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Macroautophagy involves lysosomal/vacuolar elimination of long-lived proteins and entire organelles from the cytosol.
The process begins with formation of a double-membrane vesicle that sequesters bulk cytoplasm, or a specific cargo
destined for lysosomal/vacuolar delivery. The completed vesicle fuses with the lysosome/vacuole limiting membrane,
releasing its content into the organelle lumen for subsequent degradation and recycling of the resulting macromolecules.
A majority of the autophagy-related (Atg) proteins are required at the step of vesicle formation. The integral membrane
protein Atg9 cycles between certain intracellular compartments and the vesicle nucleation site, presumably to supply
membranes necessary for macroautophagic vesicle formation. In this study we have tracked the movement of Atg9 over
time in living cells by using real-time fluorescence microscopy. Our results reveal that an actin-related protein, Arp2,
briefly colocalizes with Atg9 and directly regulates the dynamics of Atg9 movement. We propose that proteins of the

Arp2/3 complex regulate Atg9 transport for specific types of autophagy.

INTRODUCTION

Eukaryotic cell homeostasis requires distinct compartmen-
talization coupled with dynamic exchanges between various
endomembrane compartments. To meet changing environ-
mental demands, cellular compartments continually undergo
certain morphological adaptations. For example, to mobilize
intracellular resources during starvation, cells need to recy-
cle their components, a process that requires degradation
and reutilization of the cytoplasm (Klionsky, 2005). Intracel-
lular degradation is achieved mainly by two routes: protea-
somal and lysosomal. Proteasomal degradation is limited to
single, unfolded proteins. In contrast, macroautophagy
(hereafter referred to as autophagy), which is part of the
lysosomal degradation system, has a tremendous capacity
to degrade large protein complexes and entire organelles
(Hamasaki et al., 2005; Mizushima and Klionsky, 2007;
Rubinsztein et al., 2007).

Autophagy starts when the intended cargo is surrounded
by a double-membrane vesicle, an autophagosome. In star-
vation conditions, the cargo is bulk cytoplasm. Next, the
autophagosome fuses with the lysosome, in mammalian
cells, or the vacuole, in yeast. As a result, the autophago-
some cargo is released into the organelle lumen and de-
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graded by lysosomal/vacuolar resident hydrolases; the re-
sulting products are subsequently recycled by release back
into the cytosol (Shintani and Klionsky, 2004a; Yang ef al.,
2006).

Analysis in the yeast Saccharomyces cerevisiae has revealed
the presence of selective autophagic pathways that target
specific cargos, in addition to nonspecific bulk autophagy.
These selective pathways morphologically resemble bulk
autophagy. An example of a selective autophagy-related
process is the cytoplasm-to-vacuole targeting (Cvt) pathway
(Baba et al., 1997; Scott et al., 1997). In contrast to starvation-
induced autophagy, this is a biosynthetic route, and it occurs
constitutively in growing conditions. The Cvt pathway is
used by the cell to deliver the precursor form of aminopep-
tidase I (prApel), and a second resident hydrolase, a-man-
nosidase, to the vacuole. These two enzymes are transported
to the vacuole in a double-membrane vesicle called a Cvt
vesicle. The Cvt vesicle is ~150 nm in diameter, which is
much smaller than the size of autophagosomes (300-900 nm
in diameter). Similar to the process of starvation-induced
autophagy, the vesicle fuses with the vacuole to release the
cargo. Once inside the vacuolar lumen, prApel is processed
to the mature, fully active hydrolase. Many other examples
of selective autophagy have also been described, including
specific organelle degradation and the elimination of patho-
genic microbes (Dunn et al., 2005; Birmingham and Brumell,
2006; Colombo et al., 2006; Kissova et al., 2007; Zhang et al.,
2007).

Approximately 30 autophagy-related (ATG) genes have
been identified, predominantly in S. cerevisine; however, the
orthologues of many of the yeast Atg proteins have been
found in higher eukaryotes (Klionsky et al., 2003; Levine and
Klionsky, 2004). The general process of autophagic degrada-
tion has been explored through genetic, cell biological, and
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biochemical studies. Nevertheless, many aspects of this pro-
cess still have to be unraveled. For example, the molecular
mechanism underlying nucleation of the autophagic seques-
tering vesicle remains largely unknown.

Many processes involving membrane rearrangement and
movement, such as endocytosis, organelle inheritance or mem-
brane ruffling, require the cytoskeleton. Similarly, pharmaco-
logical studies have suggested a function for cytoskeletal
elements in mammalian autophagy (Aplin et al., 1992; Seglen
et al., 1996). Recently, we showed that actin is needed for the
selective Cvt pathway (Reggiori et al., 2005a). In conditional
actin mutants, or in cells treated with the actin depolymer-
izing drug latrunculin A, Atg9 cycling is defective. An in-
triguing question is how actin, and associated factors, reg-
ulates the anterograde transport of Atg9 from peripheral
sites in the cell to the site of vesicle formation, the phago-
phore assembly site (PAS). In this study, we discovered that
actin-related proteins, comprising the Arp2/3 complex, are
required for proper Atg9 function.

The Arp2/3 complex proteins function as nucleators of
branched actin filaments, and these proteins are highly con-
served through all eukaryotes, including humans (Pinyol et
al., 2007; Pollard, 2007). Actin nucleation by the Arp2/3
complex is critical for initial steps of newly formed endo-
cytic vesicle movement. In addition, this complex is in-
volved in intracellular organelle (e.g., mitochondria) trans-
port (Boldogh et al., 2003, Fehrenbacher et al., 2004) as well as
being used as a force generator for the movement of invad-
ing bacteria inside the host cell (e.g., Listeria monocytogenes
and Shigella flexneri) (Boldogh et al., 2001; Welch et al., 1998).
The Arp2/3 complex consists of seven subunits: Arp2, Arp3,
Arcl5/p15, Arcl8/pl18/p21, Arcl9/p19, Arc35/p35, and
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Arc40/p40. Arp2 and Arp3 are highly similar to the primary
actin protein Actl, ~46 and 39%, respectively, and they are
proposed to directly nucleate actin polymerization in the
same way that Actl monomers are assembled into F-actin
polymers (actin filaments). The primary logic behind this
assumption is the sequence and structural similarity of Arp2
and Arp3 to conventional actin, especially at the barbed
end-forming nucleus, which is important for initiation of
actin polymerization (Pollard, 2007).

Our studies showed that mutations in genes encoding
subunits of the Arp2/3 complex interfered with Atg9 func-
tion in growing conditions. This is consistent with the pre-
vious finding that an intact cytoskeletal network is essential
for the Cvt pathway, but not for bulk autophagy (Reggiori et
al., 2005a). In addition, we found that in arp2-1 mutant cells
Atg9 movement was severely compromised; Atg9 was un-
able to localize to prApel, suggesting a role for Arp2 in
directing or regulating Atg9 movement to the cargo. Here,
we propose that actin nucleation by the Arp2/3 complex
promotes Atg9 movement, and the remodeling of actin
structures serves as a scaffold that is necessary for the func-
tion of autophagic membranes under vegetative growth con-
ditions.

