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Atg8–PE protein-based in vitro biochemical approaches to autophagy studies
Xue Huang#, Jia Yao#, Lu Liu#, Yu Luo, and Aimin Yang

School of Life Sciences, Chongqing University, Chongqing, China

ABSTRACT
Macroautophagy/autophagy is an evolutionarily conserved intracellular degradation pathway that 
maintains cellular homeostasis. Over the past two decades, a series of scientific breakthroughs have 
helped explain autophagy-related molecular mechanisms and physiological functions. This tremen
dous progress continues to depend largely on powerful research methods, specifically, various 
autophagy marker Atg8–PE protein-based methods for studying membrane dynamics and monitor
ing autophagic activity. Recently, several biochemical approaches have been successfully developed 
to produce the lipidated protein Atg8–PE or its mimics in vitro, including enzyme-mediated recon
stitution systems, chemically defined reconstitution systems, cell-free lipidation systems and protein 
chemical synthesis. These approaches have contributed important insights into the mechanisms 
underlying Atg8-mediated membrane dynamics and protein-protein interactions, creating a new 
perspective in autophagy studies. In this review, we comprehensively summarize Atg8–PE protein- 
based in vitro biochemical approaches and recent advances to facilitate a better understanding of 
autophagy mechanisms. In addition, we highlight the advantages and disadvantages of various 
Atg8–PE protein-based approaches to provide general guidance for their use in studying autophagy.
Abbreviations: ATG: autophagy related; ATP: adenosine triphosphate; COPII: coat protein complex II; 
DGS-NTA: 1,2-dioleoyl-sn-glycero-3-[(N-(5-amino-1-carboxypentyl)iminodiacetic acid)succinyl] (nickel 
salt); DPPE: 1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine; DSPE: 1,2-distearoyl-sn-glycero 
-3-phosphoethanolamine; E. coli: Escherichia coli; EPL: expressed protein ligation; ERGIC: ER-Golgi 
intermediate compartment; GABARAP: GABA type A receptor-associated protein; GABARAPL1: GABA 
type A receptor associated protein like 1; GABARAPL2: GABA type A receptor associated protein like 
2; GFP: green fluorescent protein; GUVs: giant unilamellar vesicles; LIR: LC3-interacting region; 
MAP1LC3/LC3: microtubule associated protein 1 light chain 3; MBP: maltose binding protein; MEFs: 
mouse embryonic fibroblasts; MESNa: 2-mercaptoethanesulfonic acid sodium salt; NCL: native che
mical ligation; NTA: nitrilotriacetic acid; PE: phosphatidylethanolamine; PS: phosphatidylserine; 
PtdIns3K: class III phosphatidylinositol 3-kinase; PtdIns3P: phosphatidylinositol-3-phosphate; SPPS: 
solid-phase peptide synthesis; TEV: tobacco etch virus; WT: wild-type.
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Introduction

Macroautophagy/autophagy is an intracellular degradation 
mechanism that is evolutionarily conserved from yeast to 
mammals [1,2]. During the early stages of autophagy, 
a membrane cisterna, called the phagophore, is formed 
upon amino acid starvation or exposure to other stimuli. 
Then, along with the nucleation, expansion, and sealing of 
the phagophore to form double-membrane vesicles, termed 
autophagosomes, the cargoes to be degraded are isolated 
and enclosed inside autophagosomes (Figure 1). The sub
sequent fusion of autophagosomes with lysosomes causes 
the degradation of autophagic cargoes by lysosomal hydro
lyses [3,4]. Autophagy was initially considered 
a nonselective degradation pathway through which 
a random portion of the cytoplasm is degraded and 
recycled. However, it has been established that autophagy 
can be a highly selective process that serves to specifically 
degrade protein aggregates, various damaged organelles and 
intracellular pathogens [5–7]. Accumulating evidence shows 

that autophagy plays a very central role in maintaining 
cellular homeostasis by eliminating harmful or excessive 
cellular contents both under normal circumstances and in 
response to different environmental and cellular stresses 
[8,9]. Dysregulation of autophagy has been implicated in 
multiple human diseases, including cancers, cardiovascular 
diseases, neurodegenerative diseases and aging [10–14].

Over the past two decades, a series of breakthroughs in the 
autophagy field have been achieved because of continuous 
efforts of researchers and scientific communities [15]. The 
molecular mechanisms and physiological functions associated 
with autophagy have been largely revealed. Importantly, the 
fundamental importance of this process was recognized when, 
in 2016, the field was awarded the Nobel Prize for discoveries 
on the mechanisms of autophagy [16–18]. This tremendous 
progress continues to depend largely on powerful research 
approaches, including electron microscopy, fluorescence 
microscopy and various biochemical assays [19–22]. In parti
cular, in vitro biochemical assays have provided important 
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insights into the mechanistic details underlying autophago
some biogenesis and cargo recruitment, thereby accelerating 
the pace of autophagy research [23–27]. In vitro approaches 
represent reductionist strategies and are powerful for studying 
the complicated cellular biological process of autophagy 
because they enable control of multicomponent compositions 
and spatiotemporal arrangements, which cannot be achieved 
with in vivo approaches. Among these in vitro assays, auto
phagy marker Atg8 protein-based approaches have been 
widely used to study membrane dynamics in autophagosome 
biogenesis. Recently, several biochemical approaches have 
been developed, including enzyme-mediated reconstitution 
systems, chemically defined reconstitution systems, cell-free 
lipidation systems and protein chemical synthesis, to produce 
the lipidated protein Atg8–phosphatidylethanolamine (PE) or 
its mimics in vitro [28–33]. These biochemical approaches 
have been extensively applied and have contributed important 
insights into the mechanisms underlying Atg8-mediated 
membrane dynamics and protein-protein interactions, 
thereby creating a new perspective in autophagy studies. In 
this review, we focus on these Atg8–PE protein-based in vitro 
biochemical approaches and the biological questions they 
have been used to answer. In addition, the advantages and 
disadvantages of these approaches are highlighted to provide 
general guidance for their applications in autophagy studies.

