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a b s t r a c t

Nutrient starvation induces autophagy to degrade cytoplasmic materials in the vacuole/lysosomes. In the
yeast, Saccharomyces cerevisiae, Atg17, Atg29, and Atg31/Cis1 are specifically required for autophagosome
formation by acting as a scaffold complex essential for pre-autophagosomal structure (PAS) organization.
Here, we show that these proteins constitutively form an Atg17–Atg29–Atg31 ternary complex, in which
phosphorylated Atg31 is included. Reconstitution analysis of the ternary complex in E. coli indicates that
the three proteins are included in equimolar amounts in the complex. The molecular mass of a mono-
meric Atg17–Atg29–Atg31 complex is calculated at 97 kDa; however, analytical ultracentrifugation
shows that the molecular mass of the ternary complex is 198 kDa, suggesting a dimeric complex. We pro-
pose that this ternary complex acts as a functional unit for autophagosome formation.

� 2009 Elsevier Inc. All rights reserved.
Macroautophagy (autophagy) is an intracellular bulk degrada-
tion system [1]. This phenomenon is ubiquitously conserved from
yeast to higher eukaryotes. Upon nutrient starvation, cytoplasmic
materials are sequestered in autophagosomes for degradation in
the lysosome/vacuole. At least 18 autophagy-related (Atg) pro-
teins are localized to the pre-autophagosomal structure (PAS)
and participate in autophagosome formation [2,3]. In response
to nutrient starvation, the Atg1-Atg13 complex [4] and autoph-
agy-specific Atg proteins (Atg17, Atg29, and Atg31) associate
and assemble at the PAS [5]. In contrast to the Atg1-Atg13 com-
plex, the behavior of Atg17, Atg29, and Atg31 proteins remains
to be elucidated.

In this study, we characterize Atg17, Atg29, and Atg31, and
show that these proteins constitute a stable ternary complex. We
reconstitute this ternary complex in E. coli, and determine its pre-
cise molecular mass by analytical ultracentrifugation.
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Materials and methods

Yeast strains and media. BY4741 (MATa his3D leu2D met15D
ura3D) (ResGen), YKY61 (BY4741 atg31::ATG31–13Myc-kanMX)
[6], YKY69 (YKY61 atg17D::HIS3), YKY71 (YKY61 atg29D::natMX),
and YKY88 (BY4741 atg17D::kanMX atg31D::natMX) were used in
this study. The other atg disruptants listed in Fig. 2B were pur-
chased from ResGen. Media and methods for gene disruption have
been described previously [7,8].

Plasmids. To obtain pATG31, a 1.6-kb fragment containing the
entire ATG31 gene was cloned from yeast genomic DNA into
pRS426 [9]. For expression of Atg31 under the CUP1 promoter,
the open reading frame of ATG31 was cloned into pYEX-BX
(Clontech).

Antibodies. An antibody against recombinant Atg31 was raised
against Atg31 fused to glutathione S-transferase (GST), and was
affinity purified. Antibodies against Atg1 [10], Atg17 [7], Atg29
[11], and Pgk1 [12] have been described previously. Mouse mono-
clonal anti-Myc epitope antibody 9E10 and anti-FLAG tag antibody
M2 were purchased from Covance Research Products and Sigma,
respectively.

