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Abstract

Autophagy issseitleaning process that occursaatonstitutive basal level, and is upregulated in
response to.stress. Macroautophagy (hereafter autophagy) is the most fbos$taytophagy,
where cargo (specific or nonspecific) is engukathin a doublemembrane structure termed an
autophagosome. Téiprocess needs to be tightly regulated maintain normal cellular
homeostasis and prevent dysfunction; therefarduller knowledge of themechanismsof
autophagyregulation is crucial for understanding the entire pathwide autophagyelated
(Atg) proteinsare the primary components that carry out autophisigyny of these proteins are
conserved. from yeast to human. A number of significant discovesithsregard toprotein
functional®domains, proteiprotein interactions, or posttranslational modtii@as of proteins
involved in“autophagy have beegportedin parallelwith, or followed by solving theNMR or
crystal structures chutophagyproteins ortheir protein domains. In this work, we summarize
structural insightsgatheredto date on the proteinsof the autophagy machineryhat are
modulated by a posttranslational modification specifically phosphorylatign acetylation
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ubiquitination, antbr SUMOylation For each protein, & link the reported resultsvith
information onthe propensity ofthe corresponding amino acid sequencednl order/disorder.
This integrativeapproach yielda comprehensive overvietor eachposttranslationally modified
protein,and alsgeveals areafr further investigation.
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| ntroduction

Protein architecture is determined thye composition of amino acids in th@imary sequence
that may or may not be furthemodulatedby one or more posttranslational modifications
(PTMs). These modifications can occur at any stage pfoteiris existence Modulation of

protein structure via PTM can affect protein stability, cellular localizatiqggratein engagement
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in proten-protein interactions, which in tumffects itsbiological function. The proteils of the
autophagymachinery argophosphorylatedacetylated, ubiquitinated, SUMOylated, lipidated, O
GlcNAcylated,andbr modified on thiol group [1]. The overallmechanism of nonselective and
selective autophagincluding autophagosome biogenesiasbeen described iseveral recent
reviews [2-4]In yeast, lhis pathway originates at a site calléd phagophore assembly site
(PAS). Posttranslationally modifiegbroteinsinvolved in nonspecific autophagyre described
herein the"order of hierarchyfdheir recruitment tahe PAS, and arefollowedin descriptionby
receptors for'selective autophagy

PTM-modified’structuresin autophagy initiation

Upon starvationa de novo-formed structure callethe phagophore is initiated #éhe PAS. The

phagophore is the initial sequestering compartment that subsequently matuesompleted
autophagosome; as such, the phagophore is the dynamic intermediate organetphaiggut
The current_consensus is thtéte phagophore arises from small Atgbntaining vesicles not

more than 20:nm in diameter.

Atg9 is the only. membrane protein in the core autophagy machinery. It consistspoédizted
transmembrane—helices which orient the proteils N and C terminio facethe cytosol.The C
terminus and especialbiyhe Nterminus of this large 11kDa protein has a high propensity for
disorder _(based on the PONDRIT algorithm in the DisProt database
(http://www.disprot.org/pondr-fit.php; [S5n contrast tahe middle part of the sequenda the
yeastSaccharomyces cerevisiae, Atg9 is phosphorylated bthe Atgl kinase in early steps of
autophagy.orberl9, SeB02, Thr804, Ser831, Ser842, Ser948, and SefPig9 1) All of these
phosphorylated. residues are locatedhedisordered N and C termini of the protein, and this
posttranslational modification is required fbe recruitment of Atg8 and Ajl8 tothe PAS[6].
Atg9 is recruied relatively earlyto the PAS along withthe trimeric Atgl7-Atg31-Atg29
subcomplexA crystal structure of thtrimeric subcompleshowsthat it dimerizes int@ unique
double [erescent, of whictine convex face harborthe molecular mass of Atg29 and Atg31, at

least in nutentrich conditions [7, 8.

Atg29 and Atg3lare highly dynamic proteins, in fact the most flexible proteins of all Atg

proteins known so fgd®]. Their interacting Ntermini undergaa disorderto-order transition into
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ap sandwich[8]. The function of both m@teins in the subcomplex still remaiasnystery. Their
dynamic properties, also confirmed hige difficulty to obtain crystallographic dataPDB
ID:4HPQ, [8], would suggest that Atg29 and Atg31 functionsignal sensing and/or regulation.

