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Autophagy is a self-cleaning process that occurs at a constitutive basal

level, and is upregulated in response to stress. Macroautophagy (hereafter

autophagy) is the most robust type of autophagy, where cargo (specific or

nonspecific) is engulfed within a double-membrane structure termed an

autophagosome. This process needs to be tightly regulated to maintain

normal cellular homeostasis and prevent dysfunction; therefore, a fuller

knowledge of the mechanisms of autophagy regulation is crucial for under-

standing the entire pathway. The autophagy-related proteins are the pri-

mary components that carry out autophagy. Many of these proteins are

conserved from yeast to humans. A number of significant discoveries with

regard to protein functional domains, protein–protein interactions or post-

translational modifications of proteins involved in autophagy have been

reported in parallel with, or followed by, solving the NMR or crystal struc-

tures of autophagy proteins or their protein domains. In the present

review, we summarize structural insights gathered to date on the proteins

of the autophagy machinery that are modulated by a post-translational

modification, specifically phosphorylation, acetylation, ubiquitination and/

or SUMOylation. For each protein, we link the reported results with infor-

mation on the propensity of the corresponding amino acid sequence

toward order/disorder. This integrative approach yields a comprehensive

overview for each post-translationally modified protein, and also reveals

areas for further investigation.

Introduction

Protein architecture is determined by the composition

of amino acids in the primary sequence that may or

may not be further modulated by one or more post-

translational modifications (PTMs). These modifica-

tions can occur at any stage of a protein’s existence.

Modulation of protein structure via PTM can affect

protein stability, cellular localization or protein

engagement in protein–protein interactions, which in

turn affects its biological function. The proteins of the

autophagy machinery are phosphorylated, acetylated,

ubiquitinated, SUMOylated, lipidated, O-GlcNAcy-

lated and/or modified on thiol groups [1]. The overall

mechanism of nonselective and selective autophagy

including autophagosome biogenesis has been
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described in several recent reviews [2–4]. In yeast, this

pathway originates at a site called the phagophore

assembly site (PAS). Post-translationally modified pro-

teins involved in nonspecific autophagy are described

in the present review in the order of hierarchy of their

recruitment to the PAS, and are followed in descrip-

tion by receptors for selective autophagy.

PTM structures in autophagy initiation

Upon starvation, a de novo formed structure called the

phagophore is initiated at the PAS. The phagophore is

the initial sequestering compartment that subsequently

matures into a completed autophagosome; as such, the

phagophore is the dynamic intermediate organelle of

autophagy. The current consensus is that the phago-

phore arises from small Atg9-containing vesicles not

more than 20 nm in diameter.

Atg9

Atg9 is the only membrane protein in the core

autophagy machinery. It consists of six predicted

transmembrane a-helices, which orient the N- and C-

termini of the protein to face the cytosol. The C-termi-

nus and especially the N-terminus of this large 115-

kDa protein have a high propensity for disorder

(based on the PONDR-FIT algorithm in the DisProt data-

base; (http://www.disprot.org/pondr-fit.php) [5] in con-

trast to the middle part of the sequence. In the yeast

Saccharomyces cerevisiae, Atg9 is phosphorylated by

the Atg1 kinase in early steps of autophagy on Ser19,

Ser802, Thr804, Ser831, Ser842, Ser948 and Ser969

(Fig. 1). All of these phosphorylated residues are

located in the disordered N- and C-termini of the pro-

tein, and this PTM is required for the recruitment of

Atg8 and Atg18 to the PAS [6]. Atg9 is recruited

relatively early to the PAS along with the trimeric

Atg17-Atg31-Atg29 subcomplex. A crystal structure of

the trimeric subcomplex shows that it dimerizes into a

unique double crescent, of which the convex face

harbors the molecular mass of Atg29 and Atg31, at

least under nutrient-rich conditions [7,8].

Atg29 and Atg31

Atg29 and Atg31 are highly dynamic proteins, repre-

senting the most flexible proteins of all Atg proteins

known so far [9]. Their interacting N-termini undergo

a disorder-to-order transition into a b sandwich [8].

The function of both proteins in the subcomplex still

remains a mystery. Their dynamic properties, also con-

firmed by the difficulty to obtain crystallographic data

[Protein Data Bank (PDB) code: 4HPQ] [8] would sug-

gest that Atg29 and Atg31 function in signal sensing

and/or regulation. It has been proposed that, under

growing conditions, both proteins form a steric block

that prevents the binding of Atg9 to Atg17 [8] and

that, under stress conditions, this block needs to be

removed to allow binding to occur. A stronger interac-

tion of Atg9 with Atg17 upon rapamycin treatment

relative to growing conditions has been demonstrated

by immunoprecipitation [10], and could be interpreted

in support of the hypothesis for removal of the steric

block. The dynamic nature of Atg31 would also be

consistent with the model where Atg31 pivots in its

flexible linker between b-sheet 7 and a-helix 1 [8].

