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The Z variant of human �-1 proteinase inhibitor (A1PiZ) is a substrate for endoplasmic reticulum-associated protein
degradation (ERAD). To identify genes required for the degradation of this protein, A1PiZ degradation-deficient (add)
yeast mutants were isolated. The defect in one of these mutants, add3, was complemented by VPS30/ATG6, a gene that
encodes a component of two phosphatidylinositol 3-kinase (PtdIns 3-kinase) complexes: complex I is required for
autophagy, whereas complex II is required for the carboxypeptidase Y (CPY)-to-vacuole pathway. We found that upon
overexpression of A1PiZ, both PtdIns 3-kinase complexes were required for delivery of the excess A1PiZ to the vacuole.
When the CPY-to-vacuole pathway was compromised, A1PiZ was secreted; however, disruption of autophagy led to an
increase in aggregated A1PiZ rather than secretion. These results suggest that excess soluble A1PiZ transits the secretion
pathway to the trans-Golgi network and is selectively targeted to the vacuole via the CPY-to-vacuole sorting pathway, but
excess A1PiZ that forms aggregates in the endoplasmic reticulum is targeted to the vacuole via autophagy. These findings
illustrate the complex nature of protein quality control in the secretion pathway and reveal multiple sites that recognize
and sort both soluble and aggregated forms of aberrant or misfolded proteins.

INTRODUCTION

Cell function and survival depend on protein quality control
to identify and remove aberrant proteins. Although two
cellular sites of proteolysis are known, the lysosome/vacu-
ole and cytoplasmic 26S proteasome, the recognition of ab-
errant proteins and mechanisms for delivery to these sites
are still being defined. Endoplasmic reticulum-associated
degradation (ERAD) is a protein quality control process in
which aberrant or misassembled proteins in the secretory
pathway are identified and removed (reviewed in Hampton,
2002; Tsai et al., 2002; Kostova and Wolf, 2003; McCracken
and Brodsky, 2003). After entering the endoplasmic reticu-
lum (ER), a nascent protein that fails to fold or assemble
properly can be “recognized” by the ER quality control
machinery, retained within the ER, and then retrotranslo-
cated to the cytoplasm where it is degraded by the protea-
some.

The recognition of ERAD substrates must exhibit flexibil-
ity to distinguish slowly folding proteins from aberrant pro-
teins. Molecular chaperones play a critical role in this selec-
tion process; for example, the ER heat-shock protein
(Hsp70), BiP, is vital for the selection of soluble substrates
and is believed to hold the substrates in an unfolded state

competent for retrotranslocation (Nishikawa et al., 2001;
Kabani et al., 2003).

The complexity of the ERAD pathway has emerged with
the identification of new ERAD substrates and the compo-
nents required for their selection and degradation in yeast.
For example, the analysis of topologically distinct ERAD
substrates indicates that molecular chaperones in the cyto-
plasm and in the ER lumen distinguish membrane and
soluble substrates, respectively (Huyer et al., 2004), and
which chaperones target proteins for degradation is depen-
dent on the site of the misfolded domain (Taxis et al., 2003;
Vashist and Ng, 2004; reviewed in Ahner and Brodsky,
2004). Furthermore, the proposal that ERAD substrates are
retained in the ER was challenged with the elucidation of the
sec-dependent ERAD pathway, in which a soluble ERAD
substrate, a misfolded form of carboxypeptidase Y (CPY*),
was shown to transit between the ER and Golgi before
retrotranslocation and degradation (Caldwell et al., 2001;
Vashist et al., 2001; Taxis et al., 2002).

Some aberrant soluble proteins in the secretory pathway
may escape the ER quality control machinery and are de-
graded instead in the vacuole (Hong et al., 1996; Holkeri and
Makarow, 1998; Jorgensen et al., 1999; Coughlan et al., 2004;
reviewed in Arvan et al., 2002). Furthermore, Spear and Ng
(2003) reported that the ERAD pathway can be saturated by
CPY* overexpression and that excess CPY* is degraded in
the vacuole after transiting through the Golgi. In each of
these cases, it has been surmised that an ill-defined quality
control machinery resides within the Golgi. Overall, because
of the potentially catastrophic results of aberrant protein
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accumulation in the secretory pathway, it is not surprising
that the cell possess alternative trafficking schemes to re-
move unwanted proteins. However, the extent of these al-
ternative schemes and how they are regulated is not clear.

Because the accumulation of misfolded proteins can lead
to cellular dysfunction and death, ERAD has biomedical
importance and has been linked to numerous disease states,
including �1-antitrypsin deficiency (Lin et al., 2001; Perlmut-
ter, 2002; McCracken and Brodsky, 2003). �1-Antitrypsin (or
alpha 1-protease inhibitor, A1Pi) is a protease inhibitor that
suppresses neutrophil-derived proteases in the serum and
elastase activity in lung tissue. The classical form of A1Pi
deficiency results from the Z variant (A1PiZ) that contains a
K342E substitution (Bathurst et al., 1984; Crystal, 1990).
A1PiZ homozygous individuals can develop emphysema
via a loss-of-function mechanism because the altered con-
formation of A1PiZ results in its recognition and degrada-
tion by ERAD (Wu et al., 1994; Werner et al., 1996; Teckman
et al., 2001). A subset of homozygous individuals (12–15%)
also experience liver disease (Sveger, 1988) via a gain-of-
function mechanism because A1PiZ accumulates and aggre-
gates within the ER of hepatocytes (Lomas et al., 1992, Lomas
and Mahadeva, 2002; reviewed in Perlmutter, 2003). Eluci-
dation of the genes required for efficient A1PiZ degradation
will help answer whether genetic factors predispose this
subset of individuals to liver disease and afford possible
therapeutic measures.

Toward this goal, we previously published on the isola-
tion of yeast mutants that exhibited slowed degradation of
A1PiZ (McCracken et al., 1996; Palmer et al., 2003) and now
report that one of these mutants compromises vacuolar pro-
tein targeting via the autophagic pathway. Furthermore, we
report that A1PiZ degradation via the autophagic pathway
is tied to A1PiZ aggregation and expression levels.