It has been proposed that under growing conditions both psdi@im a steric blockthat
prevents thdinding of Atg9 to Atg178], and that pon stress conditions, this block needs to be
removed to.allow _binding toccur A strongerinteractionof Atg9 with Atgl7 upon raparycin
treatmentrelative togrowing conditions habeen demonstrateloy immunoprecipitatiorf10],

and could be interpreted in support of the hypothesis for remov#ieodteric block. The
dynamic nature of Atg31 would also be consistent with the model whigiZl pivots in its
flexible linker“betweenp[ kheet 7 ant[ helix 1 [8]. Phosphorylation of Atg31l has been
demonstrate@xperimentally{11, 12]. Mass spec analysis identified 11 phosphorylation sites in
Atg31 (Ser38, |Ser40, Thr4l, Ser44, Serll6, Serl35, Serl43, Serld6, Serl53, Serl74, and
Ser195). Mutationahnalysis of these sites showed the strongest phenotype for Serl74. Further
analysis revealed thathpsphoserine 174 important for formation of autophagosomes #mel
absence of this modification causes accumulation of -Atgétive vesicles at the PAR2].
Some of the ‘e€xperimentally determined phosphosites in Atg31 overlap with the odtoome
the ModPred.algorithnj13], which predictswith a medium level of confidencehosphorylation

of Atg3LonTyr46, Srl16, $r128, $r143,andSerl53(Fig. 1) Under growing conditions, the
highly mobile C terminus of Atg29 adopts an autoinhibitory conformation that regulates
interaction with, Atg11. Phosphorylation of 23 serine and threonine residues intémmiGal

half of Atg29 facilitates its binding to Atg1fl’]. Functionallythe mosimportant phosphoserines
are Serl197,;"Ser199, and Ser201 right upstream of teen@aal inhibitory peptid¢Fig. 1).

Initiation=0f=phagophore formation reges assembly of the trimeric AtgiMg31-Atg29
subcomplex with Atg13 and Atgl.

Atgl is anessentiakinasein autophagyhat ishighly regulated by phosphorylation. Atgl $
cerevisiaeis'phosphorylateédt many siteg§14, 15](Fig. 1) Amongthesestes, phosphorylation
on Ser508 and,Ser515 is mediated by protein kinasBkBAj, wheeasThr226 andSer390are
targes of autophosphorylatiofil5]. Ser34 phosporylation is inhibitory tonase activityas well
as to autophagyl5]. In contrast,phosphorylation of the conservechi226 and $r230 is
essential for kinase activity aridr function of Atgl in both autophagy aride autophagyike
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cytoplasmto-vacuole targetingpathways [14]. Regulatioaf Atgl via phosphorylabn is very
complex[16] (furthercomplicated by the fact thahosphoserines/phosphothreoniasslocated

not onlyin theunstructured regioof Atgl, but also in two structured functional domains, ke
terminal kinase_domain and thet&minal early autophagtargeting/tetheringdEAT] domain;

Fig. 1) The.erystal structure of fulength Atgl isnot available, but the structure of the EAT
domain fromK./marxianus Atgl has been solve@DB ID: 4P1N;[17]). This domainformsan

o[ helical"structurewherethree Nterminal helices are stable and participate in dimerization of
the EAT domain wheaeasthree Gterminal helices are highly dynamic and are stabilized by
interaction with’ Atg1318]. Since thekinase domairof Atgl from K. marxianus has not been
crystalizegwe used the&sWISS model workspadd9-21] to build the homology model of this
domain(Fig. 1)usingthe crystal structure of tHeumanULK1 kinase domain (PDB ID: 4WNO,
[22]) as the template.In this model, the Atgl target sequence cogei”1% of the template
Autophosphorylated Thr180 of ULK1 in the activation loop maps in the model on Thr&22 in

marxianus Atgl, which is homologous to TB26 inS. cerevisiae (Fig. 1).

ULK1 is themammalianhomolog of Atgl The crystal structure of thbuman ULK1kinase
domainginsacemplex with a smalinolecule inhibitor(PDB ID: 4WNO, [22]) is the only
structure othe Atgl/ULK1 kinase domain currentigvailable(Fig. 1) The ULK1-EAT domain
has not bencrystalized. Wettempted to build theomology model of th&JLK1-EAT domain
based on thEAT domainof Atgl fromK. marxianus asthetemplate PDB ID: 4P1N [17]), but
the resulting model did nohavea good coverage between ttegetand the templateThe
PONDRFIT prediction fromtheamino acid sequence of human ULK1 shpasexpectedhat
the kinase.and.EAT domains a®ucturally stablgrotein regions. In contragte serine and
prolinetichuspacer that connects thema long intrinsically disordered protein regigitDPR)
that contains“many phosphorylation sites Thrl80 in the kinase domain ighe

autophosphorylation sit@ecessary for kinase activit2, 23].