Phosphorylation of Atg31 has been demonstrated

experimentally [11,12]. MS analysis identified 11 phos-

phorylation sites in Atg31 (Ser38, Ser40, Thr41, Ser44,

Ser116, Ser135, Ser143, Ser146, Ser153, Ser174 and

Ser195). Mutational analysis of these sites showed the

strongest phenotype for Ser174. Further analysis

revealed that phosphoserine 174 is important for for-

mation of autophagosomes and the absence of this

modification causes accumulation of Atg9-positive

vesicles at the PAS [12]. Some of the experimentally

determined phosphosites in Atg31 overlap with the

Fig. 1. Structure-related analysis of post-translationally modified proteins related to Atg1 (Atg9, Atg31, Atg29, Atg1, ULK1 and Atg13). The

PTM sites are denoted in the domain representation of the corresponding protein. The domain representation is the schematically depicted

PONDR-FIT profile for each protein, where structurally stable domains are shown as round-cornered rectangles and disordered regions are bold

lines. Domains that have been assigned to NMR or crystal structure are shown in blue, whereas unassigned structured or unstructured

domains are shown in gray or light green, respectively. For clarity of presentation, total lengths of protein domain representations are not

comparable between each other. If known, the functionally important domains are marked by black-lined rectangles. Experimentally verified

post-translationally modified sites are denoted in black and predicted sites by MODPRED are shown in light blue. PONDR-FIT scores for all Atg

proteins were reported previously [9]. ULK1 was not included in that study; therefore, the PONDR-FIT profile is shown below the ULK1 domain

representation. If the NMR or crystal structure of at least one domain is available for a particular protein, the corresponding putative 3D

model is 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 PDB template is shown in gray. Light-green

dotted lines and gray rectangles in putative 3D models correspond to unsolved 3D structures of IDPRs and structurally stable domains,

respectively. BR, binding region.

3475FEBS Journal 282 (2015) 3474–3488 ª 2015 FEBS

H. Popelka and D. J. Klionsky Post-translational autophagy protein modifications

http://www.disprot.org/pondr-fit.php
http://www.rcsb.org/pdb/search/structidSearch.do?structureId=4HPQ


Atg29
(S. cerevisiae)

S201

C
N

Atg31
(S. cerevisiae)

S128

S153

Y46

C

N

Atg9
(S. cerevisiae) S19

S802, S804

S948, S969

Unavailable

S831, S842

transmembrane domain

Kinase domain

S34

T129

T226, S230
S304

S769, S783

S365

S508, S515
S533, S551, S552
S621
S677, S680, S683

Homology model  (4WNO template)

Kinase EAT domain

N

T180

K162

T660
S638

S556

S758

S467

T575

S775

S1046
 T1042

K607

C

K376

K493

0 200 400 600 800 1000
0.0
0.2
0.4
0.6
0.8
1.0

Residue number

PO
N

D
R-

FI
T

sc
or

e

S390

S912
 S866

S143, S146

PTM sites in domain representationProtein Crystal structure

Structurally stable domain, known structure
Structurally stable domain, unknown structure
IDPR, known structure
IDPR, unknown structure

Solved PDB structure
Homology model
Unsolved 3D structure of IDPR
Unsolved 3D structure of ordered domain

EAT domain

Atg1
(S. cerevisiae, K. marxianus)

ULK1
(H. sapiens)

Atg29 BR

Atg31 BR

Atg13 BR

N

C

T222

PDB ID: 4P1N

PDB ID: 4HPQ

PDB ID: 4WNO

EAT dom
ain

PDB ID: 4HPQ

Atg8 AIM

LC3 LIR

S199

S197

 
T590

S348

S428, S429

T483, S484
 S515, S517
 S535, S541

S646, S649

S437, S438

PDB ID: 4J2GN
C

S344

S581

Atg13
(S. cerevisiae, 
L. thermotolerans)

HORMA
domain

Atg17 BR Atg1 BR

S494, S496
S174

S38, S40
T41, S44

S116

S135

S195

3476 FEBS Journal 282 (2015) 3474–3488 ª 2015 FEBS

Post-translational autophagy protein modifications H. Popelka and D. J. Klionsky



outcome from the MODPRED algorithm [13], which pre-

dicts with a medium level of confidence phosphoryla-

tion of Atg31 on Tyr46, Ser116, Ser128, Ser143 and

Ser153 (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 in

the C-terminal half of Atg29 facilitates its binding to

Atg11 [7]. Functionally, the most important phospho-

serines are Ser197, Ser199 and Ser201 right upstream

of the C-terminal inhibitory peptide (Fig. 1).

Initiation of phagophore formation requires assem-

bly of the trimeric Atg17-Atg31-Atg29 subcomplex

with Atg13 and Atg1.