MATERIALS AND METHODS

Strains, Plasmids, Media, and Antisera
The Saccharomyces cerevisiae strains used in this study are listed in Table 1.

Electrocompetent Escherichia coli strain HB101 [F� mcrB mrr hsdS20(rB
�, mB

�)
recA13 supE44 ara14 galK2 lacY1 proA2 rpsL20(Smr) xyl5 �� leu mtl] were
purchased from Invitrogen (Carlsbad, CA). Complementation of A1PiZ deg-
radation-deficient mutant, add3, used the genomic yeast library no. 77162
(American Type Culture Collection, Manassas, VA), constructed with
genomic DNA partially digested by Sau3A and subcloned into a LEU2 con-
taining CEN/ARS shuttle vector (Christianson et al., 1992). The cDNA se-
quence encoding the Z variant of �-1 protease inhibitor (A1PiZ) (McCracken
and Kruse, 1993) was cloned either into vectors containing the inducible GAL1
promoter: pYES2.0 (2 �, Ampr, URA3; Invitrogen) and pBM743 (CEN/ARS,
Ampr, URA3; Invitrogen), or into a vector with the repressible MET25 pro-
moter (Mumberg et al., 1994): p426MET25 (2 �, Ampr, URA3; ATCC, Manas-
sas, VA). Triple-hemagglutinin (HA)-tagged cystic fibrosis transmembrane
conductance regulator (CFTR) expression in yeast was driven by the consti-
tutive phosphoglycerate kinase promoter in a 2 � plasmid (Zhang et al., 2002).
The vector p425CyTerm (CEN/ARS, Ampr, LEU2) for constitutive protein
expression (see below) was described previously (Palmer et al., 2003). pJC104
(2 �, Ampr, URA3), encoding the lacZ gene behind four repeats of the
unfolded protein response element (Cox et al., 1993) was generously contrib-
uted by Dr. Peter Walter (University of California, San Francisco, San Fran-
cisco, CA). Yeast cells were cultured in synthetic media containing 0.67%
yeast nitrogen base with amino acids, 0.5% casamino acids, and 2% dextrose
as a carbon source or with 2% galactose to induce expression of A1PiZ.
Antibodies included rabbit anti-human A1Pi (Rockland, Gilbertsville, PA;
and DakoCytomation California, Carpinteria, CA), horseradish peroxidase-
conjugated goat anti-rabbit (U.S. Biochemical, Cleveland, OH), monoclonal
mouse anti-HA (Roche Diagnostics, Indianapolis, IN), monoclonal mouse
anti-yeast phosphoglycerate kinase (Invitrogen), rabbit anti-Kar2p (Brodsky
and Schekman, 1993), and sheep anti-mouse IgG horseradish peroxidase-
conjugated antibody (GE Healthcare, Little Chalfont, Buckinghamshire,
United Kingdom).

Molecular Methods and Transformation
Genomic DNA was isolated from the BY4742 wild-type parent strain as
described by Hoffman and Winston (1987). The wild-type VPS30 sequence
was amplified from genomic DNA by PCR using oligonucleotides (Invitro-
gen) specific for the VPS30 locus (YPL120w) and that contained a putative
promoter sequence 260 base pairs upstream of the ATG with alterations to
introduce unique restriction endonuclease cleavage sites. To design the myc-
tagged VPS30 construct, the myc tag sequence (GAACAGAAACTGATTTC-
CGAAGAGGATCTGTGA) was added in-frame immediately before the
VPS30 stop codon. The wild-type VPS30 gene and the myc-tagged VPS30
gene were inserted into the p425CyTerm vector. Correct insertions of each
gene were determined by automated DNA sequence analysis following stan-
dard protocols using primers specific for the p425CyTerm vector. All primer
sequences used are available upon request.

The BY4742 atg14� strain was created via genomic DNA isolation from the
W303 atg14� strain (accession no. 20412B, EUROSCARF, Frankfurt, Germany)

Table 1. Yeast strains used in this study

Strain Description/Genotype Source or reference

ADD3 BC212/MATa ura3-52 leu2-3,112 his3�1 ade2-1 McCracken and Kruse (1993)
add3 IK13/MATa ura3-52 leu2-3,112 his3�1 ade2-1 add3 McCracken et al. (1996)
WT BY4742/MAT� his3�1 leu2�0 lys�0 ura3�0 Research Genetics; Winzeler et al. (1999)
YPL123c� MAT� his3�1 leu2�0 lys�0 ura3�0 YPL123c::KANMX Research Genetics; Winzeler et al. (1999)
YPL121c� MAT� his3�1 leu2�0 lys�0 ura3�0 YPL121c::KANMX Research Genetics; Winzeler et al. (1999)
vps30� YPL120w�/MAT� his3�1 leu2�0 lys�0 ura3�0

YPL120w::KANMX
Research Genetics; Winzeler et al. (1999)

YPL119c� MAT� his3�1 leu2�0 lys�0 ura3�0 YPL119c::KANMX Research Genetics; Winzeler et al. (1999)
pep4� YPL154c�/MAT� his3�1 leu2�0 lys�0 ura3�0

YPL154c::KANMX
Research Genetics; Winzeler et al. (1999)

vps38� YLR360w�/MAT� his3�1 leu2�0 lys�0 ura3�0
YLR360w::KANMX

Research Genetics; Winzeler et al. (1999)

W303 atg14� MAT� ura3-1 his3-11 leu2-3,112 trp1�2 ade2-1 can1-100
YBR128c::KANMX4

EUROSCARF; Winzeler et al. (1999)

atg14� YBR128c�/MAT� his3�1 leu2�0 lys�0 ura3�0
YBR128c::KANMX4

This study

VPS10 SEY6210/MATa leu2-3,112 ura3-52 his3-�200 trp1-�901
lys2-801 suc2-�9

Marcusson et al. (1994)

vps10� EMY3/MAT� leu2–3,112 ura3-52 his3-�200 trp1-�901
lys2-801 suc2-�9 YBL017c::HIS3

Marcusson et al. (1994)