The prequel to Atg8–PE serving as a bona fide 
autophagosome marker

The formation of autophagosomes is a critical event in auto
phagy and is governed by a distinctive set of autophagy 
related (Atg) proteins [34,35]. More than 40 Atg proteins 
have been identified in yeast to date, and many of these 
proteins are conserved in higher eukaryotes. A subset of 
these proteins, referred to as the autophagy core machinery, 
is required for selective and nonselective autophagy. Among 
these Atg proteins, a ubiquitin-like protein, Atg8, is crucial for 

autophagosome maturation (Figure 1). During the autophagic 
process, a key reaction involves the conjugation of Atg8 to PE, 
which is catalyzed by two interconnected ubiquitin-like con
jugation systems called the Atg8 and Atg12 systems [36,37]. 
Similar to Atg8, Atg12 is a ubiquitin-like protein and is con
stitutively conjugated to Atg5 through a sequential cascade 
reaction involving E1 enzyme-like Atg7 and E2 enzyme-like 
Atg10 [38]. The Atg12–Atg5 conjugate exhibits E3-like ligase 
activity by facilitating Atg8 conjugation to PE in autophagic 
membranes [39,40]. In addition, Atg12–Atg5 interacts with 
the dimeric coiled-coil protein Atg16 (ATG16L1 in mamma
lian cells) to form a constitutive complex, Atg12–Atg5-Atg16, 
which is essential for autophagosome biogenesis [39,41–45].

Whereas yeast has a single Atg8 protein, mammals harbor 
two subfamilies of Atg8 proteins classified by sequence similar
ity: the MAP1LC3/LC3 (microtubule associated protein 1 light 
chain 3) subfamily consisting of LC3A, LC3B, LC3B2 and LC3C 
(referred to as LC3 proteins) and the GABARAP (GABA type 
A receptor-associated protein) subfamily consisting of 
GABARAP, GABARAPL1 and GABARAPL2 (referred to as 
GABARAP proteins) [46–48]. LC3B was identified as the first 
and most extensively studied mammalian Atg8 homolog. 
During the autophagic process, Atg8-family proteins undergo 
a unique conjugation reaction to covalently link with PE on 
autophagic membranes [36,37]. In summary, a newly synthe
sized Atg8 protein (pro-Atg8) with an additional amino acid or 
sequence of amino acids at its C terminus is immediately primed 
by an endogenous cysteine protease, Atg4, to expose 
a C-terminal glycine residue and thus generate Atg8-I. 
Subsequently, the Atg8 conjugation reaction is mediated by 
a ubiquitin-like conjugation reaction catalyzed by E1-like Atg7, 
E2-like Atg3 and the E3-like Atg12–Atg5-Atg16 complex 
[40,49]. Remarkably, the target of Atg8 is the lipid PE, not 
a protein. Atg8 is covalently conjugated to PE through an 
amide bond that forms between the amino group of PE and 
the C-terminal glycine of processed Atg8, thereby generating the 
lipidated form, termed Atg8-II or Atg8–PE [36,50,51]. In 
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Figure 1. Overview of the autophagy pathway and Atg8 processing. The autophagosome is formed along with the nucleation, expansion, and sealing of the 
phagophore, upon autophagy induction by environmental stresses. After the subsequent fusion of autophagosomes with lysosomes, cargoes are degraded by 
lysosomal hydrolyses inside autolysosomes and recycled. In the autophagy process, the newly synthesized Atg8 protein is primed by the cysteine protease Atg4 to 
expose a C-terminal glycine residue and, thus, generate Atg8-I. Subsequently, a ubiquitin-like conjugation reaction catalyzed by E1-like Atg7, E2-like Atg3 and the E3- 
like Atg12–Atg5-Atg16 complex mediates Atg8 conjugation to PE on membranes. In addition, Atg4 is also responsible for Atg8–PE deconjugation from the outer 
surface of autophagosomes.

AUTOPHAGY 2021



addition, Atg4 is critical for Atg8–PE deconjugation from the 
outer surface of autophagosomes; deconjugated Atg8 can be 
recycled, while Atg8–PE inside autolysosomes is degraded 
[37,52,53]. Atg4-mediated Atg8–PE deconjugation is an impor
tant step that facilitates multiple key events, including Atg14 
dissociation from complete autophagosomes and the fusion of 
autophagosomes with lysosomes [54]. Yeast has only one Atg4, 
whereas mammals have at least four conserved Atg4 homologs, 
including ATG4A, ATG4B, ATG4C and ATG4D [55].