AMPK-dependent phosphorylation of Se8&nd Thr660(human protein numberindacilitates
interaction of \ULK1 with thevYWHAB/14-3-3 protein[23, 24] Ser556 in ULK1 is also one of
four AMPK targets (along ith Ser467, Thr575, and Ser638). Phosphorylation of thesebsites
AMPK is required for mitochondrial homeostasiad cell survival during starvatiof25].
Phosphorylation of Ser556, Ser638, amtr660 in ULK1 is also important for correct
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localization of ATG9 to perinuclear clustg34]. Interaction between ULK1 and AMPkes
placein nutrientsich conditions andat early time points of starvation. Aftepproximately30
min of starvationthese two kinases dissociate duaéphosphorylationrSer638 and Ser758
of ULK1. Ser638 and Ser758 in ULK1 are phosphorylatethbytarget of rapamycin complex 1
(TORCY) ingnutrientrich conditions, where phosphorylation on Seré8&lso maintainedyb
AMPK; this latter PTM facilitatesthe interactionbetween AMPK andJLK1. Phosphorylated
Ser638facilitates proper phosphorylation of Serd8TORClandphosphoserine 758 is in turn
required for-association of ULK1 with AMPK [26].

TORC1 and=AMPK are not the only kinases that can phosphoriakel. AKT-mediated
phosphorylation of ULKlon Ser775 inhibits autophagy in response to ins[#3]. Some
phosphorylation sitesre also found in the EATHomain of ULK1. Serl042 and Thr1046 in
human ULKl.are homologous to Serl043 and Serl047 tie mouse protein, where
autophosphorylation o8er047 promots phosphorylation on Ser10437]. Ser866 and Ser912

are homologous to phosphoserineth@EAT domain of mous&LK1 [27].

Besides phosphorylation, ULK1 is also acetylated and ubiquitinatezte Tare two acetylation
sites in"ULK1. KAT5/TIP60 acetylasmodifies K162 and K607 (human protein numbering)
which promeotes kinase activity and autophagy inductji28]. Ubiquitination of ULK1 by
Lys63linked chains promotes protein stability and function in autopH2gy. The exact
ubiquitination sitesin ULK1 were not determinedhowever, ModPred predictswith high
confidencesubiguitination of K376 and K493 in human UL(RIg. 1).

Atgl3is a large highly dynamic proteim S cerevisiae, approximately270 Nterminal residues

of Atgl3 fold intothe HORMA domain, which is the only structured part of the protein, and is
required-for-recruitment of Afigl tothe PAS PDB ID: 4J2G[30]). The 'emaining 470 residues

of Atg13 makeup an IDPR that is heavily regulated by phosphorylateamd dephosphorylation
[17, 31, 32](Fig. 1). PKA mediatesS. cerevisiae Atgl3 phosphorylation on Ser344, Ser437, and
Ser581¢These phosphoserines negatively regulate localization of AttflESPAS; specifically,
these PTMsinterfere with Atgl3Atgl7 interaction, but not Atg1Atgl interaction[31].
TORC1 phosphorylates yeast Atgl3 at least 1348, $1496, 1535, and 8541, and
possibly also on Ser437, Ser438, Ser646, and Sei®dShosphorylation of these residues

directly induces autophagy, as it al®wor association with Atgl kinas¢33]. Recent
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biochemical and mutagenesis experiments identifioed serines(Ser494, Ser496, Ser515, and
Ser517)in the MIM(C) region of Atgl3 (49521; S cerevisiae numbering), dephosphorylation
of which increaseshe binding affinity of Atgl3 for Atgl upon starvation. Thushis region is
regulatory, wiereasthe nearby MIM(N) region of Atgl3 (46@91; S. cerevisae numbering is
the basal binding site for Atglnd is dephosphorylated at Thr483 and Setd8dromote the
interaction,between these two prote[dF]. In the context of theAtgl-EAT crystal structure,
Atg13-MIN(N)*binds to the dynamic ®erminal subdomain ofAtgl-EAT resulting in
stabilization;"wilereas Atg13-MIN(C) binds to the MNerminal Atgl-EAT subdomain that
dimerizes[17, 18] Atgl3 also binds Atgl7 via shortregionbetween residues 424 and 436.
Phosphorylation of thigegion is again a major factor regulating AtgABgl7 interaction.
Specifically'Ser428 and Ser429 of Atgl3 are dephosphorylated upon starvation, which removes
electrostatiaepulsion forces with Asp427 in Atgl7 and increatbeshinding affinity of Atg13
for Atgl7 [17]. Atgl3 apmars to be tightly bound in the subcomplex with Atghd this
subcomplex associates with the stakigl 7-Atg31-Atg29 subcomplex18].

