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ABSTRACT Up to 1 in 3000 individuals in the United States have a-1 antitrypsin deficiency, and the most common cause of this
disease is homozygosity for the antitrypsin-Z variant (ATZ). ATZ is inefficiently secreted, resulting in protein deficiency in the lungs and
toxic polymer accumulation in the liver. However, only a subset of patients suffer from liver disease, suggesting that genetic factors
predispose individuals to liver disease. To identify candidate factors, we developed a yeast ATZ expression system that recapitulates key
features of the disease-causing protein. We then adapted this system to screen the yeast deletion mutant collection to identify
conserved genes that affect ATZ secretion and thus may modify the risk for developing liver disease. The results of the screen and
associated assays indicate that ATZ is degraded in the vacuole after being routed from the Golgi. In fact, one of the strongest hits from
our screen was Vps10, which can serve as a receptor for the delivery of aberrant proteins to the vacuole. Because genome-wide
association studies implicate the human Vps10 homolog, sortilin, in cardiovascular disease, and because hepatic cell lines that stably
express wild-type or mutant sortilin were recently established, we examined whether ATZ levels and secretion are affected by sortilin.
As hypothesized, sortilin function impacts the levels of secreted ATZ in mammalian cells. This study represents the first genome-wide
screen for factors that modulate ATZ secretion and has led to the identification of a gene that may modify disease severity or
presentation in individuals with ATZ-associated liver disease.

AN inherited disorder, a-1 AT deficiency (ATD) is linked
to decreased levels and activity of the proteinase inhib-

itor a-1 antitrypsin (AT). It is one of the most common
genetic disorders in the United States, with the most severe
form affecting between 1 in 3000 and 1 in 6000 individuals
(Kimpen et al. 1988; Silverman et al. 1989; Spence et al.
1993; de Serres et al. 2007, 2010).

Wild-type AT (referred to here as the M variant, or ATM)
is an abundant plasma protein secreted by hepatocytes that
protects lung tissue from the action of neutrophil elastase.
The most common cause of ATD is homozygosity for the
mutation that gives rise to the Z variant of AT (ATZ), which
exhibits folding and thus secretion defects. Retention of ATZ

within hepatocytes results in AT deficiency in the lungs—
considered a loss-of-function phenotype—but can also result
in an accumulation of polymeric and aggregated ATZ within
the liver, which manifests as a gain-of-function phenotype
(Bathurst et al. 1984, 1985; Foreman et al. 1984; Errington
et al. 1985; Janus et al. 1985; Perlmutter et al. 1985a,b;
Dycaico et al. 1988; Carlson et al. 1989; Lomas et al.
1992). These organ-specific effects of ATZ are consequently
responsible for the two most common clinical manifestations
of ATD, lung disease and liver disease.

Interestingly, there is considerable variability in the age-
of-onset and severity of these diseases, particularly in the
case of liver disease associated with ATD. For example, only
�12% of infants that are homozygous for ATZ develop clin-
ically significant liver dysfunction (Sveger 1976), suggesting
that genetic and environmental factors modify the risk and
severity of early childhood liver disease. In addition, an au-
topsy study of 94 ATZ homozygous patients found that 37%
had cirrhosis and 15% had primary liver cancer, indicating
that risk for ATD-associated liver disease is also variable in
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adults (Eriksson 1987). To date, the identities of the factors
that modify the risk for ATD-associated liver diseases remain
unknown. One difficulty with identifying these modifiers may
be that the effects will be subtle; e.g., small changes in secre-
tion or degradation efficiency may become magnified and
pathologically relevant only after long periods of time.

A correlation between ATZ degradation and ATD-associ-
ated liver disease was first supported by the finding that
fibroblasts from ATD patients with liver disease showed a lag
in the degradation of transduced ATZ compared to fibro-
blasts from ATD patients without liver disease (Wu et al.
1994). Consistent with this hypothesis, a candidate gene-
sequencing study of endoplasmic reticulum (ER) mannosi-
dase I (ERManI), which facilitates the degradation of mis-
folded secreted proteins (Hosokawa et al. 2003; Wu et al.
2003), suggested that differences in ERManI expression are
associated with earlier age-of-onset of end-stage liver disease
(Pan et al. 2009). However, because of the small number of
samples available for study, the significance of this association
has been challenged (Chappell et al. 2009; Pan and Sifers
2009). Even if the ERManI polymorphism does not prove to
be a clinically significant modifier of ATD, there are likely to be
many other factors that modify ATD-associated liver disease.

We have proposed that one way to identify candidate
genetic modifiers of ATD-associated liver disease is to take
advantage of the genetic and genomic methods available for
the bakers’ yeast Saccharomyces cerevisiae (Gelling and Brodsky
2010). In theory, mutant screens might be used to identify
conserved genes that affect the disease-associated properties
of ATZ expressed in yeast. Indeed, previous work on ATZ in
yeast has supported several key insights into the mechanisms
of ATZ degradation that have been confirmed by experiments
in mammalian cells. For example, ATZ was among the first
substrates shown to be degraded by the proteasome via a pro-
cess known as ER-associated degradation (ERAD) (Qu et al.
1996; Werner et al. 1996). Studies in yeast were also the first
to establish that the ER lumenal chaperone BiP plays an im-
portant role in the ERAD of ATZ (Brodsky et al. 1999; Cabral
et al. 2002; Schmidt and Perlmutter 2005).

In addition to ERAD, another mechanism for degradation
of misfolded or aggregation-prone ER proteins is autophagy.
In the canonical pathway, cytoplasmic cargo destined for
autophagic degradation is encapsulated within double-
membrane vesicles and is then transported to the lysosome
(the vacuole in yeast). That ATZ can also be degraded by
autophagy was demonstrated in yeast, mouse embryonic fi-
broblasts, and mice (Teckman and Perlmutter 2000; Kamimoto
et al. 2006; Kruse et al. 2006). It is currently unknown
whether ATZ that is targeted for autophagy has been retro-
translocated from the ER into the cytoplasm, where it may
aggregate, or whether the protein is degraded directly via
“ER-phagy” (Bernales et al. 2006; Yorimitsu et al. 2006).
Regardless, consistent with a contribution of autophagy to
ATZ clearance, an anti-epileptic drug that induces autoph-
agy was found to decrease liver damage in an ATZ mouse
model (Hidvegi et al. 2010).

Data from the yeast model has also suggested that ATZ
might traffic to the vacuole/lysosome via the secretory
pathway (Kruse et al. 2006), a hypothesis that has not yet
been investigated in mammalian systems. Since our previous
approaches to pathway identification were relatively targeted
(Palmer et al. 2003), we reasoned that a more comprehensive
picture of ATZ degradation would be gained by use of the
yeast genome-wide deletion mutant collection (Giaever et al.
2002), which includes mutants for each nonessential gene.
Among these are mutants with specific defects in ERAD,
autophagy, the secretory pathway, as well as other degrada-
tive pathways and protein quality control mechanisms.

In this article, we describe a new yeast AT expression
system that allowed us to screen the yeast deletion mutant
collection for strains with increased intracellular accumula-
tion and secretion of ATZ. This screen revealed that
mutations that impair endosomal sorting to the vacuole
result in increased secretion of ATZ. Indeed, one of the
strongest hits from our screen was vps10D [sortilin (Sort) in
mammals], which has been suggested to aid in the selection
and delivery of misfolded Golgi proteins to the vacuole
(Hong et al. 1996). Using a mammalian ATZ expression
system, we then found that sortilin also impacts ATZ accu-
mulation and secretion. Together, our evidence supports a
model in which a portion of ATM and ATZ is degraded in the
vacuole/lysosome after trafficking through the Golgi in both
yeast cells and mammalian cell culture.