ATG7 SEY6210/MATa leu2-3,112 ura3-52 his3-�200 trp1-�901
lys2-801 suc2-�9

Robinson et al. (1988)

atg7� VDY101/MATa leu2-3,112 ura3-52 his3-�200 trp1-�901
lys2-801 suc2-�9 apg7�::Leu2

Kim et al. (1999)
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and then amplification of the kanamycin cassette via PCR using oligonucle-
otides (Invitrogen) specific to the ATG14 locus (YBR128c). The oligonucleo-
tides included sequences 440 base pairs upstream of the ATG (5�-GCATTA-
AATTGGATCCAATTATCGATTG-3�) and 155 base pairs downstream from
the stop codon (5�-CTTATCCTTTTCTGTCGACGGGGTG-3�). Wild-type
BY4742 was transformed with the linear PCR product, and candidates deleted
for ATG14 were isolated by selection on G418 (Geneticin)-containing medium.

Yeast transformations were performed using a standard lithium acetate
procedure (Adams et al., 1997b), and transformants were isolated after growth
in selective medium containing 2% dextrose. The Cell-Porator E. coli Pulser
(Invitrogen) was used to electroporate competent E. coli. Plasmids were
isolated from bacterial transformants using the Quantum Prep Plasmid Mini-
prep kit (Bio-Rad, Hercules, CA).

Authentication of Yeast Deletion Mutants
Genomic DNA was isolated from the BY4742 atg14�, vps30�, and vps38�
strains as described above. A kanamycin cassette for each corresponding
locus was amplified from genomic DNA by PCR using oligonucleotides
specific for each locus (Invitrogen) as described in the deletion module PCR
strategy of the Saccharomyces Genome Deletion Project (available at http://
sequence-www.stanford.edu/group/yeast_deletion_project/deletions3.
html; Wach et al., 1994). The sequences of the 45 up- and down-stream base
pairs and of the kanamycin gene were verified by automated DNA sequenc-
ing following standard protocols.

ERAD Assays
The colony-blot immunoassay was a modification of a previously described
procedure (McCracken et al., 1996). In brief, 3 �l of cells resuspended to a final
optical density (OD) at 600 nm of 0.001 OD/�l was spotted onto a nitrocel-
lulose disk overlaid either on medium containing 2% galactose to induce
A1PiZ expression from the GAL1 promoter or onto synthetic medium lacking
methionine to induce expression of A1PiZ from the MET25 promoter. After
incubation at 30°C for 18 h, cells were lysed with either solution 1 (0.2 M
NaOH, 0.1% SDS, and 0.05% 2-mercaptoethanol) or solution 2 (0.2 M NaOH.
1% SDS, 0.5% Triton X-100, 0.5% deoxycholic acid, and 0.05% 2-mercapto-
ethanol) for 1 h at room temperature, and blots were then assayed as de-
scribed previously (McCracken et al., 1996). Immunoreactive proteins were
detected by developing the blots with SuperSignal West Pico chemilumines-
cent substrate (Pierce Chemical, Rockford, IL), and Fuji Super RX x-ray film
(Fuji, Tokyo, Japan). The density of immunoreactive protein at each colony
spot was quantified using Molecular Analyst (Bio-Rad). Modifications to
analyze secreted proteins were made by omitting the lysis procedure and
placing the filter directly into the 10% nonfat dried milk, Tris-buffered saline
blocking solution followed by washing and immunoassay as described above.
The presence of phosphoglycerate kinase (PGK), a cytosolic marker protein,
was monitored by immunoblotting after blots had been stripped of anti-A1Pi
with 0.2 M NaOH. The PGK signal served as a secondary control to measure
cell density and to control for cell lysis.

To perform cycloheximide chase analyses, overnight cultures were incu-
bated in medium containing 2% galactose for 4 h at 30°C. Cells were then
resuspended to a final OD600 of 2 OD/ml in medium containing 2% dextrose
plus 200 �g/ml cycloheximide, incubated at 30°C with shaking, and 500-�l
aliquots were collected, and the cells were harvested by centrifugation at the
indicated time points. At each time point, the medium was reserved and
represented the secreted material. The cell pellets were resuspended in 20 �l
of lysis buffer (160 mM Tris, pH 6.8, 4% SDS, 0.2% bromphenol blue, 200 mM
dithiothreitol [DTT], and 20% glycerol), incubated at 95°C for 2 min, 0.5-mm
glass beads were added, the cells were disrupted via four sequential 60-s
bursts on a Vortex mixer at the highest setting followed by cooling on ice for
60 s, and finally an additional 80-�l aliquot of lysis buffer and the reserved
media were added.

Lysates or cell fractions were combined with sample buffer (0.125 M Tris,
pH 6.8, 4% SDS, 0.004% bromphenol blue, 10% 2-mercaptoethanol, and 20%
glycerol), heated to 95°C for 10 min, and resolved by SDS-PAGE, and A1PiZ,
CFTR, BiP, or PGK was detected by immunoblot analysis. Results were
quantified as described above, with all bands included in the quantification of
A1PiZ.

Cell Fractionation
Yeast cultures were grown in medium containing 2% galactose for 24 h at
30°C. Spheroplasts were formed by incubating cells with 10 mg/ml lyticase in
1.2 M sorbitol, 0.1 M K2HPO4, pH 7.2, and were collected after centrifugation
through a cushion of 0.8 M sucrose, 1.5% Ficoll, and 20 mM HEPES, pH 7.4,
at 4000 � g for 10 min at 4°C. After the spheroplasts were washed with 1.2 M
sorbitol, 0.1 M K2HPO4, pH 7.2, they were resuspended in ice-cold sphero-
plast lysis buffer (0.1 M sorbitol, 50 mM KOAc, 2 mM EDTA, 20 mM HEPES
7.4, 1 mM DTT, and 1 mM phenylmethylsulfonyl fluoride) and lysed by 10
strokes with a Dounce homogenizer on ice. Unbroken cells were removed by
centrifugation at 500 � g for 5 min at 4°C. Resulting cell lysates were layered
over a cushion of 1 M sucrose, 50 mM potassium acetate, 20 mM HEPES, pH
7.4, and 1 mM DTT, and subjected to 6500 � g centrifugation for 10 min at
4°C. The top fraction, above the interface, was collected and subjected to

further centrifugation at 22,000 � g for 10 min at 4°C. The resulting pellet was
the microsome fraction, and the supernatant/cytosol was further cleared of
small vesicles by centrifugation at 100,000 � g for 1 h at 4°C. Protease
protection assays were performed on the microsome fraction by exposing
washed microsomes to either 0.4 mg/ml trypsin in buffer 88 (20 mM HEPES,
pH 6.8, 150 mM KOAc, 250 mM sorbitol, and 5 mM MgOAc) or to 0.4 mg/ml
trypsin and 2% Triton X-100 in buffer 88 for 30 min on ice. Specific proteins
were then visualized by immunoblot analysis.