Interestingly, Atg8–PE is the first identified protein that 
specifically associates with autophagy-related membrane struc
tures, including phagophores and mature autophagosomes [56]. 
Atg8–PE levels on phagophores correlate with the size of auto
phagosomes, implying that Atg8–PE is directly involved in pha
gophore expansion [57]. Atg8–PE is not only involved in the 
biogenesis of autophagosomes but is also critical for the recruit
ment of autophagic cargoes in selective autophagy [58,59]. 
Phagophore-associated Atg8–PE recruits ubiquitinated cargoes 
into autophagosomes by binding with autophagy acceptors 
[60,61]. In addition, the level of autophagy activity can be esti
mated by monitoring the amount of Atg8–PE in cells. Therefore, 
the lipidated protein Atg8–PE, but not the cytosolic form, serves 
as a widely used bona fide marker of autophagosomes [62].

Due to the crucial importance of Atg8–PE, various methods 
based on Atg8–PE protein levels are among the most common 
tools used to study membrane dynamics and to monitor auto
phagic activity. Indeed, various fluorescent protein-tagged Atg8/ 
LC3 proteins, such as GFP-Atg8, tandem GFP-mCherry-Atg8 
and the autophagic flux probe GFP-LC3B-RFP-LC3BΔG, have 
been developed for capturing a dynamic autophagic process [63– 
68]. In living cells, these fluorescently tagged Atg8 probes are 
converted to the lipidated form, Atg8–PE, thereby reflecting 
autophagy progression and autophagic activity, which can be 
further monitored by fluorescence microscopy or western blot 
analysis. However, it is difficult to clearly demonstrate Atg8–PE 
protein-mediated membrane dynamics and protein-protein 
interactions in this dynamic autophagic process by employing 
these fluorescent protein-tagged Atg8 probes in vivo. Therefore, 
establishing in vitro approaches to compensate for the disadvan
tages of in vivo methods is important in the study of autophagy. 
Recently, several in vitro reductionist biochemical approaches 
have been developed to produce the Atg8–PE protein or its 
mimics (Table 1). In these cases, Atg8–PE is produced manually 
in vitro, not through the conversion of Atg8 in living cells. These 
Atg8–PE protein-based in vitro approaches have been powerful 
tools for elucidating the molecular mechanisms of Atg8 lipida
tion and Atg8–PE deconjugation, as well as Atg8–PE protein- 
mediated membrane dynamics. In addition, the produced Atg8– 
PE protein and its mimics allow us to gain insights into the 
biochemical mechanisms of Atg8–PE-mediated protein-protein 
interactions.

Various biochemical approaches for producing Atg8– 
PE in vitro

Enzyme-mediated reconstitution systems

Atg8-family proteins are conjugated to PE through 
a sequential enzymatic cascade involving Atg7, Atg3 and the 

Atg12–Atg5-Atg16 complex in cells, as described above. 
Mimicking the in vivo lipidation system, the yeast Atg8–PE 
conjugation reaction is first reconstituted in vitro using 
a coexpression system or through enzymatic reactions 
between purified Atg proteins and liposomes in 2004 [30]. 
As an initial attempt to reconstitute yeast Atg8–PE, 
Escherichia coli (E. coli) BL21 cells carrying recombinant 
plasmids encoding Atg8-I, Atg7 and Atg3 are constructed 
and then induced to coexpress these proteins. Subsequent 
urea-SDS-PAGE and immunoblot analysis with an anti-Atg8 
antibody show that the Atg8–PE protein is successfully pro
duced. In this system, E. coli membrane phospholipids pro
vide enough PE for Atg8 conjugation. Thus, this coexpression 
experiment suggests that Atg7 and Atg3 are sufficient for the 
lipidation of yeast Atg8.

Furthermore, the yeast Atg8–PE conjugation reaction 
in vitro can be reconstituted by using purified Atg proteins 
and liposomes containing PE (Figure 2) [30]. In this case, 
GST-fused yeast Atg8-I, Atg7 and Atg3 are expressed by 
a bacterial system and further purified using glutathione 
beads. PE-containing liposomes are generated from 
a mixture of 70% purified E. coli PE and 30% total E. coli 
GN10 lipids. GN10 possesses a null mutant of the pssA gene 
that encodes phosphatidylserine (PS) synthase; therefore, it 
completely lacks PE [72]. Subsequently, incubation of the 
purified components, including Atg8-I, Atg7 and Atg3, with 
PE-containing liposomes efficiently allows the production of 
Atg8–PE in the presence of an adenosine triphosphate (ATP) 
regeneration system. Therefore, the minimal essential factors 
necessary for yeast Atg8–PE conjugation are Atg8-I, Atg7, 
Atg3, PE-containing membranes and the energy donor ATP. 
In this reaction, ATP is an adenylate donor for the adenyla
tion of the Atg8 C terminus in a reaction catalyzed by E1-like 
Atg7, and the resulting Atg8–acyl adenylate is then attacked 
by Atg7 to generate intermediate Atg8–Atg7 with a thioester 
bond [73,74]. In contrast to the Atg8 lipidation system in 
cells, Atg8–PE reconstitution in vitro does not require the E3- 
like Atg12–Atg5-Atg16 complex for the transfer of Atg8 to 
PE. In addition, the PE content of the membranes is an 
important factor governing the efficiency of Atg8–PE forma
tion [30].