Along with the autophagy initiation complexautophagosomformation requires the presence of
the class lll.phesphatidylinositol Inase(Ptdins3K)complex This complex is responsible for
production ofiPtdins-3phosphate Rtdins3P) that is needed for recruitment dfertain
component®fithe autophagy machimg and phagophore expansiorhe autophagy-promoting
Ptdins3K complex in yeast cois ofVps34-Vps15-Vps3@tg6-Atgla-Atg38; in humanghere
are multiple” Ptdins3K complexesncluding two stimulating complexes consisting of
PIK3C3/WPS34-PIK3R4/VPS15/p150BCN1-and eitherATG14 or UVRAG, where ATG14
and UVRAG . are orthologs of yeastgd4 and Ag38, respectively

BECNL1 in_.mammalian cell§Vps30/Atg6 in yeastjs the most studiedubunit of thePtdins3K
complex in_partbecause it is a target of multiple regulatory signBlsth the mammalian and
yeast protein contairs coiled-coil and B[_b repeated, autophagppecific (BARA) domains
BECNL alsehas ashort BH3 domain preceding the coHedil domain.The BARA domainof S.
cerevisiae Vps30Atg6 (PDB ID:3VP7 [34]), the BARA and BH3 domain®f human HECNL
(PDB ID: 4DDR [35]; and PDBID: 2P1L[36]) andthe coiledcoil regionof rat BECNL (PDB
ID: 3Q8T, [37]) have been crystalizednalysis of the amino acid sequence o EHENL by the
PONDRFIT algorithmshows thathe BH3 andBARA domairs are structurally stablprotein
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regiors. In contrastthe coiledcoil domain arises fromran IDPR, and is the resulif a disorder-
to-order transiton, probably induced by dimerizatioBECNL containsa number ofPTM sites
(Fig. 2) The interaction of EECN1 with negative regulators of autophagy G2,
KIAA0226/Rubicon is increased via its phosphorylation on thteesine residues Tyr229,
Tyr233, andTyr352). This phosphorylatiormediated bythe EGFR(epidermal growth factor
receptor) tyrosine kinas@romotes formation of homodimers that are unable to BiKB8C3
and promote~autophadg8]. The BH3 domain idirectly involved in binding of EL2 or
BCL2L1/Bel-XL"[36], which inhibits autophagyhosphoryldon of BECNL1 on Thr119(located
within the BH3 domair) by DAPK (deathassociated protein kinase) promotes dissociation of
BECNL from BEL2 or BCL2L1, and induces autopha¢$9]. The ULK1 kinase phosphorylates
BECNL1 on'Serl4 [40], and this step is required for full autophagy induction.

FindingthatULK1 mediats phosphorylation on Serlef BECN1revealeda direct link between
the autophagy initiation complex anthe PdIns3K complex. Autophagis also positively
regulated by AGl4-controlled phosphorylation of BCN1 on Ser90 and Ser9$1l].
Conversely, | KT-mediated phosphorylation of HEN1 on $r234 and $r295 creats
YWHAB/14-3-3, protein binding sites and inhibits autophagy via formationa ECNL1-
YWHA-VIM /vimentin intermediate filament comple)#2]. Phosphorylation is not the only
posttranslational modification of EBCN1. Ubiquitination of BECN1 on Lys117 by TRAF6
promotes_autophaglyy regulating EECNL interaction withthe negative regulator BL2 [43].
AMBRA1-mediated ubiquitinatio on Lys437 increases activity tife Ptdins3K complex, and
thus autophagy44]. The E3 ubiquitin protein ligase NEDD4 ubiquitinatB&CNL by Lys11
and Lys63linked chainsvia binding to the conserved PY motif{PLY in human EECNL),

and thereby promotes its degradation [45].

PIK3C3VPS34is akinase that is not categorized asAtg protein. We include Vps34 in this

minireview_due to its importance for autophagy the findings on its posttranslational
modificationsandthe receny repated insight into the structure tie human proteinPIK3C3
is an approximatel\L00kDa protein that includeskinase domainan a-helical domain and the
C2 domain involved iphospholipid bindindFig. 2). Crystal structures dhe kinase and helical
domains ofPi3K59FNps34 fromDrosophila melanogaster (PDB ID: 2X6H, [46]) and human
PIK3C3 (PDB ID: 4PH4 [47]) were solved and reveah similar overall topology.
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PIK3C3/VPS34 is directly phosphorylated on Thr159 ®pK1 (cyclin-dependent kinase) And
CDKS5, which inhibits its interaction with BCNL [48]. In the absence of PG14, PIK3C3 s
phosphorylated by AMPK on Thrl63 and Serl65. Tmesence of AGl14 prevents this
phosphorylation and allows for phosphorylation dE@N1 by AMPK, thereby switching
AMPK-mediated inhibition to activatiofd9]. Conversely,PRKD/protein kinase D activates
PIK3C3 by, phasphorylation in response d@idative stress on multiple sites including Thr677
[50]. PIKBC3"is also SUMOylated on Lys840. Thi§RIM28/KAP1 proteinmediated
modification‘increasethe activity of PIK3C3and promotes autophagosome formation [51].

