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Several Sec proteins including a guanosine diphosphate/guanosine triphosphate exchange factor for Sarlp have been
implicated in autophagy. In this study, we investigated the role of Sarlp in pexophagy by expressing dominant-negative
mutant forms of Sarlp in Pichia pastoris. When expressing sarlpT34N or sarlpH79G, starvation-induced autophagy,
glucose-induced micropexophagy, and ethanol-induced macropexophagy are dramatically suppressed. These Sarlp mu-
tants did not affect the initiation or expansion of the sequestering membranes nor the trafficking of Atgllp and Atg9p to
these membranes during micropexophagy. However, the lipidation of Atg8p and assembly of the micropexophagic
membrane apparatus, which are essential to complete the incorporation of the peroxisomes into the degradative vacuole,
were inhibited when either Sarlp mutant protein was expressed. During macropexophagy, the expression of sarlpT34N
inhibited the formation of the pexophagosome, whereas sarlpH79G suppressed the delivery of the peroxisome from the
pexophagosome to the vacuole. The pexophagosome contained Atg8p in wild-type cells, but in cells expressing
sarlpH79G these organelles contain both Atg8p and endoplasmic reticulum components as visualized by DsRFP-HDEL.

Our results demonstrate key roles for Sarlp in both micro- and macropexophagy.

INTRODUCTION

Autophagy is a lysosomal degradation pathway meaning
“self-eating.” Autophagy can be subclassified based on sub-
strate selectivity and mode of sequestration (for reviews, see
Levine and Klionsky, 2004; Dunn et al., 2005; Yorimitsu and
Klionsky, 2005). Nonselective micro- and macroautophagy
can be stimulated by nitrogen and amino acid starvation.
During microautophagy, sequestration occurs by invagina-
tions of the lysosomal membrane. Sequestration of macro-
molecules and organelles into autophagosomes proceeds by
macroautophagy. These autophagosomes eventually fuse
with lysosomes, thereby delivering their cargo for degrada-
tion. The selective degradation of peroxisomes has been
referred to as pexophagy. Micropexophagy is the sequestra-
tion of peroxisomes by the vacuole for degradation. When
Pichia pastoris are subjected to glucose adaptation, clusters of
peroxisomes are surrounded by finger-like protrusions or
septations originating from the vacuole. The peroxisome
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cluster is then incorporated into the vacuolar lumen where it
is subsequently degraded. During adaptation from metha-
nol to ethanol, individual peroxisomes are sequestered into
autophagosomes and delivered to the vacuole for degrada-
tion. This process is called macropexophagy.

During glucose-induced micropexophagy, initiation of the
sequestering membranes proceeds from the vacuole. Mem-
brane initiation requires Atg18p, Vac8p, and Vps15p (Stasyk
et al., 1999; Guan et al., 2001; Fry et al., 2006). Unless stated by
designations for other species, we refer to the P. pastoris
homologues of the Sar1, Atg, and Sec proteins in this article.
Afterward, the sequestering membranes expand to sur-
round the peroxisomes. Membrane expansion requires
Atg2p, Atg9p, and Atgllp (Kim et al., 2001; Stremhaug et al.,
2001; Chang et al., 2005). We demonstrated that Atg9p, an
integral membrane protein, traffics from a unique peripheral
compartment to perivacuolar structures (PVSs) abutting the
vacuole, and finally to the sequestering membranes (SMs).
The movement of Atg9p to the sequestering membranes
requires Atg2p and Atgllp. Mukaiyama et al. (2004) char-
acterized the micropexophagic membrane apparatus
(MIPA) required for expansion and completion events of
micropexophagy. The de novo assembly of the MIPA is posi-
tioned between expanding sequestering membranes. The as-
sembly of the MIPA from a preautophagosome structure (PAS)
requires Atg7p, Atg8p, and Atg9p (Mukaiyama ef al., 2004;
Chang et al., 2005). Atg8p, Atg9p, and Atgl7p localize to the
PAS, with Atg8p also being found at the MIPA (Mukaiyama et
al., 2004; Chang et al, 2005). Finally, completion of mi-
cropexophagy proceeds upon the fusion of MIPA with the
adjacent sequestering membranes and incorporation of the
peroxisomes into the vacuole for degradation. These fusion
events require Vac8p and Atg24p (Ano et al., 2005; Fry et al.,
2006; Oku et al., 2006).

During ethanol-induced macropexophagy, peroxisomes
are enwrapped by two or more membranes of unknown
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origin, forming pexophagosomes (Dunn et al., 2005). The
molecular events responsible for the formation of the
pexophagosome remain rather vague. These sequestering
membranes contain Atg8p and Atg25p and seem to arise
from the PAS that contains several Atg proteins, including
Atg8p, Atg9p, and Atgl7p (Chang et al., 2005; Oku et al.,
2006). The completion of the pexophagosome requires
Atg8p and Atg21p. The outer membrane of the pexophago-
some then fuses with the vacuole, delivering the peroxi-
somes for degradation. In addition to Atg25p at the
pexophagosome, fusion requires Vam7p present at the vac-
uole and Atg24p present at the vertices of the fusion com-
plex (Ano et al., 2005; Monastyrska et al., 2005; Stevens et al.,
2005). Within the vacuole, the inner membrane of the
pexophagosome is ruptured by the lipase Atgl5p, and the
released peroxisomes are rapidly degraded by proteinases
(Teter et al., 2001).

Recent data suggest that many molecular events of the
secretory pathway may be shared by autophagy. For exam-
ple, in Saccharomyces cerevisiae, ScAtg8p interacts with the
vesicle-soluble N-ethylmaleimide-sensitive factor attach-
ment protein receptor (v-SNARE) proteins ScBetlp,
ScSec22p, and ScNyv1p, which are required for endoplasmic
reticulum (ER)-to-Golgi trafficking and vacuolar protein
trafficking (Legesse-Miller et al., 2000). In addition, studies
have shown that several Sec proteins are required for auto-
phagy, namely, ScSecl6p, ScSecl7p, ScSec23p, ScSec24p,
ScSec12p, ScSecl8p, and ScSec7p (Ishihara et al., 2001; Ha-
masaki ef al., 2003; Reggiori ef al., 2004). The roles for
ScSecl6p, ScSecl7p, and ScSec23p have yet to be clearly
defined (Ishihara et al., 2001). ScSec12p facilitates the forma-
tion of the autophagosome from the PAS (Reggiori et al.,
2004). When sec24'* mutants are exposed to nonpermissive
temperatures in the presence of rapamycin, ScAtg8p is
found at multiple cytosolic structures presumed to be PAS
(Hamasaki ef al., 2003). Finally, ScSec18p and ScSec7p seem
to be required for the fusion of the autophagosome with the
vacuole (Ishihara et al., 2001; Reggiori ef al., 2004). Hence,
many Sec proteins are indispensable for both protein secre-
tion and autophagy.

Some of the secretory proteins required for autophagosome
formation have a role in coat protein complex II (COPII)-
mediated trafficking (Ishihara et al., 2001; Hamasaki et al., 2003;
Reggiori et al., 2004). ScSec12p is a GDP/GTP transmembrane
exchange factor which influences ScSarlp activity (for re-
view, see Sato and Nakano, 2007). ScSarlp, stimulated by
the exchange of GTP for GDP, binds to the ER membrane.
ScSec23p interacts with ScSec24p, which bind to ScSarlp.
ScSec13p binds to the ScSarlp-ScSec23p/ScSec24p coat pro-
tein complex, promoting vesicular budding. The data sug-
gest that COPII-dependent protein trafficking is essential for
ongoing autophagy and may implicate the ER in the assem-
bly of the autophagosomes (Ishihara ef al., 2001; Hamasaki et
al., 2003; Reggiori et al., 2004).