Atg1

Atg1 is an essential kinase in autophagy that is highly

regulated by phosphorylation. Atg1 in S. cerevisiae is

phosphorylated at many sites [14,15] (Fig. 1). Among

these sites, phosphorylation on Ser508 and Ser515 is

mediated by protein kinase A (PKA), whereas Thr226

and Ser390 are targets of autophosphorylation [15].

Ser34 phosporylation is inhibitory to kinase activity, as

well as to autophagy [15]. By contrast, phosphorylation

of the conserved Thr226 and Ser230 is essential for

kinase activity and also for function of Atg1 in both

autophagy and the autophagy-like cytoplasm-to-vac-

uole targeting pathways [14]. Regulation of Atg1 via

phosphorylation is very complex [16] [further compli-

cated by the fact that phosphoserines/phosphothreo-

nines are located not only in the unstructured region of

Atg1, but also in two structured functional domains,

the N-terminal kinase domain and the C-terminal early

autophagy targeting/tethering (EAT) domain] (Fig. 1).

The crystal structure of full-length Atg1 is not available,

although the structure of the EAT domain from

Kluyveromyces marxianus Atg1 has been solved (PDB

code: 4P1N) [17]. This domain forms an a -helical struc-

ture, where three N-terminal helices are stable and par-

ticipate in dimerization of the EAT domain, whereas

three C-terminal helices are highly dynamic and are sta-

bilized by interaction with Atg13 [18]. Because the

kinase domain of Atg1 from K. marxianus has not been

crystalized, we used the Swiss-Model workspace [19–21]
to build the homology model of this domain (Fig. 1)

using the crystal structure of the human ULK1 kinase

domain (PDB code: 4WNO) [22] as the template. In this

model, the Atg1 target sequence covers 71% of the tem-

plate. Autophosphorylated Thr180 of ULK1 in the acti-

vation loop maps in the model on Thr222 in

K. marxianus Atg1, which is homologous to Thr226 in

S. cerevisiae (Fig. 1).

ULK1

ULK1 is the mammalian homolog of Atg1. The crys-

tal structure of the human ULK1 kinase domain in a

complex with a small-molecule inhibitor (PDB code:

4WNO) [22] is the only structure of the Atg1/ULK1

kinase domain currently available (Fig. 1). The ULK1-

EAT domain has not been crystalized. We attempted

to build the homology model of the ULK1-EAT

domain based on the EAT domain of Atg1 from

K. marxianus as the template (PDB code: 4P1N) [17],

although the resulting model did not have a good cov-

erage between the target and the template. The PONDR-

FIT prediction from the amino acid sequence of human

ULK1 shows, as expected, that the kinase and EAT

domains are structurally stable protein regions. By

contrast, the serine- and proline-rich spacer that con-

nects them is a long intrinsically disordered protein

region (IDPR) containing many phosphorylation sites.

Thr180 in the kinase domain is the autophosphoryla-

tion site necessary for kinase activity [22,23].

AMP-activated protein kinase (AMPK)-dependent

phosphorylation of Ser556 and Thr660 (human protein

numbering) facilitates interaction of ULK1 with the

YWHAB/14-3-3 protein [23,24]. Ser556 in ULK1 is

also one of four AMPK targets (along with Ser467,

Thr575 and Ser638). Phosphorylation of these sites by

AMPK is required for mitochondrial homeostasis and

cell survival during starvation [25]. Phosphorylation of

Ser556, Ser638 and Thr660 in ULK1 is also important

for correct localization of ATG9 to perinuclear clusters

[24]. Interaction between ULK1 and AMPK takes

place under nutrient-rich conditions and at early time

points of starvation. After approximately 30 min of

starvation, these two kinases dissociate as a result of

dephosphorylation on Ser638 and Ser758 of ULK1.

Ser638 and Ser758 in ULK1 are phosphorylated by the

target of rapamycin complex 1 (TORC1) under nutri-

ent-rich conditions, where phosphorylation on Ser638

is also maintained by AMPK; this latter PTM facili-

tates the interaction between AMPK and ULK1. Phos-

phorylated Ser638 facilitates proper phosphorylation of

Ser758 by TORC1 and phosphoserine 758 is in turn

required for association of ULK1 with AMPK [26].

TORC1 and AMPK are not the only kinases that

can phosphorylate ULK1. AKT-mediated phosphory-

lation of ULK1 on Ser775 inhibits autophagy in

response to insulin [23]. Some phosphorylation sites

are also found in the EAT domain of ULK1. Ser1042

and Thr1046 in human ULK1 are homologous to

Ser1043 and Ser1047 in the mouse protein, where

autophosphorylation on Ser1047 promotes phosphory-

lation on Ser1043 [27]. Ser866 and Ser912 are homologous
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to phosphoserines in the EAT domain of mouse

ULK1 [27].

