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Structural and functional analyses of
autophagy-related E2-like proteins, Atgl0 and Atg3

(Autophagy 28T 5 20D E 285 ¥ /378 Atgl0, Atg3 DA HEREMmT)
PN LNEDER

Autophagy is an intracellular degradation system conserved among eukaryotes from yeasts to
mammals. In higher eukaryotes, autophagy plays a crucial role in fundamental biological processes
such as intracellular clearance, differentiation, development, programmed cell death, and antigen
representation, and autophagy dysfunction is associated with severe diseases such as
neurodegenerative disorders and cancers. Although autophagy is in principle a non-selective
degradation process, it also mediates selective degradation of various targets that include aggregated
proteins, surplus or damaged organelles, and even invasive bacterial cells. In yeast, aminopeptidase
1 (Apel) is selectively transported into the vacuole via an autophagy-like process called the
cytoplasm-to-vacuole targeting (Cvt) pathway under vegetative conditions, and via autophagy under
starvation conditions that strongly induce autophagy. Because of its mechanistic similarity to
autophagy, the biosynthetic Cvt pathway has been regarded as a model of selective autophagy.
During autophagy and the Cvt pathway, double-membrane structures called autophagosomes and
Cvt vesicles sequester a portion of the cytoplasm and the Apel complex, respectively, and fuse with
the vacuole (lysosome in the case of mammalian autophagy) to deliver their inner contents into the
organelle lumen. The formation step of autophagosomes and Cvt vesicles requires two ubiquitin-like
conjugation systems called the Atg8 and the Atgl2 systems. In the Atgl2 system, Atgl2 is activated
by Atg7 (an El-like enzyme) to form a Atgl2~Atg7 thioester intermediate in an ATP-dependent
manner, and is then transferred. to Atgl0 (an E2-like enzyme) to form a Atgl2~AtglO thioester
intermediate. Finally, Atgl2 is conjugated to its sole target protein, Atg5. In the Atg8 system, nascent
Atg8 is processed by Atg4 (a cysteine protease) to expose Gly at its C terminus. The exposed Gly of
Atg8 is activated by Atg7 to form a Afg8~Atg7 thioester intermediate, and is then transferred to Atg3
(an E2-like enzyme) to form a Atg8~Atg3 thioester intermediate. Atg8 is finally conjugated to the
amino group of a phosphatidylethanolamine (PE). Although these factors are sufficient for the
formation of Atg8-PE conjugates in vitro, the Atgl2-Atg5 conjugate is required in vivo. Recently, in
vitro studies have shown that the Atgl2-Atg5 conjugate promotes the conjugation reaction between
Atg8 and PE by directly interacting with Atg3. Thus, it is suggested that there is a hierarchy between
the Atgl2 system and the Atg8 system.
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In the Atg8 system, Atg3 receives Atg8 from Atg7 and transfers it to PE. We previously
reported the crystal structure of Atg3 and its interaction mode with Atg8 and Atg7. Atg3 is composed
of three characteristic regions: the E2 core region, the flexible region, and the handle region (HR).
The latter two regions are necessary for the interaction with Atg7 and Atg8, but the detailed
interaction mode is unknown. Recently, we have shown that Atg8 and its mammalian ortholog LC3
recognize the WXXL sequence conserved in Atgl9 and p62, autophagic receptors for Apel and
ubiquitinated protein aggregates, respectively, in a similar manner. Therefore, the WXXL. sequence
is considered to be an Atg8-family interacting motif (AIM). Atg8-Atgl9AIM and LC3-p62AIM
interactions are crucial for the selective transport of Apel and protein aggregates to the
vacuole/lysosome through the Cvt pathway and autophagy, respectively. Since Atg3 HR, which is
responsible for the interaction with Atg8, also has a WXXL sequence (Trp™°-Glu? T Asp ™ Leu™™),
we postulated that Atg3 also interacts with Atg8 through the sequence. In the chapter 1, we show by
NMR spectroscopy that Atg3 directly interacts with Atg8 through the WEDL sequence in HR, and
that the interaction is quite similar to Atg8-Atgl 9™ 4nd LC3-p62AIM interactions. Thus, the WEDL
JAIM

sequence of Atg3 is a canonical AIM. In vitro analyses showed that Atg contributes to the

efficient formation of Atg8-PE conjugates particularly under the existence of Atgl9, and in vivo

analyses showed that Atg3A™M

is necessary for the Cvt pathway. These results suggest that AIM
identified in autophagic receptors is also utilized in a non-receptor protein, Atg3, and plays a crucial
role in autophagic processes. '

Atgl0 exhibited no sequence similarity to ubiquitin conjugation-enzymes or ubiquitin ligases. The
atgl0 mutation severely reduced the viability of the cell under the starvation condition, suggested
that Atg10 is essential for autophagy. In the Atgl2 system, Atgl0 receives Atgl2 from Atg7 and then
transfers it to Atg5; the C-terminal Gly of Atgl2 is covalently bound to the Lys-149 side chain of
Atg5 via an isopeptide linkage. Although most E2 proteins require E3 proteins, AtglO by self is
catalytically competent for the formation of Atgl2-Atg5 conjugates. So far, as E3-like proteins in the
Atgl2 system is not reported, we asuume that Atgl0 also act as E3-like protein; Atgl0 recognize
Atg5 and conjugates Atgl2 to AtgS. The Atgl(-AtgS interaction could not be detected by yeast two
hybrid experiments in the case of Saccharomyces cerevisiae Atg proteins, while mAtgl0 interacts
with mAtg5 in the case of Mus musculus Atg proteins. These findings suggest that the Atgl10-Atg5
interaction may be very weak or transient. In the chapter 2, we determined the solution structure of
Atgl0 and showed that the structure of Atgl0 and Atg3 are classified into same structural family.
Furthermore, we revealed that AtglO interacts with Atg5 mainly through the conserved cleft by
NMR experiments and in vitro conjugation assays. These results showed AtglO act as both an E2
enzyme and an E3 protein; Atgl0 receives Atgl2 from Atg7, and directly recognizes Atg5 and
conjugates Atgl2 to Atg5 without E3 protein.
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BRICBITSF— 7 7 DI ERERME T CIZE A CEEIN WA, 72V BABOL S
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JAERSZY0ERA L SITEBEL. A — b7 73V —A LTINS - ERREEE R T 5. 1—