Similarly, through in vitro conjugation systems in which 
purified human ATG7, ATG3 and synthetic phospholipid 
liposomes are used in the presence of ATP, three Atg8 
homologs, LC3B, GABARAP and GABARAPL2, are recon
stituted [69]. The minimum components necessary for 
human Atg8-family protein conjugation to PE are human 
ATG7, ATG3, the respective Atg8 homolog (LC3B, 
GABARAP or GABARAPL2), PE-containing liposomes 
and ATP. Importantly, Atg8–PE conjugation is considered 
the predominant lipidation of autophagy in vivo [69], 
whereas Atg8-family proteins undergo alternative lipidation 
to PS at single membranes during LC3-associated phagocy
tosis or influenza A virus infection [75], suggesting that 
both PS and PE are targets of all human Atg8 homologs 
in vivo. The in vitro conjugation system can mediate the 
conjugation of these proteins with PS as efficiently as with 
PE. However, in contrast to PE conjugation, in vitro PS 
conjugation of yeast Atg8 is markedly suppressed at 
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physiological pH levels [76]. Recently, an in vitro reconsti
tution strategy shows that the ATG5–ATG12-ATG16L1 
complex in mammals also functions as an E3-like enzyme, 
which is required for efficient LC3 lipidation [44,77].

In addition, giant unilamellar vesicles (GUVs), which are 
10–100 µm in diameter, can also serve as a platform for the 
conjugation of Atg8-family proteins in vitro [77–80]. GUVs 
containing PE are produced by electroformation using 
a hydrated lipid film [81]. Because of their large size, GUVs 
conjugated by fluorescent recombinant Atg8-family proteins 
allow imaging insights into Atg8 lipidation and membrane 
dynamics.

Overall, an enzyme-mediated reconstitution system can be 
used as a standard and effective approach for driving in vitro 
Atg8 lipidation.

Chemically defined reconstitution systems

The enzyme-mediated Atg8–PE reconstitution system 
requires various purified recombinant proteins, which is 
a time-consuming and laborious process. To bypass the need 
for conjugation machinery, two chemically defined reconsti
tution systems have been developed to mimic the lipidation 
process through which Atg8-family proteins are anchored to 
a membra

Since the first report of the thiol-Michael addition reaction 
in the 1960s [82], this reaction system quickly becomes an 
indispensable and powerful tool for protein chemical modifi
cation [83–86]. The chemoselective Michael addition of 
a sulfhydryl group to a maleimide group is a well- 
characterized conjugation reaction under neutral pH condi
tions, and it is commonly used for the coupling of fluoro
phores to biomolecules (proteins and peptides) with surface- 
exposed cysteine residues [85,87]. As a Michael acceptor, 
maleimide reacts with cysteine thiolate to form a covalent 
thiosuccinimide bond. Recently, a new liposome-based mal
eimide-thiol coupling strategy is developed for the prepara
tion of LC3B–PE conjugates [31,88]. In this strategy, PE with 
a maleimide moiety in the head group (PE-maleimide) is 
incorporated into liposomes. LC3B does not contain 
a cysteine residue, and the C-terminal glycine residue in 
LC3B-I can be replaced by Cys (LC3BG120C) to enable a site- 
specific reaction between LC3B-I and maleimide-containing 
liposomes (Figure 3A) [31]. Recombinant LC3BG120C is pre
pared by an E. coli expression system and subsequent protein 
purification. PE-maleimide readily and directly interacts with 
LC3BG120C via a thiol-Michael addition reaction. This strategy 
allows the conjugation of LC3B-I to PE to generate LC3B–PE 
maleimide in vitro. Similar to endogenous LC3B–PE extracted 
from cells, this LC3B–PE conjugate is a fast-migrating band in 
SDS-PAGE. In contrast to an enzyme-mediated reconstitution 
system, which can be affected by several factors, such as the 
PE content in liposomes, reconstitution component ratio and 
conjugation reaction conditions, this maleimide-thiol cou
pling strategy enables efficient production of the LC3B–PE 
conjugate at the physiological PE level due to the high reac
tivity and selectivity of the thiol-Michael addition. 
Furthermore, short peptides corresponding to the first α- 

helix in LC3B and GABARAPL2 are synthesized through 
a C-terminal cysteine residue. Peptide–PE conjugates are 
obtained by incubating a synthetic α-helix peptide of LC3B 
or GABARAPL2 with liposomes containing PE-maleimide, 
which demonstrates that the first α-helix alone can mediate 
membrane lipid mixing [31]. Similarly, a GABARAP–PE con
jugate in nanodiscs is prepared based on this strategy to 
investigate the function and structure of lipidated 
GABARAP protein [89].