Besides phosphorylation, ULK1 is also acetylated

and ubiquitinated. There are two acetylation sites in

ULK1. KAT5/TIP60 acetylase modifies K162 and

K607 (human protein numbering), which promotes

kinase activity and autophagy induction [28]. Ubiquiti-

nation of ULK1 by Lys63-linked chains promotes pro-

tein stability and function in autophagy [29]. The exact

ubiquitination sites in ULK1 were not determined;

however, MODPRED predicts with high confidence ubiq-

uitination of K376 and K493 in human ULK1

(Fig. 1).

Atg13

Atg13 is a large highly dynamic protein. In S. cere-

visiae, approximately 270 N-terminal residues of Atg13

fold into the HORMA domain, which is the only

structured part of the protein, and is required for

recruitment of Atg14 to the PAS (PDB code: 4J2G)

[30]. The remaining 470 residues of Atg13 make up an

IDPR that is heavily regulated by phosphorylation

and dephosphorylation [17,31,32] (Fig. 1). PKA medi-

ates S. cerevisiae Atg13 phosphorylation on Ser344,

Ser437 and Ser581. These phosphoserines negatively

regulate the localization of Atg13 to the PAS; specifi-

cally, these PTMs interfere with the Atg13-Atg17 inter-

action but not the Atg13-Atg1 interaction [31].

TORC1 phosphorylates yeast Atg13 at least on

Ser348, Ser496, Ser535 and Ser541, and possibly also

on Ser437, Ser438, Ser646 and Ser649. Dephosphoryla-

tion of these residues directly induces autophagy

because it allows for an association with Atg1 kinase

[33]. Recent biochemical and mutagenesis experiments

identified four serines (Ser494, Ser496, Ser515 and

Ser517) in the MIM(C) region of Atg13 (492–521;
S. cerevisiae numbering), the dephosphorylation of

which increases the binding affinity of Atg13 for Atg1

upon starvation. Thus, this region is regulatory,

whereas the nearby MIM(N) region of Atg13 (460–
491; S. cerevisiae numbering) is the basal binding site

for Atg1, and is dephosphorylated at Thr483 and

Ser484 to promote the interaction between these two

proteins [17]. In the context of the Atg1-EAT crystal

structure, Atg13-MIN(N) binds to the dynamic C-ter-

minal subdomain of Atg1-EAT, resulting in stabiliza-

tion, whereas Atg13-MIN(C) binds to the N-terminal

Atg1-EAT subdomain that dimerizes [17,18]. Atg13

also binds Atg17 via a short region between residues

424 and 436. Phosphorylation of this region is again a

major factor regulating the Atg13-Atg17 interaction.

Specifically, Ser428 and Ser429 of Atg13 are dephos-

phorylated upon starvation, which removes electro-

static repulsion forces with Asp427 in Atg17 and

increases the binding affinity of Atg13 for Atg17 [17].

Atg13 appears to be tightly bound in the subcomplex

with Atg1, and this subcomplex associates with the

stable Atg17-Atg31-Atg29 subcomplex [18].

Along with the autophagy initiation complex,

autophagosome formation requires the presence of the

class III phosphatidylinositol 3-kinase (PtdIns3K)

complex. This complex is responsible for the produc-

tion of PtdIns-3-phosphate (PtdIns3P) that is needed

for the recruitment of certain components of the

autophagy machinery and phagophore expansion. The

autophagy-promoting PtdIns3K complex in yeast

consists of Vps34-Vps15-Vps30/Atg6-Atg14-Atg38; in

humans, there are multiple PtdIns3K complexes

including two stimulating complexes consisting of

PIK3C3/VPS34-PIK3R4/VPS15/p150-BECN1 and

either ATG14 or UVRAG, where ATG14 and

UVRAG are orthologs of yeast Atg14 and Vps38,

respectively.

BECN1

BECN1 in mammalian cells (Vps30/Atg6 in yeast) is

the most studied subunit of the PtdIns3K complex, in

part because it is a target of multiple regulatory sig-

nals. Both the mammalian and yeast protein contains

coiled-coil and b-a repeated, autophagy-specific

(BARA) domains. BECN1 also has a short BH3

domain preceding the coiled-coil domain. The BARA

domain of S. cerevisiae Vps30/Atg6 (PDB code: 3VP7)

[34]; the BARA and BH3 domains of human BECN1

(PDB code: 4DDP [35] and PDB code: 2P1L [36]); and

the coiled-coil region of rat BECN1 (PDB code:

3Q8T) [37] have been crystalized. Analysis of the

amino acid sequence of BECN1 by the PONDR-FIT

algorithm shows that the BH3 and BARA domains

are structurally stable protein regions. By contrast, the

coiled-coil domain arises from an IDPR, and is the

result of a disorder-to-order transition, probably

induced by dimerization. BECN1 contains a number

of PTM sites (Fig. 2). The interaction of BECN1 with

negative regulators of autophagy (BCL2, KIAA0226/

Rubicon) is increased via its phosphorylation on three

tyrosine residues (Tyr229, Tyr233 and Tyr352). This

phosphorylation, mediated by the EGFR (epidermal

growth factor receptor) tyrosine kinase, promotes for-

mation of homodimers that are unable to bind

PIK3C3 and promote autophagy [38]. The BH3

domain is directly involved in binding of BCL2 or

BCL2L1/Bcl-XL [36], which inhibits autophagy. Phos-

phorylation of BECN1 on Thr119 (located within the
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BH3 domain) by DAPK (death-associated protein

kinase) promotes dissociation of BECN1 from BCL2

or BCL2L1, and induces autophagy [39]. The ULK1

kinase phosphorylates BECN1 on Ser14 [40], and this

step is required for full autophagy induction.