In yeast, lhiesPtdins3P generated bytdins3K on thelipid membrane allows for recruitment of
the Atgl18-Atg2 subcomplexto the growing phagophore; however, thelecular finction of
these two.proteins istill unknown although they participate in regulating the localization of
Atg9 [52].

Atgl8 has.two paralgs, Atg2l and Hsy2in yeast. Kv2 is a structured proteirthat was
amenabldaoererystdlization. The crystalstructure ofKluyveromyces lactis Hsv2 (PDB 1D:4AV9,
[53]) reveals that this proteilormsa severbladedpf—propeller, where blade and 6 createwo
Ptdins3P binding site¢Fig. 2). The hydrophobic loof Hsv2 (partially missingrom the crystal
structure)providesan additional anchor for membrane bindifg4]). The Atgl8 amino acid
sequence contains the conserved motif FRIREG separateilsvo sequences homologous to those
that create,th@dins3Pbinding sites 1 and 2 in HsvZhe Hsv2B—propeller structure has been
mapped ont@\tgl8 and mutational analysis configthe presence dfvo PdIns3P binding sites

in S cerevisiae"Atg18 [54]. Another study showed that two sequences at theriinus ofS
cerevisiae |/Atg18 that map onto blade 2 of thgd[_propeller mediate its binding to Atd35].
Atgl8 from Pichia pastoris is phosphoylated on Ser388, Ser391, Ser492, and Ser495. This

modificatiensnegatively regulates binding of the protein to the membrane [56].
PTM-modified.structures promoting phagophor e elongation

An essentialfamily of proteinsthat arrivesat the PAS after autophagyinitiation is the
Atg8/LC3/GABARAP family.
Atg8 in yeast LC3/GABARAP in mammalian cells) contaire ubiquitindike (UBL) domain

packed against twa[ helices athe Nterminus. Figre 3 shows the crystal structure béiman
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LC3A (PDB ID: 3WAL, [57]), which represents one of numerous crystalcsuresof the
Atg8/LC3/GABARAP family that have beendeposited in the Protein Data Bank
(http://www.rcsb.org/pdb/home/home.dojhe UBL domain in Atg8/LC3/GABARAP forms
two hydrophobic pckets that bindall autophagyeceptor proteins thatarrythe functioral motif
referred to_a&lR/AIM (LC3-interacting regiofAtg8-interacting motif)in their sequencs8)).

In mammals, LC3 activity is regulated by phosphorylataod acetylation. PKA mediates
phospherylation ofhuman LC3 on Serl2, which inhibits protein recruitmeohto the
phagophorenembraneand suppresses autophd§9]). Phosphorylaon of rat LC3 on Thr6 and
Thr29 byPRKCjrotein kinase has nompacton autophagy, and thus the role of these PTMs,
if any, is uncleaf60]. Acetylation ofhumanLC3 by the acetyltransferas&P300p300 hasan
inhibitory effecton autophagy61], whereasdeacetylation of human and mouse3 by SRT1
stimulates autophagi62]. Becausethe acetylation/deacetylatiosites were not determined
these studies, wehow thesites on human LC3A (K49)and LC3C (K14, K32, and K36)
predicted by the ModPred predictor of posttranslationainodification. These lysines were

predicted withslow confidence, and are the only predicted sites.

The Atg8/LC3/GABARAP proteins are conjugatetb lipids to function in phagadmore
elongation. The covalent lipid-protein attachment requires activation of the
Atg8/LC3IGABARAP proteinsvia the E1 enzymeAtg7/ATG7, and then conjugation with
ubiquitin-conjugating enzyme (EAtg3/ATG3), whichis facilitated by the E3 scaffold complex
(Atg12-Atg5-Atg16/ATG12-ATG5-ATG16L1).