Materials and Methods

Yeast strains and culture conditions

BY4742 (Brachmann et al. 1998) was used as the wild-type
yeast strain in all experiments. All mutant strains were de-
rived from the haploid a-mating-type S. cerevisiae deletion
mutant collection (Winzeler et al. 1999) obtained from Invi-
trogen, except for BY4742 atg14D, which was made by
transformation of BY4742 with an ATG14::KanMX cassette
that was PCR-amplified from genomic DNA of the strain
BY4741 atg14D (Invitrogen) using the primers 59-AAAGGT
TATCTTTTAAAGCCGCTAA-39 and 59-ATTTATGGCAAACA
ACTCCTTATCA-39. The identities of the pep4D, atg14D,
vps10D, and vps30D strains were confirmed by PCR. Yeast
were cultured at 30� in all experiments, standard growth
media formulations were used (Adams et al. 1997), and
cultures at an OD600 of 0.4–0.9 were considered to be in
log phase. Plasmids were introduced into cells by lithium
acetate transformation (Gietz et al. 2002). For induction of
expression from the MET25 promoter, yeast transformants
were cultured in synthetic complete medium lacking uracil
and methionine (SC2ura2met) for the indicated times.

Plasmid construction

The yeast expression plasmids pATM-GFP and pATZ-GFP
were constructed using the AT-GFP fusion cassettes from
a set of mammalian AT expression constructs. These
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cassettes consisted of the human ATM- or ATZ-coding
sequence fused at the C terminus with enhanced GFP
(eGFP) derived from pEGFP-N1 (Clontech). A Kozak se-
quence (CCACC) was inserted immediately upstream of the
start codon of the fusion cassette, and a 15-bp linker of
vector-derived sequence separated the last codon of AT from
the start codon of eGFP (amino acid sequence: GPVAT).
These fusion cassettes were PCR-amplified using the primers
59-GGAATTCGCTAGCCCACCATG-39 and 59-CCTCGAGCGC
GGCCGCTTTACTT-39 (restriction sites underlined). The am-
plicons were digested with EcoRI and XhoI and then cloned
into the yeast expression vector pRS423MET25 (Mumberg
et al. 1994).

AT yeast expression plasmids lacking eGFP were con-
structed from pATM-GFP and pATZ-GFP by introducing
a stop codon at the end of the AT ORF by PCR amplification
with the primers 59-CCTTCGTGTAATACAGGGTCGTC-39
and 59-CATGACTCGAGTTACTATTTTTGGGTGGGATTCAC
CAC-39 (restriction site underlined). This untagged AT cas-
sette was cloned into pRS426MET25 (pATM and pATZ) or
pRS423MET25 (pATM-2 and pATZ-2) using the EcoRI and
XhoI restriction sites.

Mammalian expression constructs bearing ATM and ATZ
fused with a FLAG epitope and a tetracysteine (TC) tag at
the C terminus were generated using two rounds of PCR
followed by restriction enzyme digestion and ligation. The
first round of PCR introduced the FLAG tag, while the
second round introduced the TC tag. The first round of PCR
was performed using the primers 59-GCCACCATGCCGTCTT
CTGTCTCG TG-39 and 59-AACAGTTCAAGAACTTATCGTC
GTCATCCTTGTAATCTTTTTGGGTGGGATTCACCACTT-39.
The Kozak sequence is underlined. The templates used for
the first round of PCR amplification were the ATM and ATZ
constructs in the pRc/RSV vector (Invitrogen) that were de-
scribed in Lin et al. (2001). The resultant PCR products were
used for the second round of PCR amplification using the
primers 59-GGGAAGCTTGCCACCATGCCGTCT TC-39 and 59-
CCCGCGGCCGCTTAAGGC TCCATGCAACAGCCAGGACAAC
AGTTC AAGAACTTATCGTCG-39, which contained the HindIII
and NotI restriction enzyme sites, respectively (under-
lined). The resulting PCR amplicons were subcloned into
the HindIII and NotI sites of pRc/RSV. The identity of all
constructs was confirmed by restriction digestion and DNA
sequencing.

Immunoblot analysis

Yeast cell lysates were prepared using a modification of an
alkaline/detergent lysis method (von der Haar 2007).
Briefly, cells were harvested and resuspended in lysis buffer
(0.1 M sodium hydroxide, 0.05 M EDTA, 2% SDS, 2%
2-mercaptoethanol) and then incubated at 90� for 10 min.
The mixture was neutralized with an equal volume of 0.2 M
acetic acid containing 2% 2-mercaptoethanol and incubated
for an additional 10 min at 90�. Cell lysates were resolved by
SDS-PAGE, and total protein was transferred to nitrocellu-
lose membranes for immunoblot analysis.

The following antibodies were used for immunoblot
analysis: rabbit anti-human AT (Dako); rabbit anti-yeast
glucose-6-phosphate dehydrogenase (Sigma); rabbit anti-
yeast BiP (Brodsky and Schekman 1993); rabbit anti-yeast
carboxypeptidase Y (CPY) (Abcam); rabbit anti-yeast Sec61
(Stirling et al. 1992); rabbit anti-GFP (S. Subramani, Uni-
versity of California, San Diego). Primary antibody was
detected with donkey HRP-conjugated anti-rabbit IgG sec-
ondary antibody (GE Healthcare). HRP signal was detected
with Supersignal West Pico or Supersignal West Femto
Chemiluminescent Substrate (Pierce) and imaged with
a Kodak Image Station 440 CF.

Cell fractionation and protease protection

For separation of cell lysates into soluble and membrane
fractions, cells were grown to log phase in SC2ura2met,
harvested, and converted to spheroplasts by treatment with
lyticase. Spheroplasts were overlaid onto a solution contain-
ing 0.8 M sucrose, 1.5% Ficoll 400, and 20 mM HEPES, pH
7.4, and centrifuged at 6000 · g for 10 min at 4� before
being resuspended in ice-cold buffer 88 (20 mm HEPES, pH
6.8, 150 mM KOAc, 250 mM sorbitol, 5 mM MgOAc, 1 mM
DTT, 2 mM PMSF, 0.5 mg/ml pepstatin A, and 1 mg/ml
leupeptin) and lysed with 20 strokes in a Dounce homoge-
nizer. Unbroken cells and debris were removed by centrifu-
gation at 500 · g for 5 min at 4�, and the clarified lysate was
centrifuged again at 18,000 · g for 25 min. The supernatant
and pellet fractions were examined by immunoblot analysis
as described above.

For protease protection assays, ER-enriched microsomes
were prepared as previously described (Brodsky et al. 1993).
Microsomes were treated at 4� for 30 min with 4 mg/ml
trypsin in buffer 88, with 4 mg/ml trypsin and 1% triton
X-100 in buffer 88, or with buffer 88 alone. Treatment
was stopped by precipitation with trichloroacetic acid to
a final concentration of 25%, and immunoblot analysis
was performed as described above.

Immunofluorescence and live-cell microscopy

Immunofluorescence was performed using a modification of
a described method (Amberg et al. 2005). Briefly, cells were
grown to log phase in SC2ura2met and fixed for 1 hr in
4% formaldehyde. Fixed cells were washed and then con-
verted to spheroplasts by treatment with zymolyase (US
Biological). The fixed spheroplasts were attached to poly-
lysine-treated microscope slides and permeabilized by meth-
anol treatment. The slides were blocked with 0.5% BSA and
0.5% ovalbumin and then stained with rabbit anti-human
AT (Dako) and mouse anti-yeast BiP (M. Rose, Princeton
University), followed by staining with Alexa Fluor 488 goat
anti-rabbit IgG and Alexa Fluor 647 goat anti-mouse
IgG (Invitrogen). The slides were mounted with Prolong
Antifade Gold containing DAPI (Invitrogen) and imaged
with a Leica TCS SP5 confocal microscope (Figure 1B) or
with a Olympus FV1000 fluoview confocal microscope (Fig-
ure 4A).
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Live-cell fluorescence imaging of yeast expressing AT-GFP
(pATM-2 or pATZ-2) and a Sec63-mCherry fusion (pBK177,
obtained from J. Frydman, Stanford University) was per-
formed after growth of the culture to log phase in
SC2ura2met. Cells were harvested and resuspended in
fresh medium before being immobilized onto a polylysine-
coated coverslip by overlaying with a slab of 1% agarose.
Cells were imaged on an inverted Zeiss Meta 510 confocal
fluorescence microscope.