Studies in S. cerevisine have shown that the COPII complex
of proteins is required for starvation-induced autophagy.
However, the role of this protein complex in pexophagy has
not been evaluated. In this study, we characterized the es-
sential role of Sarlp in micro- and macropexophagy in P.
pastoris. We demonstrated that when either dominant-neg-
ative form of Sarlp, sarlpT34N, or sarlpH79G is expressed,
both micro- and macropexophagy are repressed. The initia-
tion and amplification of the sequestering membranes seemed
to proceed normally during micropexophagy. However, the
assembly of the MIPA was impaired when these Sarlp mu-
tants were expressed. The failure of MIPA to form was not due
to incorrect sorting of Atg2p, Atg9p, or Atgllp or to an inac-
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tivation of Atg7p. However, the lipidation of Atg8p seemed to
be altered. During macropexophagy, the pexophagosome failed
to assemble when sarlpT34N was expressed. To the contrary,
the expression of sarlpH79G did not seem to alter the for-
mation of the pexophagosome, but it disrupted its delivery
of the peroxisomes to the vacuole. Our data demonstrate
that Sarlp is essential for the membrane sequestration
events of micro- and macropexophagy.

MATERIALS AND METHODS
Yeast Strains and Media

The yeast strains used in this study are listed in Table 1. They were routinely
cultured at 30°C in YPD (1% Bacto yeast extract, 2% Bacto peptone, and 2%
dextrose). P. pastoris was grown in YNM (0.67% yeast nitrogen base, 0.4 mg/1
biotin, and 0.5% methanol) to induce peroxisome biogenesis. The degradation
of peroxisomes was induced when cells were transferred from YNM to YND
(0.67% yeast nitrogen base, 0.4 mg/1 biotin, and 2% glucose) or YNE (0.67%
yeast nitrogen base, 0.4 mg/1 biotin, and 0.5% ethanol). Nitrogen starvation
medium, SD(-N), contained 0.17% yeast nitrogen base (without amino acids
and NH,SO,) and 2% glucose. All media contained 2% agar when made as
plates. Histidine and arginine were added at 40 ug/ml when needed. Vector
amplification was done in Escherichia coli (DH5) cultured at 37°C in LB (0.5%
Bacto yeast extract, 1% Bacto tryptone, and 1% NaCl) with ampicillin (100
png/ml). Zeocin was added at 25 ug/ml when culturing DH5« and 100 pg/ml
when culturing P. pastoris.

Quantitative Assessment of Alcohol Oxidase (AOX)
Degradation

Cells were grown in 20 ml of YNM with methanol as sole carbon and energy
source. At 40 h, 0.4 g of glucose was added with or without 0.1 mM copper
sulfate. Aliquots (2 ml) of cells (2-4 ODg) at 0 and 6 h of glucose adaptation
were pelleted and resuspended in 1 ml of 20 mM Tris, pH 7.5, containing 50
mM NaCl, 1 mM EDTA, 1 mM phenylmethylsulfonyl fluoride (PMSF), 1
wng/ml pepstatin A, and 0.5 pg/ml leupeptin. The cells were then lysed by
vortexing in the presence of 0.5-ml glass beads (425-600 um). The glass beads
and cellular debris were removed by centrifugation, and AOX was measured
by adding 50 ul of this extract to 3 ml of reaction mix containing 3.4 U/ml
horseradish peroxidase and 0.53 mg/ml 2,2'-azino-bis(3-ethylbenz-thazoline-
6-sulfonic acid) in 33 mM potassium phosphate buffer, pH 7.5. The reaction
was initiated by adding 10 ul of methanol and terminated after 20 min by
adding 200 ul of 4 N HCI. The absorbance was read at 410 nm.

Western Blot Analysis

Cells were prepared for SDS-polyacrylamide gel electrophoresis (PAGE) and
Western analysis as described previously (Chang et al., 2005). The cells (2—-4
ODyq) were pelleted, washed with water, and lysed in 150 ul of SDS sample
buffer (67 mM Tris, pH 6.8, 2% SDS, 10% glycerol, 0.1% bromphenol blue,
1.5% dithiothreitol [DTT] solution containing 4 mM PMSF, 4 mM pepstatin A,
and 2 mM leupeptin) by vortexing with glass beads (425-600 wm in diame-
ter). Just before SDS-PAGE, the samples were incubated at 100°C for 5 min,
and cell debris and glass beads were removed by centrifugation. Five to 20 ul
of sample was loaded onto 7.5, 10, or 15% polyacrylamide gels. After elec-
trophoresis, the proteins were transferred to nitrocellulose using the Trans-
Blot SemiDry Transfer Cell (Bio-Rad Laboratories, Hercules, CA). The blots
were blocked in 5% nonfat dried milk in phosphate-buffered saline (PBS)
containing 0.1% Tween 20 (PBST) and incubated with the primary antibodies
rabbit anti-Sarlp (gift from Dr. Ben Glick, University of Chicago), mouse
anti-carboxypeptidase Y (Invitrogen, Carlsbad, CA), rabbit anti-AOX (Tuttle
and Dunn, 1995), rabbit anti-hemagglutinin (HA) (Covance, Emeryville, CA),
or rabbit anti-green fluorescent protein (GFP) (Sigma-Aldrich, St. Louis, MO).
The blots were then washed in PBST, followed by incubation with secondary
antibodies conjugated to horseradish peroxidase. After washing with PBST,
the antibodies were detected using enhanced chemiluminescence (GE Health-
care, Little Chalfont, Buckinghamshire, United Kingdom). The films were
then scanned and protein bands quantified using Image]J software (http://
rsbweb.nih.gov/ij/).

Construction of Conditional Expression Vectors

Expression vectors containing sar1(T34N) and sar1(H79G) behind the copper-
inducible CUP1 promoter were constructed as follows. The PpARG4 gene
was amplified by polymerase chain reaction (PCR) from pYM30 (kind gift
from Dr. Jim Cregg, Keck Graduate Institute) and inserted into the SspI and
Ndel sites of pUC19. The resulting plasmid, pUC19-PpArg4, was amplified,
cut with Ndel, blunt-ended with T4 DNA polymerase, and digested with
EcoRI. The S. cerevisine CUP1 promoter was excised from pCAJ3 vector with
BamHI (blunt-ended with T4 DNA polymerase) and EcoRI and then ligated
into the pUC19-PpArg4. Next, the poly-A sequence from pIB2 was excised
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Table 1. P. pastoris strains