ATG7/Atg7wissthe activating enzyme (E1) that iwell-structuredand hence amenablé¢o
crystalization. The crystal structure of the yeast protein complex with itsnteracting partners
(PDB ID:4GSL, [63]) reveals that it forms a homodimer, where dimeriziag@inal domains
are each flexibly connected to the correspondirgisinal domainFigure 3 showsonly one
monomer of this dimerA recent review summarizesany structural aspects of the autophagy
conjugationssystenj64]. Briefly, for Atg7 the conservedshoulder groove ints N-terminal
domain interacts witttwo E2 enzymegAtg3 and Atgl0 in a very different way The fexible
region of Atg3 dislocates and underg@edisorderto-order transition, formingn a-helix upon
binding to Atg7.In contrast Atg10 bindsAtg7 via ap-harpin. The function of the E1 enzyme
appears to be modulated BffM. Human ATG7is acetylated byEP300 and deacetated by
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SIRT1, with the sameffects that have been observed for hurh@3 [61, 62] ModPredpredicts
with medium confidencéhat ATG7 is N-terminaly acetylatedon Ala2 and acetylated othree
lysines(K306, K411, K423), two of which (K411, K423) are novel predictions.

Atg3 is onesofitwoubiquitin-conjugating enzynmsxE2) required for autophagy to proceddis a
relatively dynamic proteif9] containing a long flexible regioraf IDPR) in the middle of the
sequence The ®lution structure of Atg3has been solvedPDB ID:2DYT, [65]) (Fig. 3).
Comparison of this structure with the crystal structure of Atg3her lbund form (PDB ID:
4GSL, [63])yreveals that Atglinderges a significant conformational changapon binding to
Atg7. A molecular mechanism underlying functional reasongh plasticityis still not well
understood. It is possible that the IDPR of Atg3 serves as a scaffolding backbone for
spatotemporally regulated assembly the complex with several partners (Atg8, Atg7, Atgl2).
In such a,case, the presencedhsf Atg3-IDPR could prevent steric restrictions in the complex
and also (@llow for overlapping binding sites that Atgss for Atg7 and Atgl2[66]. These
capabilitiesare typical features of intrinsically disordered proteins and proteionggalled
assemblerd67]. Atg3 is posttranslationally modified by acetylatioim yeast,the histone
acetyltransferase Esal acetylates Atg3 on K19 and K48, which promotes iotetativeen
Atg3 and Atg8jpand also on K183, which activates the enzyme in Atg8 lipid&BhrkK19 and
K48 canconversely be deacetylated iy Rpd3 deacetylase, and this modification lagas
inhibitory effect on autophagy [68].

As mentiopedwabovehe autophagy machinery involves also the E3 enzyme thatistsnofthe
Atgl2-Atg5w.conjugatebound to Atgl6. The exact function of this complex is not fully
understoodand it is not essential for lipidation of Atg@9]. In mammalsthe ATG12-ATG5-
ATG16L1 complexfunctionsas a scaffoldhat promotes LC3 lipidatiofY0].

MammalianATG12 (Fig. 3 and its yeast homolog (Atgl2pntain aubiquitin-like domain, as
does Atg8/LC3/GABARA. This domain, however, does rform theentirearchitecture othe
full-length protein. Both human ATG1Zig. 3) and yeast Atglhavea long IDPR athe N
terminus. This region is likely regulatory, becairsgeastit is not required for conjugation with
Atg5 or for autophagyf71]. In boththe human and yeast E3 complex, ATG12/Atg12 functions
as a binding module foATG3/Atg3 (PDB ID: 4NAW, [72]; PDB ID: 3W1S,[73]). In the
human E3 complexhe ATG12-ATG3 interface is on the opposite side of &IEG12 molecule
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thanthe ATG12-ATGS5 interface.For binding of ATG3, ATG12 forms a hydrophobiogiet
corresponding to the hydrophobic pocket of LC3 that bankgdrophobic residue (L/I/V) in the

LIR motif. The secondaromatic pocket seen in LC3 is not present on the surface of ATG12, so
ATG12 cannot_bind the LIR motif. The hydropholpocket on ATG12 interacts witthe
flexible region.of ATG3, specifically witla fragment that undergoes disortleiorder transition

and forms a shoft-sheet followed byn a-helix uponbinding to ATG12[72]. So far only two
posttranslational modifications were found in ATGk2human cells, autophagy is inhibited by
EP300-mediated acetylation of ATG12, and is promoted BT3-mediated deacetylation tie
protein [61, 62] ModPred predictK89 asthe mediumconfidence acetylation site in ATG12
(Fig. 3). Givenathe longN-terminal IDPR in ATG12/Atgl2that escaped attenti®so far it is

possiblethat'moere PTM®f this proteinwill be revealedby future studies.

