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Figure 6. Atg38 forms a homodimer. (A) Interactions between the indicated fusion proteins were analyzed as in Fig. 4 A. (B) Analysis of Atg38 by gel
filtration. Recombinant Atg38 protein was fractionated over a gel filtration column. Each fraction was subjected to SDS-PAGE and visualized by Coomassie
staining. (C) Analytical ultracentrifugation of Atg38. The raw absorbance distributions and the bestfit model calculated by the SEDFIT program (top).
Residuals of the fit (middle), sedimentation coefficients, c(S), and distributions (bottom) of Atg38 protein.

which we were unable to identify in our investigations (Table S3),
most likely account for the limited autophagy observed in
atg38A cells.

As we determined that Atg38 is important in holding the
Vps34-Vpsl5 and Atgl4-Vps30 subcomplexes together, we
next investigated the mechanistic basis of this function. Atg38
interacts with both Vps34 and Atg14 via its N-terminal domain,
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although whether a direct interaction between Atg14 and Atg38
exists has not been shown. Using the sensitive bioinformatic
analysis tool HHpred (Soding et al., 2005), Atg38 is predicted
to contain an MIT domain within its first 80 residues (Fig. S2 C).
One known function of this domain is to promote protein—
protein interactions, as observed in the well-studied example of
Vps4. Analysis of Vps4 has revealed that its MIT domain binds
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Figure 7.  Homodimer formation of Atg38 is required for the integrity of complex I. (A) Cell extracts were prepared from atg38A strains expressing Atg14-
TAP and either Vps34-6HA or Vps15-6HA with Atg38'-'2° fused with GFP and either GBP or GBPA. The cell extracts were immunoprecipitated with IgG-
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A novel component of PI3-kinase complex | « Araki et al.

309



310

target peptide motifs (Stuchell-Brereton et al., 2007; Kieffer
et al., 2008), which comprise a consensus sequence that is
exclusively recognized by the MIT domain, facilitating inter-
action between the target and Vps4. We found that the Atg38 MIT
domain is necessary and sufficient for binding to Atg14, but not
to Vps34. However, Atgl4 lacks a typical consensus sequence
required to recognize MIT domains, suggesting that the mode
of interaction between Atg38 and Atgl4 is different from the
case of Vps4 MIT domain and its target peptides. Further struc-
tural studies will help to shed light on the molecular details of
this interaction between Atgl14 and the MIT domain of Atg38.

In addition to its binding to complex I via the N-terminal
half, we found that Atg38 interacts with itself (Fig. 6 A). Gel fil-
tration and analytical ultracentrifugation revealed that Atg38
forms a homodimer (Fig. 6, B and C). This dimerization is me-
diated by its C-terminal half, which is predicted to contain a
coiled-coil domain. This prompted us to investigate whether
Atg38 acts as a linker facilitating the dimerization of complex I.
We explored this possibility by a variety of biochemical meth-
ods, including immunoprecipitation studies. Despite repeated
trials, we were unable to detect dimerization of complex I
(unpublished data). Our finding that the molecular mass of
complex I is ~500 kD matches the predicted size of complex I
as a monomer (Fig. S1 C). Consistent with this observation,
we found through an artificial dimerization system that Atg38
instead functions as a dimer within the monomeric complex I
(Fig. 7 A). The defect in association between Atg14—Vps30 and
Vps15-Vps34 observed in atg38A cells was recovered by ex-
pression of Atg38"-GFP and Atg38N-GBP, which forces the di-
merization of Atg38. However, the combination of Atg38~-GFP
and Atg38N-GBP**, in which GBP cannot bind to GFP, failed to
rescue proper complex I formation. These data strongly suggest
that Atg38 dimerization plays an important role in mediating
the interaction between Vps15-Vps34 and Atg14—Vps30.