MATERIALS AND METHODS

Strains and Media

The yeast strains used in this study are listed in Table 1. The arp2-1 mutant
was described previously (Moreau et al., 1997). The arc15-10 mutant was
identified through analysis of a yeast temperature-sensitive mutant collection
provided by Dr. Charles Boone (University of Toronto). Yeast cells were
grown in rich medium (YPD: 1% yeast extract, 2% peptone, and 2% glucose)

Table 1. Yeast strains used in this study

Strain Genotype Reference

ARP2-TAP BY4742 ARP2-TAP::HIS3 Euroscarf

BGY809 MATa his3, ura3, LYS2, arc35A::KAN arc35-6::LEU D’Agostino and Goode (2005)

BGY883 MATa ura3-52 leu2-3,112, ade2-101, his3-A200 arc40A::HIS3, arc40-118::LEU2 Bruce L. Goode

CCHO14 SEY6210 ATG9H192L-3GFP::URA3 ARP2-3DsRed::LEU2 atg9A::HIS3 This study

DDY1797 MATa ura3-52 leu2-1 his3-A200 tub2-201 lys2-801 ade2-101 trp1-A63 arp2-1 This study

DDY1960 MATa las17-11::LEU2 ade2-101 his3-A200 lys2-801 leu2-3,112 ura3-52 Duncan et al. (2001)

DDY2885 MATa las17AWCA::HIS3 pan1A855-1480::URA3 his3-A200 lys2-801 leu2-3,112 Toshima et al. (2005)
ura3-52 bar1A::LEU2

DDY3045 MATa las17AWCA::HIS3 his3-A200 leu2-3,112 ura3-52 bar1A:LEU2 Toshima et al., (2005)

FRY171 SEY6210 ATGIPA::TRP1 He et al. (2006)

IRA020 ARP2-TAP::HIS3 atg9A::LEU2 This study

IRA023 ARP2-TAP::HIS3 atg1A::URA3 This study

IRA028 ARP2-TAP::HIS3 atg11A::KAN This study

IRA029 SEY6210 ATG9-3GFP::URA3 This study

IRA030 DDY1797 ATG9-3GFP::URA3 This study

IRA031 DDY1797 ATG9-3GFP::URA3 atg1A::HIS3 This study

IRA033 IRA029 promTPI1-ARP2-3DsRed::LEU2 This study

IRA036 DDY1797 PEX14-GFP::HIS3 S k. This study

IRA037 IRA033 atg1A::HIS3 This study

IRA038 DDY1797 arp2-1-TAP::TRP1 This study

IRA039 SEY6210 promTPI1-ARP2-3DsRed::UIRA3 VRG4-GFP::HIS3 S k. This study

JGY086 IRA030 promTPI1-arp2-1-3DsRed::LEU2 This study

JKY007 SEY6210 atg9A::HIS3 He, et al. (2006)

PJ69-4A MATa leu2-3,112 trp1-A901 ura3-52 his3-A200 gal4A gal80A LYS2:GAL1-HIS3 James et al. (1996)
GAL2-ADE2 met2::GAL7-lacZ

RLY193 MATa ura3-52 leu2-3,112 his3-A200 arp3A::HIS3 pW25-arp3-2-CEN Winter, et al. (1997)

SEY6210 MATa ura3-52 leu2-3,112 his3-A200 trp1-A901 lys2-801 suc2-A9 mel GAL Robinson et al. (1988)

UNY23 IRA029 atg1A::HIS3 This study

UNY102 SEY6210 TAP-ATG1::URA3 Yorimitsu et al. (2006)

Y4963 MATa arc15-10:KAN his3A1 leu2 A0 ura3A0 met15A0 This study

YASI1115 MATa pan1A::HIS3 ade2-101 leu2-3,112 ura3-52 his3-A200 trp1-1 ppanl-3-URA3-CEN Wendland et al. (1996)
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or synthetic minimal medium (SMD: 0.67% yeast nitrogen base, 2% glucose,
amino acids, and vitamins). Starvation experiments were performed in syn-
thetic minimal medium lacking nitrogen (SD-N: 0.17% yeast nitrogen base
without amino acids, and 2% glucose).

Polymerase chain reaction (PCR)-based integration of a DNA fragment
encoding green fluorescent protein (GFP) at the 3’ end of PEX14 generated an
arp2-1 mutant strain (IRA036) expressing chromosomally tagged Pex14-GFP
for the pexophagy assay. The template for the integration cassette was pFA6a-
GFP-HIS3 (Longtine et al., 1998). PCR verification and Western blot were used
to confirm fusion protein expression.

Plasmids

To generate a strain expressing fluorescently tagged Atg9, the ATG9 gene was
amplified by PCR from genomic DNA digested with Xhol and BamHI and
cloned into the Xhol and BamHI sites of the integration vector pPG5-3xGFP
(Boyd et al., 2004). The resulting plasmid, pATG9-3GFP(306), was linearized
by digestion with Bglll, and it was integrated at the ATG9 genomic locus. To
tag Arp2 with DsRed, the ARP2 open reading frame was amplified from
genomic DNA and first cloned into pSNA3416 (Reggiori and Pelham, 2001)
by using HindIIl and BamHI sites. This generated ARP2 under the control of
the TPI1 promotor. Next, the TPI-ARP2 fragment was excised by digestion
with XhoI and BamHI and introduced into the pRS305-3DsRed vector, which
was created by cloning a BamHI-NotI fragment containing triple DsRed from
pDsRed.M1x3 (a generous gift from Dr. Benjamin Glick, University of Chi-
cago) into pRS305. The resulting integrative plasmid pTPIARP2-3DsRed(305)
was linearized by digestion with EcoRI, and then it was integrated into the
LEU?2 gene locus.

To delete the ATG11, ATG1, and ATGY genes, the entire coding regions
were replaced by the Esherichia coli kan" or Schizosaccharomyces pombe HIS3 or
LEU2 genes, respectively, by using PCR primers containing 60 bases of
identity to the regions flanking the open reading frames. For the ATGI gene
disruption, the BamHI-Clal fragment was cut from pAatg1-URA (Abeliovich
et al., 2003) and integrated into the ATGI locus.

To generate two-hybrid selection plasmids, the ARP2 gene was cloned into
pGBDU-C1 and pGAD-C1 vectors by using BamHI and Sall sites to generate
the plasmids pGBDU-ARP2 and pGAD-ARP2, respectively. The two-hybrid
plasmids pGBDU-ATG9 and pGAD-ATG9 have been described previously
(Reggiori et al., 2005b).

The plasmids pAPGI(416), pATGlts(414), pGFPAUT7(414), pGFPAUT7(416),
and pRFPApel(305) were described previously (Guan et al., 2001; Suzuki et al.,
2001; Shintani et al., 2002; He et al., 2006).

Fluorescence Microscopy

Cells expressing fusion proteins with fluorescent tags were grown in SMD
medium to mid-log phase. Fluorescence signals were visualized on a wide-
field fluorescence inverted microscope (IX-70; Olympus America, Mellville,
NY) equipped with a 100X oil numerical aperture (NA) 1.4 objective lens, and
red fluorescent protein (RFP) and fluorescein isothiocyanate (FITC) filters.
The images were captured by a Photometrix CoolSnap HQ camera (Photo-
metrics, Tucson, AZ), and they were deconvolved using DeltaVision software
(Applied Precision, Issaquah, WA).