The finding that ULK1 mediates phosphorylation

on Ser14 of BECN1 indicates a direct link between

the autophagy initiation complex and the PdIns3K

complex. Autophagy is also positively regulated by

ATG14-controlled phosphorylation of BECN1 on

Ser90 and Ser93 [41]. Conversely, AKT-mediated

phosphorylation of BECN1 on Ser234 and Ser295

creates YWHAB/14-3-3 protein binding sites and

inhibits autophagy via the formation of a BECN1-

YWHA-VIM/vimentin intermediate filament complex

[42]. Phosphorylation is not the only PTM of

BECN1. Ubiquitination of BECN1 on Lys117 by

TRAF6 promotes autophagy by regulating BECN1

interaction with the negative regulator BCL2 [43].

AMBRA1-mediated ubiquitination on Lys437

increases the activity of the PtdIns3K complex, and

thus autophagy [44]. The E3 ubiquitin protein ligase

NEDD4 ubiquitinates BECN1 by Lys11- and Lys63-

linked chains via binding to the conserved PY motif

(349LPLY in human BECN1) and thereby promotes

its degradation [45].

PIK3C3/VPS34

PIK3C3/VPS34 is a kinase that is not categorized as

an Atg protein. We included Vps34 in this review

because of its importance for autophagy, the findings

on its PTMs and the recently reported insight into the

structure of the human protein. PIK3C3 is an approxi-

mately 100-kDa protein that includes a kinase domain,

an a-helical domain and the C2 domain involved in

phospholipid binding (Fig. 2). Crystal structures of the

kinase and helical domains of Pi3K59F/Vps34 from

Drosophila melanogaster (PDB code: 2X6H) [46] and

human PIK3C3 (PDB code: 4PH4) [47] were solved

and reveal a similar overall topology. PIK3C3/VPS34

is directly phosphorylated on Thr159 by CDK1 (cy-

clin-dependent kinase 1) and CDK5, which inhibits its

interaction with BECN1 [48]. In the absence of

ATG14, PIK3C3 is phosphorylated by AMPK on

Thr163 and Ser165. The presence of ATG14 prevents

this phosphorylation and allows for phosphorylation

of BECN1 by AMPK, thereby switching AMPK-medi-

ated inhibition to activation [49]. Conversely, PRKD/

protein kinase D activates PIK3C3 by phosphorylation

in response to oxidative stress on multiple sites includ-

ing Thr677 [50]. PIK3C3 is also SUMOylated on

Lys840. This TRIM28/KAP1 protein-mediated modifi-

cation increases the activity of PIK3C3 and promotes

autophagosome formation [51].

In yeast, the PtdIns3P generated by PtdIns3K on

the lipid membrane allows for recruitment of the

Atg18-Atg2 subcomplex to the growing phagophore;

however, the molecular function of these two proteins

is still unknown, although they participate in regulat-

ing the localization of Atg9 [52].

Atg18

Atg18 has two paralogs, Atg21 and Hsv2, in yeast.

Hsv2 is a structured protein that was amenable to crys-

tallization. The crystal structure of Kluyveromyces lactis

Hsv2 (PDB code: 4AV9) [53] reveals that this protein

forms a seven-bladed b-propeller, where blades 5 and 6

create two PtdIns3P binding sites (Fig. 2). The

hydrophobic loop of Hsv2 (partially missing from the

crystal structure) provides an additional anchor for

membrane binding) [54]. The Atg18 amino acid

sequence contains the conserved motif FRRG that sep-

arates two sequences homologous to those that create

the PtdIns3P binding sites 1 and 2 in Hsv2. The Hsv2 b-
propeller structure has been mapped onto Atg18 and

mutational analysis confirms the presence of two PtdIn-

s3P binding sites in S. cerevisiae Atg18 [54]. Another

study showed that two sequences at the N-terminus of

S. cerevisiae Atg18 that map onto blade 2 of the b-pro-
peller mediate its binding to Atg2 [55]. Atg18 from

Pichia pastoris is phosphorylated on Ser388, Ser391,

Ser492 and Ser495. This modification negatively regu-

lates the binding of the protein to the membrane [56].

