regulated function as mem-
brane transporters (1). The substrate binding pocket and trans-
location channel across the lipid bilayer are formed by specific
interactions among the multiple transmembrane helices
(TMHs) that comprise the twoMSDs. Similarly, two composite
ATP binding pockets are shaped by the interface between two
cytoplasmic NBDs (2–8). The strength of these two interfaces
is illustrated by the fact that bacterial multidrug ABC proteins
are generally expressed as “half-transporters” that contain one
MSD fused to one NBD, which dimerize to form a full trans-
porter. This diverse family of proteins encompasses variants
that act as either exporters or importers, and that transport
diverse molecules, including ions, polysaccharides, vitamins,
lipids, and peptides, yet all share these two general and funda-
mental interfaces (1).
The recent crystal structures of ABC transporters reveal that

intracellular loops (ICLs), which extend into the cytoplasm
from the MSDs, contain short helices oriented roughly parallel
to the plane of the membrane that create an interface between
NBDs and MSDs. This interface is thought to be essential in
coupling the information of ATP binding and hydrolysis to
ligand translocation, as shown by the studies conducted on the
human TAP transporter (9) and on the yeast drug pump Pdr5
(10). However, despite the conserved nature of this interface,
the precise mode of interaction differs according to the type of
transport: in the bacterial importers BtuCD and ModBC, the
ICL-NBD interface is composed entirely of interactions within
the same half-transporter (11, 12), whereas in the bacterial
exporters Sav1866 andMsbA, the two halves of the transporter
undergo domain swapping such that the ICLs of one polypep-
tide interact predominantly with the NBD of the opposite half-
transporter (13, 14). A similar domain-swapped arrangement is
also observed in the structure of a eukaryotic full transporter,
P-glycoprotein (15), and likely applies to other eukaryotic
exporters, as determined by in vivo cross-linking (16–19). Fur-
ther characterization of the architecture of specific ABC trans-
porters is of particular interest in gaining a better understand-
ing of the common mechanisms involved in the function of
ABC transporters and the molecular determinants governing
the specificity and directionality of transport.
Detailed comprehension of how cells handle ABC transport-

ers during their biogenesis also has important implications for
human health because many mutations that cause misfolding
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events in ABC transporters have been linked to several heredi-
tary diseases. Cystic fibrosis (CF) represents a classical example
of a loss-of-function disease related to ABC transporter func-
tion: CF-causing mutations are associated with impaired
assembly of the cystic fibrosis transmembrane conductance
regulator (CFTR), an ABC transporter that controls chloride
flux across the plasma membrane (20). Many mutations in
CFTR create aberrant proteins that are retained in the endo-
plasmic reticulum (ER) because of their recognition by the ER
quality control process that prevents deployment of misfolded
proteins (21–23). Similarly, individual differences in therapeu-
tic drug response or diseases such as sitosterolemia, and pro-
gressive familial intrahepatic cholestasis type 3 (PFIC3) have
been associated with the misassembly and ER retention of
ABCG2 (24, 25), ABCG5/8 (26, 27), and ABCB4 (28), respec-
tively. However, the exact nature of the folding lesions that trigger
the quality control checkpoint remains poorly understood. Thus,
comprehensive characterization of the folding defect(s) induced
by disease-related mutations on the quaternary structure of ABC
transporters may provide insight into the potential for correction
via the design of novel therapeutic strategies.
We have developed Yor1p, a yeast ABC transporter, as a

model to study the relationship between protein assembly and
trafficking in Saccharomyces cerevisiae (18, 29). Yor1p func-
tions at the plasma membrane as a drug pump to clear toxic
substances from the cytosol, and is required for growth in the
presence of the mitochondrial poison, oligomycin. Using in
vivo cysteine cross-linking to probe for specific domain-do-
main interactions that contribute to its native conformation,
we showed that Yor1p shares the same quaternary architecture
as CFTR and P-glycoprotein, with domain swapping creating
two structural modules: ICL1-ICL4-NBD1 and ICL2-ICL3-
NBD2 (18). Yor1p-�F670, which contains a deletion of a phe-
nylalanine residue within NBD1, equivalent to most prevalent
disease-related allele of CFTR, loses these inter-domain con-
tacts and is insteadmisfolded, retained in the ER, and degraded
by ER-associated degradation (ERAD), similar to CFTR-�F508
(29). In contrast, a different disease-related substitution,
R387G, which likely perturbs the ICL2-ICL3-NBD2 module,
generates an aberrant form of Yor1p that is localized correctly
to the plasma membrane (18). Therefore, the yeast ER quality
control (ERQC) system seems to sense different aberrant con-
formations within the same protein. To gain more insight into
the nature of folding disruptions detected by QC and the inter-
domain arrangements required for functionality, we character-
ized two additional processing mutations predicted to primar-
ily affect the ICL1-ICL4-NBD1 module. In addition, we
identified 2 second-site mutations that rescue the folding and
the trafficking of these aberrant proteins, likely through stabi-
lization of the hydrophobic transmembrane domains.Our find-
ings suggest that multiple modes of rescue of aberrant ABC
transporters are possible.

EXPERIMENTAL PROCEDURES

Yeast Strains and Media—Cultures were grown at 30 °C in
standard rich medium (YPD: 1% yeast extract, 2% peptone, and
2% glucose) or synthetic complete medium (SC: 0.67% yeast
nitrogen base and 2% glucose, supplemented with amino acids

appropriate for auxotrophic growth). For testing sensitivity to
oligomycin, strains were grown to saturation, and then 10-fold
serial dilutions were applied to YPEG plates (1% yeast extract,
2% peptone, 3% ethanol, and 3% glycerol) supplemented with
oligomycin (Sigma).
Plasmids—The plasmids used in this study are listed in sup-