For live-cell imaging, an ultrasensitive epifluorescence microscope (Nikon
TE2000U-based dual camera system; 60X water immersion NA 1.2 objective
lens) configured for high-speed acquisition of time-lapsed three-dimensional
data were used. The dual charge-coupled device cameras (Cascade 2 cooled;
Photometrics) and the filters were controlled by MetaMorph software (Mo-
lecular Devices, Sunnyvale, CA). The mid-log grown cells were immobilized
on 1 mg/ml concanavalin A (Con A; Sigma-Aldrich, St. Louis, MO)-coated,
acid-washed no. 1.5 coverglasses (Fisher Scientific, Pittsburgh, PA) mounted
in a Leiden chamber (Harvard Apparatus, Cambridge, MA) as follows. An
aliquot of the mid-log grown culture was added on the coverglass coated with
Con A. After 2-3 min, the majority of the cells were adhered to the surface of
Con A. The rest of the cells that did not attach were gently washed away with
distilled water. The immobilized cells on the coverglass were placed into the
Leiden chamber and covered with 1 ml of SMD medium. For the four-
dimensional (4D) imaging, a Z-stack of seven optical sections spanning the
entire cell was acquired either every 2 s or 10-20 s. The optical sections for
each Z-stack were then collapsed to generate a two-dimensional-sum projec-
tion. The data were processed using Image] software (http://rsb.info.nih.
gov/ij/).

Protein A Affinity Isolation

Cells were grown to ODgyy, = 0.8 in SMD. Cells (the equivalent of 30 ml at
ODggo = 1.0) were harvested and resuspended in lysis buffer (50 mM Tris-
HCI, pH 7.5, 150 mM KCl, 5 mM MgCl,, 0.5% Nonidet-P40, 1 mM phenyl-
methylsulfonyl fluoride, and protease inhibitor cocktail). The detergent ex-
tracts were incubated with immunoglobulin (Ig)G-Sepharose beads for 2 h at
4°C. The beads were washed with lysis buffer six times and eluted in SDS-
polyacrylamide gel electrophoresis (PAGE) sample buffer by incubating at
55°C for 15 min. The eluates were resolved by SDS-PAGE and immunoblotted
with Atg9 antiserum or anti-protein A antibody.

1964

Additional Assays

The pulse-chase analysis, GFP-Atg8 and Pex14-GFP processing assays, actin
cytoskeleton staining with Texas Red-X phalloidin (TR phalloidin), and two-
hybrid selection were carried out as described previously (Scott et al., 1997;
Kim et al., 2001; Shintani and Klionsky, 2004b; Reggiori et al., 2005a). The
western blots were quantified using ImageJ software.

Reagents

Antiserum to Apel was described previously (Klionsky et al., 1992). The
anti-GFP monoclonal antibodies are from Covance Research Products (Prince-
ton, NJ). SuperSignal West Pico Chemiluminescent Substrate was from Pierce
Chemical (Rockford, IL). All other reagents were from Sigma-Aldrich or
Fisher Scientific unless specified otherwise.

RESULTS

An arp2 Mutant Is Defective in Selective Autophagy

Recently, we reported that disruption of actin function re-
sults in a defect in the Cvt pathway (Reggiori et al., 2005a).
To extend our investigation of the involvement of the actin
cytoskeleton in selective autophagy, we performed a screen
of mutants carrying temperature-sensitive (ts) alleles of es-
sential genes encoding actin-binding proteins, regulating
cytosolic actin rearrangements. Cells were monitored for
vacuolar import and maturation of prApel at permissive
and nonpermissive temperatures, which measures the selec-
tive Cvt pathway, and for processing of a GFP-tagged Atg8
chimera, which is an assay for nonspecific autophagy
(Shintani and Klionsky, 2004b; Cheong et al., 2005).

Apel maturation in the ts mutants was assessed by pulse-
chase radiolabeling. The cells were grown to early log phase at
a permissive 24°C temperature and shifted for 30 min to a
nonpermissive temperature of 37°C before the addition of a
radioactive label. After a 10-min pulse, a portion of the cell
culture was subjected to a nonradioactive chase for 3 h at
37°C, and a final part of the culture was then incubated for
3 more h at 24°C (Figure 1A). When cells were incubated at
the permissive temperature, essentially all of prApel was
converted to the mature form, Apel, by the end of a 3-h
chase. In contrast, at the nonpermissive temperature, the
conditional arp2339L mutant (hereafter referred to as arp2-1)
displayed a strong defect in prApel maturation in growing
conditions, with essentially all of the protein present as the
precursor form (3-h time point in Figure 1A). We also ex-
amined cells treated with rapamycin to induce autophagy
and observed a similar result; although autophagy is gener-
ally considered to be nonselective, import of prApel after
rapamycin treatment or during starvation still occurs through
a selective mechanism (Yorimitsu and Klionsky, 2005). Pre-
cursor Apel maturation was restored in arp2-1 cells after
shifting back to 24°C, suggesting that the defect seen at the
nonpermissive temperature was not due to loss of cell via-
bility. These results suggest that the arp2-1 mutant is defec-
tive for the specific Cvt pathway.

Monitoring prApel maturation is not sufficient for mea-
suring bulk, starvation-induced autophagy; prApel is a se-
lective cargo that utilizes a receptor, and in some cases
prApel import still can occur in conditions where bulk
autophagy is blocked (Cheong et al., 2005). Accordingly, we
also monitored GFP-Atg8 processing during starvation.
Atg8 present on the inner side of the sequestering mem-
brane remains associated with the completed autophago-
some, and it is delivered to the vacuole inside the autoph-
agic body; it is degraded in the vacuole lumen. The GFP
moiety of chimeric GFP-Atg8 is relatively stable, so the
appearance of free GFP reflects the rate of bulk autophagy.
In wild-type cells there was a clear increase in free GFP after
the induction of autophagy by shifting cells to medium
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Figure 1. The arp2-1 mutant is defective in selective autophagy.
(A) Precursor Apel processing is blocked in arp2-1 cells. The arp2-1
mutant cells were pulse-labeled for 10 min and subjected to a
nonradioactive chase for 3 h at either 24°C (permissive temperature)
or 37°C (nonpermissive temperature) in SMD medium, followed by
an additional 3-h chase at 24°C as indicated. Rapamycin (Rap; 0.2
png/ml) was added after pulse labeling, as indicated. Apel was
immunoprecipitated and resolved by SDS-PAGE. The positions of
precursor and mature Apel are marked. (B) Autophagy is delayed
in the arp2-1 mutant. The wild-type, arp2-1, and atg9A strains car-
rying a plasmid expressing GFP-Atg8 [pGFPAUT7(414)] were
grown in SMD at 24°C to early log phase, and then they were
preincubated for 30 min either at 24 or 37°C and finally shifted to
nitrogen-depleted (SD-N) medium to induce autophagy. Samples
for the Western blot were taken before (0 h) and after 1.5 and 3 h of
starvation. The numbers below each lane correspond to the percent-
age of cleaved (free) GFP. (C) Pexophagy is impaired in arp2-1 cells.
The arp2-1 Pex14-GFP strain (IRA036) was grown at 24°C in oleate
medium to induce massive peroxisome proliferation, then one por-
tion of the culture was incubated for 3 h at 24°C and another portion
at 37°C. Cells were then shifted to nitrogen starvation conditions to
induce selective peroxisome degradation (pexophagy). Protein ex-
tracts were prepared at the time points indicated and resolved by
SDS-PAGE, and after Western blot, membranes were probed with
anti-GFP monoclonal antibody. Full-length chimeric Pex14-GFP (66
kDa) and free GFP (~25 kDa) were detected as indicated. (D) The
actin cytoskeleton morphology is altered in arp2-1 mutants. Fluo-
rescence images of actin structure in wild-type and arp2-1 cells were
collected after 3 h of incubation at 24 and 37°C. Cells were fixed,
permeabilized, and subsequently incubated for 2 h at room temper-
ature with TR phalloidin to stain the actin cytoskeleton.