A comparable mode of complex formation is also found at
a fundamental level of bacterial life. E. coli RNA polymerase
(RNAP) core enzyme is composed of two identical o subunits
and one each of the B and B’ subunits. The « subunits initiate
RNAP assembly by dimerizing into a platform with which the
large B and B’ subunits interact (Ishihama, 1981). B and B’ sub-
unit assembly sites are located at two different sites within the o
subunit platform. Once the platform is formed, the physical loca-
tion of these assembly sites determines the binding partner of
each o subunit, and therefore the two subunits are considered to
play different roles (Murakami et al., 1997). Using this example of
the molecular function of the o subunits of E. coli RNAP as a refer-
ence, we propose a model for how complex I is formed (Fig. 7 B).
In complex I formation, the two Atg38 proteins have identical se-
quences, but their location within complex I and their interaction
within complex I most likely differ. We suspect that one Atg38
molecule interacts with Atgl4 via its MIT domain, whereas the
other interacts with Vps15-Vps34 through an alternative re-
gion in the N-terminal domain. The two Atg38 molecules form
a dimer, resulting in a physical linkage between Vps15-Vps34
and Atg14-Vps30. Intriguingly, atg38A cells expressing Atg38™-
GFP and Atg38"-GBP were still defective in autophagy, even
though the interaction between Atgl4 and Vpsl15-Vps34 was
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restored. This may indicate that the C-terminal region of Atg38
plays an additional role in autophagosome formation. However,
we cannot exclude the possibility that synthetically bound com-
plex I tethered by GFP and GBP in atg38A cells may not have
the same conformation as that in wild-type cells, resulting in the
observed inability to rescue autophagy.

As we found that Atg38 plays an important role in auto-
phagy in yeast, we next undertook to identify homologous pro-
teins in other organisms. Using the NIH basic local alignment
search tool (BLAST) program, we identified several promis-
ing candidate Atg38 orthologues in other budding yeast spe-
cies but not in higher eukaryotes such as fruit flies, worms, and
mammals (unpublished data). Behrends et al. (2010) performed
a proteomic screen revealing 751 interactions between 409
candidate autophagy or autophagy-interacting proteins in human
cells. NRBF2 was identified as an interaction partner of hATG14,
Beclin, and hVPS34, but did not bind to UVRAG, a mammalian
orthologue of Vps38 (Itakura et al., 2008; Sun et al., 2008;
Matsunaga et al., 2009; Zhong et al., 2009). Previously un-
known to function in autophagy, NRBF2 was originally re-
ported to be a possible gene activator protein interacting with
nuclear hormone receptors, and specifically with the peroxi-
some proliferation activator (Yasumo et al., 2000). Behrends
etal. (2010) suggest that NRBF2 is able to function as a positive
regulator of autophagy by an unknown mechanism as deple-
tion of NRBF2 results in a reduction in the number of autopha-
gosomes. Recently, the tertiary structure of the first 86 residues
of mouse NRBF2 was solved and deposited in the PDB data-
base, showing that this region contains an MIT domain. In our
HHpred search, we determined that NRBF2 comprises a region
with a high degree of similarity to a portion of MIT domain
found in Atg38 (Fig. S2 C). Although the significance of NRBF2
in autophagy remains to be comprehensively determined, we
were also able to show that NRBF?2 interacts with hAtgl4 and
binds to itself via its C-terminal domain (131-288 aa; unpub-
lished data). These similarities between Atg38 and NRBF2 lend
considerable credence to the notion that NRBF2 is a mamma-
lian functional orthologue of Atg38.

In conclusion, we have found that Atg38, a hitherto un-
characterized protein, is involved in the correct formation of
PI3-kinase complex I as the fifth subunit of this complex. Our
data indicate that Atg38 fulfills this role by forming a physical
linkage between the two subcomplexes of complex I, Vps15-
Vps34 and Atgl4—Vps30. Both the C and N termini of Atg38
are essential for this activity through their roles in homodi-
merization and subcomplex binding, respectively. We also iden-
tified candidate orthologues in several mammalian systems,
raising the intriguing proposition that Atg38’s role at a struc-
tural level in complex I is conserved throughout eukaryotic
organisms, underscoring the intricate role of this protein in auto-
phagosome formation.

Materials and methods

Yeast strains and growth conditions

Yeast strains are listed in Table S1. The strains used in this study were de-
rived from BY4741 or BJ3505 (Jones et al., 1982; Brachmann et al.,
1998). Gene deletions and epitope tagging of genes at their endogenous
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loci were constructed by PCR-based methods and were validated by PCR
(Knop et al., 1999; Janke et al., 2004). Yeast strains were grown at 30°C
in yeast peptone dextrose medium with 0.1 mg/| adenine (YPAD) medium.
For nitrogen starvation, SD(-N) medium (0.17% yeast nitrogen base with-
out amino acid and ammonium sulfate supplemented with 2% glucose)
was used. Synthetic complete (SC) medium (0.17% yeast nitrogen base
without amino acid and ammonium sulfate, 0.5% ammonium sulfate, 2%
glucose, 0.5% casamino acid, 0.002% tryptophan, 0.002% adenine, and
0.002% uracil) was used for livecell imaging experiments. For mitophagy
and pexophagy experiments, YPL medium (1% yeast extract, 2% peptone,
and 2% lactate, pH 5.5) and YM2 oleate medium (0.17% yeast nitrogen
base without amino acid and ammonium sulfate, 0.5% ammonium sulfate,
0.12% oleate, 0.2% Tween 40, 0.1% yeast extract, 0.1% glucose, 1% casa-
mino acid, 0.002% tryptophan, 0.002% adenine, and 0.002% uracil)
were used, respectively.