plemental Table S1. pEAE83 bearing YOR1-HA in pRS316 was
a gift from Scott Moye-Rowley (University of Iowa). This plas-
mid was the basis for site-directed mutagenesis by using
QuikChange mutagenesis (Stratagene, La Jolla, CA) to obtain
various hemagglutinin (HA)-tagged Yor1pmutants used in this
study. pEAE93was a gift fromScottMoye-Rowley and contains
an in-frame fusion of green fluorescent protein (GFP) to the C
terminus of Yor1p.
Intragenic Suppressor Screen for Rescue of Yor1-I1084P—A

plasmid bearing yor1-I1084P, marked by the URA3 gene, was
mutagenized using Escherichia coli strain XL1Red. Muta-
genized plasmid DNA was introduced by standard LiAc trans-
formation into a �yor1 strain. Transformants were replica-
plated onto yeast medium that contained 0.2 mg/liter of
oligomycin. Oligomycin-resistant strains in which extragenic
mutations, perhaps in mitochondrial genes or other drug
exporters, may have contributed to oligomycin resistance inde-
pendent of Yor1p function were eliminated by growing candi-
dates onmedium containing 5-fluoroorotic acid, which is toxic
in the presence of the URA3 gene product and, thereby, com-
pels the yeast cells to lose the plasmid containing yor1-I1084P.
Cells that remained oligomycin resistant even in the absence of
any YOR1-containing plasmid following 5-fluoroorotic acid
treatmentwere discarded.Conversely, sensitivity to oligomycin
after treatment by 5-fluoroorotic acid indicated that oligomy-
cin resistance of the original suppressor was dependent on the
yor1-I1084P plasmid. As further confirmation, these plasmids
were recovered and retransformed into a new �yor1 strain to
verify their ability to confer oligomycin resistance. The
entire YOR1 gene was sequenced in the validated plasmids to
identify the suppressing mutation. As a final control, the
suppressing mutation was reintroduced by site-directed
mutagenesis into an intact yor1-I1084P plasmid, which was
retransformed into a new �yor1 strain to confirm the oligo-
mycin-resistant phenotype.
Cross-linking and Limited Proteolysis—Domain-domain in-

teractions were probed using cysteine-reactive cross-linking as
described previously (18). Briefly, spheroplasts of cells express-
ing cysteine mutants of Yor1p-HA were incubated with 1,2-
ethanediyl bismethanethiosulfonate (M2M), 1,5-pentanediyl
bismethanethiosulfonate (M5M), or 3,6-dioxaoctane-1,8-diyl
bismethanethiosulfonate (M8M) (Toronto Research Chemi-
cals, North York, ON, Canada). Cells were cross-linked for 15
min at room temperature, then collected by centrifugation and
resuspended in 100�l of 1%SDSprior to addition of 50�l of 3�
SDS sample buffer without reducing agent. Cells were lysed,
and proteins were solubilized by heating to 55 °C for 5min, and
separated by non-reducing SDS-PAGE, transferred to polyvi-
nylidene difluoride, and analyzed by immunoblot analysis using
anti-HA antibodies (Covance, Princeton, NJ).
Global protein foldingwas tested using limited proteolysis by

exposingmembranes or semi-intact cells to increasing concen-
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trations of trypsin as described previously (18). Spheroplasts of
cells expressing different alleles of Yor1p-HA were resus-
pended in 100�l of 20mMHEPES, pH7.4, and divided into four
25-�l reactions (2.5 A600/reaction). Each reaction was treated
with final concentrations of 0, 25, 50, or 100 ng/�l of trypsin
(Sigma) for 10min on ice. Digestionwas terminated by addition
of 0.2 �g/ml (final concentration) of soybean trypsin inhibitor
(Sigma) to all reactions and incubated on ice for 15 min. Pro-
teins were separated by SDS-PAGE, transferred to polyvinyli-
dene difluoride, and the pattern of Yor1p fragments analyzed by
immunoblot by using an anti-HA antibody.
In Vitro Vesicle Formation—The ability of Yor1p to be cap-

tured into ER-derived vesicles was tested using radiolabeled
permeabilized cells incubated with purified COPII coat pro-
teins as previously described (29). Semi-intact cells expressing
different forms of Yor1p-HA were radiolabeled as described
previously (29). Radiolabeled semi-intact cells were then lysed
by being washed once with low acetate B88 (20 mMHEPES, pH
6.8, 250 mM sorbitol, 50 mM potassium acetate, and 5 mMmag-
nesium acetate) and twicewith B88. Semi-intact cells were then
incubated with COPII proteins (10 �g/ml of Sar1p, 10 �g/ml of
Sec23p/24p, and 20 �g/ml of Sec13/31p) either in the presence
of 0.1 mMGTPwith a 10� ATP regeneration system or 0.1 mM

GDP. Vesicles generated were separated from donor mem-
branes by centrifugation at 16,000 � g for 30 min, solubilized
with 1% SDS (final concentration), and diluted with immuno-
precipitation buffer (50 mM Tris, pH 7.5, 160 mM NaCl, 1%
Triton X-100, and 2 mM NaN3). Proteins were first immuno-
precipitated using monoclonal anti-HA antibodies (Covance)
precoupled to protein G-Sepharose beads (GE Healthcare).
Subsequent to the HA immunoprecipation the same vesicle
fractions were immunoprecipitated using polyclonal antibod-
ies against Sec22p coupled to protein A-Sepharose beads (GE
Healthcare). Immune complexes were separated by SDS-PAGE
and analyzed by phosphorimage analysis using a Storm Phos-
phorImager (GE Healthcare). Proteins were quantified using
ImageQuant software (GE Healthcare).
Pulse-Chase Analysis of Yor1p Stability—Cells were grown to

mid-log phase in complete synthetic medium, and then har-
vested, resuspended in fresh medium lacking methionine/cys-
teine, and incubated for 15 min with gentle shaking at 30 °C.
Cells were metabolically labeled for 7 min by adding 30 �Ci of
Express protein labeling mixture (MP Biomedicals) per A600
unit of cells. A 10� chase solution (10 mM L-cysteine, 50 mM