Sucrose Density Gradient Analysis
Microsomes were isolated as described above from yeast producing A1PiZ for
48 h after induction. The microsomes were lysed for 2 h on ice in buffer 88 that
had been supplemented with 0.5% Triton X-100 and complete protease inhib-
itor cocktail (Sigma-Aldrich, St. Louis, MO). The total protein content of the
lysates was determined using Coomassie Plus protein assay (Pierce Chemi-
cal). An aliquot of 1 mg of total protein for lysates from each yeast strain was
loaded on to a 5–60% sucrose gradient (Kabani et al., 2003; Schmidt and
Perlmutter, 2005), centrifuged in a Beckman SW50 at 145,000 � g for 20 h at
4°C, and 250-�l fractions were collected from the top of the gradient and
proteins were concentrated by precipitation in 10% trichloroacetic acid. Spe-
cific proteins were visualized by immunoblot analysis.

Assays for Induction of the Unfolded Protein Response
(UPR)
UPR induction was monitored by measuring �-galactosidase activity in cell
extracts of pJC104 transformed strains. Cells were grown in selective medium
to mid-log phase (OD600 � �1) at 30°C and then incubated at 30°C for 1.5 h
with or without the addition of tunicamycin to a final concentration of 5
�g/ml. Cell extracts were prepared by agitation of washed cells with glass
beads, and �-galactosidase activity was measured using published protocols
(Adams et al., 1997a).

RESULTS

Identification of an add Gene as VPS30
Using a classical genetics strategy, wild-type S. cerevisiae
expressing human A1PiZ were mutagenized with ethyl
methyl sulfonate and screened for colonies that accumulated
elevated levels of A1PiZ, with the assumption being that the
acquired mutation compromised A1PiZ degradation (Mc-
Cracken et al., 1996). To identify the locus of the mutated
gene from one of these add mutants, add3, the strain was
transformed with a yeast genomic library and the resulting
colonies were screened using a colony-blot immunoassay
that allows quantification of A1PiZ. One complemented col-
ony in which degradation had been restored is shown in
Figure 1A. Complementation was verified by isolation of the
library plasmid from the complemented clone, retransfor-
mation of the plasmid into the add3 mutant, and then re-
screening for the add phenotype. The genomic insert of the
add3-complementing library plasmid was sequenced and the
region mapped to chromosome XVI, 317459–328062, which
contains five open reading frames, four of which (YPL123c,
YPL121c, YPL120w, and YPL119c) were available for analysis
using haploid deletion mutants (Winzeler et al., 1999).

Each deletion mutant and the isogenic wild-type strain
(BY4742) were transformed with a 2 � plasmid containing
A1PiZ under the control of a galactose-inducible promoter,
and a colony-blot immunoassay was again performed. The
strain containing a deletion of YPL123c displayed a growth
defect, cells lacking YPL121c and YPL119c displayed a wild-
type phenotype, but yeast deleted for YPL120w conferred
the add phenotype (our unpublished data). YPL120w en-
codes Vps30p/Atg6p, a protein known to be involved in
both vesicle-mediated protein traffic to the vacuole and au-
tophagy (Tsukada and Ohsumi, 1993; Seaman et al., 1997;
Kihara et al., 2001). To confirm that the add phenotype arose
from deletion of VPS30/ATG6, plasmids lacking or contain-
ing the wild-type VPS30 gene were introduced into the add3
mutant and into a vps30� strain. VPS30 and a myc-epitope-
tagged version of VPS30 complemented the add phenotype
of both mutant strains (Figure 1B).

Distinct Degradation Routes for A1PiZ
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To establish whether the elevated level of A1PiZ seen in
the vps30� strain was because of an A1PiZ degradation
defect, a cycloheximide chase assay was performed to ex-
amine A1PiZ stability. A1PiZ degradation was significantly
reduced in the vps30� strain compared with the isogenic
wild-type strain (Figure 2). These results demonstrate that
Vps30p facilitates A1PiZ degradation.

The UPR Is Constitutively Induced in the vps30� Strain
Perturbation of the ERAD machinery can lead to induction
of the UPR (Casagrande et al., 2000; Friedlander et al., 2000;
Ng et al., 2000; Travers et al., 2000), a cellular response that
alleviates the potentially toxic effects of misfolded protein
accumulation in the ER (reviewed in Fewell et al., 2001;
Rutkowski and Kaufman, 2004). Thus, to further character-
ize the effect of deleting VPS30 on ER physiology, the UPR
was examined in the vps30� strain.

The vps30� and the wild-type parent strains were trans-
formed with a reporter plasmid that contains four UPR
transcriptional control elements driving �-galactosidase
gene expression (Cox et al., 1993). This allows one to mea-
sure �-galactosidase levels as a representation of the UPR.
Cells were incubated in the absence or presence of tunica-
mycin to generate unfolded proteins in the ER, and extracts
were prepared and assayed for �-galactosidase activity. In
the presence of tunicamycin, the vps30� strain and wild-type
strains exhibited a similar UPR induction, but the vps30�
strain exhibited a 1.8-fold induction of UPR compared with
wild-type cells in the absence of tunicamycin (Figure 3). This
finding suggested that deletion of VPS30 affects ER ho-
meostasis, perhaps by blocking transport of unfolded pro-
teins from the ER to the vacuole.