Plasmid construction

All plasmids used in this study are listed in Table S2. Yeast codon-optimized
sequence of GFP binder was obtained by full gene synthesis. Mutations in
GFP binder were introduced by PCR-directed mutagenesis.

Microscopic image acquisition

Cells with chromosomal gene fusions with the fluorophores mCherry and GFP
were analyzed by fluorescence microscopy without fixation. Images were
collected on an inverted fluorescence microscope (IX7 1; Olympus) equipped
with a 150x total internal reflection fluorescence objective [UAPON 150x
OTIRF, NA 1.45; Olympus), a CCD camera (ImagEM C9100-13; Hamamatsu
Photonics), and AQUACOSMOS software (Hamamatsu Photonics). Images
were processed in Adobe Photoshop. The images were not manipulated
other than confrast and brightness adjustments.

Recombinant protein purification

GST-Atg38 was expressed in Escherichia coli Rosetta (DE3) by adding
0.25 mM IPTG for 3 h at 30°C and purified using glutathione-Sepharose
beads (GE Healthcare) according to the manufacturer’s protocol. The re-
combinant proteins were eluted either with 20 mM glutathione for GST-
Atg38 or with PreScission Protease (GE Healthcare) for nontagged Atg38.
The nontagged protein was further purified by ion-exchange column (Mono
Q HR 5/5; GE Healthcare).

In vitro binding assay

Vps15-Vps34-TAP proteins were prepared from vps30A atg14A vps38A
yeast cells as follows. The cells were resuspended in Lysis400 buffer (50 mM
Tris-HCI, pH 8, 400 mM NaCl, 10% glycerol, T mM dithiothreitol [DTT],
5 mM EDTA, and 1% Triton X-100) with T mM PMSF and Complete EDTAfree
protease inhibitor cocktail (Roche) and were lysed with a glass bead homog-
enizer. The cleared cell extract was then incubated with magnetic beads
coupled with rabbit IgG (Dynabeads; Invitrogen). Vps15-Vps34-TAP pro-
teins immobilized on the beads were incubated with the appropriate purified
GST fusion proteins in TAP-A buffer (50 mM Tris-HCI, pH 8, 150 mM NaCl,
10% glycerol, 1 mM DTT, 1 mM EDTA, and 0.2% Triton X-100) for 1.5 h at
4°C. After extensive washing steps, bound proteins were eluted with SDS
sample buffer and analyzed by Western blot analysis.

Coimmunoprecipitation

Cells were resuspended in Lysis150 buffer (50 mM Tris-HCI, pH 8, 150 mM
NaCl, 10% glycerol, 1 mM DTT, 5 mM EDTA, and 1% Triton X-100) with
1 mM PMSF and Complete EDTAree protease inhibitor cocktail (Roche),
and were lysed with a glass bead homogenizer. TAP-tagged proteins were
precipitated with magnetic beads coupled with rabbit IgG (Dynabeads; In-
vitrogen). The beads were washed three times with Lysis150 buffer. Bound
proteins were eluted in HU buffer (200 mM Na-phosphate, pH 6.8, 8 M
urea, 5% SDS, 0.1 mM EDTA, 0.005% Bromophenol blue, and 15 mg/ml
DTT) by heating for 15 min at 65°C. Proteins were resolved by SDS-PAGE
and analyzed by standard Western blotting techniques. Western blots
were quantified with Image Gauge software (Fujifilm). To calibrate binding
efficiency, the intensity of precipitated HA protein was divided by that of
TAP protein in the same lane. To compare results from multiple experi-
ments, data were normalized to results of wild-type control.