L-methionine, 4% yeast extract, and 2% glucose) was added and
2OD aliquots of cells were harvested at different times. At each
time point, cells were transferred to chilled tubes, and sodium
azide was added to a final concentration of 20 mM. Cells were
washed once with 20 mM sodium azide and resuspended in 100
�l of 1% SDS. Glass beads were added, and cells were lysed by
vortexing for 15min at 4 °C. Cell lysateswere heated at 55 °C for
5 min, diluted with 5 volumes of immunoprecipitation buffer
(50 mM Tris, pH 7.5, 160 mMNaCl, 1% Triton X-100, and 2mM

NaN3), and cleared by centrifugation. Yor1p was immunopre-
cipitated from the cleared lysate and analyzed by SDS-PAGE
and phosphorimage analysis as described above.
Live Cell Imaging—Strains expressing different variants of

Yor1p-GFP were grown in selective medium to mid-log phase

and imaged using an Olympus IX81-FV500 Confocal micro-
scope with a �100 (1.4NA) objective. Images were collected
with IPLab 4.0 and analyzed using Adobe Photoshop (Adobe
Systems, Mountain View, CA).

RESULTS

R378G (ICL1) and I1084P (ICL4) Induce Folding Lesions
Detected by ERQC—The hypothesis that the formation of an
ICL1-ICL4-NBD1modulemay play a critical role in generating
the quaternary assembly that is compatible with ER egress is
supported by the observation that numerous CF-associated
mutations that map to ICL1 and ICL4 of CFTR cause ER reten-
tion (21–23).We selected twomutations (G149R, located at the
start of ICL1, and L1065P, located in ICL4 and predicted to
participate directly in the NBD1-ICL4 interface) and intro-
duced the equivalent mutations into Yor1p (Fig. 1A): Yor1p-
G278R and Yor1p-I1084P, respectively. The different yor1-ICL
mutants were introduced into cells where the chromosomal
copy of YOR1 had been deleted to test their ability to confer
oligomycin resistance (Fig. 1B). Like yor1-�F670, expression of
either yor1-G278R or yor1-I1084Pwas unable to permit growth
in the presence of oligomycin, whereas wild-type YOR1 con-
ferred strong survival in the presence of the drug. These data
suggest that the function and/or the trafficking of Yor1p is
impaired by both mutations. We first investigated whether oli-
gomycin sensitivity of these yor1-ICL mutants was caused by
misfolding of the proteins, as is the case for Yor1p-�F. We
subjected membranes containing either wild-type or mutant
Yor1p to limited proteolysis by exposing permeabilized cells to
increasing concentrations of trypsin. The susceptibility of
Yor1p to degradation was analyzed by immunoblotting: wild-
type Yor1p presented a persistent �160-kDa band and a single
major cleavage product of�60 kDawith increasing amounts of
trypsin (Fig. 1C, left panel), whereas Yor1p-�F670 was readily
converted to a number of smaller cleavage products. This
increased susceptibility to proteolysis likely derives from expo-
sure of additional trypsin cleavage sites within the aberrant
conformation of Yor1p-�F670. Interestingly, Yor1p-G278R
and Yor1p-I1084P showed a similar cleavage pattern to that of
Yor1p-�F670 (Fig. 1C), suggesting that the three different
mutants share a destabilized quaternary structure. As a sepa-
rate assay to inspect how the different mutations might affect
folding and assembly of Yor1p, we made use of cysteine cross-
linking between the 6th (Leu-479) and 12th (Leu-1162) TMH
domains of Yor1p, previously developed to probe the MSD-
MSD interface (29). Membranes expressing wild-type Yor1p
that contained cysteine substitutions at Leu-479 (TMH6) and
Leu-1162 (TMH12) were exposed to a methanethiosulfonate
cross-linkerM8Mand themobility of the proteinmonitored by
non-reducing SDS-PAGE and anti-HA immunoblotting. As
shown previously, on exposure to cross-linker, a species with
reduced mobility, likely corresponding to a cross-linked prod-
uct, was detected for wild-type Yor1p (Fig. 1D). After introduc-
tion of G278R and I1084P mutations, no cross-linked species
were detected; instead, the unmodified protein disappeared
and the majority of the protein presented as a very high molec-
ular weight aggregate that largely failed to enter the resolving
gel. Similar higher order aggregation was also detected for
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Yor1p-�F, and is thought to represent nonspecific cross-link-
ing of exposed cysteine residues that would normally be buried
in the correctly assembled structure. Thus, the strong oligomy-
cin sensitivity presented by these threemutants (Yor1p-G278R,
Yor1p-�F670, and Yor1p-I1084P) can be correlated with sig-
nificant and comparable injury to the native conformation of
Yor1p.
To examine if the folding injury inflicted by the ICL muta-

tions results in ER retention, as is the case for Yor1p-�F, we
examined localization of GFP-tagged fusions of the various
forms of Yor1p. Whereas wild-type Yor1p was exclusively
observed at the plasma membrane, the two new ICL mutants
showed strong perinuclear localization, consistent with
impaired trafficking out of the ER (Fig. 1E). To quantify the
degree of ER retention of the misfolded mutants, we used an in

vitro vesicle budding assay that
recapitulates COPII vesicle forma-
tion from radiolabeled permeabi-
lized cells (semi-intact cells). Cells
expressing an HA-tagged copy of
either wild-type Yor1p or the
Yor1p-ICL mutants were pulse-la-
beled, converted to spheroplasts,
and permeabilized prior to incuba-
tion with the COPII components,
Sar1p, Sec23p/Sec24p, and Sec13p/
Sec31p in the presence of either
GTP or GDP. This incubation
drives the in vitro formation of
transport vesicles, which can be sep-
arated from donor membranes by
differential centrifugation, and the
specific capture of cargo proteins
into vesicles was quantified by
immunoprecipitation and phos-
phorimaging. As previously shown,
wild-type Yor1p was efficiently
packaged into COPII vesicles,
whereas Yor1p-�F was detected at
much lower levels in the vesicle
fraction, illustrating that themutant
protein has engaged the ER quality
control checkpoint that prevents ER
export of aberrant cellular proteins
(Fig. 1F and supplemental Fig. S1A).
Similarly, Yor1p-G278R and Yor1p-
I1084P were largely absent from the
vesicle fraction, consistent with
their retention in the ER (Fig. 1F and
supplemental Fig. S1A). As a control
to measure vesicle release, the ER-
Golgi SNARE protein, Sec22p, was
immunoprecipitated from the
unbound supernatant fraction
resulting from the initial anti-HA
immunoprecipitation. In each case,
Sec22p was efficiently captured into
COPII vesicles, indicating that