ATG5/Atg5«is=a structured protein that functions as a scaffold, bringing together two more
flexible partners, ATG12/Atgl2 (see above) dhehighly dynamic ATG16[l/Atgl6. Besides
noncovalent contaGtATG5/Atg5 cowently binds ATG12/Atgl2 Human ATG5 makes the
covalent bondvia Lys130to Gly140 of ATG12, as revealed byetcrystal structure of theuman
E3 complextPBB ID: 4GDK [74]). In yeastLys149 of Atg5 covalently binds Gly186 of Atg12
(PDB ID: 3W1S,73]). The ATGS5 fold includeswo UBL domainswith ana-helix-rich domain
between then(Fig. 3). A similar architecture is observed ihe yeasthomolog [73].Mammalian
ATG5 is_modified by phosphorylabn and acetylaion. Specifically, mouse ATG5 is
phosphorylated on Thr75 by mitogantivated protein kinase (MAPK)38 which inhibits
starvationinduced autophagy75]. Autophagy is also inhibited by acetylation of ATG5 by
EP300 [61}=Conversely, deacetylation of both human and mouse ATG5IRY1Spromotes
autophagy [62}JModPred predistwith medium confidence th#he acetylation siten the human
formis K201.

PTM-modifiedsstructuresinvolved in autophagy cargo r ecognition

A selective type of autophagy relies on the functibiprotein receptors that interact withe
Atgl1l scaffold and witlthe Atg8/LC3/GABARAP family of proteins, and thereby link the cargo

to theautophagy machinery.
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Atgl19is the receptor that functions in biosynthetic delivery of resident vacuolaolageyr into

the yeastvacuole[76]. The structureof the proteinis not known, except for the Ams1 binding
region(residues 25867, S cerevisiae numbering thatfolds into a stablestructure remiiscent

of a B-barre|l as determined by NMRPDB ID: 2KZB, [77]) (Fig. 4). The Cterminusthat
follows the Amsibindingregionin Atg19 is very important forprotein function(Fig. 4). This
regioncontains‘several Atg8 binding sitgs8], anAtgl1 binding site, and three phosphorylation
sites (S390,'S391, S39G)9]. Direct phosphorylation of these serine residues by Hrr25 kinase in
the Atg11 binding region modulates interaction of Atg19 with At29]. PONDRFIT analysis

of the Atgl9amino acid sequence indicates thia¢ Cterminus along withthe extremeN
terminus andsthe middle domain (resida@g-253)consist oiDPRs.This is consistent witkhe
functions reported forthe Atgl9 C terminusbecause disordered protein regions carry short
linear recognition motifshat are oftenargets of posttranslational modifications, and/f@ntain
adjacenfoverlapping binding sites for multiple structured protein partners [67, 80-82].

Atg34 is paralog of Atgl9 in yeaghat alsocontains theAmsl1 binding domaimear the C
terminus(residues 244648 S cerevisiae numbering)with a known NMR structurgPDB ID:
2KZK, [Fh=(Fig. 4). As in Atgl9, te disordered @erminusof Atg34 carries theAtgll and
Atg8 binding_regionsand Hrr25mediated phosphorylatiomd&er382 and Ser383 regulates its
binding“tothe’Atg11 scaffold Atg34 can seldimerize viaa somewhat flexible regn between
residues 130 and 157 [7®Hig. 4).

Atg32 is the'mitophagyreceptorin the yeastS cerevisiae. A crystalor NMR structure for this
protein is net-available. Prediction from amino acid sequencesshaivthe transmembrane and
intermembrane space domains ateucturally stablein contrast tothe largely disordered
cytosolc domain (Fig.4). The g/tosoic domain binds Atg8 and Atglandis also regulated by
phosphorylation Phosphoserirseon position 119 and especially 114 $ cerevisiae Atg32
mediateits binding to Atgll [83, 84], while phosphorylation of the same proteirser81,
SeB3, andSeB5 upstream othe LIR motif facilitatesits binding to At@ [84]. The MAPK

Hogl is invelved in this phosphoryation, but does not phosphorylate Atg32 directly [83]; instead,
this modification is carried out b@kal/2 ¢asein kinase)2and the role of Hogl in this process

is not known52].
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Atg36 is the pexophagy receptor i8. cerevisiae. It has one structurally stabtegion whereas
the rest of the proteiconsists of IDPRsno crystalor NMR structure is available (Fig). As in

Atg32, binding ofS. cerevisiae Atg36 to Atg8 and Atgll is regulated by phosphorylatiarthis

case phosphorylatioon Ser3facilitates binding of the Atg36 AIM motif to Atg&ndthe same
modification.enSer97is required for interaction of Atg36 with Atg11 [84].