Alternatively, another chemically defined reconstitution 
system is based upon the high-affinity binding profile of 
polyHis-tagged protein to nickel-nitrilotriacetic acid (Ni- 
NTA) (Figure 3B) [70]. In this system, recombinant LC3B 
and GABARAPL2 proteins are purified with an additional 
modified polyHis tag (His12) added downstream of the C- 
terminal Gly120 residue of LC3B and the Gly116 residue of 
GABARAPL2 (denoted as LC3B-His12 and GABARAPL2- 
His12, respectively). 1,2-Dioleoyl-sn-glycero-3-[(N-(5-amino- 
1-carboxypentyl)iminodiacetic acid)succinyl] (nickel salt) 
(DGS-NTA), a synthetic diacyl lipid with a His-tag-binding 
head group, is included in the lipid composition used for 
preparing liposomes. The purified LC3B-His12 and 
GABARAPL2-His12 proteins can be stably and specifically 
attached to the membrane surface of liposomes through 
high-affinity binding of the His-tag to DGS-NTA lipids. The 
attachment of Atg8 proteins to the surface of liposomes 
mimics the membrane-bound state of native Atg8 proteins 
[70]. However, mimicking the PE group using DGS-NTA is 
a compromise solution since commercial DGS-NTA lipids are 
not native PE structures. This DGS-NTA strategy has been 
widely used to mimic membrane anchoring of various pro
teins and peptides [90–95]. Notably, the link between the 
protein and DGS-NTA is noncovalent, which limits the appli
cation scope.

In summary, chemically defined reconstitution systems 
based on unilamellar liposomes, including systems based on 
a maleimide-thiol coupling or polyHis-NTA strategy, can be 
used to bypass the requirement for conjugation machinery to 
establish Atg8–PE, thereby providing simple and time- 
effective approaches to produce Atg8–PE mimics in vitro. 
However, notably, LC3B–PE-maleimide conjugates and the 
Atg8-DGS noncovalent complex are not native proteins and 
cannot mimic the physiological behaviors of native Atg8–PE.

Cell-free lipidation systems

The aforementioned enzyme-mediated and chemically 
defined reconstitution systems are based on unilamellar mem
branes with varying sizes and lipid compositions that mimic 
in vitro phagophore membranes. Actually, the lipid composi
tion of phagophore membranes at the physiological level is 
complicated and still unclear, although some insights into the 
lipid composition of yeast autophagosomes and their precur
sors have been gained recently [80,96], thereby rendering it 
difficult to reconstitute phagophore membranes in vitro. To 
overcome this limitation, a novel cell-free lipidation system is 
recently developed (Figure 4) [32]. In this process, a cell-free 
reaction that mimics a certain cellular process is generated 
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in vitro by combining cytosol and cellular membranes from 
cells lysed in a test tube. Cell-free systems have successfully 
evolved into several key platforms for synthetic biology appli
cations [97,98].

In a cell-free LC3B lipidation system, mammalian cellular 
membranes are used instead of liposomes to mimic phago
phore membranes. The key components of this cell-free lipi
dation system include the cytosol, the cellular membrane, 
nucleotides and the LC3B substrate [32,99,100]. The cytosol 
provides the core components for LC3B lipidation, including 
different ATG proteins and regulatory proteins. The cellular 
membrane donates PE. Nucleotides provide ATP for energy 
and guanosine triphosphate (GTP) for activating certain GTP- 
binding proteins, which are usually required for membrane 
remodeling events in cells. Moreover, LC3B-I is highly 
enriched in the cytosol, whereas LC3B–PE is precipitated 
with membranes derived from wild-type (WT) mouse 
embryonic fibroblasts (MEFs). In MEFs lacking Atg5, LC3B- 
I is present in both cytosolic and membrane fractions. In 
addition, the required membranes are obtained from fractio
nated atg5-knockout MEFs and, thus, mimic the physiological 
lipid compositions of MEF membranes. The fractionated 
membranes are incubated with the cytosol from WT MEFs 
containing LC3B-I and enzymes, resulting in the formation of 
LC3B–PE in a time- and ATP-dependent manner.

Furthermore, recombinant LC3B-I is used as a substrate in 
a cell-free lipidation system (Figure 4) [32]. To distinguish 
recombinant LC3B-I from endogenous LC3B-I, recombinant 
LC3B-I is tagged with T7 in the N-terminus and detected with 
a T7 antibody. The in vitro lipidation reaction is performed by 
incubating T7-LC3B with WT MEF cytosol and atg5-knockout 
MEF membranes. T7-LC3B–PE is observed in a cytosol and 
membrane concentration-dependent manner. In addition, the 
cytosol and membranes isolated from starved cells stimulate 
T7-LC3B lipidation in vitro. Similarly, the class III phosphati
dylinositol 3-kinase (PtdIns3K) inhibitors 3-methyladenine 
(3-MA) and wortmannin and the phosphatidylinositol-3-phos
phate (PtdIns3P)-blocking peptide FYVE can block in vitro T7- 
LC3B lipidation, suggesting that this cell-free lipidation system 
can reflect and respond to major regulatory pathways of auto
phagy in living cells to a great extent [32].

Therefore, compared with traditional in vitro liposome- 
based reconstitution systems, the cell-free lipidation system 
enables LC3 lipidation in an environment more reflective of 
the physiological state and is a general method that is useful 
for elucidating the molecular mechanisms of LC3 lipidation. 
However, in this approach, there is no full control of the 
molecular composition of the cell fractions, subsequently, it 
is difficult to separate the target fractions from other 
contaminants.