defective packaging of the Yor1p mutants is specific to the
altered protein. Taken together these data illustrate that the
G278R (ICL1) and I1084P (ICL4) mutations create folding
lesions that trigger detection by ERQC, and might suggest that
establishment of a stable ICL1-ICL4-NBD1 module is a deter-
minant in the acquisition of the quaternary structure appropri-
ate for ER exit.
Isolation of Intragenic Suppressors of yor1-I1084P—We

sought to gain more information about the folding lesion
responsible for ER retention by screening for intragenic sup-
pressors of ER-retained mutants of Yor1 using the oligomycin
sensitivity associated with these mutants. We hoped to isolate
secondary substitutions in the protein that would induce a
structural change to compensate for the folding deficiency of
the processing mutant forms of Yor1p.

FIGURE 1. G278R (ICL1) and I1084P (ICL4) mutations impair the biogenesis of Yor1p. A, schematic map of
processing mutations in Yor1p. B, the effect of mutations on Yor1p function was tested by complementation of
the drug sensitivity of yor1�. Transformants were spotted onto YPEG or YPEG supplemented with oligomycin
(10-fold serial dilutions). Plasmids yor1-�F670, yor1-G278R, and yor1-I1084P confer loss of function. C, perme-
abilized cells expressing HA-tagged forms of Yor1p were subjected to limited proteolysis by treating mem-
branes with increasing amounts of trypsin followed by SDS-PAGE and immunoblotting to detect HA-tagged
proteolytic fragments. The �F670, G278R, and I1084P variants show increased sensitivity to proteolysis com-
pared with that observed for wild-type Yor1p. D, membranes expressing HA-tagged forms of cysteine-substi-
tuted Yor1p designed to probe the proximity of TMH6 (L479C) and TMH12 (L1162C) were cross-linked with
increasing concentrations of M8M. Yor1p-�F670, Yor1p-G278R, and Yor1p-I1084P failed to produce the cross-
linked species observed for the wild-type protein. Asterisk marks the interface between stacking and resolving
gels. E, cells expressing Yor1p-GFP fusions were examined by fluorescence microscopy. Yor1p-G278R and
Yor1-I1084P show perinuclear ER staining, unlike Yor1p that localizes exclusively at the plasma membrane.
F, permeabilized cells from cells expressing HA-tagged forms of Yor1p were used in an in vitro vesicle budding
assay. Yor1p-�F670, Yor1p-G278R, and Yor1p-I1084P showed reduced incorporation into COPII vesicles com-
pared with Yor1p. Total membranes (T) and budded vesicles were collected from reactions that contained
either GTP (�) or GDP (�), and consecutively immunoprecipitated using anti-HA antibodies and anti-Sec22
antibodies. Yor1p and Sec22p packaging into vesicles was quantified by immunoprecipitation followed by
SDS-PAGE and phosphorimage analysis. Numbers below the individual experiments represent the budding
efficiency as a percentage of the total protein for one representative experiment. Statistical analysis of at least
three independent experiments is represented under supplemental Fig. S1A.
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Previous attempts using intragenic suppressor screens of
Yor1p-�F were limited in their success in identifying substitu-
tions that conferred oligomycin resistance: only a single muta-
tionwas isolated and this alteration did not rescue folding or ER
export of Yor1-�F. Instead, this new mutation likely conferred
a gain-of-function to the small fraction of Yor1p-�F that
escaped ER quality control.3 We hypothesized that the use of
Yor1p-G278R or Yor1p-I1084P would be more proficient than
Yor1p-�F in the isolation of suppressing mutations, in part
because only the ICL1-ICL4-NBD1 module is predicted to be
affected by each of thesemutations, whereas�F670 also ablates
the NBD1-NBD2 interface.
A plasmid bearing yor1-I1084P was mutagenized and intro-

duced into a �yor1 strain, and transformants that conferred
oligomycin resistance were selected. Plasmids from oligomy-
cin-resistant colonies were recovered, and YOR1 was se-
quenced to identify the suppressing mutation. As a final
control, any suppressing mutations were reintroduced into a
yor1-I1084P plasmid by site-directed mutagenesis, and subse-
quently introduced anew into a �yor1 strain to confirm the
oligomycin-resistant phenotype. After screening �300,000
independent transformants, we identified two substitutions

(F270S and R1168M) that inde-
pendently rescued the oligomycin
sensitivity of yor1-I1084P (Fig. 2A).
R1168M, located at the junction of
TMH12 andNBD2 (Fig. 2B) showed
a stronger effect than F270S, located
at the end of TMH2, because yor1-
I1084P/R1168M presented strong
growth in the presence of oligomy-
cin after only 2 days, whereas the
effect of F270S required a longer
incubation.
We expected the suppressing

mutations to rescue the folding
defect associated with the original
I1084P mutation. We tested this by
assessing the sensitivity of Yor1p to
trypsinolysis. Yor1p-I1084P/F270S
and Yor1p-I1084P/R1168M both
displayed similar trypsin digest pro-
files, with two major cleavage prod-
ucts of �60 and �40 kDa (Fig. 2C).
This pattern seems to represent an
intermediate state between wild-
type Yor1p, which only exhibits the
�60-kDa product, and Yor1p-
I1084P, which accumulates smaller
fragments. These data suggest that
the suppressing mutations are able
to partially rescue the assembly
defect caused by the I1084P lesion.
Interestingly, both F270S and
R1168M mutations seem to have a
similar effect on the folding of