Preparation, analytical gel-filtration and ultracentrifugation of re-
combinant proteins. GST-tagged Atg17, Atg29, and hexa-histidine
(His6)-tagged Atg31 were co-expressed in E. coli on pGEX6p vector
(GE Healthcare) for Atg17 and pACYCDuetTM-1 vector (Novagen)
for Atg29 and Atg31. Lysate from co-expressing cells was applied
to a glutathione-Sepharose 4B column (GE Healthcare) and the
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GST–Atg17–Atg29–Atg31 complex was eluted with 10 mM gluta-
thione. After cleaving the GST tag from Atg17 with PreScission pro-
tease (GE Healthcare), the Atg17–Atg29–His6–Atg31 complex was
applied to a Ni–NTA column (QIAGEN) and eluted with 200 mM
imidazole. Further purification of the Atg17–Atg29–Atg31 complex
was performed using a prep grade Superdex 200 column (GE
Healthcare). Analytical gel filtration chromatography was per-
formed using a Superdex 200 10/300 GL column (GE Healthcare)
equilibrated with 20 mM Tris–HCl buffer pH 8.0 and 150 mM NaCl.
One-hundred microliters of the Atg17–Atg29–Atg31 complex
(2.0 mg/ml) were applied to the column and eluted with the equil-
ibration buffer. Absorbance at 280 nm was used to detect proteins.
Each fraction was subjected to SDS–PAGE and proteins were
stained with Coomassie Brilliant Blue (CBB). Sedimentation equi-
librium experiments were carried out using an XL-I analytical
ultracentrifuge (Beckman Coulter, Inc.) with an An-60 Ti rotor at
298 K. 0.2, 0.35, and 0.7 mg/ml of the Atg17–Atg29–Atg31 complex
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Fig. 1. Atg17, Atg29, and Atg31 form a stable complex in vivo. (A) Wild-type cells
(BY4741) were grown and treated with rapamycin for 1 h. After cells were
converted to spheroplasts, cell lysates were prepared by osmotic lysis. Cytosolic
fractions (100,000g supernatant) were separated by gel filtration chromatography
on a Superdex 200 column. Each fraction was analyzed by immunoblotting using
anti-Atg1, anti-Atg17, anti-Atg29, and anti-Atg31antibodies. Positions of molecular
mass standards (in kDa) are shown. Open and closed circles indicate dephospho-
rylated and phosphorylated Atg31, respectively (see the text). (B) atg17D cells
(YKY69) harboring a pFLAG-Atg17 CEN plasmid were grown and treated with
rapamycin. FLAG-Atg17 was immunoprecipitated with a monoclonal anti-FLAG
antibody and immunoblotted with a polyclonal anti-FLAG antibody. Associated
proteins were visualized by immunoblotting with anti-Atg29 and anti-Myc
antibodies. The asterisks in the total cell lysates show nonspecific bands that were
recognized by the anti-Atg29 antibody.
were loaded and data were collected at equilibrium for two differ-
ent angular velocities: 6000 and 8000 rpm. Data analysis was car-
ried out using the XL-A/XL-I software, version 6.03 (Beckman
Coulter, Inc.) based on the Origin software (Microcal, Inc.).

Other methods. Other methods were described previously [7,13].
For phosphatase treatment, proteins extracted by alkaline treat-
ment were precipitated with 10% trichloroacetic acid and treated
with 400 U of lambda protein phosphatase (NEB) for 30 min at
30 �C according to the manufacturers’ instructions.

Results and discussion

Atg17, Atg29, and Atg31/Cis1 form a stable complex in the cytosol

Recently, Atg29 and Atg31/Cis1 have been individually reported
to interact with Atg17 [6,11]. We thus examined the behavior of
Atg17, Atg29, and Atg31 in vivo. Fractionation analysis of wild-type
cells under growth conditions showed that the majority of Atg17,
Atg29, and Atg31 were present in the cytosolic fraction (data not
shown). This fraction was subjected to gel filtration analysis using
a Superdex 200 column. Atg17 eluted mainly in a single peak in frac-
tions corresponding to �600 kDa ([7] and Fig. 1A). Atg29 eluted in
two peaks, the larger of which overlapped with Atg17 (Fig. 1A, frac-
tions #2–4). Most of the Atg31 also fractionated in the �600 kDa
fractions, together with Atg17 and Atg29 (Fig. 1A, fractions #2–4).
Coelution of Atg17, Atg29, and Atg31 suggests that these three pro-
teins form a complex of �600 kDa. The elution patterns of Atg17,
Atg29, and Atg31 in rapamycin-treated cells were similar to those
in cells grown in nutrient-rich conditions (Fig. 1A), and nitrogen
starvation did not affect the elution patterns (data not shown).