Membrane Cytosol

LC3B lipidation

WT MEFsatg5 KO MEFs

Recombinant
 expression

T7-LC3B–PE

ATP

CentrifugationCentrifugation

T7-LC3B

Membrane

T7-LC3B

T7-LC3B

7-LC B–PE

brane

Figure 4. Cell-free LC3B–PE lipidation system. The cellular membrane fractionated from atg5 knockout MEFs donates the PE. The cytosol from WT MEFs provides the 
core components of LC3B lipidation, such as ATG proteins, regulatory proteins and ATP. Purified recombinant T7-tagged LC3B-I is used as a substrate for cell-free 
lipidation. Incubating T7-LC3B-I with the membrane and cytosol results in the production of T7-LC3B–PE.
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Protein chemical synthesis strategy

Proteins with various modifications can be obtained using 
a protein chemical synthesis strategy [101–104]. Native chemical 
ligation (NCL) is effective in near-neutral pH aqueous solutions 
and is the most widely used method for preparing modified 
proteins [105,106]. In NCL, the thiol group of an N-terminal 
cysteine residue of a peptide attacks the C-terminal thioester of 
another peptide to generate a thioester intermediate. Then, the 
intermediate undergoes rearrangement through spontaneous 
intramolecular N→S acyl shifting, resulting in the formation of 
a native amide bond between two peptides. The applications of 
NCL are largely limited by the length of the peptides that can be 
generated through solid-phase peptide synthesis (SPPS). To 
expand the synthetic scope of NCL, expressed protein ligation 
(EPL) based on intein protein splicing technology has been 
proposed [107]. EPL is a semisynthetic version of NCL in 
which synthetic and recombinant polypeptides are chemically 
ligated. The target protein fused to the N-terminus of an intein is 
obtained by recombinant protein expression and undergoes an 
N→S acyl shift, causing target protein transfer to the sulfhydryl 
group in cysteine. Subsequently, the engineered intein is cleaved 
by a thiol reagent, such as 2-mercaptoethanesulfonic acid 
sodium salt (MESNa), to form protein α-thioester, which is 
chemically ligated to the synthesized peptide to form 

a complete protein. To date, NCL and EPL have been employed 
to prepare a few hundred natural and chemically modified 
proteins [85,87,108–110]. Recently, LC3B–PE is produced 
directly using an EPL-based chemical synthesis strategy 
[28,29]. Protein chemical synthesis enables exogenously 
expressed truncated LC3B to form a covalent link with synthetic 
peptides harboring a cysteine mutation and PE modification. 
Given the poor solubility of LC3B–PE, two solubilization strate
gies involving polyArg and maltose binding protein (MBP) tags 
have been developed to overcome this problem.

Because the LC3B[1-114] MESNa thioester is produced at 
the highest level and has the best reactive efficiency, Ala114- 
Ser115 residues of LC3B are chosen as the ligation site in two 
strategies. In the light activatable solubilizing side chain strat
egy, a removable solubilizing side chain, polyArg (Arg4 tag), 
is employed to make a peptide–PE soluble in aqueous solution 
(Figure 5A) [29]. A fully protected hexapeptide is synthesized 
by standard SPPS. The polyArg tag capped with a Boc-Gly- 
OH residue on the N-terminus is linked to the amino group 
in a glutamine residue of the lipidated peptide via a designed 
photosensitive nitrobenzyl linker. The synthetically protected 
peptide is subsequently coupled with 1,2-distearoyl-sn-glycero 
-3-phosphoethanolamine (DSPE). After removing the protect
ing group, the EPL reaction between the lipidated peptide and 
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the LC3B[1-114] MESNa thioester performed using an intein 
strategy is successful under detergent-free conditions. With 
UV irradiation, the polyArg tag and the photosensitive linker 
are removed, and LC3B–DSPE is then prepared after refolding 
(Figure 5A). In addition, the Cys115 residue of synthetic 
LC3B–DSPE can be labeled with a small fluorophore through 
maleimide coupling to provide a novel replacement for fluor
escent LC3B–PE [29].

Alternatively, our group employs a facile tobacco etch virus 
(TEV) protease-cleavable MBP tag to facilitate solubilization 
of the lipidated proteins (Figure 5B) [28]. In summary, we 
fuse an LC3B[1-114] MESNa thioester with an MBP tag using 
an intein strategy. The protected hexapeptide is synthesized 
using an acid-sensitive chlorotrityl resin through standard 
SPPS and is subsequently activated as a pentafluorophenyl 
ester and coupled with 1,2-dipalmitoyl-sn-glycero-3-phos
phoethanolamine (DPPE) to produce a protected lipidated 
peptide. Treatment with high concentrations of trifluoroacetic 
acid (TFA) results in the removal of all acid-sensitive protec
tion groups. Finally, the PE-modified peptide is ligated with 
MBP-LC3B[1-114] MESNa thioester under folding conditions 
in the presence of the detergent β-octylglucoside, with 4-mer
captophenylacetic acid (MPAA) serving as a catalyst. The 
resulting MBP-LC3B–DPPE protein is soluble in aqueous 
buffer without detergents, making work with the lipidated 
LC3B protein convenient. In addition, the MBP tag can be 
removed by TEV protease to obtain LC3B–DPPE [28].