PTM structures promoting
phagophore elongation

An essential family of proteins that arrives at the PAS

after autophagy initiation is the Atg8/LC3/GABARAP

family.

Atg8

Atg8 in yeast (LC3/GABARAP in mammalian cells)

contains a ubiquitin-like (UBL) domain packed

against two a-helices at the N-terminus. Figure 3

shows the crystal structure of human LC3A (PDB

code: 3WAL) [57], which represents one of numerous

crystal structures of the Atg8/LC3/GABARAP family

that have been deposited in the Protein Data Bank

(http://www.rcsb.org/pdb/home/home.do). The UBL

domain in Atg8/LC3/GABARAP forms two

hydrophobic pockets that bind all autophagy receptor

proteins carrying the functional motif referred to as
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Fig. 3. Structure-related analysis of post-translationally modified proteins related to Atg8/LC3 conjugation (LC3, ATG7/Atg7, Atg3, ATG12

and ATG5). LC3, ATG7, ATG12 and ATG5 have PONDR-FIT profiles very similar to their S. cerevisiae homologs [9]. Further details are provided

in the legend to Fig. 1.
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LC3-interacting region (LIR)/Atg8-interacting motif

(AIM) in their sequence [58]. In mammals, LC3 activ-

ity is regulated by phosphorylation and acetylation.

PKA mediates phosphorylation of human LC3 on

Ser12, which inhibits protein recruitment onto the

phagophore membrane and suppresses autophagy

[59]. Phosphorylation of rat LC3 on Thr6 and Thr29

by PRKC/protein kinase C has no impact on

autophagy, and thus the role of these PTMs, if any,

is unclear [60]. Acetylation of human LC3 by the

acetyltransferase EP300/p300 has an inhibitory effect

on autophagy [61], whereas deacetylation of human

and mouse LC3 by SIRT1 stimulates autophagy [62].

Because the acetylation/deacetylation sites were not

determined in these studies, we show the sites on

human LC3A (K49) and LC3C (K14, K32 and K36)

predicted by the MODPRED predictor of PTM. These

lysines were predicted with low confidence, and are

the only predicted sites.

The Atg8/LC3/GABARAP proteins are conjugated

to lipids to function in phagophore elongation. The

covalent lipid–protein attachment requires activation

of the Atg8/LC3/GABARAP proteins via the E1

enzyme, Atg7/ATG7, and then conjugation with a

ubiquitin-conjugating enzyme (E2; Atg3/ATG3), which

is facilitated by the E3 scaffold complex (Atg12–Atg5-

Atg16/ATG12–ATG5-ATG16L1).

ATG7/Atg7

ATG7/Atg7 is the activating enzyme (E1) that is well-

structured and hence amenable to crystallization. The

crystal structure of the yeast protein in a complex with

its interacting partners (PDB code: 4GSL) [63] reveals

that it forms a homodimer, where dimerizing C-terminal

domains are each flexibly connected to the correspond-

ing N-terminal domain. Figure 3 shows only one mono-

mer of this dimer. A recent review summarizes many

structural aspects of the autophagy conjugation system

[64]. Briefly, for Atg7, the conserved shoulder groove in

its N-terminal domain interacts with two E2 enzymes

(Atg3 and Atg10) in a very different way. The flexible

region of Atg3 dislocates and undergoes a disorder-to-

order transition, forming an a-helix upon binding to

Atg7. By contrast, Atg10 binds Atg7 via a b-hairpin.
The function of the E1 enzyme appears to be modulated

by PTM. Human ATG7 is acetylated by EP300 and

deacetylated by SIRT1, with the same effects that have

been observed for human LC3 [61,62]. MODPRED predicts

with medium confidence that ATG7 is N-terminally

acetylated on Ala2 and acetylated on three lysines

(K306, K411 and K423), two of which (K411 and

K423) are novel predictions.

Atg3

Atg3 is one of two ubiquitin-conjugating enzymes (E2)

required for autophagy to proceed. It is a relatively

dynamic protein [9] containing a long flexible region

(an IDPR) in the middle of the sequence. The solution

structure of Atg3 has been solved (PDB code: 2DYT)

[65] (Fig. 3). Comparison of this structure with the

crystal structure of Atg3 in the bound form (PDB code:

4GSL) [63] reveals that Atg3 undergoes a significant

conformational change upon binding to Atg7. A

molecular mechanism underlying the functional reasons

for this plasticity is still not well understood. It is possi-

ble that the IDPR of Atg3 serves as a scaffolding back-

bone for spatiotemporally regulated assembly in the

complex with several partners (Atg8, Atg7 and Atg12).

