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that acetylation regulates molecular events down-
stream of the mammalian target of rapamycin
(mTOR) complex. Atg1 protein puncta formation
was normal in esa1-1 (fig. S4, D and E); forma-
tion of Atg8 puncta was reduced in esa1-1 but not
in cells expressing a catalytically inactive form
of the kinase Atg1 (fig. S4F), suggesting that
acetylation probably regulates steps downstream
of the Atg1 complex. Normal phosphatidylino-
sitol 3-phosphate (PI3P) production and Atg6
localization in esa1-1 indicated that the function
of the PI3K complex was unchanged in esa1-1
(fig. S4, G and H). Thus, the two ubiquitin-like
pathways probably contain the substrate of Esa1.

We directly tested the acetylation status of
proteins from the two ubiquitin-like pathways;
Atg3, Atg5, and Atg8 are acetylated when grown
in nutrient-rich medium (Fig. 2A). After starva-

tion, acetylation of Atg3 increased, although the
acetylation of other proteins was reduced or un-
changed (Fig. 2A). Acetylation level of Atg3 is
reduced in esa1-1 (Fig. 2B), indicating that Atg3
may be a substrate of Esa1. To determine the
acetylation site of Atg3, we purified a fusion
protein in which Atg3 was fused to glutathione
S-transferase (GST-Atg3) from starved yeast (fig.
S5); mass spectrometry showed that K19, K48,
and K183 were acetylated (Fig. 2C). (Single-
letter abbreviations for the amino acid residues
are as follows: A, Ala; C, Cys; D, Asp; E, Glu;
F, Phe; G, Gly; H, His; I, Ile; K, Lys; L, Leu; M,
Met; N, Asn; P, Pro; Q, Gln; R, Arg; S, Ser;
T, Thr; V, Val;W, Trp; and Y, Tyr. In themutants,
other amino acids were substituted at certain
locations; for example, K19R indicates that ly-
sine at position 19 was replaced by arginine.)We

also analyzed mutants expressing Atg3 proteins
in which acetylated lysines were replaced by
arginines. Acetylation of Atg3K19R-K48R and
Atg3K19R-K48R-K183Rmutantswas reduced (Fig. 3A).
In vitro Esa1 acetylates Atg3 and acetylation of
Atg3K19R-K48R and Atg3K19R-K48R-K183R was
reduced (Fig. 3B).

To test which acetylation site is critical for
autophagy, we expressed plasmids encoding ATG3
[wild-type (WT)], atg3K19R, atg3K48R, atg3K183R,
atg3K19R-K48R, and atg3K19R-K48R-K183R in cells in
which the Atg3 gene was deleted. Autophagy in
atg3Δ cells was fully rescued by expression of
wild-type Atg3. However, cells expression of
atg3K19R-K48R or atg3K19R-K48R-K183R had impaired
autophagy induced by various cues (Fig. 3, C
to E, and fig. S6), suggesting that K19-K48
acetylation of Atg3 is critical for autophagy.



Fig. 3. Effect of Atg3 acetylation on Atg3-Atg8 interaction. (A) Acetylation of
Atg3 mutants. atg3D+ATG3 WT (WT), atg3D+atg3K19R-K48R (K19R-K48R), and
atg3D+atg3K19R-K48R-K183R (K19R-K48R-K183R) were starved for 0.5 hour.
Proteins from lysates were immunoprecipitated with antibody to acetylated-lysine
followed by immunoblotting with antibody to Atg3. (B) In vitro acetylation of
purified GST, GST-Atg3WT, GST-Atg3K19R-K48R, and GST-Atg3K19R-K48R-K183R proteins
was measured by means of immunoprecipitation with antibody to acetylated-
lysine followed by immunoblotting with GST antibody. (C and D) Autophagy in
atg3D, atg3D+ATG3 WT, atg3D+atg3K19R-K48R, and atg3D+atg3K19R-K48R-K183R
cells cultured in SD (–N) for various times were analyzed by means of Western blot
for (C) GFP-Atg8 cleavage and (D) translocation of GFP-Atg8 into vacuoles. Scale bar,
2 mm. (E) One hundred cells from (D) were quantified for autophagy. (F) Lipidation

of Atg8. Purified Atg3 and Atg3mutants, Atg7, Atg8, and liposomes were incubated
for in vitro Atg8 lipidation and analyzed by SDS–polyacrylamide gel electrophoresis.
(G andH) Association of Atg3 andAtg8 in (G) ESA1 and esa1-1 or (H) atg3D+ATG3
WT and atg3D+atg3K19R-K48R cells expressing HA-Atg8. Cells were cultured in
SD (–N) for 0 or 1 hour. Cell lysates were immunoprecipitated with antibody to
HA and analyzed by means of Western blot by using an antibody to Atg3.

Fig. 4.Effect of acetylation on duration of starvation-induced autophagy, anddynamic Atg3 interaction and PAS localization of Esa1, Epl1, and Rpd3. (A)Acetylation of GST-Atg3 in wild type,rpd3D,hda1D, and sir2Dexpressing
GST-Atg3. Cells were starved for 0 or 1 hour. Total GST-Atg3 was purified andimmunoprecipitated with an antibodyto acetylated-lysine followed by im-munoblotting with antibody to Atg3. (B) Translocation of GFP-Atg8 into

vacuoles in 100 wild-type orrpd3Dcells cultured in SD (–N) for 0.5 hour was
assessed and quantified. (C) Duration of Atg8 puncta in wild-type and rpd3Dcells cultured in SD (–N) for 1 hour. Scale bar, 2mm. (D) Time course of Atg8puncta formation in wild-typerpd3Dcells cultured in SD (–N) medium. **P<0.01, ***P< 0.001 (Student’s t test). (E) Wild-type andrpd3Dcells cultured in

SD (DN) for various time and were assessed for GFP-Atg8 cleavage. (F)
Interactions of (top) Esa1-Myc and HA-Atg3, (middle) Epl1-Myc and HA-Atg3,
and (bottom) Rpd3-Myc and HA-Atg3. Cell lysates were immunoprecipitatedwith antibody against HA and analyzedby means of Western blot by using an
antibody against Myc. (G) Time course of localization of (top) Esa1-GFP andApe1-RFP, (middle) Epl1-GFP and Ape1-RFP, and (bottom) Rpd1-GFP andApe1-RFP. Scale bar, 2mm. (H) Cells from (G) were quantified for Esa1-GFP–,Epl1-GFP–, and Rpd3-GFP–positive PAS. One hundred Ape1-RFP positive cells

were counted. Error bars indicate SD.27 APRIL 2012 VOL 336 SCIENCE www.sciencemag.org476REPORTS