lacking nitrogen, at both 24 and 37°C (Figure 1B). In contrast,
the arp2-1 mutant showed a clear decrease in GFP-Atg8
processing at the nonpermissive temperature relative to the
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wild-type control. Nevertheless, arp2-1 cells were able to
process GFP-Atg8 relative to the atg9A mutant, which dis-
played a complete block in autophagy (Figure 1B). Thus, we
concluded that bulk autophagy is only partially blocked in
the arp2-1 mutant. This finding is in agreement with our
previous studies that indicated a requirement for actin
function primarily in selective, but not bulk, autophagy
(Reggiori et al., 2005a).

Because the defect in GFP-Atg8 processing in the condi-
tions that induce bulk autophagy was less evident, we de-
cided to focus our study on selective types of autophagy.
Therefore, in addition to the Cvt pathway, we examined
whether any other types of selective autophagy were af-
fected by the conditional arp2-1 allele. Selective peroxisome
degradation (pexophagy) is induced when cells are grown in
conditions that induce massive peroxisome proliferation,
and then they are shifted to conditions where peroxisomes
are no longer needed for growth. The peroxisomal mem-
brane protein Pex14 fused to GFP can be used as a marker
to monitor peroxisome degradation, similar to GFP-Atg8
(Reggiori et al., 2005a). Free GFP was generated from arp2-1
mutant cells at the permissive temperature (Figure 1C). In
contrast, Pex14-GFP processing in arp2-1 cells was com-
pletely blocked at a nonpermissive temperature, indicating a
defect in pexophagy.

To verify the mutant phenotype of arp2-1, in particular the
alteration of actin cytoskeleton, the latter was examined by
the TR phalloidin actin-staining assay (Figure 1D). TR phal-
loidin is a fluorescent dye that associates with actin fila-
ments and stains all filamentous actin structures in the cell.
After staining, both actin cables and patches can be visual-
ized by fluorescence microscopy. At 24°C, no difference was
observed in actin organization between mutant and wild-
type cells. In contrast, at 37°C, the mutant cells showed an
abnormal actin distribution compared with wild-type cells;
the cables were much less visible and the patches were more
randomly distributed at the plasma membrane and they did
not display as highly a polarized bud localization as seen in
the wild type, where cortical actin patches are more concen-
trated at the site of growth. The mutant phenotype of arp2-1
that we observed at the nonpermissive temperature was
consistent with previous reports. Finally, we sequenced the
arp2-1 genomic locus after amplification by PCR, and we
verified the presence of the mutation that alters the codon
for histidine at position 330 to leucine (data not shown).

Localization of Atg9 Is Altered in the arp2-1 Conditional
Mutant

In contrast to other Atg proteins that are restricted to the
perivacuolar vesicle nucleation site (the PAS), Atg9 localizes
to multiple punctate structures. In wild-type cells, one of the
Atg9 puncta corresponds to the PAS, whereas the other sites
are peripheral to this structure; Atg9 cycles between the
peripheral sites and the PAS (Reggiori et al., 2005b), possibly
providing lipids to the forming autophagosomes or Cvt vesi-
cles (Reggiori and Klionsky, 2005). The retrograde movement
(from the PAS) of Atg9 requires the Atgl-Atgl3 complex,
Atg2, Atgl8, and the phosphatidylinositol 3-kinase complex.
In contrast, the actin cytoskeleton is required for the antero-
grade transport (to the PAS) of Atg9 (Reggiori et al., 2005a).
Because Arp2 is an actin-related protein that is involved in
intracellular trafficking we decided to test whether there was
any defect in Atg9 cycling in the arp2-1 mutant. For this
reason, we used the Transport of Atg9 after Knocking out
ATGI (TAKA) assay (Cheong et al., 2005). This is an epistasis
assay that examines the effect of a second mutation relative
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to atg1A with regard to Atg9 movement to the PAS; in atg1A
cells, Atg9 is confined to the PAS.

We examined atg1A cells that harbored a plasmid encod-
ing a temperature-sensitive allele of ATGI. This strain was
chromosomally tagged with Atg9-3xGFP and RFP-Apel; the
tagged prApel was used to mark the location of the PAS. At
the permissive temperature Atg9-3xGFP was seen in multi-
ple dots, and one of them coincided with the RFP-Apel PAS
marker (Figure 2A). When the atg1’ cells were shifted to
nonpermissive temperature, Atg9-3xGFP fluorescence col-
lapsed into a single punctum, which completely colocalized
with RFP-Apel, similar to the result seen in atglA cells
(Reggiori et al., 2005b). In double mutant arp2-1 atg1* cells, at
the permissive temperature, the Atg9-GFP fluorescence pat-
tern looked the same as in atg1’ cells. In contrast, at the
nonpermissive temperature Atg9-3xGFP was excluded from
the PAS, a phenotype that was clearly distinct from cells that
harbored only the atgIA deletion (Figure 2B). Hence, Atg9
did not localize to the PAS in the arp2-1 conditional mutant
when Atgl was inactive, and we conclude that the traffick-
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Figure 2. Anterograde transport of Atg9 is im-
paired in the arp2-1 mutant. (A) The atg1A and
arp2-1 atg1A strains chromosomally-tagged with
Atg9-3xGFP and RFP-Apel, and carrying a cen-
tromeric plasmid (pATGI1ts(414)) encoding a
temperature-sensitive allele of ATG1 were grown
to mid-log phase at 24 and 37°C and visualized
by fluorescence microscopy. Arrows mark the
site of the PAS. DIC, differential interference con-
trast. Scale bar, 2 um. (B) Quantification of the
Atg9-3xGFP and RFP-Apel colocalization from
(A); colocalization was defined as one Atg9-
3xGFP dot overlapping with the RFP-Apel sig-
nal. Approximately 50 cells expressing RFP-
Apel were examined. The number of cells (40)
where Atg9-3xGFP and RFP-Apel colocalized in
the atgl® strain at 24°C was set to 100%. The
values represent mean and standard deviation
for 3 independent experiments.

ing of Atg9 to the PAS depends on Arp2 function; that is,
Arp2 function was epistatic to that of Atgl.