Next, we examined physical interactions between Atg17, Atg29,
and Atg31 by immunoprecipitation analysis. Atg29 and Atg31 were
coprecipitated with Atg17 in a rapamycin-independent manner
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Fig. 2. Atg31 is a phosphoprotein. (A) Lysates from atg31D cells (BY4741
background) overexpressing Atg31 from the CUP1 promoter and grown overnight
were subjected to phosphatase treatment. After the reaction was terminated by
boiling in SDS-sample buffer, samples were subjected to immunoblot with anti-
Atg31 antibody. Open and closed circles indicate dephosphorylated and phosphor-
ylated forms of Atg31, respectively. (B) Wild-type cells and each atg disruptant
(BY4741 background) were treated with rapamycin for 1 h. The lysates were
subjected to immunoblot using anti-Atg31 antibody. Pgk1 served as a loading
control. (C) Wild-type (YKY61), atg17D (YKY69), and atg29D (YKY71) cells
chromosomally expressing Atg31-Myc were treated with rapamycin for 1 h. Total
lysates were subjected to immunoblot with an anti-Myc antibody.
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Fig. 3. Reconstitution of the Atg17–Atg29–Atg31 complex in E. coli. (A) Heterotrimeric Atg17–Atg29–Atg31 complex was subjected to gel filtration chromatography on a
Superdex 200 column and the resulting elution profile is shown. (B) The proteins in each fraction were separated by SDS–PAGE and stained with CBB. (C) Sedimentation
equilibrium profiles for the reconstituted Atg17–Atg29–Atg31 complex at initial loading concentrations of 0.2 (top), 0.35 (middle), and 0.7 mg/ml (bottom). Samples in
20 mM Tris–HCl buffer at pH 8.0 and 150 mM NaCl were centrifuged at 298 K for 20 h at 6000 and 8000 rpm. Absorbances at 280 nm at sedimentation equilibrium (left,
6000 rpm; right, 8000 rpm) are shown as a function of the radial cell position from the axis of rotation. Nonlinear least squares fits to a model that assumes a single ideal
species are overlaid onto these data sets. Residuals for the nonlinear least square fits are plotted versus the distance from the axis of rotation above each graph. Global fitting
yielded an apparent average molecular mass of 197,601 Da for the Atg17–Atg29–Atg31 complex.
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(Fig. 1B). This result shows that the Atg17–Atg29–Atg31 complex
is stable, and is formed constitutively and independent of nutrient
conditions.

We reported that the association of the Atg1-Atg13 complex
with Atg17, Atg29, and Atg31 is markedly enhanced in response
to nutrient starvation, and that these five proteins act as a scaffold
that stimulates the recruitment of the other Atg proteins to the PAS
[5]. In gel filtration analysis using rapamycin-treated cells, Atg1
and Atg13 were mainly eluted in smaller fractions (Fig. 1A, frac-
tions #6–7; data not shown) than the Atg17–Atg29–Atg31 com-
plex (Fig. 1A, fractions #2–4), indicating that most of the Atg1
and Atg13 do not form a stable complex with the Atg17–Atg29–
Atg31 complex. In fact, in the absence of Atg1 or Atg13, the
�600 kDa Atg17–Atg29–Atg31 complex was normally detected
by gel filtration analysis and, conversely, the elution patterns of
Atg1 and Atg13 did not change in atg17D, atg29D or atg31D cells
(data not shown). Although gel filtration analysis showed that
the main peaks of Atg1 (or Atg13) and the Atg17–Atg29–Atg31
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complex are different, it is still possible that a very small popula-
tion of Atg1 and Atg13 interacts with the Atg17–Atg29–Atg31
complex in response to starvation, which might be sufficient to in-
duce autophagosome formation. Alternatively, the interaction be-
tween Atg1 and the Atg17–Atg29–Atg31 complex may not be
strong enough to be analyzed under our experimental conditions.