Name Genotype Reference
GS115 his4 Cregg et al. (1985)
PPF1 arg4 his4 Yuan et al. (1997)
DMM1 GS115:pDM1 (P 5ox, BFP-SKL, ZeocinR) Kim et al. (2001)
SJCE257 arg4 his4 atg8A Farre et al. (2007)
WDKO7 PPF1 gsa7A::ARG4 Yuan et al. (1999)
S7-GFPx3 PPY12 arg4 his4::pPOP-S7-GFPX3 (Ps,., SEC7-GFPx3) Bevis et al. (2002)
AJM18 S7-GFPx3 arg4 his4:;pAJM6 (Pgappy MRFP-ATGY, ZeocinR) This study
AJM38 GS115 his4:pWDI18 (P rq; atg7-HA (C518S), HIS4) This study
WDY64 PPF1 his4 arg4:pWD16-Sar1(T34N) (Pcyp sar1(T34N), ARG4) This study
WDY65 PPF1 his4 arg4:pWD16-Sar1(H79G) (Pcyp sar1(H79G), ARG4) This study
WDY66 WDY64 his4:;pWD21 (P appy GFP-ATGS, HIS4) This study
WDY67 WDY65 his4::pWD21 (P appy GFP-ATGS, HIS4) This study
WDY70 DMM1 his4:pWD21 (Pgappy GFP-ATGS, HIS4) This study
WDY111 SJCF257 arg4 his4 atg8A:pWD18(P 5rg; atg7-HA (C518S), HIS4) This study
WDY120 LAM44:pAJM6 (P appy MRFP-ATGY, ZeocinR) This study
WDY121 LAM45:pAJM6 (P apppr mMRFP-ATGY, ZeocinR) This study
WDY122 WDY66:pAJM6 (P appy MRFP-ATGY, ZeocinR) This study
WDY123 WDY67:pAJM6 (P sppry MRFP-ATGY, ZeocinR) This study
WDY126 WDY64 his4::;pWD18(P 51, atg7-HA (C518S), HIS4) This study
WDY127 WDY65 his4:pWD18(P o1, atg7-HA (C518S), HIS4) This study
WDY132 AJM18 arg4 his4:pWD16-Sar1(T34N) (Pcyp sarl1(T34N), ARG4) This study
WDY133 AJM18 arg4 his4:pWD16-Sar1(H79G) (Pcyp sar1(H79G), ARG4) This study
WDY138 WDY66:pDM1 (P 5ox;BFP-SKL, ZeocinR) This study
WDY139 WDY67:pDM1 (P ,ox;BFP-SKL, ZeocinR) This study
WDY150 WDKO?7 his4::pJCF403(P opcs 3 X HA-ATGS, HIS4) This study
WDY152 WDY64 his4::pJCF403(P ,1cs 3 X HA-ATGS, HIS4) This study
WDY153 WDY64 his4::pJCF404(P y1cs 3 X HA-atg8 (G116A), HIS4) This study
WDY154 WDY65 his4::p]JCF403(P y1cs 3 X HA-ATGS, HIS4) This study
WDY155 WDY65 his4::pJCF404(P y1cs 3 X HA-atg8 (G116A), HIS4) This study
LAM13 DMM1 his4::pSar1(T34N) (Pcyp sar1(T34N), HIS4) This study
LAM14 DMM1 his4::pSar1(H79G) (Pcyp sar1(H79G), HIS4) This study
LAM40 WDY64 his4::pTC1 (Pgappyy GFP-ATGY, HIS4) This study
LAMA41 WDY65 his4::pTC1 (Pgappy GFP-ATGY, HIS4) This study
LAM42 WDY64 his4::pPS64 (Pgappr; GFP/HA-ATG11, HIS4) This study
LAM43 WDY65 his4::;pPS64 (Pcappu GFP/HA-ATGI11, HIS4) This study
LAM44 WDY64 his4::pPS69 (Pgapprr GFP-ATG2, HIS4) This study
LAM45 WDY65 his4::pPS64 (Pcappu GFP-ATG2, HIS4) This study
LAM46 WDY64 his4::pPS55-G12 (Pgapprr GFP/HA-ATG1S8, HIS4) This study
LAM47 WDY65 his4::;pPS55-G12 (P appp GFP/HA-ATG18, HIS4) This study
LAM54 WDY64 his4:pWD24 (P appyy GFP-ATG17, HIS4) This study
LAMS55 WDY65 his4::pWD24 (P appy GFP-ATG17, HIS4) This study
LAM63 WDY64 his4::pIB2-dsRED-HDEL (P sppsy dsRFP-HDEL, HIS4) This study
LAM64 WDY65 his4::pIB2-dsRED-HDEL (P sppy; dsRFP-HDEL, HIS4) This study

and inserted into the HindIII and AfIII site, yielding the pWD16 conditional
expression vector. Finally, sar1(T34N) and sar1(H79G) kindly provided by Dr.
Ben Glick were amplified by PCR and inserted into the EcoRI and HindIII
sites of pWD16. GFP-ATG17 was constructed by inserting ATG17 amplified
by PCR from genomic DNA into the KpnI and Xhol sites of pPS55 following
similar procedures used to construct expression vectors containing GFP-
ATG2, GFP-ATGS, GFP-ATGY, GFP-ATG11, and GFP-ATGI18 (Guan ef al.,
2001; Kim et al., 2001; Stremhaug et al., 2001; Chang et al., 2005). DsRFP-HDEL
was provided by Dr. Ben Glick, and pWD18 (P sr¢; atg7-HA (C518S), HIS4)
was constructed as described previously (Yuan et al., 1999; Chang et al., 2005).

Yeast Transformation

Cells grown overnight in YPD to a density of ODgo, = 1.0 were harvested and
treated with 10 mM DTT in YPD containing 25 mM HEPES, pH 8, for 15 min
at 30°C. The cells were washed twice in ice-cold water and once in 1 M
sorbitol and then resuspended in 1 M sorbitol. Cells (40 ul) were mixed with
0.2-1 pg of linearized vector and transferred to a 0.2-cm gap cuvette (Bio-Rad,
Hercules, CA). The DNA was introduced by electroporation at 1.5 kV, 25 uF,
and 400 Q) (Gene Pulser; Bio-Rad). The cells transformed with vectors con-
taining the HIS4 gene were transferred to plates containing 0.67% yeast
nitrogen base without amino acids, 2% glucose, 1 M sorbitol, 0.4 mg/1 biotin,
and 2% agar and incubated at 30°C for 3-5 d before colonies formed. For
antibiotic selection, Zeocin (Invitrogen) was added to a final concentration of
100 pg/ml.
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Fluorescence Microscopy

Cells expressing GFP-tagged proteins or DsRFP-HDEL were grown in YNM
for 20 h. N-(triethlyammoniumpropyl)-4-(p-diethylaminophenylhexatrienyl)
pyridinium dibromide (FM4-64; Invitrogen) was added to a final concentra-
tion of 20 pg/ml, and cells incubated for 12-16 h. Cells were then transferred
to YND or YNE with or without 0.1 mM copper sulfate. After 2—4 h, the cells
were examined live using an Axiophot fluorescence microscope (Carl Zeiss,
Jena, Germany). Image capture was done using a SPOT camera (Diagnostics
Instruments, Sterling Heights, MI) interfaced with IPLab software (BD Bio-
sciences, San Jose, CA).

Electron Microscopy

Upon glucose or ethanol adaptation, cells were harvested by centrifugation,
washed in water, and fixed with 1.5% KMnO, in veronal-acetate buffer (30
mM sodium acetate, 30 mM sodium barbital, pH 7.6) for 20 min at room
temperature. The samples were dehydrated by washing with increasing
concentrations of ethanol followed by two washes with 100% propylene
oxide. The cells were then infiltrated with a 50:50 mix of propylene oxide and
POLY/BED 812 (Polysciences, Warrington, PA) for 16 h at 4°C and another
24 h at 22°C under vacuum. Afterward, the cells were infiltrated with 100%
POLY/BED with accelerator 2,4,6-tri(dimethylaminomethyl)phenol (DMP-30;
Polysciences) for another 2 d at 22°C under vacuum. The cells were pelleted
and incubated at 60°C for 2 d to complete the polymerization of the resin. The
cell pellets were mounted on blocks, sectioned, and prepared for examination
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on a 100CX transmission electron microscope (JEOL, Tokyo, Japan). Quanti-
fication of the endoplasmic reticulum was done using Image] software by
measuring the linear length of the ER relative to the cell surface.

RESULTS

Expression of Dominant-Negative Mutants of Sarlp in
P. pastoris

ScSec12p, the guanine nucleotide exchange factor for the G
protein ScSarlp, has been shown to be required for autoph-
agy in S. cerevisiae (Ishihara et al., 2001; Hamasaki ef al., 2003;
Reggiori et al., 2004). Because Sarlp is essential for cell
growth (Nakano and Muramatsu, 1989), the role of Sarlp in
pexophagy has been difficult to evaluate. To circumvent this
technical problem, we have constructed dominant-negative
forms of Sarlp whose expression is regulated by a copper-
inducible CUP1 promoter of S. cerevisize. One mutant was
sarlpT34N, a protein analogous to mammalian Sar1[T39N],
which has a high-affinity for GDP and blocks COPII vesicle
formation (Altan-Bonnet et al., 2004). A second mutant was
sarlpH79G, a protein analogous to mammalian Sar1[H79G],
which is defective in hydrolyzing GTP (Altan-Bonnet et al.,
2004). At 2 h (data not shown) and 4 h (Figure 1A) of copper
induction, the expression of the mutant Sarlp proteins in
WDY64 and WDY65 cells was approximately twofold over
levels observed in the absence of copper and fourfold
greater than basal wild-type (WT) levels. Furthermore, we
observed that cell growth was dramatically reduced when
these proteins were expressed (Supplemental Figure 1). The
data suggest that copper promotes the expression of
sarlpT34N and sarlpH79G proteins, thereby suppressing
cell growth.