Atg9 Movement Is Dependent upon Arp2

Previously, we showed that Atg9 localization was dynamic;
Atg9 displays rapid movement at the peripheral sites in
addition to its cycling to and from the PAS (Reggiori et al.,
2005b). We next decided to extend our analysis by following
Atg9 movement over time. To this end, we performed a
time-lapse experiment in the strains that expressed chromo-
somally 3xGFP-tagged Atg9 in both the wild-type and the
conditional arp2-1 mutant cells. Cells were grown at the
permissive temperature, and then they were shifted for 30
min to nonpermissive conditions, and Atg9 movement was
tracked by fluorescence wide-field microscopy. In the wild-
type strain, small GFP-marked fluorescent dots appeared,
moved, and fused with other, bigger dots. In addition, larger
dots could be observed dividing and generating smaller
dots. Overall, the Atg9-3xGFP dots were constantly moving,
fusing, and dividing (Figure 3A). In contrast to the rapid
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Figure 3. Movement of Atg9 is Arp2-dependent. Wild-type and arp2-1 cells were grown to mid-log phase and shifted to nonpermissive
temperature for 30 min before visualization. Movement of Atg9-3xGFP patches was tracked by time-lapse fluorescence imaging as described
in Materials and Methods. The presented images are still frames of the indicated boxed regions shown at 2X enlargement and taken with a time
lapse of 2 s for 60-s duration. (A) In wild-type cells, the Atg9-3xGFP puncta rapidly changed their location accompanied by fusion or division.
(B) In the arp2-1 conditional mutant, there was no displacement of the majority of Atg9-3xGFP puncta during 60 s. Bar, 2 um. (C) The single
Atg9-3xGFP puncta indicated in A and B were tracked in the wild-type Atg9-3xGFP puncta indicated in A and B were tracked in
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movement of Atg9 fluorescent dots seen in the wild-type
cells, there was very little movement observed at the non-
permissive temperature in arp2-1 cells (Figure 3, B and C).
For each dot, the average velocity was calculated, and the
values were compared between groups. The mean velocity
for the arp2-1 strain was 40 = 1.2 nm/s compared with 570 =
32 nm/s for the wild type, with a two-sample ¢ test indicat-
ing a significant difference (p = 0.05). Although some of the
Atg9-3xGFP dots in the arp2-1 strain appeared and/or dis-
appeared over the time course of the analysis, we think these
corresponded to puncta that were moving into and out of
the focal plane due to Brownian motion; however, we can-
not rule out the possibility that some of the puncta in the
mutant strain displayed movement. Overall, it was clear that
the majority of the dots in the arp2-1 strain were not chang-
ing location or that their velocities were significantly re-
duced compared with the wild-type strain. Therefore, we
conclude that the movement of Atg9 at the peripheral sites
was compromised in the arp2-1 conditional mutant.

Arp2 Colocalizes with Atg9

Atg9 movement at the peripheral sites, and its movement
between these sites and the PAS, depends on Arp2 function,
suggesting that these two proteins might interact. Accord-
ingly, we decided to examine Arp2 localization relative to
Atg9 by using a fluorescently tagged version of the protein.
Using wide-field real-time microscopy with a short time
lapse, we detected individual Atg9-3xGFP puncta that mo-
mentarily coincided with an Arp2-3xDsRed dot (Figure 4A).
The projected image is a sum projection of Z-sections. To
verify that this apparent colocalization was not a result of
overlapping, but different, focal planes, we examined whether
the Atg9 and Arp2 signals coincided in a single optical
plane. We observed a brief colocalization that was imaged in
a single Z-section (Figure 4B).

To determine whether this colocalization of Arp2 and
Atg9 is a random event, using the same approach we exam-
ined Arp2-3xDsRed and Atg9-3xGFP colocalization in the
atglA strain background, as well as Arp2-3xDsRed and
Vrg4-GFP colocalization in the wild-type background, and
we carried out a statistical analysis. In the atg1A strain, Atg9
was mostly restricted to a single perivacuolar dot, which did
not show colocalization with any of the multiple Arp2
puncta (Figure 4A). We chose to analyze Vrg4 because it is
an integral membrane protein, as is Atg9, which localizes to
the Golgi complex; there is no indication that Arp2 specifi-
cally localizes to the Golgi, and Vrg4 therefore serves as a
nonspecific marker protein. Vrg4 chromosomally tagged
with GFP was also present in multiple dots, the number of
puncta being similar to Atg9-GFP; however, we found that it
did not colocalize with Arp2 in wild-type cells (Figure 4A).
Our statistical analysis revealed that the number of Arp2
puncta that colocalized with Atg9 in the wild-type strain
(~14%) was significantly higher than the number of dots of
Arp2 that colocalized either with Vrg4 in the wild-type
strain or with Atg9 in the atgl1A strain (Figure 4C). Finally,
we verified that the chimeric Arp2 and Atg9 proteins, with
C-terminal fusions to 3xDsRed or 3xGFP, respectively were
functional; Arp2 fused to 3xDsRed revealed normal cellular

Figure 3 (cont). the wild-type versus arp2-1 strains. Spatial posi-
tions of the centers of puncta were determined in each frame (with
2-s intervals) of a movie using Image] software, and consecutive
positions were connected by lines. Open, larger circles denote the
first position of each punctum. Bar, 500 nm.
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distribution as it was colocalized with GFP-tagged Abpl, a
marker for actin patches (our unpublished data). In addi-
tion, the cell morphology and actin cytoskeleton organiza-
tion were normal and the cells grew at rates similar to
wild-type cells at 24°C as well as at 37°C (our unpublished
data). Finally, both chimeras complemented arp2-1 or atg9A
mutant strains, respectively, for maturation of prApel (Fig-
ure 4, D and E).

Arp2 Interacts with Atg9

The fluorescence microscopy data suggest that Atg9 and
Arp? transiently colocalize. Accordingly, we decided to ex-
amine whether these proteins interact. To this end, we first
performed a yeast two hybrid-based analysis. We found that
yeast two-hybrid cells harboring plasmids encoding Arp2
and Atg9 showed growth on plates lacking histidine but not
on plates lacking adenine, indicating that Arp2 could inter-
act weakly with Atg9 under the conditions of this assay (our
unpublished data). To further clarify the physiological sig-
nificance of the Atg9—-Arp2 interaction, we decided to test
the interaction using a biochemical approach. The function-
ality of the chromosomally tagged Arp2 was verified by a
prApel maturation assay (our unpublished data). Wild-
type, atglA, and atgl1A cells expressing chromosomally
TAP-tagged Arp2 and endogenous Atg9 were lysed, and the
TAP-tagged protein was isolated with IgG-Sepharose beads.
The presence of Arp2-TAP and Atg9 was detected by im-
munoblotting with anti-Atg9 antibody.

Approximately 25 = 7% (n = 3) of the Atg9 pool was
coimmunoprecipitated with Arp2-TAP, which suggests that
the two proteins interact at a moderate level (Figure 5A).
Nonetheless, this level of interaction was substantially
higher than we expected based on our fluorescence micros-
copy data, which revealed that only a very small proportion
of Atg9 puncta showed any colocalization with Arp2 (Figure
4). To investigate the nature of this apparent discrepancy,
we repeated the affinity isolation with a strain harboring a
centromeric plasmid allowing expression of ATG9 from an
endogenous promoter but at a higher level, and we found a
substantial increase in the amount of Atg9 protein bound to
Arp2 (our unpublished data). Increasing the incubation time
for the coimmunoprecipitation of the cell lysate gave a sim-
ilar result (our unpublished data). Thus, the amount of Atg9
bound to Arp2 seems to be affected by the expression level
and experimental conditions; Arp2 may bind a higher level
of Atg9 during the in vitro affinity isolation, perhaps due to
a loss of regulation that normally occurs in vivo. To verify
the interaction between these two proteins, we repeated the
affinity isolation in the reverse direction, using Atg9 tagged
with protein A to coprecipitate Arp2-GFP. In this case, we
detected a very weak, but reproducible, interaction between
the two proteins (Figure 5B).

