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Multiple structural rearrangements mediated by high-plasticity regions in Atg3 are 
key for efficient conjugation of Atg8 to PE during autophagy 
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ABSTRACT
The Atg3 protein is highly homologous from yeast to human. Atg3 functions as an E2-like enzyme 
promoting conjugation of Atg8-family proteins to phosphatidylethanolamine (PE), a lipid molecule 
embedded in the growing phagophore membrane during stress-induced autophagy. Over the last 
decade, Atg3 became one of the most explored autophagy proteins, resulting in observations that 
provided specific insights into the structural mechanisms of its function. In this article, we describe 
a recent study by Ye et al. that reveals, using the human ATG3, how the membrane binding capability of 
the enzyme is tightly linked to its conjugation activity. We summarize the current knowledge on 
important mechanisms that involve protein-protein or protein-membrane interactions of Atg3 and 
that ultimately lead to efficient Atg8–PE conjugation.

Abbreviations: AH: amphipathic helix; FR: flexible region; HR: handle region; NMR: nuclear magnetic 
resonance
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Covalent attachment of Atg8-family proteins to the lipid 
phosphatidylethanolamine (PE) is an indispensable step in 
growth of the phagophore, a double-membrane, cup-shaped 
precursor of the organelle named the autophagosome, which 
is built de novo during stress-induced macroautophagy (here-
after autophagy). The Atg8–PE conjugation is executed by 
a cascade of ubiquitin-like reactions involving several proteins 
of the core autophagy machinery [1,2]. Briefly, this cascade is 
initiated by the cysteine protease Atg4 (yeast)/ATG4 (more 
complex eukaryotes) that cleaves arginine, or a few residues, 
to expose glycine at the C terminus of Atg8/LC3/GABARAP 
ubiquitin-like proteins. Afterward, Atg7/ATG7, acting as an 
E1-like enzyme, activates the Atg8-family proteins as well as 
Atg12/ATG12, another ubiquitin-like substrate, and delivers 
each to a corresponding E2-like conjugating enzyme, Atg3/ 
ATG3 or Atg10/ATG10. The Atg10/ATG10 enzyme conju-
gates the C terminal glycine of Atg12/ATG12 to a single 
conserved lysine of Atg5/ATG5 in an E3-independent man-
ner. The Atg12−Atg5/ATG12−ATG5 conjugate noncovalently 
binds Atg16/ATG16L1 and, together, the complex functions 
as an E3-like enzyme in the conjugation of Atg8-family pro-
teins to PE. Specifically, Atg12/ATG12 in the E3-like complex 
binds Atg3/ATG3, which promotes transfer of the C terminal 
glycine in Atg8-family proteins from the catalytic cysteine in 
Atg3/ATG3 to the amino group of PE on the phagophore 
membrane [3]. The catalytic cysteine in Atg3/ATG3 is located 
in the protein core from which several intrinsically disordered 
domains protrude [4]. These flexible regions are enriched in 
many negatively charged residues, which together yield the 
acidic and dynamic enzyme [5–7]. A long flexible region (FR) 

or loop of approximately 80 amino acids functions in coop-
eration with the handle region (HR) as an allosteric regulator 
of Atg3 activity [8]. A short disordered region at the very 
N terminus of Atg3/ATG3 is foldable into an amphipathic 
helix that targets the protein to membranes, and makes the 
conjugation activity membrane curvature dependent [9,10]. 
How the conjugation activity of Atg3/ATG3 is linked to 
curvature-dependent membrane binding was so far elusive. 
The study by Ye et al. [11], described in this article, provides 
a better understanding of this mechanism.

The authors of this study combined several biophysical and 
biochemical approaches to show that Atg3/ATG3 proteins 
from several organisms, including yeast and humans, carry 
a conserved region at the N terminus that couples their 
membrane binding capability with conjugation activity. This 
conserved region of ten amino acids with a consensus motif 
EYLTP is preceded by a variable region that binds to mem-
branes. Using circular dichroism, Ye et al. showed that intrin-
sically disordered peptides corresponding to the variable 
region in human ATG3 or yeast Atg3 fold into an amphi-
pathic helix in the presence of highly curved (sonicated) 
liposomes, but stay disordered when mixed with extruded 
liposomes of 50 nm.

A single residue substitution (P21A) in the conserved 
region of human ATG3 along with chimeric human ATG3 
proteins, created by replacing the human variable, conserved, 
or entire N terminal ATG3 region with those of yeast Atg3, 
revealed in the in vitro conjugation assays that the conserved 
region is essential for ATG3 function. Because all these 
mutants interact with liposomes and create a normal covalent 
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intermediate with LC3B as does the wild-type protein, mem-
brane binding of human ATG3 is necessary but not sufficient 
for promoting LC3B–PE/LC3-II conjugation on liposomes 
in vitro. Probing the ATG3P21A variant in atg3−/− mouse 
embryonic fibroblasts shows a significant defect in LC3B 
lipidation and autophagic flux in vivo, further supporting 
the in vitro data.