Given the role of Sarlp in protein trafficking out of and
into the endoplasmic reticulum, we examined the effects of
the mutant Sarlp proteins on the morphology of the endo-
plasmic reticulum (Figure 1B) and on the processing of
carboxypeptidase Y (Figure 1C). Without copper, the endo-
plasmic reticulum appeared to be discontinuous sheets at
the cell periphery (Figure 3A). When sar1pT34N expression
is enhanced with copper, the ER surface area increased
twofold (Figure 1B), looking like a continuous sheet at the
cell periphery and throughout the cell (Figure 3B). These
changes were not observed when sarlpH79G was ex-
pressed. Carboxypeptidase Y (CPY) is synthesized as a pre-
cursor (pICPY) at the ER and transported to the Golgi
apparatus in which it is further glycosylated (p2CPY) (Na-
kano and Muramatsu, 1989; Deitz et al., 2000). From the
Golgi apparatus, p2CPY is transported to the vacuole and
proteolytically activated into the mature form (Nakano and
Muramatsu, 1989; Deitz et al., 2000). Nakano and Mura-
matsu have shown that p1CPY accumulates in cells lacking
ScSarlp (Nakano and Muramatsu, 1989). To evaluate the
effects of the Sarlp mutants on the processing of CPY, we
examined on Western blots the presence of precursor and
mature forms of CPY in cells starved for nitrogen, a condi-
tion known to enhance CPY synthesis and activation in S.
cerevisiae (Gasch et al., 2000). The Golgi precursor (p2CPY)
and proteolytically activated mature CPY (mCPY) was ob-
served in nitrogen-starved P. pastoris not expressing the
Sarlp mutants (Figure 1C). Mature CPY was not found in
cells expressing either sarlpT34N or sarlpH79G mutant.
Instead, the ER-associated p1CPY was present in these cells.
In mammalian cells, Sar1[H79G] has been shown to promote
the release of Golgi peripheral membrane proteins (golgin97
and COPI) (Miles et al., 2001; Yoshimura ef al., 2004). There-
fore, we next examined the cellular distribution of Sec7p, a
peripheral membrane protein present exclusively at the
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Figure 1. Effects of sarlpT34N and sar1pH79G on the morphology
of the endoplasmic reticulum and Golgi apparatus. (A) WT,
WDY64, and WDY65 cells were grown in YNM and then switched
to YND (= CuSO,) for 0 and 4 h. Equal amounts of SDS solubilized
cells (ODgy = 0.3) were then evaluated by Western blotting using
rabbit anti-Sarlp antibodies (gift from Dr. Ben Glick). The relative
amounts of Sarlp were quantified using Image] software. The data
represent one of three trials. (B) WDY64 and WDY65 cells were
adapted from YNM to YND (+ CuSO,) for 4 h. The cells were
processed for electron microscopy, and images were taken on a
JEOL 100CX microscope. The surface area of the endoplasmic retic-
ulum was quantified using morphometric protocols and Image]
software. The data represent mean + SE (n = 12-14 cells). The
statistical differences relative to untreated control were determined
by Student’s t test (*p = 0.001). (C) WDY64 and WDY65 cells were
grown in minimal YNDH medium and then switched to nitrogen-
starvation SD(-N) medium (+ CuSO,) for 8 h. The cells were solu-
bilized and precursor (p1CPY and p2CPY) and mature (mCPY)
forms of carboxypeptidase Y, identified by their molecular sizes on
Western blots.
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Golgi apparatus, in cells not expressing sarlpT34N or
sarlpH79G (Supplemental Figure 2). In the presence of
sarlpT34N or sarlpH79G, Sec7p was visualized not only at
the Golgi apparatus but also in the cytosol. In some cells,
Sec7p could be observed only in the cytosol. The data sug-
gest that these mutant proteins, when expressed, alter the
morphology of the ER and the trafficking of newly synthe-
sized CPY consistent with the role of Sarlp in protein move-
ments between the ER and Golgi apparatus.

Using the aforementioned cells, we examined the effects of
these Sarlp mutants on starvation-induced autophagy (Sup-
plemental Figure 3). The degradation of endogenous pro-
teins in cells prelabeled with [**C]valine was measured in
nitrogen-starved cells in the absence and presence of copper.
Nitrogen starvation induces the nonselective delivery of
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Figure 2. Sarlp is essential for pexophagy. Glucose-induced mi-
cropexophagy (A) and ethanol-induced macropexophagy (B) were
evaluated in wild-type cells and cells expressing sarlpT34N and
sarlpH79G. (A) GS115, WDY64, and WDY65 cells were grown in
YNM and then switched to YND (#+ CuSO,), at which time the loss
of AOX activity was measured over 6 h. The data represent the
mean *+ SE of four to six trials. The statistical differences relative to
untreated controls were determined by Student’s t test (*p < 0.001).
(B) WT, WDY64, and WDY65 cells were grown in YNM and then
switched to YNE (= CuSO,). At 0 to 24 h, samples were prepared for
SDS-PAGE, and the remaining AOX was visualized by Western
blotting. The relative amounts of AOX were quantified using Image]
software. The data are a representative blot of three independent
trials.

cellular components to the vacuole by autophagy in yeast.
We compared endogenous proteolysis in WT cells with cells
expressing the Sarlp mutant proteins (Supplemental Figure
3). We observed a 25% reduction of proteolysis in starved
WT cells exposed to copper. This was compared with the
>60% reduction in starvation-induced proteolysis in cells
whose expression of sarlpT34N or sarlpH79G had been
induced with copper. The data reveal that like ScSec12p,
Sarlp is required for starvation-induced macroautophagy.

Effects of Dominant-Negative Mutants of Sarlp on
Pexophagy

We examined the effects of the Sarlp mutant proteins on
glucose-induced micropexophagy (Figure 2A) and ethanol-
induced macropexophagy (Figure 2B). Cells were grown in
methanol, adapted to glucose in the absence and presence of
copper for 6 h, and the remaining AOX activity was quan-
tified. Less than 20% of the AOX remained in the WT cells
regardless of the presence of copper. In the absence of cop-
per, 80% of the AOX was degraded by the WDY64 and
WDY65 cells. However, when these cells were incubated
with copper, only 10% of the AOX was lost during glucose
adaptation. Next, cells were grown in methanol, adapted to
ethanol in the absence and presence of copper for 0-24 h,
and the remaining AOX was detected by Western blotting.
We observed that in the absence of copper, AOX protein was
almost completely degraded within 9 h. However, when
sarlpT34N or sarlpH79G was expressed, a substantial
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amount of AOX protein remained for up to 24 h. The data
reveal that Sarlp is essential for both micro- and mac-
ropexophagy.

Suppression of Glucose-induced Micropexophagy by
Dominant-Negative Mutants of Sarlp Occurs at a Late
Sequestration Event

We have shown that the expression of sarlpT34N or
sarlpH79G dramatically inhibits the degradation of peroxi-
somes induced by glucose adaptation. We will now evaluate
whether these proteins inhibit the events of peroxisome se-
questration, degradation, or both. We first examined the mor-
phology of those cells expressing sarlpT34N and sarlpH79G
by electron microscopy. WDY64 and WDY65 were adapted
from YNM to YND for 4 h in the absence or presence of
copper (Figure 3). During glucose adaptation in cells not
expressing the Sarlp mutants, peroxisomes were sur-
rounded by the vacuole or within the vacuole (Figure 3, A
and E). In cells expressing sarlpT34N (Figure 3, B-D) or
sarlpH79G (Figure 3, F-H), the peroxisome clusters were
situated outside the vacuole, suggesting that Sarlp was re-
quired for delivery of the peroxisomes to the vacuole and
not vacuolar degradation.