Vps30p Is Required to Deliver A1PiZ via an Alternative
Degradation Pathway to the Vacuole
Based on the role of Vps30p/Atg6p in protein trafficking to
the vacuole (see above), we reasoned that A1PiZ overexpres-

sion may require targeting of excess A1PiZ for vacuole-
mediated proteolysis. This hypothesis is supported by the
fact that the ERAD pathway is saturable upon overexpres-
sion of another soluble ERAD substrate, CPY* and that in
response to ER stress and UPR induction, an overflow path-
way for vacuole degradation is initiated (Spear and Ng,
2003). To determine whether excess A1PiZ is trafficked to the
vacuole when it is expressed at high levels, we examined the
fate of A1PiZ after being produced from high (pYESA1PiZ),
medium (pBMA1PiZ), and low (p426Met25A1PiZ) level ex-
pression vectors. As displayed in Figure 4A, we found that
VPS30-dependent accumulation of A1PiZ correlated with
increasing levels of expression. No difference in the relative
intensity of immunoreactive A1PiZ was seen between wild-
type and vps30� cells expressing low levels of A1PiZ from
p426Met25A1PiZ. However, as expression increased the dif-
ference between the relative amount of immunoreactive
A1PiZ for vps30� and wild-type cells escalated such that the
signal measured for vps30� cells is 127% of that seen in the
wild-type strain with moderate expression. This difference
increased further to 175% with high level expression from
pYESA1PiZ. These data indicate that lower concentrations
of A1PiZ are efficiently targeted to ERAD in a Vps30p-
independent manner; however, as the levels of A1PiZ in-
creased so did Vps30p-dependent degradation.

Having demonstrated that Vps30p plays a role in the
degradation of A1PiZ when A1PiZ is overexpressed, we
examined directly whether vacuole-mediated proteolysis

Figure 1. VPS30 complements the A1PiZ degradation-deficient
phenotype of the add3 ERAD mutant. (A) Colony-blot immunoas-
says are shown with vertically placed duplicate samples of ERAD
mutant (add3) expressing A1PiZ from pYESA1PiZ high level expres-
sion vector, and either lacking (�) or containing (�) a complement-
ing fragment from a yeast genomic library. Controls of the ADD3
parent expressing either A1PiZ (Z) or containing a vector control
(O) are also presented. (B) The add3 and vps30� cells were trans-
formed with the empty vector (�), VPS30 gene (�), or a myc-tagged
version of VPS30 (�myc), and colony-blot immunoassays were
performed. An immunoblot of the control BY4742 parent expressing
pYESA1PiZ (Z), high level expression vector, is also included. Figure 2. VPS30 facilitates A1PiZ degradation. Representative

blots from a cycloheximide-chase analysis of A1PiZ degradation
and a graph of the means � SE, from at least three experiments,
where the BY4742 WT (dotted line and circles), vps30� (dashed line
and crosses), vps38� (solid line and squares), and atg14� (dashed
line and triangles) strains expressing A1PiZ off the pYESA1PiZ high
level expression vector are shown. The multiple bands seen were
the expected “ladder” for the ER form of A1PiZ, a glycoprotein that
contains three N-linked carbohydrate chain acceptor sites (Moir and
Dumais, 1987; McCracken and Kruse, 1993), and all bands were
used in quantification.
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was required for A1PiZ degradation by colony blot immu-
noassay and cycloheximide chase analysis in a pep4� mutant
that lacks most vacuolar protease activity (Jones et al., 1982).
We found that overexpressed A1PiZ was stabilized in the
pep4� strain (Figure 5A) and that degradation was signifi-
cantly inhibited (Figure 4B). Together, these data demon-
strated that wild-type yeast target excess A1PiZ to the vac-
uole and that the vps30� strain was defective for vacuole
targeting of A1PiZ. This establishes a role for Vps30p in
vacuole-dependent degradation of A1PiZ when this ERAD
substrate is overexpressed.

Phosphatidylinositol 3-kinase Complexes I and II
Function in A1PiZ Degradation
Vps30p is a component of two distinct phosphatidylinositol
3-kinase (PtdIns 3-kinase) complexes that regulate mem-
brane traffic. Both complexes also contain Vps15p, a mem-
brane associated serine/threonine kinase, and Vps34p, a
PtdIns 3-kinase (Kihara et al., 2001; Burda et al., 2002). The
two complexes differ in one component: complex I contains
Atg14p and this complex is required for macroautophagy
and the cytoplasm-to-vacuole targeting pathway (Wurmser
and Emr, 2002), whereas complex II contains Vps38p, and
this complex is required for retrograde trafficking from the
endosome to the Golgi and thus for wild-type CPY-to-vac-
uole targeting (Burda et al., 2002).

Because complex I and II differ by a single subunit, dele-
tion mutants of ATG14 and VPS38 were used to determine
which of these complexes used the A1PiZ overflow path-
way. Using both cycloheximide chase analysis and colony
blot immunoassay we found that A1PiZ was stabilized in
both the atg14� and the vps38� strains when expressed at
high levels (Figures 2 and 5A, respectively). The require-

ment for the autophagic pathway was also seen when a
second autophagy-specific mutant strain (atg7�; Kim et al.,
1999) was examined by colony-blot immunoassay (our
unpublished data).

A1PiZ Is Secreted in Strains Deleted for VPS30, VPS38,
and VPS10
The data presented above indicate a requirement for both
VPS30 and VPS38 during A1PiZ degradation, and Vps30p
and Vps38p are necessary for the recycling of Vps10p, a
sorting receptor that plays a role in trafficking CPY (Mar-
cusson et al., 1994; Seaman et al., 1997, 1998; Burda et al.,
2002), proteinase A, aminopeptidase Y (Jorgensen et al.,
1999), and some misfolded proteins from the Golgi to the
vacuole (Hong et al., 1996; Holkeri and Makarow, 1998). We
therefore asked whether VPS10 was also required for A1PiZ

Figure 3. The UPR is constitutively induced in cells lacking VPS30.
The yeast were transformed with the 2 � pJC104 vector encoding the
lacZ gene behind four repeats of the unfolded protein response
element in order to measure the UPR. The relative induction of the
UPR was assayed, as described in Materials and Methods, in the
presence (�) or absence (�) of 5 �g/ml tunicamycin; BY4742 WT
parent (white), vps30� strain (black), vps38� (light gray), and atg14�
(dark gray). Data represent the means from at least three indepen-
dent experiments � SE.