Yor1p despite the difference in degree of oligomycin resistance
that they confer when combinedwith the I1084P allele. In addi-
tion, pulse-chase experiments show that each suppression
causes a small but significant increase of the half-life of Yor1p-
I1084P (supplemental Fig. S2).
Finally, we examined if this partial restoration of folding was

sufficient to rescue the incorporation of Yor1p-I1084P into
COPII vesicles. The use of the quantitative in vitro vesicle bud-
ding assay revealed that Yor1p-I1084P/F270S and Yor1p-
I1084P/R1168M populated COPII vesicles at intermediate lev-
els relative to that exhibited by Yor1p-I1084P (Fig. 2D and
supplemental Fig. S1B). Taken together, these data suggest that
the folding rescue conferred by F270S and R1168M, although
incomplete, is sufficient to at least partially bypass the quality
control checkpoint.Moreover, we used the same assay to inves-
tigate if these suppressing mutations are able to influence the
uptake of Yor1-D71A/E73A into ER-derived vesicles. Previous
characterization of this Yor1p variant showed that D71A/E73A
constitutes a diacidic motif, exposed in the cytosol, which acts
as the ER exit signal for Yor1p (32). Therefore, the resulting
protein Yor1-D71A/E73A shows a limited ability to traffic out
of the ER despite no detectable folding defect. Interestingly,
F270S andR1168M, even added concurrently, failed to improve
the inclusion of Yor1-D71A/E73A in ER-derived vesicles (Fig.3 R. Louie and E. A. Miller, unpublished data.

FIGURE 2. Intragenic suppressors of Yor1p-I1084P. A, phenotypic characterization of the suppressing muta-
tions to rescue the function of Yor1-I1084P. A strain bearing a deletion in YOR1 was transformed with plasmids
expressing the alleles indicated and 10-fold serial dilutions spotted onto YPEG or YPEG supplemented with
oligomycin. B, schematic map of mutations that suppress the oligomycin sensitivity of Yor1-I1084P. C, the
effect of the second-site mutations on the folding lesions presented by Yor1p-I1084P was analyzed by trypsin
digest. Suppressing mutations F270S and R1168M were able to partially correct the aberrant conformation of
Yor1p-I1084P. D, the effect of the corrective mutations on ER retention presented by Yor1p-I1084P was ana-
lyzed using an in vitro COPII vesicle budding assay, as described in the legend to Fig. 1. Suppressing mutations
F270S and R1168M were able to partially correct the incorporation of Yor1p-I1084P into COPII vesicles, but
were inefficient in suppressing the ER retained mutant D71A/E73A. Statistical analysis of at least three inde-
pendent experiments is represented under supplemental Fig. S1B.

ABC Transporter Biogenesis

36308 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 285 • NUMBER 47 • NOVEMBER 19, 2010

https://doi.org/10.1074/jbc.M110.142760
https://doi.org/10.1074/jbc.M110.142760
https://doi.org/10.1074/jbc.M110.142760


2D). This result corroborates the idea that the suppressing
mutations restore the capacity of I1084P to exit the ER because
of their compensatory action on Yor1p folding and not due to a
more general effect on the process leading to the capture of
Yor1 into COPII vesicles.
F270S and R1168M Suppress the Defects Caused by G278R

(ICL1) and �F (NBD1)—We reasoned that mutations that sup-
press the biogenesis defect caused by I1084Pmight also be able
to rescue other ER-retained alleles of Yor1p, especially those
that have defects in the formation of the ICL1-ICL4-NBD1
module similar to Yor1p-I1084P. We first tested rescue of the
G278R mutant and observed restoration of oligomycin resis-
tance by both F270S and R1168Mmutations (Fig. 3A). Interest-
ingly, stronger drug resistance was associated with the R1168M
suppression relative to the F270S allele, similar that that seen in
the Yor1p-I1084P context. Using limited proteolysis we could
correlate the phenotypic rescue conferred by F270S and
R1168Mwith a significant restoration of the defective assembly
of Yor1p-G278R (Fig. 3C): in each case the suppressedmutants
showed amajor cleavage product of �60 kDa, similar to that of
wild-type Yor1p, but also showed additional minor cleavage
products of smaller size similar to those observed for Yor1p-
G278R. Therefore, the conformation of the two reverted pro-
teins likely represents an intermediate folding state between a
native conformation and the relaxed assembly induced by the
G278R allele. Furthermore, the architecture shared by Yor1p-
G278R/F270S and Yor1p-G278R/R1168M is probably distinct
from the one exhibited by Yor1p-I1084P/F270S and Yor1p-
I1084P/R1168M because the predominant cleaved product of
�40 kDa observed for the suppressed YorI1084P variants (Fig.
2C) could not be detected for the suppressed Yor1p-G278R
mutants. This diversity in trypsin profiles might indicate a sub-
tle distinction in the mechanism by which the suppressing

mutations correct the two different
aberrant mutants. Conversely,
alterations in Yor1p-ICL1 and
Yor1p-ICL4 might induce two dif-
ferent conformations that can be
revealed only in combination with
the suppressing mutations. In any
case, the rescue of folding conferred
by F270S and R1168M in the con-
text of Yor1p-G278R is sufficient to
restore its incorporation into COPII
vesicles (Fig. 3D and supplemental
Fig. S1C).
We next investigated if the sup-

pressingmutations could rescue the
injury caused by �F; although this
lesion is located in NBD1, it also
seems to affect formation of the
ICL1-ICL4-NBD1 module and
additionally interferes with the cre-
ation of an interface between NBD1
and NBD2. The introduction of
either F270S or R1168M into
Yor1p-�F showed little to no sup-
pression of oligomycin sensitivity