In such a case, the presence of the Atg3-IDPR could

prevent steric restrictions in the complex, and also

allow for overlapping binding sites that Atg3 has for

Atg7 and Atg12 [66]. These capabilities are typical fea-

tures of intrinsically disordered proteins and protein

regions, called assemblers [67]. Atg3 is post-translation-

ally modified by acetylation. In yeast, the histone

acetyltransferase Esa1 acetylates Atg3 on K19 and

K48, which promotes interaction between Atg3 and

Atg8, and also on K183, which activates the enzyme in

Atg8 lipidation [68]. Conversely, K19 and K48 can be

deacetylated by the Rpd3 deacetylase, and this modifi-

cation has an inhibitory effect on autophagy [68].

As noted above, the autophagy machinery also

involves the E3 enzyme that consists of the Atg12–

Atg5 conjugate bound to Atg16. The exact function of

this complex is not fully understood, and it is not

essential for lipidation of Atg8 [69]. In mammals, the

ATG12–ATG5-ATG16L1 complex functions as a scaf-

fold that promotes LC3 lipidation [70].

ATG12

Mammalian ATG12 (Fig. 3) and its yeast homolog

(Atg12) contain a ubiquitin-like domain, as does Atg8/

LC3/GABARAP. This domain, however, does not

form the entire architecture of the full-length protein.

Both human ATG12 (Fig. 3) and yeast Atg12 have a

long IDPR at the N-terminus. This region is likely reg-

ulatory because it is not required in yeast for conjuga-

tion with Atg5 or for autophagy [71]. In both the

human and yeast E3 complex, ATG12/Atg12 functions

as a binding module for ATG3/Atg3 (PDB code:

4NAW [72] and PDB code: 3W1S [73]). In the human

E3 complex, the ATG12–ATG3 interface is on the

opposite side of the ATG12 molecule than the

ATG12–ATG5 interface. For binding of ATG3,
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ATG12 forms a hydrophobic pocket corresponding to

the hydrophobic pocket of LC3 that binds a

hydrophobic residue (L/I/V) in the LIR motif. The

second, aromatic pocket seen in LC3 is not present on

the surface of ATG12, and so ATG12 cannot bind the

LIR motif. The hydrophobic pocket on ATG12 inter-

acts with the flexible region of ATG3, specifically with

a fragment that undergoes disorder-to-order transition

and forms a short b-sheet followed by an a-helix upon

binding to ATG12 [72]. To date, only two PTMs have

been found in ATG12. In human cells, autophagy is

inhibited by EP300-mediated acetylation of ATG12,

and is promoted by SIRT1-mediated deacetylation of

the protein [61,62]. MODPRED predicts K89 as the med-

ium-confidence acetylation site in ATG12 (Fig. 3).

Given the long N-terminal IDPR in ATG12/Atg12

that escaped attention so far, it is possible that more

PTMs of this protein will be revealed by future stud-

ies.

ATG5/Atg5

ATG5/Atg5 is a structured protein that functions as a

scaffold, bringing together two more flexible partners,

ATG12/Atg12 (see above) and the highly dynamic

ATG16L1/Atg16. Besides noncovalent contacts, ATG5/

Atg5 covalently binds ATG12/Atg12. Human ATG5

makes the covalent bond via Lys130 to Gly140 of

ATG12, as revealed by the crystal structure of the

human E3 complex (PDB code: 4GDK) [74]. In yeast,

Lys149 of Atg5 covalently binds Gly186 of Atg12 (PDB

code: 3W1S) [73]. The ATG5 fold includes two UBL

domains with an a-helix-rich domain between them

(Fig. 3). A similar architecture is observed in the yeast

homolog [73]. Mammalian ATG5 is modified by phos-

phorylation and acetylation. Specifically, mouse ATG5

is phosphorylated on Thr75 by mitogen-activated pro-

tein kinase (MAPK)/p38, which inhibits starvation-

induced autophagy [75]. Autophagy is also inhibited by

acetylation of ATG5 by EP300 [61]. Conversely,

deacetylation of both human and mouse ATG5 by

SIRT1 promotes autophagy [62]. MODPRED predicts with

medium confidence that the acetylation site in the

human form is K201.

PTM structures involved in autophagy
cargo recognition

A selective type of autophagy relies on the function of

protein receptors that interact with the Atg11 scaffold

and with the Atg8/LC3/GABARAP family of pro-

teins, and thereby link the cargo to the autophagy

machinery.

Atg19

Atg19 is the receptor that functions in biosynthetic

delivery of resident vacuolar hydrolases into the yeast

vacuole [76]. The structure of the protein is not

known, except for the Ams1 binding region (residues

254–367; S. cerevisiae numbering) that folds into a

stable structure reminiscent of a b-barrel, as deter-

mined by NMR (PDB code: 2KZB) [77] (Fig. 4). The

C-terminus that follows the Ams1-binding region in

Atg19 is very important for protein function (Fig. 4).