Figure 4. Vps30p is required for vacuolar degradation of A1PiZ.
(A) A colony-blot immunoassay with duplicate samples of vps30�
and the BY4742 WT parent strain expressing high (pYESA1PiZ),
medium (pBMA1PiZ), or low (p426Met25A1PiZ) levels of A1PiZ
was performed. Each immunoassay was established with equal
OD600 units of cells, allowing for the assignment of relative levels of
A1PiZ quantified as described in Materials and Methods. The relative
amount of A1PiZ in vps30� compared with the wild type (WT) was
determined for each vector type. (B) Representative immunoblot
from a cycloheximide-chase analysis and a graph of the means � SE
from at least three experiments monitoring A1PiZ degradation are
shown for the pep4� (solid line and squares) and BY4742 WT (dotted
line and circles) strains transformed with the pYESA1PiZ, high level
expression vector.
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degradation. The vps10 deletion mutant and the isogenic
wild-type strain were transformed with the pYESA1PiZ
high-expression vector, and the levels of A1PiZ were examined
by colony-blot immunoassay. We observed strong A1PiZ sta-
bilization in the vps10� mutant (Figure 5A), suggesting
Vps10p-dependent trafficking of A1PiZ to the vacuole.

Previous findings demonstrated that when delivery of
CPY to the vacuole was blocked by deletion of VPS10, it was
secreted (Seaman et al., 1997). Thus, we next asked whether
the deletion mutants secreted A1PiZ using a colony-blot
immunoassay modified to measure A1PiZ secretion. To en-
sure our modified immunoassay procedure had not caused
cell lysis, the presence of the cytosolic marker PGK was
monitored. No PGK was detected; however, we noted sig-
nificant extracellular A1PiZ from the vps30�, vps38�, and
vps10� cells, but not from the wild type, pep4�, or atg14�
cells (Figure 5B). These results indicated that excess A1PiZ
destined for the vacuole can be secreted from the cell when
the CPY-to-vacuole pathway is compromised, but A1PiZ
that is trafficked to the vacuole via autophagy remains in the
cell when this pathway is disrupted.

Atg14p and Vps30p Are Not Required for CFTR
Degradation
We next asked whether the add phenotype observed for the
atg14� strain was an indirect effect resulting from perturbed
degradation of all ERAD substrates. To this end, we exam-
ined the degradation of the cystic fibrosis transmembrane
conductance regulator CFTR. CFTR has been extensively
studied in yeast and is a well established ERAD substrate.
The degradation of CFTR in yeast requires the proteasome
(Zhang et al., 2001), E2 ubiquitin-conjugating enzymes and
E3 ubiquitin ligases (Ubc6, Ubc7, and Der3/Hrd1; Kiser et
al., 2001) and the Sar1p/COPII machinery (Fu and Sztul,
2003). Degradation is further catalyzed by the Hsp40 co-
chaperones Ydj1p and Hlj1p (Youker et al., 2004) and by
Hsp70 (Zhang et al., 2001) and slowed proteolysis was ob-
served in several add mutant yeast strains (Palmer et al.,
2003). Wild-type, atg14�, and vps30� strains were trans-
formed with a CFTR expression vector and degradation was
assessed by cycloheximide chase analysis. We found that the
mutants displayed the same kinetics of CFTR degradation

seen in wild-type yeast (Figure 6), demonstrating that per-
turbing autophagy does not globally affect ERAD.

Intracellular A1PiZ Resides in a Protease-protected
Membrane Fraction
The A1PiZ degraded by autophagy might have been deliv-
ered to the vacuole either directly from ER-derived autoph-
agic vesicles or after its retrotranslocation from the ER and
subsequent sequestration into autophagosomes (Garcia-

Figure 5. Yeast deleted for VPS30, VPS38, and VPS10, but not PEP4 or ATG14, secrete A1PiZ. (A) Colony-blot immunoassay was performed
on the BY4742 parent containing a vector control (WT/O) or expressing A1PiZ (WT/Z) and on the pep4�, vps30�, vps38�, atg14�, VPS10
parent, and vps10� strains expressing A1PiZ from the pYESA1PiZ high level expression vector. (B) Secreted A1PiZ was measured by a
modified immunoassay analysis of the BY4742 parent containing a vector control (WT/O) or expressing A1PiZ (WT/Z), and the pep4�,
vps30�, vps38�, atg14�, VPS10 parent, and vps10� strains expressing A1PiZ from the pYESA1PiZ high level expression vector. For both A
and B, A1PiZ was visualized in duplicate using antisera against A1Pi (upper two rows), and cell density and lysis were monitored by
assaying the cytosolic marker protein PGK (lower two rows). Note that A1PiZ was not detected for the vector control (WT/O) and that PGK
was absent in the secretion assay, indicating that cell lysis did not lead to the A1PiZ secretion.