The events of micropexophagy include signaling, seques-
tration, and degradation. The above-mentioned data suggest
that the Sarlp mutants were suppressing an event before
degradation, most likely sequestration. The engulfment of
peroxisomes by SMs that arise from the vacuole proceeds
via SM initiation, expansion, and completion. These events
can be visualized by observing the SM with FM4-64 staining
incorporating peroxisomes expressing BFP-SKL (Supple-
mental Figure 4). For these studies, we constructed cell lines
expressing BFP-SKL behind the AOX promoter in cells ex-
pressing the Sarlp mutants. During initiation, the sequester-
ing membranes extend less than halfway around the per-
oxisomes. Expansion of the sequestering membranes can
be observed when the sequestering membranes extend
50-90% around the peroxisomes. The completion events
are characterized by peroxisomes being completely sur-
rounded by the sequestering membranes, but the mem-
branes seem segmented and not completely fused. Finally,
the degradative stage is characterized by a continuous
ring of FM4-64-labeled membranes surrounding peroxi-
somes that were no longer clearly delineated due to deg-
radation. At 2 h of glucose adaptation, wild-type cells
were observed at all phases of micropexophagy, with
~80% being in the expansion and completion stages, sug-
gesting that these events are likely rate limiting. Of those
cells expressing sarlpT34N, two-thirds were at the expan-
sion (Figure 3C) and completion (Figure 3D) stages. A
similar finding was observed in cells expressing
sarlpH79G (Figure 3, G and H). These results, combined
with the inability of these dominant-negative mutants to
support AOX degradation (Figure 2), suggest that Sarlp
was not required for initiation but likely for expansion
events, completion events, or a combination.

Sarlp Is Essential for the Formation of the MIPA

Our data suggest that Sarlp is critical for the expansion
phases, completion phases, or both of peroxisome seques-
tration during glucose-induced micropexophagy. Expansion
of the sequestering membranes requires Atg2p, Atg9p, and
Atgllp and the assembly of the MIPA, which requires
Atg8p. Completion requires MIPA and other proteins, in-
cluding Vac8p and Atg24p. During expansion, Atg9p traffics
from a unique peripheral compartment to become associ-
ated with the sequestering membranes. This trafficking re-

Molecular Biology of the Cell



Figure 3. The expression of sarlpT34N or sarlpH79G
suppresses a late sequestration event of micropexophagy.
WDY64 (A and B), WDY65 (E and F), LAM13 (C and D), and
LAM14 (G and H) cells were adapted from YNM to YND in
the absence (A and E) and presence (B, C, D, F, G, and H) of
CuSO, for 2-3 h. Cells were then fixed and prepared for
viewing by electron microscopy (A, B, E, and F) or viewed in
situ by fluorescence microscopy (C, D, G, and H). In cells not
treated with CuSO,, the peroxisomes (P) could be found
within the vacuole (A) or surrounded by membranes de-
rived from the vacuole (E). When cells expressed either
sarlpT34N (B) or sarlpH79G, the peroxisomes were par-
tially surrounded by the vacuole and sequestering mem-
branes but not observed within the vacuole. An extensive,
ribbon-like ER (ER) was observed in cells expressing
sarlpT34N, whereas a multilamellar Golgi (Go) apparatus
was evident with sarlpH79G expression. By fluorescence
microscopy, the vacuole and those sequestering mem-
branes derived from the vacuole were observed by stain-
ing with FM4-64, and the peroxisomes were visualized by
expressing BFP-SKL. In cells expressing either sar1pT34N
or sar1pH79G, the peroxisomes were observed to be almost
completely surrounded by sequestering membranes. These
membranes stained with FM4-64 and occurred as vesicu-
lated extensions of the vacuole.

quires Atg2p and Atgllp. Also at this time, Atg8p becomes
associated with the newly assembled MIPA, which is posi-
tioned between the expanding sequestering membranes.
Therefore, we decided to examine the effects of these Sarlp
mutants on the trafficking of Atg2p, Atg9p, Atgllp, and
Atg8p during glucose adaptation. Cell lines expressing
sarlpT34N or sar1pH79G and GFP-Atg2p, GFP-Atg9p, GFP-
Atgllp, or GFP-Atg8p were constructed (Table 1). The cells
were adapted from YNM to YND in the absence and pres-
ence of copper sulfate and examined by fluorescence micros-
copy (Figures 4 and 5).

We first examined the trafficking of Atgllp. During mi-
cropexophagy, Atgllp colocalizes with Atg9p at the PVS
and SM, and it is required for the trafficking of Atg9p to the
PVS (Chang et al., 2005). In the absence of copper, Atgllp
was found at the PVS, vacuole and SM at 2 h post glucose

GFP-Atg11p

Figure 4. The trafficking of Atgllp, Atg2p, and Atg9p
during glucose-induced micropexophagy is not depen-
dent upon Sarlp. WDY64 and WDY65 cells expressing
GFP-Atgllp, GFP-Atg2p, GFP-Atg9p were adapted
from YNM to YND in the absence and presence of
CuSO,. At 2 h of glucose adaptation, the cells were
visualized by fluorescence microscopy. The cellular lo-
calizations of Atgllp, Atg2p, and Atg9p were unal-
tered in cells expressing sarlpT34N or sarlpH79G.
GFP-Atgllp was present at the vacuole and sequester-
ing membranes. GFP-Atg2p was visualized at periph-
eral foci. However, in the presence of the Sarlp mu-
tants, these foci seemed to be greater in number and
sometimes coalesced forming irregular structures (yel-
low arrows). GFP-Atg9p was observed at the vacuole
and sequestering membranes labeled with FM4-64.
Atg9p could also be visualized at peripheral foci (white
arrowheads) and perivacuolar structures (white arrows).

GFP-Atg2p

GFP-Atg9p
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adaptation. The distribution of Atgllp was unaltered when
either sarlpT34N or sarlpH79G was expressed (Figure 4).
Next, we examined the distribution of GFP-Atg2p in cells.
On glucose adaptation, Atg2p becomes associated with foci
known as the Atg2p peripheral compartment. Its role in the
expansion of the SM is not yet defined, but Atg2p is required
for the transit of Atg9p to the SM. When LAM44 and LAM45
cells were adapted from YNM to YND in the absence of
copper, Atg2p was found in the cytosol and at foci situated
at the cell periphery and near the vacuole. On the copper-
induced expression of sar1pT34N or sarlpH79G, Atg2p was
virtually absent from the cytosol and was instead observed
in foci and larger irregularly shaped structures (Figure 4,
yellow arrows). These coalescing structures may represent
an expansion of this peripheral compartment due to the
expression of the Sarlp mutants.

sar1pT34N
+ Cu?

sar1pH79G
- Cu® + Cu®
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We have previously shown that during the membrane
expansion events, Atg9p transits from peripheral vesicles, to
the PVS, and finally to the SM (Chang et al., 2005). We next
examined the effects of sarlpT34N or sarlpH79G on the
cellular distribution of GFP-Atg9p during glucose adapta-
tion. In the absence of copper, GFP-Atg9p was found at the
peripheral vesicles, PVS, and SM (Figure 4). Atg9p was also
present at the vacuole membrane. When copper was added,
the distribution of GFP-Atg9p was not dramatically altered.
In addition to the peripheral foci (Figure 4, white arrow-
head), Atg9p was present at the PVS (Figure 4, white arrow)
and the SM (colocalization with FM4-64).

We have reported that Atg2p and Atg9p localize to dis-
tinct peripheral compartments (Chang et al., 2005). How-
ever, because Atg2p requires Atg9p for its localization, we
suggest that these compartments may transiently interact.
Based on our data, it is possible that Sarlp may influence the
assembly of both Atg2p and Atg9p peripheral compart-
ments. Indeed, the structure of the Atg2p compartment was
altered, and there seemed to be more Atg9p-containing foci
present in cells expressing the Sarlp mutants. However,
Atg9p did not colocalize with Atg2p when either sar1pT34N
or sarlpH79G was expressed (unpublished observations).