even at very low drug doses (0.1 �g/ml) (Fig. 4A). However,
when both suppressing mutations were incorporated simulta-
neously, Yor1p-�F/F270S/R1168M displayed substantial
growth on 0.2 �g/ml of oligomycin (Fig. 4A). These data seem
to confirm the hypothesis that �F causes a more severe folding
defect than the ICL mutations, and that the combinatorial
effect of F270S and R1168M is necessary to rescue this specific
conformation. In support of this, the independent addition of
F270S or R1168M in Yor1p-�F neither modified its sensitivity
to trypsin (Fig. 4C) nor improved its incorporation into COPII
vesicles (Fig. 4D). Conversely, Yor1p-�F/F270S/R1168M at
least partially restored the normal architecture, as shown by the
detection of a cleavage product of �60 kDa after incubation
with trypsin (Fig. 4C, right panel). Similarly, the capacity for
Yor1p-�F to populate ER vesicles was restored by the simulta-
neous introduction of both suppressing mutations (Fig. 4D and
supplemental Fig. S1D).
SuppressingMutationsAlter theHydrophobicity of theTrans-

membrane Helices—Taken together, the data described above
demonstrate that F270S and R1168M are able to rescue the
folding and trafficking defects associated with independent
mutations in ICL1, NBD1, and ICL4. The fact that none of the
suppressing mutations maps to these three domains argues
against their involvement in restoring the primary lesion
caused by the different misfolding mutations. The positioning
of Phe-270 and Arg-1168 on the cytosolic side of TMH2 and
TMH12, respectively, might indicate that these suppressing
mutations could affect the insertion of TMHs within the lipid
bilayer and/or influence the packing of the TMHs within the
MSD-MSD interface.More comprehensive analysis of a variety
of substitutions at these positions seems to corroborate this
hypothesis. Reducing the hydrophobicity at position 270
(F270S, F270T, F270C, F270A, and F270G) allowed Yor1-

FIGURE 3. Intragenic suppressors F270S and R1168M correct the biogenesis of Yor1p-G278R. A, the
capacity of suppressing mutations to rescue the function of G278R was tested in vivo by assessing growth in the
presence of oligomycin. The plasmids encoding the alleles indicated were transformed into a �yor1 strain and
10-fold serial dilutions were spotted onto YPEG or YPEG supplemented with oligomycin. B, schematic map of
the mutations used in Fig. 3. C, the effect of the suppressing mutations on the folding lesions presented by
Yor1p-G278R was analyzed by limited proteolysis. The defective assembly of Yor1p created by G278R was
partially corrected by F270S and R1168M. D, an in vitro COPII vesicle budding assay was used, as described in
the legend to Fig. 1, to monitor the capacity of the suppressing mutations to alleviate the ER retention pre-
sented by Yor1p-G278R. Yor1p-G278R/F270S and Yor1p-G278R/R1168M showed higher incorporation into
ER-derived vesicles compared with Yor1-G278R. Statistical analysis of at least three independent experiments
is represented under supplemental Fig. S1C.
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I1084P to regain its activity on oli-
gomycin, whereas more conserva-
tive substitutions (F270L, F270I,
F270V, and F270A) showed no effect
under the same conditions (Fig. 5A).
Conversely, substitution of Arg-1168
with any hydrophobic residue (Met,
Leu, Ala, Ile, Val, Thr, and Tyr) was
able to rescue theoligomycinsensitiv-
ityofyor1-I1084, incontrastwithsub-
stitutions with charged residues (Lys,
Asp, and Asn) (Fig. 5B).
The published structures of the

prokaryotic ABC transporter ex-
porter Sav1866 (30) and the mouse
multidrug pump P-glycoprotein
(15) have shed light on the organiza-
tion within the membrane of the 12
TMHs that constitute the export
channel of ABC transporters. By
analogy with these proteins,
Phe-270 of Yor1p is predicted to
make close contact with the base of
TMH11, whereas Arg-1168 is
expected to be oriented inside the
substrate pocket towardTMH5.We
used in vivo cross-linking experi-

FIGURE 4. Concurrent addition of F270S and R1168M rescues the defects associated with DF670. A, the plasmids encoding the alleles indicated were
transformed into a Dyor1 strain and 10-fold serial dilutions were spotted onto YPEG or YPEG supplemented with oligomycin to test their ability to complement
for drug sensitivity. Substantial resistance was observed for YOR1-�F670/F270S/R1168M. B, schematic map of the mutations used in Fig. 4. C, sensitivity to
trypsin was used to test the ability of the suppressing mutations to rescue misfolding of Yor1p-�F670. Yor1p-�F670/F270S/R1168M showed increased
resistance to proteolysis, whereas the digestion profile of Yor1p-�F670/F270S and Yor1p-�F670/R1168M were similar to that observed for Yor1p-�F670. D, the
effect of the suppressing mutations on Yor1p-�F670 trafficking was tested using an in vitro COPII vesicle budding assay, as described in the legend to Fig. 1.
Yor1p-�F670/F270S/R1168M showed a rate of packaging into COPII vesicles comparable with that observed for Yor1p, whereas Yor1p-�F670/F270S and
Yor1p-�F670/R1168M remained poorly incorporated into vesicles similar to Yor1-�F670. Statistical analysis of at least three independent experiments is
represented under supplemental Fig. S1D.