To visually understand how the N-terminal conserved 
region in Atg3/ATG3 proteins can affect their conjugation 
activity executed near the C terminus, Ye et al. applied 
NMR spectroscopy on human ATG3. They used a mutant 
carrying a deletion in the 90–190 region, which corresponds 
to the FR loop that is essential for interaction with ATG7. 
A “double-edged sword” often unavoidable in studies of pro-
teins containing disordered regions is manifested in ATG3 
[∆90-190] by improved spectral quality but a significantly 
reduced LC3B–PE conjugation activity and inefficient forma-
tion of the ATG3–LC3B covalent intermediate, as compared 
to the full-length protein. Fortunately, the conjugation activity 
of ATG3[∆90-190] can be improved by increasing the con-
centration of ATG7 in the reaction buffer. Furthermore, the 
P21A mutation in the 90–190 deletion construct shows 
decreased conjugation activity as it does in the full-length 
protein. Testing ATG3 in the in vitro conjugation assays 
using various membrane mimetics (micelles, bicelles, or nano-
discs), to replace liposomes in the NMR experiments, revealed 
that only bicelles yield LC3B–PE conjugation activity compar-
able to that with liposomes. Therefore, bicelles were used for 
NMR structural analysis of ATG3[∆90-190] and ATG3[∆90- 
190]P21A.

An overlay of TROSY spectra obtained for ATG3[∆90-190] 
with and without bicelles revealed significant spectral changes, 
with approximately 80% of ATG3 residues assigned in the 
bicelles-bound form. 15N and 1H chemical shift perturbations 
upon binding to bicelles are observed not only in the 
N-terminal region, as expected due to membrane binding, 
but also in the C-terminal region. Although the residues 
around the active site and catalytic cysteine C264 cannot be 
assigned, the result of this NMR analysis showed that struc-
tural changes in human ATG3 upon membrane binding go 
beyond rearrangements associated with formation of the 
N-terminal amphipathic helix.

To better understand these changes, Ye et al. measured 
TROSY spectra for ATG3[∆90-190]P21A, a mutant disrupted 
in the conserved N-terminal region of ATG3. 15N and 
1H chemical shift differences between ATG3[∆90-190] and 
ATG3[∆90-190]P21A plotted against amino acid sequence 
show a good overlap of the spectra for the wild-type and 
mutant protein in aqueous solution, indicating only minor 
local differences in their structures. In contrast, chemical shift 
differences between ATG3[∆90-190] and ATG3[∆90-190]P21A 

in bicelles are pronounced in both the N- and C-terminal 
regions, showing that membrane-bound ATG3[∆90-190] 
adopts a conformation at the N and C terminus different 
from the structure of membrane-bound ATG3[∆90-190]P21A. 
This finding can be interpreted to indicate that the P21A 
mutant is inactive on the membrane because its disrupted 
N-terminal conserved region cannot mediate the same struc-
tural rearrangements that occur near the active site in the wild 

type and that are essential for LC3B–PE conjugation activity. 
This further implies that the short conserved region with the 
consensus motif EYLTP is an important structural element in 
the Atg3/ATG3 molecule that couples and somehow commu-
nicates structural changes at the N terminus upon membrane 
binding to rearrangements of the active site. How the active 
site of the Atg3–Atg8/ATG3–LC3 intermediate on the mem-
brane is arranged and the detailed mechanism leading to this 
architecture remain to be investigated. Ye et al. presume that 
the structural changes induced upon membrane binding and 
communicated to the active site of Atg3/ATG3 are distinct 
from the structural rearrangements induced by binding of the 
FR loop to Atg12/ATG12 in the E3-like complex. The latter 
mechanism involves a switch element in the FR [8] that 
functions as an allosteric activator of the E2-like enzyme 
upon its binding to Atg7/ATG7 or Atg12/ATG12.