Finally, we examined the cellular distribution of GFP-
Atg8p in glucose-adapted cells expressing the mutant forms
of Sarlp (Figure 5). Under normal conditions, Atg8p local-
izes to the PAS from which it transits to the newly assem-
bled MIPA. At 2 h of glucose adaptation without copper,
GFP-Atg8p was present throughout the cytosol and local-
ized specifically to the PAS (Figure 5, white arrowhead) and
the MIPA situated between the adjoining sequestering mem-
branes labeled with FM4-64 (Figure 5, white arrows). In the
absence of copper, ~10% of the cells contained MIPA struc-
tures (Figure 5E). When the expression of sarlpT34N or
sarlpH79G is enhanced by copper, only 2% or less of the
cells contained a MIPA (Figure 5E). In fact, GFP-Atg8p was
observed predominantly in multiple punctate and flattened
structures (Figure 5, yellow arrowheads). These structures
were not associated with the FM4-64-labeled sequestering
membranes, but they were distributed throughout the cell.
Our data suggest that in the presence of sarlpT34N or
sarlpH79G, MIPA fails to assemble, thereby inhibiting the
expansion and completion events.

We also noticed that the PAS labeled with GFP-Atg8p,
which normally occurs as one or two foci, was structurally
different when sarlpT34N or sarlpH79G was expressed.
Therefore, we examined the cellular distribution of GFP-
Atgl7p, a structural component of the PAS not present at the
MIPA (Ano et al., 2005). During glucose adaptation in the
absence of copper, GFP-Atgl7p was found at one or two
distinct foci juxtaposed to the vacuole or sequestering mem-
branes (Supplemental Figure 5). However, in the presence of
copper, GFP-Atgl7p was present in foci and large structures
of irregular shapes that were distant from the vacuole and
SM. The data suggest that Sarlp may play a role in the
maintenance of the PAS.

Lipidation of Atg8p during Glucose-induced
Micropexophagy Is Altered upon Expression of
Dominant-Negative Sarlp Mutants

We have determined that the MIPA fails to assemble when
either sarlpT34N or sarlpH79G is expressed. Atg8p not
only localizes to the MIPA but also is essential for its for-
mation (Mukaiyama et al., 2004). On proteolytic activation
by Atgdp, the C-terminal glycine of Atg8p becomes conju-
gated by a thio-ester linkage to cysteine 518 of Atg7p (Yuan
et al., 1999). Atg8p is then conjugated to phosphatidyleth-
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Figure 5. Sarlp is essential for the formation of the MIPA. WDY64
(sar1pT34N) and WDY65 (sarlp H79G) cell lines expressing GFP-
Atg8 were adapted from YNM to YND in the absence (A and C) and
presence (B and D) of CuSO,. At 2 h of glucose adaptation, the cells
were visualized in situ by fluorescence microscopy. The vacuole and
those sequestering membranes derived from the vacuole were ob-
served by staining with FM4-64. GFP-Atg8p was observed at the
PAS, foci situated at the tip of the sequestering membranes (white
arrowhead) and at the MIPA, crescent-shaped structure adjoining
the sequestering membranes (white arrows). In the absence of cop-
per, the MIPA was observed bridging the FM4-64-labeled mem-
branes. However, when the expression of either sarlpT34N or
sarlpH79G was induced with CuSO,, GFP-Atg8p localized to one
or more dots or a flattened MIPA-like structure, but not situated
near sequestering membranes (yellow arrowheads). (E) Percentage
of WDY64 and WDY65 cells with MIPA was quantified in the
absence and presence of CuSO,. The data represent mean * SE (n =
5 trials of =100 cells counted per trial). The statistical differences
were determined by Student’s t test (*p = 0.026; **p = 0.014).

anolamine (PE) by the actions of Atg3p. We have shown
previously that Atg7p-HA forms a DTT-sensitive thio-ester
conjugate with a protein whose size we estimated at 25 kDa
(Yuan et al., 1999). When the active cysteine of Atg7p is
mutated to a serine (atg7pC518S-HA), this conjugation be-
comes DTT resistant (Yuan et al., 1999). Therefore, when
atg7pC518S-HA was expressed in WT cells, we observed
two protein bands at 70 and 95 kDa (Figure 6A). The upper
band was not observed in cells lacking Atg8p, suggesting
that the 95-kDa band represents atg7pC518S-HA conju-
gated by an ester linkage to Atg8p. To assess the effects of
sarlpT34N or sarlpH79G on Atg7p activity, we expressed
atg7pC518S-HA in these mutants. These cells were grown

Molecular Biology of the Cell
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Figure 6. Effects of Sarlp on the lipidation of Atg8p. (A)
atg7pC518S-HA was expressed in GS115, SJCF257 (atg8A), WDY64,
and WDY65 cells. The cells were adapted from YNM to YND in the
absence and presence of CuSO, for 3 and 6 h. At that time, the cells
were solubilized in SDS sample buffer, and the 70-kDa Atg7p and
95-kDa Atg7p protein—protein ester conjugate visualized by West-
ern blotting. The protein—protein conjugates of atg7pC518S were
observed in wild-type cells and in cells expressing sarlpT34N or
sarlpH79G, but not in cells lacking Atg8p. (B) atg7A, WDY64
(sar1pT34N), and WDY65 (sarlpH79G) cells expressing HA-Atg8p
were adapted from YNM to YND in the absence and presence of
CuSQy for 2 or 4 h. The cells were then solubilized, proteins sepa-
rated on 12% SDS-PAGE 6 M urea gels, and the molecular forms of
Atg8p were detected by Western blotting using mouse anti-HA
antibodies. During 2-4 h of glucose adaptation, two forms of HA-
Atg8p were apparent in the sarlpT34N and sarlpH79G cells. The
faster migrating form of HA-Atg8p was absent in atg7A cells and in
cells expressing HA-Atg8p(G116A). HA-Atg8p(G116A) cannot be
lipidated because of its inability to be proteolytically processed and
thus migrates slower than HA-Atg8p (Mukaiyama ef al., 2004).
Based on these findings, we have identified this faster migrating
band as the lipidated form of Atg8p (HA-Atg8p-PE).

in YNM and switched to YND for 3 and 6 h with and
without copper sulfate. Afterward, the protein conjugate
of Atg7p and Atg8p was visualized by Western blotting
(Figure 6A). In the absence and presence of copper, both
unconjugated (70 kDa) and conjugated (95 kDa) forms of
atg7pC518S-HA were observed, suggesting that the for-
mation of the high-energy conjugate of Atg8p with Atg7p
proceeds normally when these Sarlp mutants are ex-
pressed.

We next examined the effects of sar1pT34N or sarlpH79G
on the lipidation of Atg8p. This was done by examining the
processing of HA-Atg8p on Western blots given that the
lipidated form of Atg8p migrates faster on SDS-PAGE
(Stremhaug et al., 2004). WDY152 and WDY154 were grown
in YNM and switched to YND in the absence or presence of
copper sulfate for 2 and 4 h. In the absence of copper, we
observed two forms of HA-Atg8p. The faster migrating form
was consistent with the lipidation of Atg8p. That is, this
form was absent in cells lacking Atg7p and in cells express-
ing a lipidation defective HA-Atg8p(G116A) (Figure 6B). In
the presence of copper, both forms of Atg8p were observed,
suggesting that the lipidation of Atg8p is unaltered by the
expression of sarlpT34N or sarlpH79G.