FIGURE 5. Analysis of the influence of positions Phe-270 and Arg-1168 on Yor1p biogenesis. Substitutions
of Phe-270 (A) or Arg-1168 (B) with various amino acids were assessed for their ability to rescue the oligomycin
phenotype associated with YOR1-I1084P. The plasmids encoding the alleles indicated were transformed into a
�yor1 strain and 10-fold serial dilutions were spotted onto YPEG or YPEG supplemented with oligomycin.
C, schematic map of the positions where cysteines were introduced to conduct cross-linking experiments as
presented in Fig. 4D. D, inter-domain interactions were detected by subjecting membranes containing HA-
tagged cysteine-substituted mutants of Yor1p to cross-linking with M2M, M5M, or M8M, as indicated, prior to
SDS-PAGE and immunoblot analysis. Asterisk marks the interface between stacking and resolving gels.
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ments, described in Fig. 1D, to test these proximity models.
Cysteine residues were introduced at specific positions in
Yor1p (Fig. 5C), and the double cysteine mutants of interest
(F270C/V112C and I436C/R1168C) were exposed to methane-
thiosulfonate cross-linkers with different spacer arm lengths:
M2M (5.2 Å), M5M (9.1 Å), and M8M (13 Å). The F270C/
V1112C variant showed robust cross-linking even in the pres-
ence of the shortest cross-linker M2M, suggesting a very close
proximity of those two positions within the active conforma-
tion of Yor1p (Fig. 5D, left panel). Conversely, the base of
TMH5 and the base of TMH12, represented by the I436C/
R1168C pair, seemmore distant because cross-linking was only
observed in the presence of M8M and was undetectable with
the shorter reagents (Fig. 5D, right panel). These results are in
accord with the structural data published on Sav1866 and
P-glycoprotein. As negative controls, we tested the cross-link-
ing of single cysteine point mutants, which failed to show any
cross-linked species when incubated with the longest cross-
linker M8M (supplemental Fig. S3). In addition, YOR1-F270C/
V1112C and YOR1-I436C/R1168C show robust complementa-
tion of the oligomycin sensitivity when transformed in a strain
deleted for YOR1, which indicates that cysteine substitutions
do not affect the function of Yor1p (supplemental Fig. S3).
Together, these genetic and biochemical data suggest that
F270S and R1168M might influence the folding of Yor1p by
modulating the organization of the TMHs.
F270S and R1168M Restore Numerous Defective Interfaces of

Yor1-G278R—We previously developed a variety of cysteine
substitution pairs in YOR1 to probe for multiple domain-

domain interactions involved in shaping Yor1p. We sought
to take advantage of these tools to gain more information
about the contribution of F270S and R1168M in suppressing
aberrant forms of Yor1p. A shown in Fig. 1D, the G278R
mutation prevents the formation of cross-linked products
between the cysteine pair L479C/L1162C, designed to
inspect an interface between TMH6 and TMH12, and
instead results in aggregation of the protein. This feature was
observed for all the cysteine pairs tested (Fig. 6B–F, left pan-
els), which suggests that G278R inflicts a relatively severe
injury on the conformation of Yor1p and impairs the forma-
tion of numerous interfaces. Interestingly, cross-linked spe-
cies could be detected after the introduction of either F270S
or R1168M in the G278R/L479C/L1162C construct (Fig.
6A), which demonstrates that both suppressing mutations
can rescue a defective assembly of TMHs. It is worth noting
that residual aggregation of the suppressed constructs was
still observed upon exposure with the different cross-linkers,
which suggests that some of the endogeneous cysteines
remain aberrantly exposed, reinforcing the conclusion that
the folding rescue driven by F270S and R1168M in the con-
text of Yor1-G278R is only partial. To assess the specificity of
the folding correction generated by F270S and R1168M, we
introduced the suppressing mutations in combination with
G278R into additional cysteine pair substitutions that we
have previously used to monitor distinct interfaces. This
analysis revealed that both suppressing mutations were able
to correct multiple interfaces, including ICL1-ICL4 (Fig. 6B),
ICL2-ICL3 (Fig. 6C), NBD1-NBD2 (Fig. 6D), ICL1-NBD2

FIGURE 6. Suppressing mutations correct multiple impaired inter-domain interfaces associated with Yor1p-G278R. The effect of the suppressing
mutations on the folding lesions presented by Yor1p-G278R was analyzed by cross-linking. Second-site mutations were able to correct the interfaces between
(A) TMH6 and TMH12, (B) ICL1 and ICL4, (C) ICL2 and ICL3, (D) NBD1 and NBD2, (E) ICL1 and NBD2, and (F) ICL2 and NBD2. Asterisk marks the interface between
stacking and resolving gels.
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(Fig. 6E), and ICL2-NBD2 (Fig. 6F), each of which are defec-
tive in the context of the G278R mutation, indicating that
each of the suppressing mutations confers a widespread abil-
ity to rescue the global conformation of Yor1p.

DISCUSSION

A large body of biochemical work has aimed to better under-
stand the quaternary architecture of ABC transporters.
Recent structural characterization of several full prokaryotic
ABC transporters (14, 30) and of mouse P-glycoprotein (15)
has revealed that four ICLs extend the helical structures of
the transmembrane segments into the cytosol and contact
the surface of NBDs to shape an MSD-NBD interface. Such
an interface is predicted to transmit conformational changes
between MSDs and NBDs, a fundamental aspect of the
molecular mechanism employed by ABC transporters to
couple substrate translocation with ATP binding/hydrolysis
(9, 10). In addition, the observation that, for ABC exporters,
the second ICL of one MSD contacts the opposite NBD and
ICL, suggests that the contacts engaged by ICLs may be
important for the harmonized response of the two halves of
the protein to such conformational changes. Finally, in addi-
tion to their role in shaping an active transporter, accurate
domain-domain interactions contribute to quality control
during early steps of ABC transporter biogenesis; defective
forms are retained in the endoplasmic reticulum to prevent
their improper deployment within cells. However, the
molecular determinants that govern ER retention and qual-
ity control remain largely unknown, despite their relevance
as potential therapeutic targets.
We previously developed a number of tools to examine

inter-domain interfaces required for the active conforma-
tion of the yeast ABC transporter, Yor1p (18, 29). We sought
to exploit these biochemical approaches, combined with the
genetic advantages of the yeast system, to characterize aber-
rant structures induced by disease-associatedmutations.We
show that that G278R, located in ICL1, and I1084P, located
in ICL4, induce folding injuries comparable with that con-
ferred by �F670, resulting in ER retention of the resulting
proteins. These data support the hypothesis that impaired
formation of the ICL1-ICL4-NBD1 module during biogene-
sis of an ABC transporter is detected by the ER quality con-
trol machinery. We identified 2 second-site mutations,
F270S and R1168M, based on their ability to reverse oligo-
mycin sensitivity associated with these aberrant proteins.
These new rescuingmutations correct the folding and the ER
retention of all the processing mutants investigated (Yor1p-
G278R, Yor1p-I1084P, and Yor1p-�F). Interestingly, these
second-site mutations only subtly influence the half-life of
Yor1-I1084P, which argues against the hypothesis that sup-
pression of oligomycin sensitivity is simply due to stabiliza-
tion of the ER pool of the protein, which might then permit
some forward traffic of the aberrant protein. Indeed, we have
previously demonstrated that creating a stabilized ER pool of
Yor1p-�F by inhibition of ER-associated degradation does
not alleviate folding defects or ER retention, and also fails to
restore oligomycin resistance (29). Similarly, the oligomycin
sensitivity associated with either Yor1p-G278R or Yor1p-