Atg31 is a phosphoprotein

Atg31 was recognized as two bands at �40 kDa by immunoblot
analysis and the upper band disappeared following phosphatase
treatment (Fig. 2A), indicating that Atg31 is phosphorylated. Phos-
phorylated Atg31 was detectable in the Atg17–Atg29–Atg31 com-
plex in cells under both growth and rapamycin-treated conditions
(Fig. 1A). The expression of Atg31 was upregulated by nitrogen
depletion or addition of rapamycin [14], resulting in an increase
of phosphorylated Atg31 (Fig. 2B, lanes 1–2). We examined the
phosphorylation level of Atg31 in several atg mutants. Atg1 is a
protein kinase essential for autophagy, and its kinase activity is
regulated by binding to Atg13 [4,10]. However, the phosphoryla-
tion levels of Atg31 in atg1D and atg13D cells were not decreased
(Fig. 2B, lanes 5–8), suggesting that Atg1 and Atg13 are not in-
volved in phosphorylation of Atg31. The amount of Atg31 was de-
creased in atg17D or atg29D cells (Fig. 2C). This result suggests that
the absence of Atg17 or Atg29 makes Atg31 unstable, resulting in a
decrease of phosphorylated Atg31.

Atg17, Atg29, and Atg31 form a stoichiometric complex

We next examined whether Atg17, Atg29, and Atg31 are able to
constitute a complex. GST–Atg17, Atg29, and His6–Atg31 were co-
expressed in E. coli, and proteins associating with both Atg17 and
Atg31 were purified using a glutathione column and a Ni-chelating
column. Gel filtration analysis showed that the purified Atg17
complex was collected at fractions of �600 kDa (Fig. 3A). SDS–
PAGE followed by CBB staining demonstrated that Atg29 and
Atg31 were co-eluted in this fraction (Fig. 3B, fraction #2), indicat-
ing that Atg17, Atg29, and Atg31 form a �600 kDa complex in
E. coli. The amounts of Atg17 and Atg29 relative to Atg31 were esti-
mated by densitometry; the ratio of Atg17, Atg29, and Atg31 was
about 2:1:1, which corresponds to that of the theoretical molecular
masses of Atg17, Atg29, and Atg31 (49 kDa:25 kDa:23 k-
Da = 2.13:1.09:1.00). We conclude that an equal number of
Atg17, Atg29, and Atg31 was included in the reconstituted com-
plex; further, the molecular mass of the monomeric Atg17–
Atg29–Atg31 complex was calculated at 97 kDa.

As the molecular mass estimated by gel filtration analysis is af-
fected by the shape of a protein complex, we used equilibrium ana-
lytical ultracentrifugation to determine a more accurate size. This
experiment provided a molecular mass of 198 kDa for the Atg17–
Atg29–Atg31 complex (Fig. 3C), indicating the complex is likely di-
meric. This apparent size is much smaller than that deduced from
the gel filtration chromatography (�600 kDa); the inconsistency
may be due to a non-globular shape of the Atg17–Atg29–Atg31
complex. Structural analysis of the Atg17–Atg29–Atg31 complex
will solve this problem.

Here, we characterized the Atg17–Atg29–Atg31 complex bio-
chemically. Atg17, Atg29, and Atg31 form a stable complex inde-
pendent of nutrient conditions (Figs. 1 and 2). Moreover, we
reconstituted the Atg17–Atg29–Atg31 complex in E. coli, and
determined its molecular mass to be 198 kDa (Fig. 3).
At present, a homolog of Atg31 has been identified only in Can-
dida glabrata (CAG61687), but not in higher eukaryotes. Using a
gapped BLAST search, Meijer et al. identified putative orthologs
of yeast Atg17 and Atg29 in Schizosaccharomyces pombe
(CAA15724) and Gibberella zeae (EAA77407), respectively [15]. Re-
cently, in mammalian cells, FIP200 has been found to share several
features with yeast Atg17, even though little similarity is found in
their amino acid sequences [16]. In addition, Atg101 has been iden-
tified in mammals. Atg101 interacts with ULK1, the mammalian
homolog of Atg1, via Atg13 [17]. Further analysis of functional
counterparts of Atg17, Atg29, and Atg31 in higher eukaryotic cells
may help to elucidate the mechanisms of regulation of autophagy
upon starvation.
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