Sarlp Is Required for Early and Late Events of
Macropexophagy

We have shown that sarlpT34N and sarlpH79G suppress
the degradation of AOX during ethanol-induced mac-
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Figure 7. Effects of sar1pT34N and sar1pH79G on ethanol-induced
macropexophagy. WDY64 (sar1pT34N) and WDY65 (sarlpH79G)
cell lines expressing GFP-Atg8p and BFP-SKL were adapted from
YNM to YNE in the absence (A and C) and presence (B and D) of
CuSQO,. At 2 h of ethanol adaptation, the cells were visualized in situ
by fluorescence microscopy. In the absence of CuSO,, GFP-Atg8p
was found at the PAS (white arrowheads) and pexophagosomes
(arrows). When sarlpT34N is expressed, GFP-Atg8p was observed
almost exclusively at multiple foci that were larger than the PAS
(yellow arrowheads). To the contrary, when sarlpH79G is ex-
pressed, GFP-Atg8p was observed at the pexophagosome (arrows)
and multiple large foci (yellow arrowheads). (E) Percentage of
WDY64 and WDY65 cells with pexophagosomes was quantified in
the absence and presence of CuSO,. The data represent mean + SE
(n = 5 trials of =100 cells counted per trial). The statistical differ-
ences were determined by Student’s ¢ test (*p = 0.003).

ropexophagy. During macropexophagy, individual peroxi-
somes are engulfed by sequestering membranes that can be
visualized by GFP-Atg8p. Like the MIPA, these membranes
are presumed to be organized from the PAS, which occur as
single distinct foci per cell (Dunn et al., 2005). In cells not
expressing sarlpT34N or sarlpH79G, GFP-Atg8p was
present at the PAS (Figure 7, white arrowheads), pexopha-
gosomes (Figure 7, white arrows), and within the vacuole
(Figure 7, A and C). At 2 h of ethanol adaptation, >10% of
the cells contained pexophagosomes, and 40-60% of the
vacuoles contained the GFP signal. We next examined the
effects of sarlpT34N and sarlpH79G on the assembly of
pexophagosomes, as visualized by GFP-Atg8p labeling (Fig-
ure 7) and ultrastructural morphology (Supplemental Figure
6). When sar1pT34N was expressed, only 2% of the cells
contained pexophagosomes, and 5% of the vacuoles were
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labeled with GFP. GFP-Atg8p localized to the “abnormal”
PAS, which occurred as two or more clusters of foci within
each cell (Figure 7B, yellow arrowhead). Occasionally, we
visualized membranes near the peroxisome, which may rep-
resent the initiation of the sequestering membranes (Supple-
mental Figure 6, arrow). In cells expressing sarlpH79G, we
observed pexophagosomes within 12% of the cells counted
(Figure 7D, white arrow), but only 5% of the vacuoles con-
tained GFP. At 3 h of ethanol adaptation, the number of cells
with pexophagosomes increased to 15% compared with 8%
in cells not expressing the Sarlp mutant (data not shown). In
addition, GFP-Atg8p localized to unknown structural clusters
instead of a single PAS foci (Figure 7D, yellow arrowheads).
These abnormal PAS were also observed in sarlpT34N cells
and had similar morphology to structures containing Atgl7p
(Supplemental Figure 5). Ultrastructural analyses revealed
that these pexophagosomes contained a single peroxisome
and were bound by multiple membranes (Supplemental
Figure 6, arrowheads). These observations, combined with
our biochemical data (Figure 2A), suggest that the pexopha-
gosomes present in cells expressing sarlpH79G may fuse
poorly with the vacuole. We have shown that sarlpT34N
suppresses the formation of the pexophagosome, whereas
the delivery of the peroxisome from the pexophagosome to
the vacuole for degradation seems to be defective in cells
expressing sarlpH79G.
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Figure 8. Components of the endoplasmic reticulum
are observed at the pexophagosome when cells express
sarlpH79G. WDY64 (A-C) and WDY65 (D-F) cell lines
expressing DsRFP-HDEL were adapted from YNM to
YNE in the absence (A and D) and presence (B, C, E,
and F) of CuSO,. At2h (A, B, D, and E) and 3 h (C and
F) of ethanol adaptation, the cells were visualized by
fluorescence microscopy (top) and by phase contrast mi-
croscopy (bottom). DsRFP-HDEL was localized solely to
the ER situated near the cell periphery and around the
nucleus. This distribution was unaltered during mac-
ropexophagy (A and D). When sarlpT34N was expressed,
the cellular distribution of DsRFP-HDEL was restricted to
the ER (B and C). At 2 h of ethanol adaptation in the
presence of sar1pH79G, DsRFP-HDEL was visualized not
only at the ER but also at vacuoles containing phase-dense
peroxisomes (E, arrows). At 3 h, DsRFP-HDEL could be
detected within the yeast vacuole (F, arrowheads).

DsRFP-HDEL Localizes to Pexophagosomes When
sarlpH79G Is Expressed

These dominant-negative Sarlp mutants have been shown
to effectively alter the trafficking of ER proteins in mamma-
lian cells (Ward et al., 2001). Because the ER has been impli-
cated in the formation of autophagosomes in mammalian
cells (Dunn, 1990), we decided to examine the localization of
DsRFP-HDEL during macropexophagy (Figure 8). DsRFP-
HDEL with its amino-terminal signal sequence and carboxy-
terminal HDEL retrieval signal is targeted to the ER lumen
by the receptor Erd2p, which binds the HDEL sequence
(Bevis et al., 2002). On ethanol adaptation, DsRFP-HDEL was
found exclusively at the ER located adjacent to the cell
periphery and around the nucleus (Figure 8, A and D). The
distribution of DsRFP-HDEL was unaltered in ethanol-
adapted cells expressing sarlpT34N (Figure 8, B and C).
When sarlpH79G is expressed during 2 h of ethanol adap-
tation, we observed DsRFP-HDEL at the ER and labeling the
SM around individual peroxisomes (Figure 8E, arrows). At
times >3 h, the red fluorescent protein (RFP) was observed
within the vacuole (Figure 8F, arrowheads). These pexopha-
gosomes did not contain Sec7p, a protein of the Golgi appa-
ratus (unpublished observations). The results suggest that
components of the ER are observed with the pexophago-
somes when ER recycling is inhibited by sar1pH79G.
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DISCUSSION

Earlier reports have demonstrated that some Sec proteins
are required for autophagy in S. cerevisiae. Three of these
proteins, ScSec12p, ScSec23p, and ScSec24p, are essential for
ScSarlp activity and trafficking of proteins out of and into
the ER. We examined the role of Sarlp in the selective
degradation of peroxisomes by pexophagy by regulating the
expression of two dominant-negative mutants of Sarlp. The
sarlpT34N mutant has a high-affinity for GDP and sup-
presses COPII-dependent protein exit from the ER (Ward et
al., 2001; Altan-Bonnet et al., 2004). The sarlpH79G mutant
has a defective GTPase, thereby inhibiting the recycling of
proteins back to the ER (Ward et al., 2001; Altan-Bonnet et al.,
2004). In agreement with studies of cells lacking Sarlp (Na-
kano and Muramatsu, 1989), we have shown that cell
growth is retarded when either mutant Sarlp protein is
expressed. Furthermore, the expression of sarlpT34N or
sarlpH79G results in an accumulation of p1CPY, suggesting
that it fails to transit from the ER to the Golgi apparatus. In
addition, sar1pT34N expression results in a dramatic increase in
the surface area of the ER consistent with the inability of proteins
to exit this compartment. The data suggest that the overex-
pression of dominant-negative sarlpT34N and sarlpH79G
alters the protein movements between the ER and Golgi
apparatus. Using these dominant-negative mutants of Sarlp,
we have shown that Sarlp is essential for starvation-induced
autophagy, glucose-induced micropexophagy, and ethanol-
induced macropexophagy.

Role of Sarlp in Micropexophagy

Our data suggest that the degradation of peroxisomal AOX is
dramatically reduced when either sar1pT34N or sarlpH79G is
expressed. Given the role of Sarlp in the trafficking of vacuolar
proteinases, it is possible that peroxisome degradation would
be suppressed. However, we observed that the peroxisomes
were almost completely engulfed by sequestering mem-
branes, but they remained outside the vacuole. This suggests
that the blockage occurs at a late sequestration event (e.g.,
expansion, completion, or both) and not vacuole degrada-
tion. Moreover, MIPA formation did not occur when either
sarlpT34N or sarlpH79G was expressed. The MIPA is a
crescent-shaped structure that joins the apposing sequester-
ing membranes to initiate their fusion, thereby completing
peroxisome sequestration. This structure contains Atg8p
and Atg26p, and its formation requires several Atg proteins,
including Atg9p and Atgllp. Therefore, we examined the
trafficking of Atg9p and Atgllp, and we showed that their
trafficking to the sequestering membranes was unaffected by
the Sarlp mutants.