In contrast to wild-type cells, Atg9 was not coimmuno-
precipitated with Arp2-TAP in the atg1A strain (Figure 5C).
This result suggests that Arp2 is not localized at the PAS or
that the two proteins do not interact at this site. Similarly, we
did not detect an interaction between these two proteins in
an atg11A strain (Figure 5C). The latter result was interesting
because Atgll is required for transit of Atg9 from the pe-
ripheral sites to the PAS (He et al., 2006). Thus, the absence
of either Atgl or Atgll eliminated the interaction between
Arp2 and Atg9, suggesting that this interaction is either
directly or indirectly dependent on those proteins. Chromo-
somally TAP-tagged Atgl did not coimmunoprecipitate
with Atg9 (Figure 5D), suggesting that Atgl may not di-
rectly be involved in the Arp2 interaction, and this analysis
also served as an additional negative control. We conclude
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Figure4. Atg9 colocalizes with Arp2. (A) Atg9
and Arp2 were tracked in a single live cell in
wild-type (IRA033) and atg1A (IRA037) cells ex-
pressing chromosomally tagged Atg9-3xGFP
and TPI promoter-driven Arp2-3xDsRed, and
Arp2 and chromosomally tagged Vrg4-GFP
were monitored in wild-type cells (IRA039).
Mid-log phase cells were analyzed by simul-
taneous two-color imaging combined in 4D
(x,y,z,t). The RFP and GFP images were col-
lected simultaneously with a time interval be-
tween Z-stacks acquisitions of 20 s for 120-s
duration. A collapsed series of Z-sections is
shown at the 60 s time point. Scale bar, 2 um.
(B) Still frames from a collapsed series of Z-
sections and individual Z-sections at a single
focal plane from a different cell demonstrate
Atg9-3xGFP and Arp2-3xDsRed colocaliza-
tion. The single Z-section images show the
magnified view of the boxed area. (C) Quanti-
fication of the number of Atg9-3xGFP puncta
colocalized with Arp2-3xDsRed in the wild-type
and atg1A strains, and the number of Vrg4-GFP
dots colocalized with Arp2-3xDsRed (n = 100).
The number of Atg9 dots that colocalized with
Arp2 in the wild-type strain per cell was set to
100%. (D) Arp2-3xDsRed is functional. arp2-1
cells expressing Arp2-DsRed or empty vector
were grown to mid-log phase at 24°C, and
then they were incubated for 3 h either at 24 or
37°C. Precursor Apel maturation was moni-
tored by Western blot. The positions of pre-
cursor and mature Apel are indicated. (E)
Atg9-3xGFP is functional. Wild-type cells or
atg9A cells expressing Atg9-3xGFP or empty
vector were grown to mid-log phase, and then
they were examined by Western blot as de-
scribed in C.
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Figure 5. Atg9 binds to Arp2. (A) Atg9 is coimmunoprecipitated
with Arp2. Either wild-type cells containing chromosomally TAP-
tagged Arp2 (Arp2-TAP, WT) or atg9A cells with chromosomally
tagged Arp2-TAP (IRA020) were used for affinity isolation as de-
scribed in Materials and Methods. Eluted polypeptides were sepa-
rated by SDS-PAGE and detected with anti-Atg9 antiserum. The
same amounts of the total lysate (T), immunoprecipitate (IP), and
flow through (F) were loaded per gel lane. (B) Arp2 is coimmuno-
precipitated with Atg9. A strain expressing chromosomally tagged
Atg9-protein A (FRY171) and plasmid-based Arp2-GFP or a control
strain (SEY6210) only expressing plasmid-based Arp2-GFP and pro-
tein A driven by the CUP1 promoter were used for affinity isolation
as described in A. Protein bands were detected with anti-YFP anti-
body. (C) Endogenous Atg9 is not coimmunoprecipitated with Arp2
in the absence of Atgl or Atgll. The indicated afgIA (IRA023) or
atg11A (IRA028) Arp2-tagged strains were used for affinity isolation
as in A and probed with anti-Atg9 antiserum. (D) Atg9 is not
coimmunoprecipitated with Atgl. A strain with chromosomally
TAP-tagged Atgl (UNY102) served as a control for Atg9 affinity
isolation. Eluted polypeptides were separated by SDS-PAGE and
visualized by immunoblotting as described in A.

that Arp2 interacts with Atg9, and this interaction does not
occur when Atg9 is restricted to the PAS in atgIA cells or
when Atg9 cycling is blocked in atg11A cells. In addition,
these results are consistent with our fluorescence micros-
copy data, which showed that the two proteins do not
colocalize when Atg9 is restricted to a single PAS dot in
atg1A cells.

For atg1A cells, Atg9 is localized in a distinct site separate
from Arp2; however, this is not the case in an atg11A strain.
Accordingly, because of the lack of interaction in the atg11A
cells, we hypothesized that the interaction of Atg9 with Arp2
might be dependent on Atgl1. To test this, we examined the
interaction in the Atg9™19?t mutant, in which the codon for
histidine at position 192 was altered to leucine; this mutation
causes loss of interaction between Atg9 and Atgll (He et al.,
2006), and we asked the question of whether the loss of
Atg9-Atgll interaction affected the interaction between
Atg9 and Arp2. First, we tested the Atg9—-Arp2 interaction
by coimmunoprecipitation, and we found that Atg9™12k
was essentially not coimmunoprecipitated with Arp2-TAP
(Figure 6A). Next, we performed a time-lapse experiment
and examined Atg9 and Arp2 colocalization in strains ex-
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pressing either wild-type Atg9 or Atg9™92L tagged with
3xGFP (Figure 6B). We used wide-field real-time micros-
copy with a short time lapse to learn more about the
nature of the Atg9—-Arp2 interaction. Each projected im-
age shown is a sum projection of Z-sections. We saw that
in the wild-type strain an individual Atg9-3xGFP punc-
tum momentarily coincided with an Arp2-3xDsRed dot
usually for <10 s, although we occasionally detected co-
localization for more than 10 s (Figure 6B). In contrast, in
cells expressing the mutant Atg9t!92L-3xGFP, dots rarely
coincided with Arp2. Quantification of the results re-
vealed that colocalization was significantly reduced with
the Atg9™192L mutant, which is consistent with our coim-
munoprecipitation results (Figure 6C).

Because we found that Atg9 localization at the PAS and
movement were compromised in the arp2-1 mutant (Figures
2 and 3), we extended our analysis of Atg9—-Arp2 interaction
by examining the ability of Atg9 to interact with the mutant
arp2-1 protein. When chromosomally tagged Atg9-3xGFP
and arp2-1-3xDsRed were expressed at either 24 or 37°C, we
detected limited colocalization of the two proteins (Figure
7A), similar to the level detected with Arp2-3xDsRed (Figure
4). The two proteins also coprecipitated; TAP-tagged arp2-1
was able to coprecipitate Atg9, whereas Atg9 was not affin-
ity isolated by protein A alone (Figure 7, B and C). We then
examined movement of arp2-1-3xDsRed at the permissive
and nonpermissive temperatures, and we found that the
mutant protein displayed a dramatic reduction in move-
ment at the nonpermissive temperature (Figure 7D), essen-
tially the same as that seen with Atg9-3xGFP in the arp2-1
mutant at 37°C (Figure 3B). Thus, the defect in Atg9 move-
ment in the arp2-1 mutant does not seem to be the result of
an inability of the two proteins to interact, but rather from
the inherent defect in the dynamics of the arp2-1 mutant
protein at the nonpermissive temperature.