Analytical ultracentrifugation

Before analysis by analytical ultracentrifugation, nontagged Atg38 was
purified by Mono Q chromatography and dialyzed against buffer contain-
ing 50 mM Tris-HCl, pH 7.5, and 150 mM NaCl. The dialysate was used
as a reference solution. Sedimentation velocity experiments were performed

on an analytical ultracentrifuge (Optima XL-/; Beckman Coulter) in a 4-hole
An60Ti rotor or 8-hole An50Ti rotor (both from Beckman Coulter) at 20°C
with standard double-sector centerpieces and quartz windows. Concentra-
tion profiles of samples were monitored by absorbance at 280 nm. The
sedimentation velocity experiments were performed at Ajg of 0.8 for
Atg38 at a rotor speed of 45,000 rpm. Scans were recorded rapidly with-
out intervals between successive scans. The sedimentation coefficient distri-
bution function, c(S), was obtained using the SEDFIT program (Schuck,
2000; Schuck et al., 2002). The molecular mass distribution, c(M), was
obtained by converting c(S) on the assumption that the frictional ratio f/fo
was common to all the molecular species as implemented in SEDFIT. The
partial specific volume 0.7373 cm®/g for Atg38 was based on the amino
acid composition of the proteins and together with the partial specific vol-
ume, solvent viscosity, and solvent density were calculated by the Sednterp
program (Lave et al., 1992).

Mass spectrometry analysis

Cells expressing TAPtagged proteins were resuspended in Lysis150 buffer
(50 mM Tris-HCI, pH 8, 150 mM NaCl, 10% glycerol, 1 mM DTT, and 1%
Triton X-100) supplemented with 1 mM PMSF, Complete EDTA-free prote-
ase inhibitor cocktail (Roche), 5 mM EDTA, 50 mM NaF, 2 mM Na3VOy,
10 mM Na,P,O7, and 60 mM B-glycerophosphate, and were lysed with a
glass bead homogenizer. TAP-tagged proteins were immunoprecipitated
using rabbit IgG (Sigma-Aldrich) conjugated to M270 epoxy Dynabeads.
Bound proteins were eluted by 0.1 M glycine at pH 2.5. The eluate was
reduced with 10 mM DTT and alkylated with 55 mM iodoacetamide, fol-
lowed by trypsin digestion. The peptides were desalted with reversed phas-
eStageTips (Rappsilber et al., 2007). NanolC-MS/MS analysis was
conducted using an TripleTOF 5600 System (AB Sciex) equipped with an
Ultimate 3000 pump (Dionex), HTC-PAL autosampler (CTC Analytics), and
a self-pulled analytical column needle packed with ReproSil-Pur C18-AQ
materials (3 pm; Dr. Maisch GmbH). Peak lists were created using Mass
Navigator v1.2 (Mitsui Knowledge Industry) based on the recorded frag-
mentation spectra. Peptides and proteins were identified by means of auto-
mated database searching using Mascot v2.3 (Matrix Science) against
UniProt/Swiss-Prot (ver. 2011_06) with a precursor mass tolerance of
20 ppm, a fragment ion mass tolerance of 0.1 D, and strict trypsin specific-
ity allowing for up to two missed cleavages. Carbamidomethylation of cys-
teine was set as a fixed modification, and methionine oxidation. Peptides
were initially rejected if the Mascot score was below the 95% confidence
limit based on the “identity” score of each peptide and their length was less
than seven amino acid residues. Further, we verified all MS/MS spectra by
manual inspection. Protein abundance in the immunoprecipitated samples
was measured based on exponentially modified protein abundance index
(emPAll; Ishihama et al., 2005) using an open-source web tool, emPAl Calc

(Shinoda et al., 2010).

Gel filtration

Cells were lysed with a glass bead homogenizer in Lysis150 buffer with
1 mM PMSF and Complete EDTAree protease inhibitor cocktail (Roche).
After the removal of cell debris by centrifugation at 20,000 g for 5 min, the
sample was centrifuged at 100,000 g for 30 min. TAP-tagged Atg14 pro-
teins were precipitated with magnetic beads coupled with rabbit IgG
(Dynabeads; Invitrogen). The beads were washed three times with Lysis
150 buffer. Bound proteins were eluted with TEV protease (Life Technolo-
gies) in TAP-A buffer without Triton X-100. The eluate was separated by size
exclusion chromatography on a Superdex 200 column (GE Healthcare).

Statistical analyses
Significance of differences was determined using an unpaired two-
tailed Student’s ttest. *, P < 0.05; **, P < 0.01 were considered statis-
tically significant.

Online supplemental material

Fig. S1 shows the identification of Atg38 as a subunit of complex I. Fig. $2
shows the requirement of the Atg38 MIT domain for the inferaction be-
tween Atg14 and Atg38. Fig. S3 shows functionality of an artificial ho-
modimer of Atg38. Table ST lists yeast strains used in this study. Table S2
lists plasmids used in this study. Table S3 shows lists of proteins identified
by LC-MS/MS in Figs. 1 C and 4 B. Online supplemental material is avail-
able at http://www.jcb.org/cgi/content/full /icb.201304123/DC1.
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