Colony immunoblot assay and genetic screen

To assay AT secretion by yeast colony immunoblot, cells
expressing AT were spotted onto nitrocellulose, which was
then overlaid on SC2ura2met agarose medium. After 14–
16 hr of growth at 30�, the cells were rinsed from the nitro-
cellulose with distilled water and then immunoblotted for
AT as described above and in Kruse et al. (2006). To assay
total intracellular and secreted AT levels by colony immuno-
blot, the same procedure was performed, except before be-
ing rinsed from the membrane the cells were lysed in situ for
30 min in 0.2 M NaOH, 0.1% SDS, and 0.05% 2-mercaptoe-
thanol (McCracken et al. 1996).

To screen for yeast mutant strains with altered AT ex-
pression or secretion, the haploid a-mating-type (BY4742)
S. cerevisiae deletion mutant collection (Winzeler et al.
1999) was obtained from Invitrogen, and the plasmid pATZ
was introduced into each strain by lithium acetate transfor-
mation (described above). Transformants were selected by
plating on solid SC2ura containing 1 mM methionine to
repress expression of ATZ. Transformants were transferred
to liquid SC2ura plus 1 mM methionine and grown at 30� in
a humidified chamber for an additional 3 d. The cells were
then spotted onto nitrocellulose membranes using a 96-pin
blot replicator (V&P Scientific), and the membranes were
overlaid on solid SC2ura2met. After 15 hr of growth at
30�, the membranes were processed for colony immunoblot
analysis as described above. The immunoblot signal was
quantified by taking the pixel intensity from each spot and
subtracting the background value from an empty well. In the
primary screen, the signal for each strain was then normal-
ized to the mean value for all viable strains on the same
plate. In the secondary screen, the corrected signal was nor-
malized to a paired wild-type control (i.e., a wild-type con-
trol in the adjacent well).

Yeast pulse-chase analysis

Yeast cells were grown to log phase in SC2ura2met and
then harvested and resuspended in the same medium at an
OD600 of 5. The cells were incubated for 20 min at 30�, and
then EasyTag Express 35S protein labeling mix (PerkinElmer
NEN) was added to a final concentration of 100 mCi/mL.
The cells were labeled at 30� for 5 min before the incorpo-
ration of radioactive amino acids was quenched by the ad-
dition of 5 mM methionine and 2 mM cysteine. Cells were
harvested at the indicated times, and the cell pellets were
flash-frozen in liquid nitrogen. Cell extracts were prepared

by glass-bead disruption in 50 mM Tris–Cl (pH 7.4), 1%
SDS, 1 mM EDTA, plus 1 mM PMSF, 0.5 mg/ml pepstatin
A, and 1 mg/ml leupeptin. Extracts were cleared by centri-
fugation at 15,000 · g for 10 min at 4�, and total incorpo-
rated radiolabel in the supernatant was assessed by liquid
scintillation counting. AT was immunoprecipitated from the
cell extracts using rabbit anti-human AT (Dako) coupled to
AffiGel 10 matrix (Bio-Rad) and eluted by incubating in
SDS-PAGE sample buffer at 90� for 5 min. Immunoprecipi-
tates were separated by SDS-PAGE, fixed, dried, and visual-
ized by phosphorimager analysis on a Typhoon FLA 7000
(GE).

Cycloheximide chase analysis

BY4742 wild-type and atg14D cells expressing ATM or
ATZ were grown to log phase in SC2ura2met before being
harvested and resuspended at an OD600 of 1. Cells were
incubated with shaking at 30� for 20 min before a sample
was taken as the zero time point. Cycloheximide was added
to a final concentration of 75 mg/ml, and then additional
samples were taken at the time points indicated. AT levels
were examined by immunoblot analysis as described
above.

Autophagy assays

BY4742 wild-type, vps10D, and atg14D cells were trans-
formed with pGFP-Atg8 (D. Klionsky, University of Michi-
gan) and grown to log phase in SC2ura2met. The culture
was split, one sample was harvested as a control (“+ nitro-
gen source”), and the remainder was washed and resus-
pended in SD lacking amino acids and ammonium sulfate.
This culture was incubated at 30� for 4 hr before being
harvested (“2 nitrogen source”). Cell lysates were prepared
and assessed by immunoblot analysis as described above.

Pulse-chase analysis in rat hepatoma cells

The generation of rat hepatoma McA-RH7777 cells stably
overexpressing apolipoprotein B and either wild-type sorti-
lin or mutant sortilin—in which key residues in the dileucine
and tyrosine endosomal sorting motifs are mutated to ala-
nine (Sort.LAYA)—was recently described (Strong et al.
2012). These cells were cultured at 37�, 5% CO2, in Dulbec-
co’s Modified Eagle’s Medium (DMEM) supplemented with
10% fetal bovine serum, 10% horse serum, L-glutamine, and
penicillin/streptomycin. Cells were transfected with pRC/
RSV-ATM-FLAG-TC, pRC/RSV-ATZ-FLAG-TC, or the vector
control pRC/RSV using Lipofectamine 2000 according to
the manufacturer’s instructions (Invitrogen). After 24 hr,
the cells were pretreated for 20 min with DMEM lacking
cysteine and methionine and then labeled with 100 mCi
EasyTag Express 35S protein labeling mix (Perkin-Elmer
NEN) for another 20 min. The cells were washed with chase
medium (DMEM supplemented with 5 mM cysteine, 5 mM
methionine, and 10 mM HEPES buffer at pH 7.4) and were
then incubated in chase medium for an additional 20 min.
The cells were placed on ice, the medium was harvested,
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and the cells were lysed in a buffer containing 50 mM
Tris–Cl, pH 8, 100 mM EDTA, 0.4% deoxycholate, 1%
NP40, 2 mM PMSF, and 1· complete protease inhibitor
cocktail (Roche). Cell lysates and media were clarified by
centrifugation at 500 · g for 10 min at 4� before an immu-
noprecipitation analysis was performed with either anti-
FLAG M2 affinity gel (Sigma) or goat anti-human a-1 AT
(Diasorin) coupled to AffiGel 10 matrix (Bio-Rad) at 4�
overnight. Immunoprecipitates were analyzed by SDS-PAGE
as described above for the yeast pulse-chase analysis.

Statistical analysis

To identify statistically significant differences between AT
levels in wild-type and pep4D mutants (Figure 4C), two-
tailed t-tests were performed. To test whether AT levels
were different between McArdle RH-7777 cells expressing
Sort and those expressing Sort.LAYA, the AT signal from five
replicates were log-transformed to allow for the use of a
paired, two-tailed t-test. Statistically significant Gene Ontol-
ogy enrichments in the list of mutants with increased ATZ
secretion were determined from the YeastMine interface
of the Saccharomyces Genome Database (http://yeastmine.
yeastgenome.org). In our case, comparisons were made us-
ing the hypergeometric distribution incorporating a Benja-
mini–Hochberg multiple testing correction.

Results

Human AT localizes to the yeast ER

To identify factors that modulate ATZ biogenesis in a ge-
nome-wide deletion screen, we modified an existing yeast
AT expression system (McCracken and Kruse 1993). The
galactose-inducible system used in previous work required
a lengthy and physiologically stressful induction procedure,
and the AT expression levels achieved in this way were often
low. To address these shortcomings, the MET25 methionine-
repressible promoter was used to drive plasmid-based ex-
pression of the human wild-type AT (ATM), and the dis-
ease-associated variant (ATZ). AT expression from the
MET25 promoter was greater than that achieved with the
galactose-inducible system (data not shown), and expres-
sion was rapidly induced upon removal of methionine from
the medium (Figure 1A). AT expressed using this system
consisted of three species: the two slower-migrating species
corresponded to translocated, glycosylated AT, while the
faster-migrating species (indicated with an asterisk) likely
corresponds to an unglycosylated, incomplete translocation
product (see below).