Figure 6. Neither Vps30p nor Atg14p are required for CFTR deg-
radation. Representative blots from a cycloheximide-chase analysis
of CFTR degradation and a graph of the means � SE from at least
three experiments are shown. The BY4742 WT (dotted line and
circles), vps30� (solid line and squares), and atg14� (dashed line and
triangles) strains were transformed with the CFTR expression vec-
tor, and ERAD was assayed as described in Materials and Methods.
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Mata et al., 2002). Consistent with this second scenario, it has
been shown in mammalian cell systems that the ERAD
substrate CFTR is retrotranslocated to the cytosol and effi-
ciently degraded by the proteasome; however, when over-
expressed or when cells are incubated in the presence of
proteasome inhibitors a buildup of cytosolic CFTR aggre-
somes was seen (Johnston et al., 1998; Kopito, 2000). Given
the high expression level of A1PiZ from the pYESA1PiZ
vector, we asked whether A1PiZ was present in the cytosol
or sequestered exclusively within a membrane fraction.
High levels of A1PiZ were expressed in wild-type and
atg14� cells for 24 h, after which the cells were collected and
microsome and cytosol fractions were isolated. The micro-
some fractions from both cell lines were then treated with
trypsin to determine whether the A1PiZ was protected in
the lumen of the microsomes, or exposed on the exterior of
the microsomes. Trypsin activity was verified by treating
microsomes with trypsin in the presence of Triton X-100, to
allow trypsin access to both the interior and exterior pools of
A1PiZ. All fractions were examined by immunoblot analysis
for cytosolic (PGK) and ER (BiP) marker proteins and for
A1PiZ. We found that A1PiZ, like the ER luminal chaperone,
BiP, resided exclusively within the microsome fraction pre-
pared from both wild-type cells and from the atg14� mutant
(Figure 7). These data suggested that aggregated A1PiZ
forms within the ER and is removed by autophagy in the
absence of retrotranslocation.

Deletion of ATG14 Leads to Constitutive UPR
If the A1PiZ that accumulates within the ER is aggregation-
prone in yeast, as observed in mammals (Lomas et al., 1992;
Dafforn et al., 1999), it is likely that these aggregates could
neither be retrotranslocated to the cytosol nor packaged into
ER-to-Golgi vesicles. Consistent with the data presented in
Figure 7, these aggregates might be delivered directly to the
vacuole via autophagy. If this hypothesis is correct, one
would predict that disrupting autophagy may lead to an
accumulation of proteins in the ER. To begin to test this
possibility, we monitored the UPR in the atg14� strain. We
discovered that the UPR was constitutively induced three-
fold in the atg14� yeast compared with the isogenic wild-
type strain (Figure 3). Induction of the unfolded protein
response in the atg14� strain was confirmed because ap-

proximately threefold more BiP was present in microsomes
isolated from the atg14� strain compared with the wild-type
strain (Figure 7). In contrast, the absence of VPS38 did not
lead to constitutive UPR induction, suggesting that disrup-
tion of the CPY-to-vacuole pathway does not lead to ER
stress. This result is in agreement with the finding that
A1PiZ is secreted by the vps38� strain (Figure 5B).

Cells with ATG14 Deleted Accumulate A1PiZ Aggregates
If aggregates are removed from the ER via autophagy, de-
fects in the autophagic pathway might lead to increased
levels of aggregated A1PiZ. Thus, we monitored A1PiZ
aggregation using sucrose density gradients (see Materials
and Methods). We first noted that soluble A1PiZ was spread
across several fractions of the gradient (Figure 8), consistent
with data obtained by Schmidt and Perlmutter (2005) when
A1PiZ was examined in extracts prepared from mammalian
cells. The investigators also found that a significant amount
of A1PiZ also resided in the bottom (most dense) fraction,
and this material was shown to represent A1PiZ aggregates
(Schmidt and Perlmutter, 2005). Similarly, we found A1PiZ
resided in the bottom fraction of the sucrose density gradi-
ent and further, that the amount of aggregated A1PiZ in the
bottom fraction isolated from the atg14� strain was greater
than that isolated from the wild-type strain (Figure 8). To-
gether with the findings presented above, these data dem-
onstrate that there is an increase in ER-resident A1PiZ ag-
gregates when autophagy is blocked.

Figure 7. A1PiZ resides only in membrane protected fractions.
Cytosol (Cyt) and microsome fractions (membrane) were prepared
from BY4742 (WT) and atg14� strains expressing A1PiZ from the
pYESA1PiZ high level expression vector, as described in Materials
and Methods. The microsome fractions were left untreated (�) or
were treated with trypsin (�) or with trypsin and Triton X-100 (�).
Fractions were examined by immunoblot analysis using antisera to
either the cytosolic marker protein PGK (a), A1Pi (b), or the ER
luminal chaperone, BiP (c).

Figure 8. Aggregates of A1PiZ accumulate in the ER of atg14�
mutant yeast. Microsomes prepared from the BY4742 WT (dotted
line and circles) and atg14� (dashed line and triangles) strains
expressing A1PiZ from the pYESA1PiZ high level expression vector
were disrupted, and lysates were subjected to 5–60% sucrose den-
sity gradients as described in Materials and Methods. A representa-
tive blot and a graph of the percentage of A1PiZ found in fractions
that were collected from the top (5% sucrose/fraction #1) to the
bottom (60% sucrose/fraction #20) are shown.
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DISCUSSION

In this report, we identify an ADD gene as VPS30/ATG6, a
gene that was uncovered earlier by two independent screens
for mutants defective in vacuolar protein sorting (Robinson
et al., 1988; Seaman et al., 1997) and in autophagy (Tsukada
and Ohsumi, 1993; Kametaka et al., 1998). This result was
unexpected given that A1PiZ is an ERAD substrate in both
yeast (McCracken and Kruse, 1993; Werner et al., 1996; Brod-
sky et al., 1999) and human (Qu et al., 1996; Teckman et al.,
2000). Because vacuole morphology is largely unperturbed
in vps30 yeast (Raymond et al., 1992), these data suggest that
the A1PiZ degradation defect does not arise from gross
ultrastructural perturbations. Instead, we hypothesized that
the ERAD pathway might be overwhelmed when A1PiZ
was overexpressed, conditions under which the add3 gene
was first isolated (McCracken et al., 1996). We therefore
examined whether the Vps30p requirement for A1PiZ deg-
radation was only evident when this ERAD substrate was
overexpressed, and the data presented in Figure 4 indicate
this to be the case. Thus, we propose that overexpressed
A1PiZ, and the inherent ER stress, are sufficient to target
A1PiZ to alternate quality control pathway(s).