Similar to endogenous LC3B–PE, chemically semisynthe
sized LC3B–PE proteins, including LC3B–DSPE and LC3B– 
DPPE, can be cleaved by the endogenous cysteine protease 
ATG4B, suggesting that semisynthetic LC3B–PE proteins are 
functional [28,29]. More importantly, semisynthetic LC3B–PE 
can be inserted into liposomes to study LC3B–PE protein- 
mediated membrane dynamics and protein-protein interac
tions. Indeed, the semisynthetic LC3B–PE proteins are suc
cessfully anchored to the liposome membranes, leading to the 
fusion of membranes to create larger liposome clusters 
in vitro. Remarkably, a protein chemical synthesis strategy 
enables LC3B proteins to undergo various modifications and 
mutations at any site. Using an EPL-based solubilizing MBP 
strategy, LC3B–PE with mutations in the C-terminal amino 
acid tail and several LC3B–lipid conjugates, such as LC3B– 
1,2-dihexanoyl-sn-glycero-3-phosphoethanolamine (LC3B– 
DHPE) and LC3B–1-hexadecanol (LC3B–C16), have been 
successfully prepared [71,111]. Therefore, functional LC3B– 
PE, mutants and LC3B–lipid conjugates are successfully pre
pared using this strategy, and these products are powerful 
tools for exploring the perplexing role of LC3B–PE in 
autophagy.

Applications of Atg8–PE protein-based in vitro 
approaches used in autophagy studies

Analyzing Atg8 protein-mediated membrane dynamics 
using a liposome-based reconstitution strategy

The Atg8 ubiquitin-like conjugation system plays a central 
role in autophagy. In vivo experiments have shown that yeast 
Atg8 controls phagophore expansion during autophagosome 

formation and that steady-state levels of Atg8 regulate auto
phagosome size [57]. Despite their likely importance during 
autophagosome formation, the precise functions of Atg8 pro
teins and the Atg8 mode of action are incompletely under
stood. To replicate features of autophagosome biogenesis 
in vitro, potentially flexible membrane substrates should be 
employed. For this purpose, liposome-based recombinant 
enzyme-mediated and chemically defined reconstitution 
approaches have been employed to anchor Atg8-family pro
teins to PE in unilamellar liposomes to analyze Atg8 protein- 
mediated membrane dynamics. Liposomes are desirable 
membrane substrates because they are both architecturally 
flexible and experimentally tractable and well suited for the 
purpose of developing autophagosome in vitro mimics 
[23,112]. Liposome-based assays allow for explicit testing of 
the capacity of different homologs to induce membrane fusion 
in vitro.

Ohsumi et al. [113] reports the first experimental evidence 
indicating that the yeast Atg8 protein directly drives the 
growth of phagophore membranes; their work is based on 
the use of a recombinant enzyme-mediated yeast Atg8–PE 
reconstitution strategy. Specifically, in vitro lipidation of 
yeast Atg8 causes membrane tethering and hemifusion, 
which is required for expansion of phagophore membranes. 
These data, however, relies on in vitro fusion reactions using 
liposomes containing 55% PE. Liposomes with physiological 
PE concentrations are not able to undergo Atg8–PE- 
dependent hemifusion, suggesting that Atg8–PE-mediated 
fusion is dependent on the high concentration of PE but not 
the physiological concentration [88]. In addition, 
a maleimide-thiol coupling-defined reconstitution system 
shows that LC3B and GABARAPL2 crosslinked to PE via 
their respective C-termini promote liposome tethering and 
membrane fusion in vitro [31]. These findings suggest that 
Atg8-family proteins have intrinsic and evolutionarily con
served membrane tethering and fusogenic functions.

Mammalian Atg8 homologs, including LC3 and 
GABARAP proteins, are all essential for the autophagic pro
cess. The LC3 subfamily is involved in elongation of the 
phagophore membrane, whereas the GABARAP subfamily is 
essential for later stage autophagosome maturation [114]. In 
vitro recombinant enzyme-mediated reconstitution systems 
are used to confirm that mammalian Atg8 homologs have 
different abilities to induce membrane tethering and fusion 
[115]. The lipidated forms of GABARAP and GABARAPL2 
promote extensive membrane tethering and fusion, whereas 
lipidated LC3B promotes tethering and fusion to a profoundly 
lesser extent. In accordance with reported in vitro results, 
GABARAP and GABARAPL2 induce dramatic growth of 
vesicles, leading to roughly spherical structures in living 
cells, whereas LC3, a much less efficient fusogen, gives rise 
to elongated and peanut-shaped structures. In addition, 
a DGS-NTA reconstitution assay reveals that GABARAPL2 
is a more potent agent than LC3B for tethering the mem
branes of large flat vesicles (e.g., 200 and 400 nm in diameter). 
However, for highly curved small vesicles (e.g., 50 nm in 
diameter), LC3B can drive tethering more efficiently than 
GABARAPL2 [70]. These findings suggest that mammalian 
Atg8 homologs have different abilities to induce membrane 
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tethering and fusion in different membrane curvature- 
inducing systems, shedding light on the roles of various 
mammalian Atg8-family proteins during autophagosome 
biogenesis.