Figure 1 Human AT expressed in yeast resides primarily in the ER. (A)
ATM and ATZ expression in wild-type yeast was induced by transfer of
transformed cells to growth medium lacking methionine. Cell extracts
were taken at the indicated times and AT levels were assayed by immu-
noblot. G6PDH was used as a loading control. The two top bands repre-
sent the �55- and 53-kDa species. (B) Indirect immunofluorescence
microscopy of BiP and AT indicates that ATM and ATZ are primarily
localized to the ER (visible as a perinuclear ring). The relative location of
the nucleus is shown by DAPI staining. (C) Live-cell fluorescence micros-
copy of AT-GFP and Sec63-mCherry supports the ER residence of ATM
and ATZ. (D) To determine whether ATM and ATZ reside within a mem-
brane compartment, cell lysates were separated into an ER-membrane-
enriched pellet fraction (P) and a nonmembrane supernatant (S), and
levels of AT, the ER lumenal protein BiP, and the cytosolic protein
G6PDH were assayed by immunoblot. (E) ER-enriched microsomes were
incubated in the presence or the absence of trypsin and TritonX-100 as
indicated, and the levels of AT, BiP, and the ER membrane protein Sec61
were assayed by immunoblot. Arrows indicate the position of the doublet
that indicates an intermediate BiP degradation product formed after tryp-
sin treatment. (F) A pulse-chase analysis was used to establish N-linked

glycosylation of AT. 35S-labeled-AT was immunoprecipitated and treated
with either Endo H or incubated with buffer before being analyzed by
SDS-PAGE. “V” indicates vector control samples (which lack AT). In Fig-
ures 1 and 2 an asterisk indicates an AT species that was not found within
the ER lumen.
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ATM is a secreted protein, but within the cell it is
primarily localized to the ER (Lin et al. 2001), where it is
folded and post-translationally modified. ATZ is ineffi-
ciently secreted and the majority is retained in the ER
(Carlson et al. 1989; Lin et al. 2001). Therefore, we
expected to find that AT expressed in yeast would also re-
side primarily in the ER. As anticipated, ATM and ATZ
expressed using the MET25 system were shown by im-
munofluoresence to significantly colocalize with the ER
lumenal chaperone BiP (Figure 1B). Consistent with ER
localization, C-terminal GFP fusions of ATM and ATZ par-
tially colocalized with the ER-membrane marker Sec63-
mCherry (Figure 1C). Areas in which colocalization was
not evident most likely represent fractions of AT that had
trafficked beyond the ER or the poorly translocated
fraction.

To confirm that the ER-associated AT resided in the ER
lumen, cell lysates were separated into an ER-enriched
membrane fraction and a soluble supernatant. Consistent
with the hypothesis that a portion of AT is poorly trans-
located, the soluble fraction contained an AT species of
�47 kDa, which is similar to the expected size of unpro-
cessed precursor AT (i.e., including the signal sequence)
(Figure 1D). However, the majority of AT was found as
an �53-kDa species in the membrane fractions, which is
similar to the molecular mass of the intracellular, glycosy-
lated form of AT observed in mammalian cells. In addition
to the �53-kDa species, the membrane fraction contained a
larger species, of �55 kDa, and a smaller species of the size
predicted for processed, but unglycosylated, AT (�44 kDa;
see asterisk).

The �53- and �55-kDa species were protected from
protease digestion, which, together with the ER localization,
indicated that these species resided in the ER lumen (Figure
1E). Furthermore, these species showed increased electropho-
retic mobility after endoglycosidase H (Endo H) treatment,
which indicates that they were modified by N-glycosylation
in the ER (Figure 1F). It should be noted that, in contrast to
the case for mammalian glycoproteins, yeast N-glycoproteins
remain Endo H-sensitive in all compartments of the endo-
membrane system.

In contrast, the �44-kDa species from the membrane
fraction (indicated by an asterisk in Figure 1, A, D, and E)
was sensitive to protease digestion and was not N-glycosy-
lated, suggesting peripheral association with the ER. This
species may represent a stalled translocation product of AT
and was excluded from subsequent analysis. Interestingly,
a greater proportion of this form was found for ATM com-
pared to ATZ. If this product is indeed an incomplete trans-
location product, then the difference between the ATM and
ATZ variants might reflect differences in surveillance and pro-
tein degradation by cytoplasmic quality control pathways,
since it was more rapidly degraded when observed in ATZ-
than in ATM-expressing cells (not shown). Nevertheless,
these data confirm that a significant proportion of ATM and
ATZ is translocated into the yeast ER.

ATZ characteristics associated with the disease state are
recapitulated in yeast

Most ATZ-associated lung disease likely arises from the
significant decrease in the amount of ATZ that is secreted
from hepatocytes compared to ATM. Therefore, the com-
parative secretion efficiencies of the ATM and ATZ variants
in yeast were assessed by immunoblot analysis of con-
ditioned media. ATM but not ATZ was detectable in the
media (EC), with a significant proportion of ATM present as
a series of high-molecular-weight species (Figure 2A, left).
This “smear” is commonly observed for secreted yeast pro-
teins (e.g., Esmon et al. 1981) and typically reflects exten-
sion of N-glycans in the Golgi, referred to here as hyper
N-glycosylation. We hypothesized that, if secreted ATZ were
also subject to hyper N-glycosylation, the effect of “smear-
ing” the ATZ immunoblot signal would decrease overall sig-
nal intensity, making it difficult to detect secreted ATZ.
Indeed, after Endo H treatment, a small amount of secreted
ATZ was detectable (Figure 2A, right). However, even after
Endo H treatment, �10-fold less ATZ was present in the
secreted fraction compared to ATM. This was not due to
significant portions of ATZ being trapped in the periplasm,
since treatment of cells with zymolyase did not result in the
liberation of additional extracellular material (not shown).

In addition to this secretion defect, the ATZ variant was
partially insoluble in the presence of a mild detergent
(Figure 2B), as is the case for ATZ expressed in mammalian
cells (Lin et al. 2001). Only a negligible amount of ATM was
found in the pellet after Triton X-100 treatment, whereas
a significant fraction of ATZ remained insoluble under iden-
tical conditions.

Overall, these results indicated that AT variants expressed
in yeast recapitulate two important characteristics associ-
ated with AT expression in mammalian cells. First, ATM is

Figure 2 ATZ is less efficiently secreted and is less detergent-soluble than
ATM. (A) Wild-type yeast expressing ATM (M) or ATZ (Z) were grown to
log phase and cell lysates (intracellular; IC) and conditioned media (extra-
cellular; EC) were prepared and treated in the presence (+) or the absence
(2) of Endo H before being analyzed by immunoblot. The large brace
indicates high-molecular-weight species corresponding to hyperglycosy-
lated AT. Arrows indicate the positions of the 95- and 55-kDa molecular
mass standards for comparison of the EC and IC species. (B) ATM- or ATZ-
expressing cells were converted to spheroplasts and were lysed with Tri-
ton X-100. The extracts were then separated into total (T), soluble (S), and
insoluble (P) fractions by centrifugation, and AT and the soluble protein
G6PDH were analyzed by immunoblot.
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secreted more efficiently than ATZ, and, second, a greater
proportion of ATZ is found in a Triton X-100-insoluble
fraction.

Development of a colony immunoblot assay to monitor
secreted and total AT levels

To date, a whole-genome analysis to identify genetic mod-
ulators of ATZ secretion has not been undertaken. Our
hypothesis was that “hits” from this analysis might include
candidate genetic modifiers of ATD and new therapeutic
targets.

To screen for yeast mutants that affect ATZ secretion, it
was first necessary to develop an AT secretion assay suitable
for a microplate format so that the yeast deletion mutant
collection could be analyzed. The method chosen was
colony immunoblot assay, in which yeast cells are spotted
onto a nitrocellulose membrane and the membrane is then
overlaid on growth medium. In our case, after overnight
growth, the cells were rinsed from the membrane, and AT
captured by the membrane was analyzed by immunoblot. As
shown in Figure 3A, secreted ATM was readily detected
using this method, while an intracellular control [glucose-
6-phosphate dehydrogenase (G6PDH)] was absent from the
media (EC). This indicates that the AT signal was not due to
cell lysis (Figure 3A, left). Using this method, we could also
recapitulate the difference in secretion efficiency between
ATM and ATZ that was evident in conditioned media (Figure
2A). In addition, we were able to detect a threefold increase
in ATZ secretion in a vps30D mutant, which is required for
both autophagy and CPY-to-vacuole targeting via the Golgi,
and was previously shown to impact the secretion and sta-
bility of ATZ (Kruse et al. 2006).