This region contains several Atg8 binding sites [78], an

Atg11 binding site and three phosphorylation sites

(S390, S391 and S396) [79]. Direct phosphorylation of

these serine residues by Hrr25 kinase in the Atg11

binding region modulates interaction of Atg19 with

Atg11 [79]. PONDR-FIT analysis of the Atg19 amino acid

sequence indicates that the C-terminus along with the

extreme N-terminus and the middle domain (residues

124–253) consist of IDPRs. This is consistent with the

functions reported for the Atg19 C-terminus because

disordered protein regions carry short linear recogni-

tion motifs, which are often targets of PTMs, and/or

contain adjacent/overlapping binding sites for multiple

structured protein partners [67,80–82].

Atg34

Atg34 is paralog of Atg19 in yeast that also contains

the Ams1 binding domain near the C-terminus (resi-

dues 246–348; S. cerevisiae numbering) with a known

NMR structure (PDB code: 2KZK) [77] (Fig. 4). As in

Atg19, the disordered C-terminus of Atg34 carries the

Atg11 and Atg8 binding regions, and Hrr25-mediated

phosphorylation on Ser382 and Ser383 regulates its

binding to the Atg11 scaffold. Atg34 can self-dimerize

via a somewhat flexible region between residues 130

and 157 [79] (Fig. 4).

Atg32

Atg32 is the mitophagy receptor in the yeast S. cere-

visiae. A crystal or NMR structure for this protein is

not available. Prediction from amino acid sequence

shows that the transmembrane and intermembrane

space domains are structurally stable, in contrast to

the largely disordered cytosolic domain (Fig. 4). The

cytosolic domain binds Atg8 and Atg11, and is also

regulated by phosphorylation. Phosphoserines on posi-

tion 119 and especially 114 in S. cerevisiae Atg32

mediate its binding to Atg11 [83,84], whereas phospho-

rylation of the same protein on Ser81, Ser83, and

Ser85 upstream of the LIR motif facilitates its binding
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to Atg8 [84]. The MAPK Hog1 is involved in this

phosphoryation but does not phosphorylate Atg32

directly [83]; instead, this modification is carried out

by Cka1/2 (casein kinase 2) and the role of Hog1 in

this process is not known [52].

Atg36

Atg36 is the pexophagy receptor in S. cerevisiae. It has

one structurally stable region, whereas the rest of

the protein consists of IDPRs; no crystal or NMR

structure is available (Fig. 4). As in Atg32, binding of

S. cerevisiae Atg36 to Atg8 and Atg11 is regulated by

phosphorylation. In this case, phosphorylation on

Ser31 facilitates binding of the Atg36 AIM motif to

Atg8, and the same modification on Ser97 is required

for interaction of Atg36 with Atg11 [84].

Conclusions

The structure-related analysis of PTMs of proteins

reported in the present study (Figs 1–4) shows that
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phosphorylation is the most frequent modification on

autophagy proteins and that the majority of experi-

mentally verified phosphoserines/phosphothreonines

are located within disordered regions of these proteins.

This is consistent with what has been observed for

other phosphorylated proteins [85] and also with the

finding that kinases typically bind substrates with high

specificity but weak affinity [80], which is the charac-

teristic typical for intrinsically disordered proteins/

IDPRs [67]. It is very likely that more PTMs of the

autophagy proteins will emerge from future studies.

New promising candidates certainly include Atg11,

Atg14, Atg16, Atg20, Atg21, Atg23 and Atg33 because

the amino acid sequences of these proteins contain

regions with a propensity to disorder [9].

Phosphorylation can have various consequences on

protein structure or a protein region. For example, it

can temporarily induce disorder-to-order transition or

order-to-disorder transition in a protein [86,87]. In

transient functional unfolding, phosphorylation may

act as an intramolecular modulator that shifts a pro-

tein conformation into a less ordered state, or it can

prevent disorder-to-order transition of a molecular

recognition sequence that, in the unphosphorylated

state, folds into an inducible structured element (e.g.

an a-helix). The latter mechanism was observed in

EIF4E (eukaryotic translation initiation factor 4E) and

its binding proteins [88], although it may also be pre-

sent in autophagy (e.g. in the Atg1-Atg13 interaction).

The low binding affinity of the Atg13-MIM(C) domain

to the Atg1-MIT domain is a result of phosphorylated

serines in the IDPR of Atg13; dephosphorylation of

these serines increases the binding affinity between the

Atg13-MIM(C) and the Atg1-MIT [17]. Because the

Atg13-MIM(C) undergoes disorder-to-order transition

(i.e. it folds into an a-helix) during binding to the

Atg1-MIT, the molecular mechanism explaining the

change in affinity of binding during induction of

autophagy could be that phosphoserines are the modu-

lators that hold the Atg13-MIM(C) domain unfolded

until it is dephosphorylated and can fold into an a-he-
lix. Phosphorylation/dephosphorylation and PTM in

general is an elegant molecular mechanism for a fast

switch on or switch off that could be very useful in

any regulatory pathway requiring a prompt response.

It is reasonable to assume that the PTMs discovered

so far in autophagy represent only the ‘tip of the

iceberg’.
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