Conclusions

The structurerelated analysis gbosttranslational modificationsf proteins presented hef€ig.
1-Fig. 4) shows thaphosphorylation is the mostequent modication an autophagy proteins
and thatthe majority of experimentally verifiedohosphoserines/phosphothreoniaes located
within disordered regionef theseproteins. This is consistent with what has been observed for
other phosphorylated proteifi85] and with the findingthat kinasestypically bind substrates
with high specificitybut weakaffinity [80], which isthe characteristic typicalor intrinsically
disordered,protesillDPRs[67]. It is very likely that morgosttranslational modifications tfie
autophagysproteinwill emerge from future stlies. New promising candidates certainityclude
Atgll, Atgl4<Atgl6, Atg20, Atg2l, Atg23nd Atg33, asamino acid sequences tfese

proteinscontainregionswith a propensity to disorder [9].

Phosphorylation can havearious consequencesen protein structure oa proteinregion For
example, i can temporaky induce disordete-ordertransitionor orderto-disorder transitiomn a
protein[86, 87]"In transient functional unfoldingphosphoylation may act aanintramolecular
modulatorthat shifts a protein conformation intaless ordered stater it canprevent disorder
to-order transition ot molecular recognition sequence tivathe unphosphorylated statelds
into aninduciblestructured element, for examga a-helix. The lattermechanisnwas observed
in EIF4E«(eukaryotic translation initiation fact@tE) and its binding proteinf88], butit may
also be present in autophagy, for example in the -Aligfll3 interaction. The low binding
affinity of the Atg13MIM(C) domain to the AtgdMIT domainis due to phosphorylated serines
in the IDPR of Atg13 dephosphorylation of these serines increabebinding affinity between
the Atg13-MIM(C) and the Atg1-MIT [17]. Becausdhe Atg13-MIM(C) undergoes disordeo-
order transition(i.e., it folds intoan a-helix) during binding tothe Atg1-MIT, the molecular
mechanism explaining the change in affinity of binding during induction of autophagy could be

that phosphoserinearethe modulators that hold the AtgMIM(C) domain unfolded until it is
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dephosphorylated and can fold intan a-helix. Phosphorylation/dephosphorylation and
posttranslational modification in generalan elegant molecular mechanism ddast switch on
or switch offthatcouldbe very useful in any regulatory pathwaguiring a prompt respongé.
is reasonable to assume tkiz¢ PTMs discovered so fan autophagyepresenbnly the “tip of

the iceberg™
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Figureslegends

Figure 1. Structurerelated analysis of posttranslationally modified proteins related to Atgl
(Atg9, Atg3l, Atg29, Atgl ULK1, and Atgl3). The PTM sites are denotedthe domain
representation/of the corresponding protein. The domain representation is thetisaligma
depicted PONDHR-IT profile for each protein, where structurally stable domains are shown as
roundcornered” rectangles and disordered regions are bold lines. Domains thateeave b
assigned to NMR or crystal structure are in blue, while unassigned structured ractured
domains are gray dight green, respectively. For clarity of presentatitmal lengths of protein
domain representations are not comparable between each other. If known, thendllgcti
important domains are marked by bldoled rectangles. Experimentally verified
posttranslationally modified sites are denoted in black and predicted sites by ModPred are in
light blue.\PONDRFIT scores for all Atg proteins were reported in 8]. ULK1 was not
included ip=that study, therefore, its PONDBR profile is shown below the ULK1 domain
representationsIf the NMR or crystal structure of at least one domawailable for a particular
protein, the_corresponding putative 3@odelis shown on the right side next to the domain
representation. 3D structures recorded in the PDB are shown in blue, and black dashed lines
show missing regions in those structures. The homology model based on the PCiBetésrpl
gray.Light-green dotted lines andayrrectangles in putative 3modelscorrespond tansolved

3D structure®flDPRs and structurally stable domains, respectively. BR, binding region.

Figure 2. Structurerelated analysis of posttranslationathodified proteirs related to Ptdins3P
syntesis_ or._binding(BECNL1, PIK3C3/MWP 34, and Atg18) The PONDRFIT profile of human
BECNL1, mammalianPIK3C3/VP 334, andP. pastoris Atg18 are included, as these proteins were

notanalyzedn ref. [9]. For other details, refer tbeFigure 1 legend. @eil, coiled-coil.

Figure 3. Structurerelated analysis of posttranslationathpdified proteins related to Atg8/LC3
conjugations(LC3, ATG7/Atg7, Atg3, ATGl2and ATG5) LC3, ATG7, ATG12, and ATG5
have PONDRFIT profiles very similar to theifs. cerevisae homologs [9] For other details,

please refer tthe Figure 1 legend.
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Figure 4. Structurerelated analysis of posttraabnally modified autophagyreceptors Atgl9,
Atg34, Atg32, and Atg36 For other details, please refer the Figure 1 legend.IMS,

intermembrane space; TM, transmembrane.
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