FT 7 AV LRRIAEE A — N7 7y VLR THERA L. A— b7y IV — AN ENE
YRS L. S TERRPERRICE > THRENS, BRIIBWTRKRNEETHS
amino-peptidase 1 (Apel) IXES4ESM T Tl cytoplasm-to-vacuole targeting (Cvt) pathway I
K0, JEBRHF T T —F 7 7 O—IC X DIRIEN SBIRICE#E SN 3, Cvt pathway 1ZEREK
DRBEALTWSN, F— 7 7 V— & OEBHREOBEEN 58 RA— R 7 7 D—DEFINE
LTEALNTWS, F— b7 7 P—KO Cvt pathway IZ3BVCRREEREL VR L TV < BRREIZIZ.
ubiquitin FHAESRTH S Atgd #EERE Atgl2 HEARVEIEL T3, Atgd #HERTIL. Atgd
BZICL D ubiquitin ¥k NI ETH S Atgd @ C FHD Gly BSBE I, A8 ATP (K
EL#RS 2D B Atgl D Cys &AES U TR LIS, 512, B2EY DU H Atgd DEEick-
T, Ate8 13V ZHEE Td 5 phosphatidylethanolamine IZ#& 3N 5. Atgl2 #EHRD Atg8 AR
EWRIZ, ubiquitin &% 2 /N7 E Atgl2 53 ATP (KAEAUIC Bl B85 /X0 & AtgT T X DB bah
B EHITE2 RS 2 NTE Atgl0 DEIEIC L 5T Atgl2 13 Atgh D Lys BEOABKICHEINS.
Atg8 FEEREUNALR2 HEERICK > TR IS 2 DOBEEIIA— N7 v D—IiCVAREESRT
B0, Atgd, Atglld I 2 DORSEEERFRT 2 NS EELGEEH- TS, ST
BRI M E INTWRN o7 TTTAMETIIF— R T 7 O—icBT2 L DO E Y XY
H Ated, Atgl0ITERZEH T EEEYFN/ZY TO—F & EF 2 Y 7Ta—Fn 5 Atgd & Atgll
OWEBRICREIT 2H R 282 L2810, '

Atgd BYRTOHRIEERITOREN DS, Atgd ORESRY7ESD | DT%H% handle region {HR)
M Atg8 EF AT AT IVE G BIER T2 Z EAVRB I N TERDS, sl EER R
EUOFQERIIONWTIHHHLOh EINTW N o Tz, Fio, BREWA— N7 7 D—0OpFHMEE L
T, Atg8 AR FICR ENS WL BB &> Atg8-family interacting motif (AIM Z4ERANC
FT D EDAS NG TS, BRIENT &1 Atgd TR Bizi WORMDTL 7 FaF &\ a5 AIM
{EREFIBD o7z 2 EME, ZOEFIDI At & DOF AT AT IVESIMKEN B EERICEETH
BEEZ, MR EE2 RO MEERT 2T o /2. TORE. THEED Atgd IX Atgd @ AIM
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EAUTHEEAL TWBZ Eabholz, I5IT AtgdM-Atg8 HEERODERI DWW TE R4
WM SRET 2T -4ER, Cvt pathway IC & TEETH D ENHALNE /R0,

Atgl0 VX Atgl2 RITBNWT, BED EI Y NI EEMNETIT Atgl) ZH—DENTH S Atgs
IHEIBAHIENTELDAMEIONEI Y NN BELUTHEREL TWA EEZ SNTE,
UL7A5. Atgl) OREIRATH D, Atgl0 12k 3 Atgl2-Atgh RIS B T 2 R385
NTWirn o7z, 22T MR 3% AW TIFEWERER Auyveromyces marxianus S Atgl0 (KmAtgl0)
DOEZRE Uz, KmAtgl0 OBEN Atgd ORSREE SR HELMEIEL. HEOEEY 7 I —
IHRINAS ZEAVRR I N/, IBIZEDIDIT Atgl0 At Atgh 2EEFEEL TWADONESMT
T 52012, WREZBVWARAERBITEfT o7z, TO#ER. KnAtgl01X Atgl0 OTEHE Cys EEEIC
REINBE PN Atgh 2R, Atgll-Atgh #HAEEERL TWA I EE2HEN 2575,
726, Atgd IR 2RERER (R) B0 AIM ZBWT Atg8 2753 2% Atgl0 iMREFEIN
T PNTAWT Ateh ZFREL TWA ZEABAS M 7o 7.

FHL INETHRHATH A — R 77y P—INEBTHS 2 DD E2HEY >/ 8 Atgd, Atgl0
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