Through a modification of the colony immunoblot pro-
cedure we were also able to assay the steady-state in-
tracellular and cumulative extracellular levels of AT.
Specifically, a high-pH, SDS lysis step was added immedi-
ately before the yeast cells were rinsed from the membrane
(referred to hereafter as a lysed colony immunoblot).
Immunoblotting for the intracellular control G6PDH in-
dicated that an intracellular protein could be detected using
this method (Figure 3A, right). The use of lysed colony
immunoblots also demonstrated that the ATZ secretion de-
fect was not an artifact of poor ATZ expression, since the
difference between ATM and ATZ signal intensity was much
smaller when the lysis step was included than when only
secreted AT was assayed (compare M and Z spots in EC vs.
intracellular (IC) + extracellular (EC) panels of Figure 3A
and the quantified data from three independent experiments
in Figure 3B).

These methods were further validated by using the same
procedure to detect secreted and total levels of the vacuolar
protein CPY. In wild-type cells, CPY is almost entirely in-
tracellular, and in a vps30Dmutant, CPY is robustly secreted,
with relatively little retained in the cell (Robinson et al.
1988). As anticipated, the CPY secretion phenotype of a
vps30D mutant was evident in unlysed colony immunoblots

(Supporting Information, Figure S1), whereas the CPY sig-
nal in lysed colony immunoblots was similar between wild-
type and mutant cells. This reflects the fact that the assay
detects both the steady-state levels of intracellular CPY and
the cumulative secreted levels of extracellular CPY.

Next, both the unlysed colony immunoblot (secreted AT)
and the lysed colony immunoblot (total AT) were adapted to
a microplate format, and the performance of the modified
assay was tested (Figure 3C). Using the modified assay, the
difference in ATM and ATZ secretion was readily apparent,
as was the secretion phenotype of the vps30D strain (com-
pare spots 1 and 2, and spot 2 to the box, respectively, in the
EC panel of Fig 3C). The increased secretion of the vps30D

Figure 3 ATZ levels and secretion can be assayed by colony immunoblot.
(A) Wild-type and vps30D cells expressing ATM (M) or ATZ (Z) were
grown to saturation in the presence of methionine and diluted to an
OD600 of 1.0, and colony immunoblots were performed. After immuno-
blotting for AT, the same blot was stripped and immunoblotted for the
cytosolic protein G6PDH. (B) Quantitation of AT immunoblots from A.
Three transformants were quantitated for each sample, and the mean
background-corrected signal intensity is represented. Error bars indicate
the standard deviation of the mean. (C) Mutant strains from plate 109
from the yeast deletion mutant collection were transformed with pATZ,
and colony immunoblots were performed. Control spots are indicated by
numbers: 1: wild type/ATM; 2: wild type/ATZ; 3: vps30D/ATZ. Solid boxes
indicate the position of the vps30D strain within the plate, and the
dashed boxes indicate the position of met8D strain, which is mutated
for an enzyme involved in siroheme synthesis, and hence is defective
for sulfite reductase activity and methionine biosynthesis. A small amount
of met8D growth was supported by the residual methionine carried over
from the starter culture during replica spotting. In A–C, IC + EC (total)
indicates lysed colony immunoblots and EC (secreted) indicates unlysed
colony blots. In C, the EC membrane was imaged using a more sensitive
chemiluminescence reagent than the IC + EC membrane to allow
comparison.
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strain was not due to increased total protein, since a met8D
strain showed increased total levels of ATZ, without an ac-
companying increase in ATZ secretion (dashed boxes). The
phenotype of the met8D strain reflects our use of the MET25
promoter to drive ATZ expression and is consistent with the
fact that met8 mutants exhibit increased MET25 transcrip-
tion (Thomas et al. 1990).

These tests demonstrated that unlysed colony immuno-
blots could be used to screen for mutants with increased ATZ
secretion and that lysed colony immunoblots could be used
to screen for mutants with increased intracellular ATZ levels
in the absence of an ATZ secretion phenotype.

A screen of the yeast deletion mutant collection
indicates a significant effect of endosomal sorting
pathways on ATZ biogenesis

The yeast a-mating-type deletion mutant collection consists
of 5132 single-gene deletion mutants, representing �80% of
the nonessential yeast genes. By using a modified yeast
transformation protocol (see Materials and Methods), the
ATZ expression construct was successfully transformed into
.99% of the viable strains in the collection, and, for each
plate of transformants, both unlysed and lysed colony immu-
noblots were performed. Strains showing increased ATZ se-
cretion or increased total ATZ were identified by comparing
each strain to the average signal for viable strains on the
same plate. Strains that showed at least a threefold increase
over the plate average were selected for a secondary screen,

after excluding strains with known defects in methionine
homeostasis and those strains mutated for ORFs classified
as dubious.

Because data derived from comparisons to a plate average
can be sensitive to outliers, and because some plates showed
evidence of a peripheral position effect on colony growth
(data not shown), the strains selected for secondary screening
were re-arrayed in duplicate with a paired wild-type control
and in an arrangement that prevented edge effects on colony
growth. Lysed and unlysed colony immunoblots were again
performed, and strains that showed an average increase
.1.5-fold compared to wild type, with respect to either se-
creted or total ATZ levels, are listed in Table 1.

Most of the 21 mutants identified in this way exhibited
increased ATZ secretion, and most of these strains also
showed increased levels of total AT in the lysed colony
immunoblots. However, since the extracellular contribution
to immunoblot signal is cumulative (i.e., it includes all AT
secreted during the growth period), the intracellular contri-
bution to the signal cannot be determined for strains with
an increased secretion phenotype. Only two strains (rpl42D
and dbp7D) showed increased intracellular ATZ levels
without a corresponding increase in ATZ secretion. RPL42A
and DBP7, respectively, encode a ribosomal protein and
a putative RNA helicase involved in ribosome biogenesis
(Daugeron and Linder 1998; Planta and Mager 1998). Since
it is likely that these two genes affect some aspect of ATZ
synthesis, they were not further investigated.

Table 1 Yeast deletion mutants exhibiting increased levels of secreted or total antitrypsin

Secreted
ATZ ratioa

Total ATZ
ratiob Gene Function

CPY secretion
indexc

UPR induction
ratiod

2.7 1.8 LAS21 GPI core synthesis ,0.1 3.4
2.4 2.2 VPS10/PEP1 Endosomal sorting 1.0 –

2.3 2.0 VPS5 Endosomal sorting: Retromer 1.0 –

2.3 1.8 VPS27 Endosomal sorting: ESCRT–0 0.7 –

2.2 1.3 CWC27 Spliceosome associated ,0.1 –

2.1 2.0 VPS17 Endosomal sorting: Retromer 1.0 –

2.0 1.9 MTQ1 Methylation of translation release factor ,0.1e –

2.0 1.3 RPL16B Large ribosomal subunit ,0.1 –

1.8 1.5 ROM2 Cell-wall integrity pathway: Rho1/2 GEF ,0.1 –

1.8 2.0 VAM10 Homotypic vacuole fusion (overlaps VPS5) 0.9 –

1.8 1.6 SWM2 Unknown (adjacent to VPS27) ,0.1 –

1.7 1.6 DID4 Endosomal sorting: ESCRT III 0.4 –

1.6 1.4 SNN1 Endosomal sorting: BLOC-1 complex ,0.1 –

1.6 1.3 TNA1 Plasma membrane nicotinic acid permease ,0.1e –

1.6 1.5 SIF2 Set3 complex HDAC ,0.1 –

1.6 2.2 PMT2 O-linked glycosylation ,0.1 3.0
1.5 1.2 HOS2 Set3 complex HDAC ,0.1 –