The MIPA assembles from the PAS or initiation complex,
a structure that contains Atg8p and Atg17p (Oku et al., 2006;
Yamashita et al., 2006). The formation of the MIPA is influ-
enced by many Atg proteins, including Atg8p and Atg26p
and the availability of lipids such as PE and phosphatidyl-
inositol 4’-monophosphate (PI4P) (Yamashita et al., 2007).
The availability of PE has been shown to influence Atg8p
localization to the PAS and starvation-induced autophagy
(Nebauer et al., 2007). Atg8p is conjugated to PE through the
actions of Atgdp, Atg7p, and Atg3p and then assembled into
the forming MIPA. Our data suggest that the inability of
cells expressing the Sarlp mutants to assemble the MIPA is
unrelated to the lipidation of Atg8p (Figure 6). This is con-
sistent with the association of GFP-Atg8p with multiple
PAS-like structures (Figure 5, B and C). Therefore, the in-
ability to form the MIPA may be related directly or indi-
rectly to COPII-dependent vesicular trafficking of proteins
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and/or lipids required for the assembly of the MIPA from
the initiation complex. We have shown that the movements
of Atg9p, Atgllp, and Atgl8p, which are required for MIPA
formation (unpublished observations), to the sequestering
membranes do not require Sarlp (Figure 4 and Supplemen-
tal Figure 5). The trafficking of lipids such as PE is thought
to be mediated by both vesicular and nonvesicular means
(Levine, 2004). The post-Golgi trafficking of PE and autoph-
agy-like transport of cytosolic prApelp (proaminopeptidase
I) to the vacuole is suppressed in cells lacking ScVps4p or
ScVps36p (Nebauer et al., 2007). Meanwhile, it has been
demonstrated that Sar1p-GTP binds to liposomes composed
of phosphatidylcholine and phosphatidylethanolamine,
thereby stimulating COPII assembly at the ER (Supek et al.,
2002). However, the effects of Sarlp and COPII on the traf-
ficking of PE remain to be studied.

Atg26p is also required for MIPA formation. PI4P transits
from the ER or Golgi apparatus to the PAS or initiation
complex, thereby recruiting Atg26p by interacting with its
GRAM domain (Yamashita et al., 2006). The sterol conver-
sion of Atg26p is essential for the formation of the MIPA. It
is possible that the trafficking of PI4P from the ER or to the
Golgi apparatus may be altered in cells expressing the Sarlp
mutants. Indeed, Sarlp has been implicated in the exit of
glycosylphosphatidylinositol-anchored GFP from the ER
(Stephens and Pepperkok, 2004). However, we have no data
to support that PI4P transport is influenced by Sarlp.

The expression of sarlpT34N or sarlpH79G inhibits glu-
cose-induced micropexophagy by suppressing the assembly
of the MIPA. A probable scenario is that Sarlp mediates
directly membrane trafficking, which is essential for MIPA
formation. Nevertheless, the suppression of vesicular move-
ments between the ER and Golgi apparatus will affect or-
ganelle structure and influence the trafficking of proteins
through the Golgi apparatus, thereby indirectly affecting
MIPA formation. Indeed, we have observed a dissociation of
Sec7p from the Golgi apparatus in the presence of the Sarlp
mutants. The vesicular trafficking mediated by Sarlp may
also govern the movements of PE and PI4P. Further studies
are needed to better define the role of Sarlp in MIPA for-
mation.

Role of Sarlp in Macropexophagy

The data from sec mutants in S. cerevisiae provides circum-
stantial evidence that the autophagosome membranes may
originate from the ER (Ishihara et al., 2001; Hamasaki et al.,
2003; Reggiori ef al., 2004). In this study, we have character-
ized the essential role of Sarlp, a protein essential for ER
function, in macropexophagy in P. pastoris. Ethanol-induced
peroxisome degradation by macropexophagy is suppressed
when cells express either sar1pT34N or sarlpH79G (Figure
2). However, these proteins inhibit different events of mac-
ropexophagy. We have shown that pexophagosomes do not
form when sarlpT34N is expressed. ScSec12p, a GDP/GTP
exchange factor that influences ScSarlp activity, is also re-
quired for the formation of autophagosomes in nitrogen-
starved S. cerevisiae (Ishihara et al., 2001; Reggiori et al., 2004).

Brucella abortus is an intracellular pathogen that infiltrates
the autophagosome to replicate in vacuoles that contain the
ER protein calnexin (Celli et al., 2005). When mammalian
Sar1[T39N] is expressed, this bacterium fails to replicate or
localize to calnexin-positive autophagosomes, but instead it
is found in lysosome-associated membrane protein 1-posi-
tive phagolysosomes (Celli et al., 2005). These results sub-
stantiate our findings that mammalian Sar1[T39N] and its P.
pastoris analogue sarlpT34N suppress autophagosome for-
mation. In B. abortus, because the replication vacuole is not
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formed, this bacterium transits to the phagolysosome where
it is killed and degraded. In contrast, bacterial replication
within calnexin-positive autophagosomes was not altered
by sarlpH79G. This is consistent with our findings that
sarlpH79G does not affect formation of the pexophagosome.

Pexophagosomes with GFP-Atg8p at their delimiting
membranes are observed in cells expressing sarlpH79G.
Their morphology is consistent with that of fully formed
pexophagosomes (Supplemental Figure 6). The data suggest
that sar1pH79G may interrupt fusion of the pexophagosome
with the vacuole. It is possible that the trafficking to the
vacuole of the fusion machinery (Ypt7, Vtil, and Vam3) or
the degradative lipases (Atgl5) or proteinases (Pep4 and
Prb1) may be altered by sarlpH79G (Levine and Klionsky,
2004). In contrast, alterations in the membranes of the
pexophagosome may interrupt fusion and lysis. Indeed, we
have observed that the delimiting membranes of the
pexophagosomes also contained DsRFP-HDEL, a marker for
Erd2 (HDEL receptor), an ER membrane protein. At later
times of macropexophagy, the RFP was found within the
vacuole, suggesting that there was some delivery of the
pexophagosome to the vacuole. At no time in wild-type cells
did we observe DsRFP-HDEL delimiting the membranes of
the pexophagosome or within the vacuole. These results are
consistent with sarlpH79G inhibiting retrograde trafficking
of the DsRFP-HDEL and possibly other ER components
from the pexophagosome to the ER. The presence of these
ER components may ultimately suppress pexophagosome
fusion with the vacuole and provide resistance to vacuolar
lipases and proteinases. Another possible explanation for
the presence of Erd2 at the pexophagosome membrane is
that Sarlp acts by altering the ER and Golgi trafficking of
newly synthesized membrane proteins to a compartment
that assembles the pexophagosome (e.g., PAS). Although we
do not observe DsRFP-HDEL at the PAS, our data suggest
that the morphology of this compartment is dramatically
altered when expressing the Sarlp mutants. Our data, based
on the use of dominant-negative mutants and a single ER
marker, do not prove unambiguously that the pexophago-
some is derived from the ER, but only that Sarlp seems to
modulate the formation and maturation of the pexophago-
some. In contrast, these mutant Sarlp proteins may act
indirectly by altering the structure and function of the ER
and Golgi apparatus. Nevertheless, the ER has been impli-
cated in the formation of the autophagosome in mammalian
(Dunn, 1990, 1993; Ueno et al., 1991) and yeast (Ishihara et al.,
2001; Reggiori et al., 2004) cells. Therefore, we propose that
Sarlp-dependent recycling of ER components from the
pexophagosome is critical for pexophagosome maturation
and delivery of the peroxisomes to the vacuole for degrada-
tion. Further studies using additional ER markers are re-
quired to better ascertain a role for the ER in pexophago-
some formation and maturation.

In summary, we have used Sarlp mutants defective in
anterograde (sar1pT34N) and retrograde (sar1pH79G) trans-
port of ER proteins to demonstrate that Sarlp is essential for
pexophagy. These mutants suppress micropexophagy by
inhibiting the formation of the MIPA and the delivery of the
peroxisomes to the vacuole. In macropexophagy, sarlpT34N
inhibits the formation of the pexophagosome. Meanwhile,
sarlpH79G has no effect on pexophagosome formation but
instead suppresses pexophagosome fusion with the vacuole.
Our results demonstrate that protein trafficking, lipid traf-
ficking, or both as directed by Sarlp are essential for micro-
and macropexophagy.
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