Interestingly, because Vps30p participates in two distinct
PtdIns 3-kinase complexes, we were able to establish that
A1PiZ can be targeted to the vacuole via two routes: the
CPY-to-vacuole pathway (Horazdovsky et al., 1995; re-
viewed in Conibear and Stevens, 1998) and the autophagic
pathway (reviewed in Klionsky and Emr, 2000; Levine and
Klionsky, 2004; Figure 9). These results raise specific ques-
tions about the role of each pathway during secretory pro-
tein quality control.

Complex II acts to recruit and stimulate the Vps38p-
Vps15p-Vps34p phosphatidylinositol 3-kinase. This creates
a specific region of phosphatidylinositol 3-phosphates on the
endosome membrane that initiates retromer formation and
consequent vesicle trafficking from the endosome to the
Golgi. Emr and colleagues found that VPS30 and VPS38
mutant strains missort CPY and the CPY cargo receptor
Vps10p when complex II function is abrogated (Seaman et
al., 1997; Burda et al., 2002). The resulting absence of trans-
Golgi network (TGN)-resident Vps10p leads to CPY secre-
tion. Our finding that A1PiZ is secreted when CPY-to-vac-
uole targeting is blocked by deletion of VPS30, VPS38, or

VPS10 (Figure 5B) is consistent with their data and indicates
that upon arrival at the TGN, A1PiZ is selected for transport
to the vacuole. The existence of a post-ER protein quality
control mechanism that is substrate specific is supported
further by several reports (Hong et al., 1996; Holkeri and
Makarow, 1998; Coughlan et al., 2004). The secretion of
A1PiZ in the vps10� strain suggests that Vps10p may be the
cargo receptor that binds and transports A1PiZ from the
TGN to the vacuole. Alternatively, because Vps10p is
thought to be essential for retromer coat formation (Seaman
et al., 1997), A1PiZ secretion by vps10� cells may simply be
due to disruption of CPY-to-vacuole transport.

The site of action for complex I has not been specifically
defined, but Nice et al. (2002) proposed that complex I plays
a role similar to that seen for complex II: stimulation of
phosphatidylinositol 3-kinase activity within a specific re-
gion of the presumptive autophagosome membrane, which
is required to initiate vesicle formation. The source of auto-
phagosomal membrane has yet to be determined; however,
a dissection of the role of complex I and its site of action may
help to resolve this question. Should autophagosomes form
directly from a specified region of the ER as a means of
clearing unwanted aggregates from the ER, then the lack of
ATG14 would compromise ER homeostasis and result in
constitutive UPR induction, which is in agreement with our
data (Figure 3). Moreover, differing levels of UPR induction
when comparing the vps30� and the atg14� strains (Figure
3) suggest that autophagy may proceed in the vps30� strain,
albeit inefficiently, but it is completely blocked in the atg14�
strain. This premise is supported by the fact that ATG14
overexpression suppresses the autophagic defect associated
with a VPS30 mutant, atg6-1 (Kametaka et al., 1998). If au-
tophagy continues in the absence of Vps30p, then it is pos-
sible that Vps30p facilitates recruitment of complex I to the
site of autophagosome formation but is not essential for
complex I phosphatidylinositol 3-kinase activity.

One possible model for the stabilization of A1PiZ in the
atg14� strain is that A1PiZ is not targeted to the vacuole via
autophagy but rather that blocking autophagy severely per-
turbs the homeostasis of the ER, impairing ERAD and the
cell’s ability to degrade A1PiZ. In turn, this might lead to
aggregate accumulation. However, we disfavor this model
for several reasons. First, the analysis of the degradation of
a known ERAD substrate, CFTR, showed that CFTR is de-
graded normally in the atg14� strain (Figure 6); this pro-
vides evidence that ERAD is functioning despite perturbed
ER homeostasis and UPR induction. Second, BiP is up-
regulated in the atg14� strain approximately threefold (Fig-
ure 7). Thus, the resulting increase in molecular chaperones
is not likely to promote A1PiZ aggregation but rather should
slow the aggregation of A1PiZ, as observed for other sub-
strates (Kabani et al., 2003). In addition, the analyses of
aggregate formation in microsomes showed that A1PiZ ag-
gregates accumulate in the ATG14 delete strain (Figure 8).
Together, our data support the model, summarized in Fig-
ure 9, that A1PiZ aggregates are removed from the ER via a
mechanism dependent upon autophagy.

Finally, the results of our study are applicable to the
mechanism of A1PiZ-associated liver disease. As noted in
the Introduction, within the population of A1PiZ homozy-
gotes is a subpopulation (15–20%) that develops liver dis-
ease due to A1PiZ aggregate accumulation in hepatocytes
(reviewed in Teckman et al., 1996; Perlmutter, 2003). The
autophagic pathway has been implicated in the removal of
ER-aggregated A1PiZ. Specifically, there is an increase in the
number of autophagosomes in human liver cells and fibro-
blasts engineered to express A1PiZ, and the A1PiZ degra-

Figure 9. Proposed model for A1PiZ quality control. A1PiZ is
targeted to ERAD and thus exits the ER by retrotranslocation with
subsequent degradation by the proteasome (P). When overex-
pressed, excess soluble A1PiZ (Z) exits the ER by vesicle transport,
transits the Golgi (G), and is sorted into the CPY-to-vacuole path-
way via the endosome (E) to the vacuole (V). If the CPY-to-vacuole
pathway is blocked, soluble A1PiZ is secreted. Excess A1PiZ that
aggregates (ZZZZ) within the ER is sent to the vacuole via autophagy.
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dation rate is slowed in the presence of chemical inhibitors
of autophagy (Teckman and Perlmutter, 2000). Our results
are not only in accordance with these findings but provide
more direct evidence that A1PiZ aggregates are cleared by
autophagy (Figures 7 and 8). Therefore, we conclude that the
yeast system is an appropriate model to study the mecha-
nisms of liver damage caused by A1PiZ accumulation. Nev-
ertheless, an unresolved question is whether A1PiZ ho-
mozygotes with liver disease carry a second mutation or
polymorphism that prevents efficient removal of A1PiZ
from the ER. Based on our and other’s work, such genetic
modifiers of A1PiZ-associated liver disease might include
either genes involved in ERAD or in autophagy. The answer
to this important question remains to be delineated.
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