We combined the conclusions by Ye et al. with the out-
comes of a number of previous structural studies [3,5–10,12– 
17], and created a schematic model (Figure 1) that sum-
marizes important mechanisms currently recognized to take 
place in Atg3/ATG3. The proteins and amino acid residues in 
this model are denoted using the yeast nomenclature and 
numbering, but the mechanisms are considered to be very 
similar in humans. The mechanisms are as follows: (1) The 
Atg3 enzyme free of any protein is in an autoinhibited con-
formation that is allosterically controlled by binding of a short 
helical element in the FR loop on the surface of the protein. 
Autoinhibition is manifested by having the catalytic cysteine 
C234 on the catalytic loop reside in a protective pocket of the 
catalytic domain. This specific position is determined by an α- 
helix in the handle region (HR) of Atg3. (2) Upon binding of 
Atg3 to dimeric Atg7, the FR region flips and binds via its 
helical element to the N-terminal region of Atg7. This move-
ment functions as an allosteric switch communicated 
throughout the Atg3 molecule to the HR. The helix in the 
HR gains an additional turn and, thereby, repositions the 
catalytic loop along with the catalytic cysteine of Atg3 to 
a new position outside of the protective pocket. Atg3 is 
activated in the complex with Atg7, when C234 is ready to 
make a thioester bond with the C terminal glycine (Gly116) in 
Atg8. This glycine is engaged in a covalent bond with the 
catalytic cysteine (Cys507) located in a hydrophobic cavity of 
the Atg7 activation domain. Note that the N terminus and 
activation domain from the opposite Atg7 protomers are 
involved with a single copy of Atg3. (3) Once Atg8 is trans-
ferred from Atg7 to Atg3, the covalent Atg3–Atg8 intermedi-
ate is formed and Atg7 is disengaged. The Atg7-free helical 
element in the FR presumably reengages the Atg3 surface, the 
HR releases the additional turn in its helix and, thereby, the 
C234–G116 bond can reposition into the protective cavity of 
Atg3. (4) When the cytosolic Atg3–Atg8 intermediate comes 
into proximity of the phagophore membrane decorated with 
the Atg12–Atg5-Atg16 complex (E3-like enzyme), two events, 
presumably separate, take place. One such event is formation 
of an amphipathic helix at the N terminus of Atg3, which 
attaches the protein to the lipid bilayer. This event is coupled, 
via the conserved N-terminal domain, to a structural change 
around the active site with C234. The other event has not 
been visualized in the context of full-length proteins, but is 
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assumed to be similar to that in the Atg3–Atg7 interaction. 
Specifically, the FR of Atg3 can flip so that its helical element 
binds to the surface of Atg12. This rearrangement can func-
tion again as an allosteric switch communicated to the HR, 
where formation of the additional helical turn in the helix can 
reposition the Atg3 catalytic loop with the C234–G116 bond 
out of the protective pocket. Both events just described facil-
itate the transfer of G116 from C234 to PE on the phagophore 
membrane. (5) After release of Atg3 and Atg12–Atg5-Atg16 
from the membrane, Atg8 is stably conjugated to PE. Whether 
attaching of Atg3 on the membrane precedes or follows the 
Atg3–Atg12 interaction remains to be elucidated. A detailed 
structural insight into the architecture of the Atg3 active site 
with and without the membrane as well as with and without 
the Atg12–Atg5-Atg16 complex need to be acquired in order 
to provide a complete molecular mechanism for Atg3; this 
means, at some point, obtaining a structure of the Atg3–Atg8 
conjugate in the complex with Atg12–Atg5-Atg16 when 
bound to membranes. Visualization of this intricate assembly 
is not trivial, and it may not be feasible with purified proteins, 

but rather becomes a subject for electron cryotomography in 
the future.
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Figure 1. Schematic model for molecular mechanisms in Atg3. (1) Free, autoinhibited Atg3 becomes active upon the interaction of a short helical element in the 
flexible loop (FR) with the N-terminal domain of Atg7. (2) The flexible FR allosterically regulates enzyme activation that is manifested by helical extension in the 
handle region (HR) of Atg3 and, thereby, repositioning of the catalytic cysteine (C234). These movements allow for formation of a thioester bond between C234 and 
the C-terminal glycine (G116) in Atg8 that, after adenylation, resides in the activation domain of Atg7, and is covalently linked to the Atg7 catalytic cysteine (C507). 
(3) After the transfer of Atg8 from Atg7 to Atg3, the Atg7 dimer is released. The FR presumably reengages the Atg3 surface, causing autoinhibition of the covalent 
Atg3–Atg8 intermediate. (4) The cytosolic Atg3 molecule attaches to the membrane by embedding the N-terminal amphipathic helix (N-AH) into the lipid bilayer. 
This event is communicated via the N-terminal conserved region (N-CONS) to a structural rearrangement around C234. Membrane binding of Atg3 is either preceded 
or followed by binding of a short structural element in the FR to Atg12 in the Atg12–Atg5-Atg16 complex. The Atg3 FR–Atg12 interaction can reposition C234 via an 
allosteric mechanism, presumably similar to that in the Atg3–Atg7 complex. Structural changes induced by the membrane and Atg12 near Atg3 C234 facilitate the 
transfer of Atg8 G116 to PE. (5) After Atg3 and Atg12–Atg5-Atg16 detach from the assembly, Atg8 is lipidated on the phagophore membrane.
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