1.4 1.6 MDM1 Intermediate filament: organelle inheritance 0.1 –

1.3 1.5 VPS51 Endosomal sorting: GARP complex 0.5 1.9
0.6 1.7 DBP7 Ribosomal biogenesis ,0.1 –

0.2 2.0 RPL42A Large ribosomal subunit ,0.1 –

GEF, guanine nucleotide exchange factor. HDAC, histone deacetylase. —, no significant induction of the UPR.
a Ratio of secreted ATZ for mutant compared to wild type.
b Ratio of total ATZ for mutant compared to wild type.
c From Schluter et al. (2008). Wild type has a CPY secretion index of 0, and the maximum level of CPY secretion corresponds to a secretion index of 1.
d From Jonikas et al. (2009). The ratio of basal expression from a UPR element reporter compared to a constitutive expression reporter.
e Strain that had a consensus CPY secretion index of ,0.1, but for which the alpha mating-type mutant had a CPY secretion index of 1.
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The Gene Ontology category that was most highly
enriched in the list of 21 mutants was “endosome transport
[GO:0016197]” (P = 0.01), and 8 of the mutants in the list
(pep1D/vps10D; vps5D; vps27D; vps17D; vam10D; did4D;
snn1D; vps51D) are known to have endosomal sorting
defects. For example, the second-highest increase in ATZ
secretion was exhibited by pep1D/vps10D (hereafter re-
ferred to as vps10D), which is mutated for the gene encod-
ing a Golgi-to-endosome vacuolar protein sorting receptor
(Bankaitis et al. 1986; Robinson et al. 1988; Rothman et al.
1989; Van Dyck et al. 1992; Marcusson et al. 1994). These
results prompted us to compare the outcome of our screen
with the results of a secretion screen performed with CPY
(Schluter et al. 2008). CPY traffics to the vacuole via the
endosome and is the canonical trafficking cargo of Vps10
(Marcusson et al. 1994). This comparison revealed that all
8 of the strains identified as having a likely endosomal sort-
ing defect also showed increased secretion of CPY. However,
2 strains that showed increased ATZ secretion in this screen
(mtq1D and tna1D) also showed increased CPY secretion
(Schluter et al. 2008), but only in the strain from the
a-mating-type collection (also used in this study). There-
fore, the oversecretion phenotype of mtq1D and tna1D in
these strains may be due to a cryptic mutation at a second
site elsewhere in the genome.

Because induction of the unfolded protein response
(UPR) can lead to increased secretion of select proteins
(Belden and Barlowe 2001), we also examined whether any
of our hits are known to induce the UPR (Jonikas et al.
2009). As shown in Table 1, three strains exhibited UPR
induction, only one of which was also an endosomal sorting
mutant (vps51D). The other two were las21D, which is de-
ficient in glycosylphosphatidylinositol (GPI) core synthesis
(Benachour et al. 1999), and pmt2D, which encodes an en-
zyme involved in O-linked protein glycosylation and ER
quality control (Goder and Melero 2011). The las21D mu-
tant is also known to secrete 2.2-fold more BiP (Copic et al.
2009), an ER chaperone that interacts with ATZ (Cabral
et al. 2002; Schmidt and Perlmutter 2005).

The consistent effect of endosomal sorting mutations on
ATZ secretion raised the question of whether the secretion of
ATM is also affected in this class of mutants. We discovered
that ATM secretion was unaffected in the vps10D strain un-
der conditions similar to those used in the genome-wide
screen (Table 2; OD600 = 5). However, because ATM is
much more efficiently secreted than ATZ, we suspected that
the ATM signal becomes saturated at the higher cell densi-
ties that were appropriate for assaying ATZ secretion.
Indeed, when lower starting cell densities were used
(OD600 = 1 and 0.2), a statistically significant increase in
ATM secretion was observed in the vps10D strain. Therefore,
Vps10 affects the secretion of both wild-type ATM and ATZ.

AT is trafficked to the yeast vacuole via the Golgi

The results of the genome-wide screen revealed a surprising
effect of the endosomal sorting pathway on AT secretion in

yeast. This might arise from a direct effect of reduced
trafficking of AT to the vacuole, and thus greater secretion,
or it might be an indirect effect, caused by a change in the
trafficking of another factor that affects AT secretion.

Consistent with the hypothesis that AT is trafficked to and
degraded in the vacuole, we observed an accumulation of
ATM and ATZ in the vacuole when immunofluorescence
microscopy was performed in a pep4D strain, which has
negligible vacuolar protease activity (Jones et al. 1982) (Fig-
ure 4A). This result demonstrates that some proportion of
AT is degraded in the vacuole. However, since this experi-
ment reflected steady-state levels of AT, the relative contri-
bution of vacuolar proteases on AT turnover was unclear.
Therefore, we performed pulse-chase degradation assays
to directly monitor AT stability in the presence or absence
of PEP4 (Figure 4B). The data showed that, in wild-type
cells, both ATM and ATZ were degraded to �50% of their
initial levels after 90 min. In contrast, in the pep4D strain,
there was a marked increase in higher-molecular-weight AT
species over time. When this higher-molecular-weight mate-
rial was taken into account, AT was almost completely sta-
bilized in the pep4D strain, indicating a significant vacuolar
contribution to AT degradation (Figure 4C).

Soluble cargo from the ER can reach the vacuole either by
autophagy or by the Golgi. ATZ in both yeast and mammals
can be targeted for degradation by ERAD or by autophagy
(Qu et al. 1996; Werner et al. 1996; Teckman and Perlmut-
ter 2000; Kamimoto et al. 2006; Kruse et al. 2006), and in
yeast the conversion of ATZ into a substrate for autophagy
correlated with high levels of expression and growth on
galactose (Kruse et al. 2006). However, the results from
the genome-wide screen indicated that mutants impaired
in endosomal sorting, but not autophagy, affected ATZ se-
cretion. Notably, autophagy mutants were absent from hits
from our screen (Table 1), and, when using the MET25
expression system, we failed to observe ATZ stabilization
in an atg14D mutant (Figure S2). Nevertheless, it has been
shown that the endosomal sorting complex required for
transport (ESCRT), which is a crucial component of the endo-
somal sorting machinery, is also involved in autophagosome
homeostasis in higher organisms (Rusten and Stenmark 2009

Table 2 Ratio of AT secreted in a vps10D strain compared to wild
type

Starting density
(OD600/ml)a AT variant

Secreted AT
ratio (vps10D/WT)b

Standard
deviation

5 ATM 1.1 0.1
ATZ 2.4 0.6

1 ATM 1.7 0.1
ATZ 3.1 0.3

0.2 ATM 2.8 0.1
ATZ 3.4 0.2

a OD600 of the cell suspension spotted onto nitrocellulose membranes for colony
immunoblot assay. Note that the genome-wide screen was performed using a sta-
tionary-phase cell suspension, which for most strains was an OD600 of �5.

b Average ratio of secreted antitrypsin for vps10D compared to wild type as
assessed from duplicate transformants.
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and references therein). Although two ESCRT mutants were
identified in our screen (vps27D, did4D), these mutants have
not been linked to autophagy function in yeast. In addition,
other endosomal sorting mutants, such as vps10D, that are
unlinked to autophagy in any organism showed similar phe-
notypes in our screen. To confirm that vps10D does not affect
autophagy in yeast, we performed a GFP-Atg8 immunoblot
autophagy assay (Kim et al. 2001) and found that starvation-
induced autophagy was unaffected by the vps10D mutation
(Figure S3).

In support of the hypothesis that AT reaches the vacuole
via the Golgi, the higher-molecular-weight AT that accu-
mulates in the absence of vacuolar protease activity was
reminiscent of the hyper-N-glycosylated forms of secreted
ATM (compare Figure 2A to Figure 4B). Indeed, the AT
“smear” in the pep4D strain was Endo H-sensitive, confirm-
ing that these higher-molecular-weight species arise from
hyper-N-glycosylation (Figure 4D), a modification that oc-
curs only once a secreted protein has reached the Golgi in
yeast. Taken together, these data indicate that a significant
proportion of the AT that leaves the ER is diverted from the
Golgi to the vacuole via the endosome. Moreover, these
results suggest that, when endosomal sorting and degrada-
tion are compromised, the intracellular levels of AT rise,
which in turn leads to increased secretion of AT.