The Arp2/3 Complex Is Required for Selective Autophagy

Arp2 is one component of the Arp2/3 complex, which is
composed of seven subunits: Arp2, Arp3, Arcl5/pl5,
Arcl18/p18/p21, Arcl9/p19, Arc35/p35, and Arc40/p40.
All of the subunits of this complex, except for Arcl8, are
encoded by essential genes. The Arp2/3 complex is re-
quired for proper actin cytoskeleton organization, and its
subunits colocalize with cortical actin structures. There-
fore, we hypothesized that the Arp2/3 complex, not just
Arp2, might be required for selective autophagy. To test
this hypothesis, we examined prApel maturation by
pulse-chase radiolabeling in strains with mutations in
genes encoding Arp2/3 subunits. At the permissive tem-
perature, the arp3-2, arc15-10, arc35-6, and arc40-118 mu-
tants were able to mature some or all of the prApel
(Figure 8A). At the nonpermissive temperature, there was
a severe block in prApel maturation in these mutant
strains, reflecting a defect in the Cvt pathway.

We next examined bulk autophagy by using the GFP-Atg8
processing assay. In contrast to the Cvt defective phenotype,
the block in nonspecific autophagy was less severe than that
seen in an atg mutant; all of the mutants showed at least
partial generation of free GFP after the induction of autoph-
agy, although the arp3-2 and arc15-10 defects were relatively
severe similar to that seen with arp2-1 (Figures 1A and 8B).
Arp2 and Arp3 are the two main subunits of the Arp2/3
complex, and they play a central role by forming an initial
nucleus for actin polymerization. Differences in severity
among the other components of the complex may reflect the
particular alleles available for analysis.
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Figure 6. A mutant Atg9 that loses the ability 23
to interact with Atgll does not bind Arp2. (A) A 0
Endogenous Atg9 is coimmunoprecipitated
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loses the ability to interact with Atgll. The
indicated wild-type (ARP2-TAP, WT), atg11A
(IRA028), or Atg9''2L (IRA020 harboring
PATG9H192L) strains were used for affinity
isolation as in Figure 5. (B) Mid-log phase cells
were analyzed by simultaneous two-color im-
aging combined in 4D (x,y,zt). The RFP and
GFP images were collected simultaneously with
a time interval between Z-stacks acquisitions of
10- for 120-s duration. Still frames from col-
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Atg9™192L3xGFP strain. Bar, 2 um. (C) Quanti-
fication of the number of Atg9-3xGFP dots colo-
calized with Arp2-3xDsRed per cell (n = 79) in
the wild-type versus Atg9™%?L mutant strain.
Fifteen of a total of 105 Atg9-3xGFP dots dis-
played in 13 frames taken during a 120-s time
course colocalized with Arp2 in the wild-type
strain; this number was set to 100%. *p < 0.05
value indicates that a statistically signifi-
cantly higher number of Atg9-3xGFP dots
colocalized with Arp2-3xDsRed compared
with the mutant Atg9H92L-3xGFP.
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Finally, we examined mutant forms of two proteins that
regulate the activity of the Arp2/3 complex, Las17 and Pan1.
Both the pan1-3 and las17-11 mutants displayed normal pro-
cessing of prApel (Figure 8C); however, these two proteins
are partially redundant in function (Toshima et al., 2005).
Therefore, we next examined versions of these proteins that
are defective for activating and/or binding the Arp2/3 com-
plex (Toshima ef al., 2005). The las177AWCA mutant dis-
played an ~50% block in prApel maturation, whereas the
double las17AWCA pan1A855-1480 mutant was completely
defective for the Cvt pathway based on prApel processing
(Figure 8C). Overall, these results suggest that the function
of the Arp2/3 complex is required particularly for selective
autophagy.

DISCUSSION

The Arp2/3 Complex Is Required for Selective Autophagy

Previously, we showed that the actin cytoskeleton is required
for selective autophagy. The cycling of Atg9 in conditional
actin mutants, or in cells treated with the actin-depolymerizing
drug latrunculin A, is defective. In particular, the anterograde
transport of Atg9 from peripheral sites in the cell to the site
of vesicle formation requires a functional actin cytoskeleton.
Accordingly, we screened yeast strains with mutations in
genes encoding actin binding proteins to understand how
actin, and associated factors, regulates the anterograde
movement of Atg9. In the current study, we found that
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mutations in subunits of the Arp2/3 complex caused a se-
vere defect in transport of the specific autophagy marker
precursor Apel in growing conditions (Figures 1A and 8A).
Similarly, we found that pexophagy, another type of selec-
tive autophagy, was defective in arp2-1 mutant cells (Figure
1C). In contrast, this mutant processed GFP-Atg8, indicating
that bulk or nonspecific autophagy was relatively unaffected
(Figure 1B). This finding is consistent with our previous results
where an intact cytoskeletal network was essential only for
selective autophagy (Reggiori et al., 2005a). The Arp2/3 com-
plex consists of seven subunits: Arp2, Arp3, Arcl5/pl5,
Arcl8/p18/p21, Arc19/p19, Arc35/p35, and Arc40/p40. This
complex functions to nucleate the synthesis of actin filaments.
We found that mutations in any of the Arp2/3 complex com-
ponents that we tested displayed a similar phenotype; all of
these mutants were defective for prApel import, but they
displayed relatively normal kinetics for nonspecific autophagy
(Figure 8) although there were subunit-specific differences that
may reflect the severity of the defect in particular alleles of the
various mutants.

Atg9 Cycling Is Regulated by Arp2 during Selective
Autophagy

Unlike other intracellular trafficking mechanisms, autoph-
agy uses double-membrane vesicles that are formed de
novo. One of the most important questions concerning au-
tophagy is the mechanism used to compose the autophago-
somes, and the source of the lipids that supply the site of
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autophagosome assembly, the PAS. Atg9, is a transmem-
brane protein that cycles between peripheral structures and
the PAS, and it is therefore proposed to play a key role in
membrane delivery during the assembly process (Reggiori
and Klionsky, 2005). Transfer of Atg9 to the cargo site in-
volves Atgll, Atg23, Atg27, and actin (He et al., 2006, Le-
gakis ef al., 2007, Yen et al., 2007); however, the mechanism
by which actin mediates Atg9 anterograde movement is not
known. We found that in arp2-1 mutant cells, Atg9 move-
ment was severely compromised; Atg9 was unable to colo-
calize with the PAS marker prApel, suggesting a role for
Arp2 in directing or regulating Atg9 anterograde movement
to the PAS (Figure 2).