I1084P could not be rescued by down-regulation of Ubc7p,
which is the major ubiquitin ligase responsible for Yor1p
degradation (Ref. 29, and data not shown).
The identification of second-site mutations that suppress

aberrant alleles is a useful strategy for the unbiased identifica-
tion of residues involved in quaternary assembly and of struc-
tural regions that might be manipulated to restore wild-type
function. Such an approach can also represent a facile way to
assess the extent to which folding lesions can be corrected. We
previously used this method to isolate compensatory second-
sitemutations that rescue themisfolding induced by amutation
located in ICL2 of Yor1p, R387G (18). Nine suppressing substi-
tutionswere clustered in three different regions of Yor1p: ICL2,
the site of the original mutation, ICL3 andNBD2, which are the
two domains that showed robust interactions with ICL2 by in
vivo cross-linking experiments. The positioning of these sup-
pressing mutations is suggestive of a restoration of a functional
ICL2-ICL3-NBD2 module perturbed by the R387G mutation.
Similar rescue of an inter-domain interface has recently been
reported for CFTR-�F, where structural modeling suggested
that introduction of a bulky residue in ICL4 would compensate
for the missing Phe-508 of NBD1 (39). Indeed, this rationally
designed second-site mutation restored trafficking to CFTR-
�F, highlighting that correction of impaired inter-domain
interfaces can be generally applicable to rescue ofmultiple ABC
transporters.
Suppressing mutations for the misfolded �F-CFTR have

also been isolated by genetic means using a STE6-CFTR chi-
mera, which comprises the yeast STE6 a-factor transporter
in which NBD1 has been replaced by the equivalent domain
of CFTR (31–33). Remarkably, all suppressing mutations
identified (I539T, G550E, R553M, and R555K) by this study
are located within the NBD1 domain itself. A recent charac-
terization of these suppressing mutations revealed that their
ability to compensate for folding lesions is specific for muta-
tions that mapped within NBD1; mutations located in other
domains, including ICL4, which forms an interface with the
NBD1 surface, remain dysfunctional even in the presence of
the suppressing mutations (34). Furthermore, introduction
of these suppressing mutations into bacterially expressed
NBD1 improved the soluble protein yield (39), likely through
thermodynamic stabilization of the NBD1 fold (40)
Together, these data suggest that the STE6-CFTR-�F sup-
pressing mutations primarily correct the original lesion in
NBD1 caused by �F.
The corrective mutations described here likely rescue

Yor1p via a mechanism distinct from either a direct rectifi-
cation of the primary folding lesion or a compensatory event
leading to restoration of a functional ICL1-ICL4-NBD1
module. Unlike suppressing mutations identified for CFTR-
�F, F270S and R1168M restore the folding injury created by
multiple mutations located in different domains of the pro-
tein. In addition, neither of these suppressing mutations
maps to the domain containing the primary disrupting
mutations or to a domain predicted to be directly involved in
shaping the ICL1-ICL4-NBD1 module. Finally, the observa-
tion that F270S and R1168M restore numerous defective
domain-domain interactions argues for their influence on
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general properties of Yor1p folding rather than a correction
of specific folding lesions. Their position relative to trans-
membrane helices suggests that they might modulate Yor1p
folding by influencing the behavior of these hydrophobic
domains relative to the lipid bilayer. Whether this modula-
tion of transmembrane domains by F270S and R1168M
affects co-translational or post-translational events of Yor1p
assembly remains to be determined. Interestingly, in vitro
studies revealed that transmembrane domains in CFTR
acquire their final fold post-translationally (35). One model
is that mutant forms of Yor1p adopt aberrant conforma-
tions in which packing of the TMH segments is incomplete,
which in turn would be compensated by the suppressing
mutations. In support of this model, Loo, Clarke, and co-
workers (36–38) have found that introduction of arginine
substitutions into the TMH segments can suppress folding
defects caused by mutations located throughout the P-gly-
coprotein. An arginine residue within a TMH segment may
promote TMH packing through the ability of the three polar
atoms of its side chain to form H-bonds with other TMH
segments. Indeed, introduction of an arginine into position
68 of TMH1 of P-glycoprotein induced hydrogen bonds with
Tyr-950 and/or Tyr-953 in TMH11 (38). These results sug-
gest that the manipulation of TMHs by corrective molecules
might be a general strategy to rescue aberrant ABC trans-
porters. In addition, the ability of a single substitution in a
TMH to rescuemultiple defective forms of P-glycoprotein or
Yor1p might be indicative of the possible capacity for such
correctors to correct diverse disease-related alleles.
The protein quality control enforced by cells to prevent

exit of aberrant proteins from the ER is still poorly under-
stood. Interestingly, the suppressing mutations described
here only partially rescue the defective conformation associ-
ated with the different mutants (as determined by trypsin
digest and residual aggregation upon cross-linking). This
result indicates that the ERQC can overlook some folding
injuries, which corroborates our earlier finding that the
Yor1-R327G mutant is targeted to the plasma membrane
despite the fact that this mutant presented folding lesions
shared by other ER-retained mutants. Whether or not the
ERQC senses a qualitative defect (specific alterations are
detected, whereas others are overlooked) or a quantitative
defect (a threshold of global misfolding that cannot be toler-
ated) remains to be determined. However, the ongoing
exploration of the misfolded lesions of Yor1p, combined
with intragenic and extragenic suppression strategies to
search for mutants competent for trafficking of ER retained
alleles of Yor1p holds great promise in elucidating the cellu-
lar mechanisms implemented during ER quality control.
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