Overexpression of the human homolog of Vps10 in rat
hepatoma cells affects intracellular and extracellular
AT levels

To investigate whether a similar AT disposal pathway might
exist in mammalian cells, we examined whether over-
expression of a human homolog of Vps10, known as sortilin,
also affected ATZ biogenesis. Sortilin is an intracellular and
endocytic sorting receptor that plays an established role in
trafficking specific cargo proteins to the lysosome from
the Golgi and the plasma membrane (Canuel et al. 2009;
Hermey 2009; Strong and Rader 2012), but has not previ-
ously been implicated in the trafficking of AT. Sortilin con-
sists of an extracellular domain that is homologous to yeast
Vps10 and a cytoplasmic domain bearing two endosome/
lysosome sorting motifs—a dilecuine and a tyrosine-containing
motif (Nielsen et al. 2001).

To investigate whether sortilin function affects AT traf-
ficking, we used rat hepatoma cell lines (McArdle RH-7777)
that stably express either sortilin (Sort) or a mutant version
of sortilin in which key residues in the dileucine and tyrosine
(YXXf) sorting motifs in the cytoplasmic domain have been
mutated to alanine (Sort.LAYA) (Strong et al. 2012). It was
previously shown that Sort.LAYA is aberrantly localized to
the plasma membrane and unable to function in Golgi-to-
endosome sorting. To examine the effect of overexpressing
Sort and Sort.LAYA on AT biogenesis, we transiently trans-
fected these cell lines with human ATM and ATZ C-termi-
nally fused with a FLAG and a tetracysteine (TC) tag and
then performed a pulse-chase analysis to quantify IC and EC
AT-FLAG.

Figure 4 AT is trafficked to and degraded in the yeast vacuole. (A)
Immunofluorescence microscopy of AT and BiP and nuclear localization
by DAPI staining is shown in pep4D cells expressing ATM or ATZ. The
position of the vacuole is visible in the DIC images and corresponds to
the position of the majority of the AT signal. (B) AT pulse-chase analysis
in wild-type and pep4D cells expressing ATM or ATZ. The large brace
indicates the high-molecular-weight AT species that accumulate in the
pepD strain. Arrows indicate an unglycosylated AT precursor (fastest
migrating species) and two glycosylated forms of AT. (C) Quantification
of the pulse-chase data from B. Three transformants were examined,
and the averaged amount of AT remaining at each time point was
expressed relative to the amount of AT present at the zero time point.
Error bars represent the standard deviation. Asterisks indicate the time
points at which there was a statistically significant (P , 0.05) difference
in relative AT levels between wild-type and pep4D cells. (D) AT was
immunoprecipitated from the samples examined in B and was incu-
bated in the presence (+) or the absence (2) of Endo H and then
analyzed by SDS-PAGE. The large brace indicates the high-molecular-
weight AT species that accumulate in the pep4D strain. Arrows indicate
an unglycosylated AT precursor (fastest migrating species) and two
glycosylated forms of AT.
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The AT-FLAG fusions could be specifically immunoprecipi-
tated with either anti-FLAG or anti-AT (Figure S4). The FLAG-
TC tag caused a decrease in electrophoretic mobility compared
to untagged human AT, but otherwise showed behavior con-
sistent with previous observations of AT in transfected cell
lines. For example, after a chase period of 20 min, ATM-FLAG
was present as two intracellular species, migrating at an ap-
parent molecular mass of �60 and �64 kDa, whereas the
secreted form of ATM-FLAG migrated as a single species with
an apparent MW of �64 kDa (Figure 5). This pattern corre-
sponds closely to that seen for untagged ATM, in which cells
initially synthesize an �53-kDa glycosylated species, which is
converted to an �55-kDa form that bears complex-type oligo-
saccharides and is rapidly secreted (Lodish et al. 1983, 1987;
Perlmutter et al. 1989). As expected, ATZ-FLAG was present
intracellularly as a single band with an apparent MW similar to
the faster-migrating ATM-FLAG species. That the behavior of
AT-FLAG is substantially similar to that of untagged AT was
also confirmed by the observation that only �10% as much
ATZ-FLAG was secreted compared to ATM-FLAG, and this ATZ-
FLAG species had a similar electrophoretic mobility to ATM-
FLAG. Together, these observations suggest that the trafficking
of AT-FLAG is comparable to that of the untagged form.

Consistent with a role for sortilin in trafficking a fraction
of AT-FLAG to the lysosome, overexpression of wild-type
sortilin resulted in a statistically significant decrease of
�1.7-fold in intracellular ATM and ATZ levels when com-
pared to ATM and ATZ levels when Sort.LAYAwas expressed
(Figure 5, A and B, and Table 3). Correspondingly, there
was also a statistically significant, �2-fold decrease in the
amount of secreted ATM and ATZ. These data indicate that
sortilin influences AT levels and secretion and furthermore
are consistent with the hypothesis that sortilin promotes the
degradation of AT from the late secretory pathway.

Discussion

If ATZ retained within hepatocytes is not efficiently de-
graded, its intracellular accumulation can result in liver
disease (Perlmutter 2011). Perhaps not surprisingly, ATZ
degradation has been implicated as one factor that may
contribute to individual variation in susceptibility to ATD-
associated liver disease. Two pathways, ERAD and autoph-
agy, have been shown to degrade ER-localized ATZ (Qu et al.
1996; Werner et al. 1996; Teckman and Perlmutter 2000;
Kamimoto et al. 2006; Kruse et al. 2006). The contributions
of other degradation pathways have been hinted at, but
remain undefined. For example, Sifers and colleagues re-
ported that ATZ stably expressed in a murine hepatoma cell
line was degraded by a proteasome-independent mechanism
that was sensitive to tyrosine phosphatase inhibitors (Cabral
et al. 2000). We hypothesized that a genome-wide screen,
using the yeast model, might uncover novel routes through
which ATZ is targeted for degradation and that, in turn,
affect its secretion.

In the work reported in this article, the development and
use of a yeast genome-wide deletion mutant screen revealed
that a novel pathway of ATZ degradation operates in yeast,
and we provide the first evidence that this pathway also af-
fects ATZ levels and secretion in mammalian cells. Specif-
ically, our screen identified yeast mutants that exhibited
increased ATZ secretion, and the screen hits were signifi-
cantly enriched for mutants impaired in endosomal sorting.
Notably, each of the isolated mutants is known to aberrantly
secrete the vacuolar protease CPY. In wild-type cells, CPY
binds to the luminal domain of its sorting receptor Vps10 in
a late-compartment of the Golgi (Marcusson et al. 1994).

Figure 5 Overexpression of the human homolog of Vps10 sortilin in rat
hepatoma cells affects intracellular and extracellular AT levels. (A) ATM-
FLAG and ATZ-FLAG levels are decreased in McArdle RH-7777 cells that
overexpress human wild-type sortilin (S) in comparison to cells that ex-
press the Sort.LAYA mis-sorting mutant version of sortilin (L). Cells stably
expressing sortilin or Sort.LAYA were transiently transfected with pATM-
FLAG, pATZ-FLAG, or the empty vector pRc/RSV (“V”). After 24 hr, cells
were labeled for 20 min with 35S-amino acids, followed by a 20-min
chase. AT levels in cell lysates (IC) and media (EC) were analyzed by
immunoprecipitation with anti-FLAG antibody and subjected to SDS-
PAGE analysis. The low levels of ATZ-FLAG that were secreted after
20 min are detectable by enhancement of radiograph contrast and
brightness (bottom). (B) Quantification from five independent replicates
of this experiment is presented as a scatter plot showing individual sortilin
vs. Sort.LAYA comparisons as paired data points. Each individual data
point is represented by a dot, and comparisons across adjacent positions
in a gel are connected by a line. The averaged data and statistical analysis
for this experiment are shown in Table 3.