Real-time analysis of Atg9 dynamics in arp2-1 cells re-
vealed that patches of Atg9 located at the peripheral sites are
immobile, in contrast to their rapid movement in wild-type
cells, implying that Arp2 is required for Atg9 movement
(Figure 3). These data suggest that Arp2, presumably in
conjunction with other subunits of the Arp2/3 complex,
may function in some aspect of vesicle movement involving
Atg9, by analogy with the role of Arp2 in other processes
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Figure 7. Atg9 interacts with arp2-1, which is
defective in movement. (A) Atg9-3xGFP and
arp2-1-3xDsRed colocalize. arp2-1 cells ex-
pressing chromosomally tagged Atg9-3xGFP
and arp2-1-3xDsRed (JGY086) were grown to
mid-log phase at 24°C, and then they were
shifted to 37°C for 30 min. Samples were col-
lected before and after the temperature shift,
and then they were analyzed by microscopy
as described in Materials and Methods. Colocal-
ization of Atg9-3xGFP and arp2-1-3xDsRed in
a single Z-section is indicated by arrows. (B)
The arp2-1 protein interacts with Atg9. Cells
(IRA038) expressing the chromosomally TAP-
tagged arp2-1 protein were grown in SMD
medium at 24°C, and then one aliquot of the
culture was shifted to 37°C for 3 h. Cells were
collected, and affinity isolation was performed
as in Materials and Methods. The same amounts
of total lysate (T), immunoprecipitate (IP), and
flow through (F) were separated by SDS-
PAGE and detected by anti-Atg9 antiserum.
Bar, 2 um. (C) Atg9 is not coimmunoprecipi-
tated with protein A (PA) alone. Wild-type
cells expressing CUPI1 promoter-driven PA
were used as a negative control for Atg9 in-
teraction. Cells were cultured at 30°C and an-
alyzed by affinity isolation as described in B.
(D) arp2-1-DsRed is defective in movement at
the nonpermissive temperature. Mid-log phase
cells expressing arp2-1-3xDsRed (JGY086) were
grown and imaged as in described in A with a
time interval between Z-stack acquisitions of
10 s for 120-s duration. Still frames from col-
lapsed series Z-sections examine arp2-1-3xDsRed
movement at 24 and 37°C. Bar, 2 um.
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involving membrane movement such as endocytosis (Liu et
al., 2006, Takenawa and Suetsugu, 2007). The components of
the Arp2/3 complex display transient interaction with form-
ing endocytic vesicles. Accordingly, we examined potential
interactions between Atg9 and Arp2.

Using real-time three-dimensional (4D)-microscopy, we
found that Atg9 and Arp2 display transient colocalization
(Figure 4). We used affinity isolation to verify that the colo-
calization corresponded to an actual interaction (Figure 5).
These events most likely take place at the peripheral patches
where Atg9 colocalizes with Arp2 but not at the PAS, which
is the ultimate destination, because we did not detect colo-
calization or direct interaction between these two proteins in
an atg1A mutant where Atg9 is confined to the PAS (Figures
4 and 5). There was also a lack of interaction between Atg9
and Arp2 in an atg11A strain or in an Atgll mutant that is
defective in binding Atg9 (Figure 6), even though Atg9 is
restricted to the peripheral sites in this mutant. Therefore,
this result suggests that Atgll may directly or indirectly
mediate the interaction between Atg9 and Arp2. In contrast
to the results with the atg11A strain, Atg9 still interacts with
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Figure 8. The Arp2/3 complex is necessary for selective autoph-
agy. (A) Precursor Apel maturation is blocked in the arp3-2
(RLY193), arc15-10 (Y4963), arc35-6 (BGY0809), and arc40-118
(BGY0883) strains. The cells were grown to mid-log phase at 24°C,
and then they were incubated for 3 h either at 24 or 37°C. Precursor
Apel maturation was monitored with pulse-chase radiolabeling
followed by immunoprecipitation with antiserum to Apel. The
positions of precursor and mature Apel are indicated. (B) GFP-
Atg8 processing is delayed in some strains with mutations in
Arp2/3 complex subunits. The wild-type, arp3-2, arc15-10,
arc35-6, and arc40-118 strains transformed with a GFP-Atg8 plas-
mid [pGFPAUT7(414) or pGFPAUT7(416)] were grown in SMD to
mid-log phase at permissive temperature and preincubated for 30
min either at 24 or 37°C before being shifted to starvation conditions
(SD-N). At the indicated time points, aliquots were taken and pro-
tein extracts were analyzed by Western blot by using anti-GFP
antibody. The positions of GFP-Atg8 and free GFP are indicated
along with the percentage of free GFP. (C) Mutations in Arp2/3
complex regulatory proteins block selective autophagy. The wild-
type (SEY6210) and atg9A (JKY007) strains were grown to mid-log
phase at 30°C, and protein extracts were prepared for controls. The
panl-3 (YAS1115), las17-11 (DDY1960), las17AWCA (DDY3045) and
las17AWCA pan1A855-1480 (DDY2885) strains were grown to mid-
log phase at 24°C, shifted to 37°C for 60 min, and examined by
Western blot as described in A.

the arp2-1 mutant protein, even at the nonpermissive tem-
perature (Figure 7). Therefore, lack of movement in the
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arp2-1 mutant does not reflect an inability of Atg9 to interact
with arp2-1, but rather it is due to the defect in the function
of the arp2-1 protein. These data support a model where
actin nucleation events direct the movement of Atg9 from
peripheral sites to allow the delivery of membranes to the
cargo, and expansion of the forming autophagosome under
vegetative growth conditions.

How Does Arp2/3 Function in Selective Autophagy?

Arp2/3 and its activators such as Las17 (the yeast homo-
logue of the Wiskott—Aldrich syndrome protein, N-WASP),
possibly in complex with the type 1 myosins Myo3 and
Myo5, Abpl, or Panl initiate the assembly of actin filaments
(Pollard, 2007, Winder and Ayscough, 2005). This proceeds
in such a way that actin monomers (Actl) are added to the
barbed ends of the Arp2 and Arp3 subunits of the Arp2/3
complex. Arp2 and Arp3 have a tertiary structure similar to
that of actin itself. Thus, when the Arp2/3 complex binds
the first actin monomer, it allows creation of the nucleus,
which is a growing end during actin filament elongation.
This growing end of the filament is directed toward a
membrane surface, the specific place where a vesicle will
bud off. For example, during endocytosis the elongation
of growing actin filaments pushes against the plasma
membrane, providing the driving force that results in
membrane invagination and subsequent vesicle propul-
sion, eventually leading to vesicle scission and movement
away from the donor membrane (Ayscough, 2005, Tak-
enawa and Suetsugu, 2007).

We propose that during autophagy the Arp2/3 complex
functions in a similar manner, providing the force that is
required for anterograde Atg9 movement. The Arp2/3 pro-
teins may allow Atg9 and associated membrane to “bud” off
the membrane source at the peripheral sites. As a result,
Atg9 is directed in an Atgll-, Atg23- and Atg27-dependent
mechanism, presumably along actin cables, to the prApel
cargo at the PAS. The specific autophagy factors such as
Atg19 and Atgl1, and perhaps other molecular components,
serve as adaptors between the Cvt cargo and the actin cy-
toskeleton. We are just beginning to understand the mech-
anism of Atg9 trafficking. Our knowledge primarily de-
rives from studies in yeast; however, it is worth noting
that the Arp2/3 complex, its activators and Atg9 are
highly conserved through all eukaryotes, including hu-
mans. Not much is known about the relationship between
the actin cytoskeleton and autophagy in higher eukaryotic
systems. Further analysis of Atg9 cycling and its interac-
tions with actin-binding proteins, will unravel the essen-
tial mechanisms of cytoskeleton function in specific types
of autophagy.
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