Table 3 Ratio of AT-FLAG signal in cells expressing SORT.LAYA
compared to cells expressing wild-type sortilin

Sample typea AT variant
Mean ratio

(Sort.LAYA/Sort)b P-valuec

IC ATM 1.7 0.024
ATZ 1.7 0.0024

EC ATM 2.1 0.00098
ATZ 1.9 0.012

a IC, intracellular; EC, extracellular.
b Mean ratio of AT-FLAG signal in Sort.LAYA cells compared to Sort cells.
c Estimate of the probability that the mean ratio is different from 1, as described in
Materials and Methods.
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The Vps10/CPY complex is then sorted into clathrin-coated
vesicles and transported to the endosome (prevacuolar com-
partment), where CPY is released for transport to the vacu-
ole while Vps10 is recycled to the Golgi (Seeger and Payne
1992; Piper et al. 1995; Cooper and Stevens 1996; Seaman
et al. 1997; Chen and Graham 1998; Mullins and Bonifacino
2001). We found that mutations in the gene encoding
Vps10, as well as those encoding members of the retromer
complex, the GARP complex, and ESCRT subunits, which
are required for Vps10 recycling, each result in increased
secretion of AT. Together with our evidence that a significant
portion of AT is degraded in the vacuole after obtaining
Golgi-specific glycans, our data support a model in which
AT can be diverted to the vacuole by Vps10. It is interesting
to note that, even though Vps10 binds selectively to biosyn-
thetic cargo like CPY, it was also shown to be required for
the vacuolar sorting of a soluble, misfolded, heterologous
protein, and it was hypothesized that Vps10 might be able
to nonspecifically bind to extended polypeptides that result
from partial misfolding (Hong et al. 1996; Jorgensen et al.
1999). This raised the possibility that Vps10 acts as a more
general mediator of protein quality control in the Golgi.
More recent work from Wang and Ng (2010) on the degra-
dation of substrates subjected to Golgi quality control sup-
port a contribution of Vps10 during this process.

The genetic screen did not identify any mutants that
modify ERAD, consistent with the data indicating that under
these conditions the majority of AT degradation occurred in
the vacuole. We suggest that this reflects the use of the
MET25 methionine-repressible promoter, which, as noted
above, results in less metabolic stress; in other words, the
ERAD requirement for AT degradation in yeast may be most
prominent only during stress. We also did not observe a dif-
ference in the effect of the vps10D mutation on the secretion
of ATM compared to ATZ, which we would predict if
a Vps10-dependent pathway contributed specifically to the
ATZ secretion defect. However, this does not rule out a role
for Golgi quality control in AT sorting, especially if a signifi-
cant amount of ATM reaches the Golgi in a misfolded con-
formation. In fact, it is generally accepted that correctly
folded proteins can continue to exist in a dynamic equilib-
rium with unfolded states after exiting the ER (Powers et al.
2009), and ATM may fall into this class. Regardless, since
the vacuolar sorting pathway clearly affected secretion and
degradation of AT in yeast, and since this pathway is well
conserved between yeast and mammals, we considered it an
excellent candidate for a pathway that also influences AT
trafficking in mammals.

As hypothesized, we found that both intracellular and
secreted levels of human AT decreased in a rat hepatoma
cell line that overexpresses a human Vps10 homolog, sorti-
lin, compared to AT levels in a cell line the overexpresses
a mutant form of sortilin. Sortilin is a member of the mam-
malian Vps10 domain family. All members of which bear
a luminal domain that is homologous to the paired luminal
domains of yeast Vps10 (Petersen et al. 1997; Hermey

2009). However, sortilin is the mammalian homolog with the
most modular similarity to Vps10 (the other family members
have additional luminal domains). Sortilin also has functions
that are clearly analogous with those of Vps10, as evidenced by
the lysosomal targeting of cathepsins (Canuel et al. 2008). In
addition, sortilin binds a diverse range of intracellular and ex-
tracellular cargo (Nykjaer and Willnow 2012), which is sugges-
tive of some flexibility in its binding determinants.

Although we cannot rule out an indirect effect of sortilin
on altered levels of AT, our experiments suggest that sortilin
is a candidate genetic modifier of AT degradation and
secretion, and thus of ATZ-associated liver disease. Modu-
lation of the endosomal sorting system, either genetically or
therapeutically, may modify disease severity. It is important
to note that modulators of autophagy did not similarly
change the levels of secreted ATZ (Kamimoto et al. 2006).
Interestingly, there is significant variation in liver-specific
sortilin expression in human populations, and this variation
is already known to have important clinical consequences.
Specifically, a common genetic polymorphism associated
with a .10-fold increased expression of sortilin in the liver
correlates with both lower levels of serum low-density lipo-
protein cholesterol (LDL-C) and a lower risk for cardiovas-
cular disease (Samani et al. 2007; Kathiresan et al. 2008;
Musunuru et al. 2010). This variant shows the strongest
association with LDL-C levels of any locus in the genome
(Teslovich et al. 2010). Although the directionality of the
relationship between sortilin expression and circulating
LDL-C is under debate, the data are consistent with an effect
of sortilin on the hepatic secretion, degradation, or uptake of
lipoproteins (Kjolby et al. 2010; Linsel-Nitschke et al. 2010;
Musunuru et al. 2010; reviewed in Tall and Ai 2011; Will-
now et al. 2011; Strong and Rader 2012). Given the diver-
sity of sortilin cargo, it is likely that other proteins secreted
by hepatocytes are also affected by this polymorphism. We
propose that AT may be one such protein, and it remains to
be discovered whether polymorphisms affecting sortilin ex-
pression are associated with different clinical outcomes of
individuals afflicted with antitrypsin deficiency.
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Figure S1. The CPY secretion phenotype of a vps30Δ strain can be detected by the colony 
immunoblot procedure.
Wild-type and vps30Δ (indicated by Δ) cells were grown to saturation in the presence of 
methionine, diluted to an OD600 of 1 and CPY colony immunoblots were performed as 
outlined in the Materials and Methods using an anti-CPY or anti-G6PDH antibody. G6PDH is 
a cytosolic enzyme. IC + EC refers to total intracellular and extracellular signal. EC refers to 
extracellular signal only. 
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Figure S2. Degradation of ATZ is not affected in an autophagy mutant.
(A) The degradation of ATZ was compared between wild-type and the autophagy-defective 
atg14Δ mutant by cycloheximide chase. Cells were grown to log phase and protein synthesis 
halted by addition of cycloheximide. Samples were taken at the indicated time points and AT 
levels were analyzed by immunoblot.  A representative immunoblot is shown. The asterisk 
indicates the position of a non-membrane-protected AT species (see Fig 1). (B) Quantification 
of data represented in part A. Three transformants were assayed for each strain and the  
amount of AT present at each time point was expressed as an average relative to the amount 
present at zero time. Error bars represent the standard deviation.
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Figure S3. Autophagy is not impaired in a vps10Δ mutant.
Wild-type, vps10Δ, and atg14Δ cells were grown to exponential phase and  either immediately 
harvested (+ nitrogen source) or autophagy was induced by nitrogen starvation for 4 h (- nitrogen 
source). GFP-Atg8 and the smaller vacuolar degradation product (GFP), which is indicative of 
autophagy, were detected by immunoblotting for GFP. G6PDH was used as a loading control.
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Figure S4. AT-FLAG can be immunoprecipitated by either anti-AT or anti-FLAG.
Cells stably expressing Sortilin or Sort.LAYA were transiently transfected with 
pATM-FLAG (ATM), pATZ-FLAG (ATZ) or the empty vector pRc/RSV (V). After 24 
h, cells were labeled for 20 min with 35S-amino acids, followed by a 20 min 
chase. AT levels in cell lysates were analyzed by immunoprecipitation with 
either anti-FLAG or anti-AT and subject to SDS-PAGE analysis. Arrowheads 
denote the positions of non-specific species. 
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