More importantly, the lipidation of Atg8-family proteins 
can affect membrane curvature and morphology. The lipida
tion of yeast Atg8 stabilizes membrane curvature and pro
duces profoundly curved membrane structures, such as 
nanotubes [116]. A structural analysis reveals that lipidated 
yeast Atg8 adopts a preferred orientation on the membrane 
that disrupts the membrane structure [117,118]. The mem
brane perturbation ability of Atg8–PE has been shown to be 
essential for efficient autophagosome biogenesis. In addition, 
lipidated Atg8-family proteins cooperate with cargo receptors 
to generate membrane curvature. In selective autophagy, the 
cargo-activated receptor Atg19 mediates tight apposition of 
the cargo and yeast Atg8-coated membranes by exposing 
multiple Atg8 binding sites, contributing to tight membrane 
bending of the phagophore membrane around the cargo 
[119,120]. The cargo receptor human SQSTM1/p62 stabilizes 
its interaction with LC3B and linear ubiquitin via oligomer
ization, which is sufficient to bend the membrane around the 
cargo [121]. Both cargo receptors, including Atg19 and 
SQSTM1/p62, control membrane bending via locally con
densed Atg8–PE. Moreover, yeast Atg8 lipidation activates 
the Atg1 kinase, stimulating substrate phosphorylation along 
the growing phagophore membrane [122].

Overall, liposome-based reconstitution approaches have 
contributed important insights into the mechanisms under
lying Atg8-family protein-mediated membrane dynamics.

Determining influential factors involved in Atg8–PE 
conjugation using an enzyme-mediated reconstitution 
system

Since the formation of Atg8–PE is central to autophago
some formation, understanding how the Atg8–PE conju
gation reaction is regulated is very important. Indeed, the 
enzyme-mediated Atg8–PE reconstitution approach has 
provided unique insights into the influential factors 
involved in Atg8–PE conjugation. As previously men
tioned, the minimal essential factors necessary for Atg8– 
PE conjugation are Atg7, Atg3, Atg8, PE-containing mem
branes and ATP [30]. The efficiency of in vitro Atg8–PE 
conjugation depends on the states of the enzymes, mem
brane lipid composition, membrane curvature and other 
important factors. The enzyme-mediated reconstitution 
system has been employed to yield important insights 
into the regulation of Atg8 lipidation.

First, the states of the enzymes Atg7 and Atg3 regulate 
the overall reaction efficiency. Atg8 proteins bind to Atg7 
before being transferred to Atg3. A recent study shows 
that human ATG3 and ATG7 are susceptible to catalytic 
thiol oxidation, which affects the activities of the enzymes 
[123]. Treatment with oxidized glutathione (GSSG) 
decreases the amount of LC3B covalently bound to 
ATG3 and ATG7, resulting in defects in LC3B–PE forma
tion in an enzyme-mediated lipidation reconstitution 
assay. In addition, acetylation promotes yeast Atg3 

membrane binding and Atg8 lipidation [124]. 
Specifically, Lys19 and Lys48 residues of yeast Atg3 are 
acetylated by essential SAS2-related acetyltransferase 1 
(Esa1) [125]. To further address the ability of Atg3 acet
ylation to regulate yeast Atg8 lipidation, homogeneous 
Lys19 and Lys48-diacetylated Atg3 is semisynthesized 
through sequential hydrazide-based native chemical liga
tion [124]. An enzyme-mediated lipidation reconstitution 
assay with semisynthetic proteins confirms that Atg3 acet
ylation could promote the lipidation of Atg8. The acetyla
tion of Atg3 enhances its binding to physiological levels of 
PE in a liposome size-dependent manner, which in turn 
promotes the lipidation process [124].

Second, the membrane lipid composition affects the 
efficiency of the Atg8–PE lipidation reaction in vitro. 
The yield of yeast Atg8–PE increases in a dose- 
dependent manner with increasing PE content, constitut
ing up to 70% of the total lipid content. The use of 
liposomes containing more than 90% PE, however, results 
in a remarkably diminished quantity of the yeast Atg8–PE 
conjugates [30]. PE has a small hydrophilic headgroup 
that is critical for its tendency to form nonbilayer struc
tures. Liposomes with excess PE may possess an unfavor
able structure for Atg8 lipidation. Thus, the PE content of 
membranes is an important factor governing the efficiency 
of Atg8–PE formation. In addition, the lipidation reaction 
is completely inhibited when 1,2-dioleoyl-sn-glycero 
-3-phosphoethanolamine (DOPE) is replaced by DPPE 
and DSPE in the liposome [126]. DOPE contains 18 unsa
turated carbon acyl chains and is a cone-shaped lipid, 
whereas DPPE and DSPE have 16 or 18 saturated carbon 
acyl chains, respectively, and are cylindrical lipids. The 
dependence of lipid formation on PE species indicates 
lipid packing constraints. Importantly, the yield of yeast 
Atg8–PE is enhanced by increases in either phosphatidyl
inositol (PI) or phosphatidylglycerophosphate (PG) or by 
the addition of either PS or phosphatidic acid (PA) [30]. 
Therefore, the Atg8–PE conjugation reaction appears to be 
sensitive to membrane lipid composition.

Third, membrane curvature influences Atg8–PE formation 
in vitro [116,126]. Lipidation reaction efficiency varies with 
the curvature of the underlying membrane. Smaller liposomes 
have a more highly curved surface than larger liposomes. In 
the enzyme-mediated Atg8 lipidation reconstitution assay, 
liposomes extruded through 800-nm filters are incompatible 
with lipidation, whereas 50-nm liposomes are quite compati
ble, suggesting that the extent of yeast Atg8 lipidation greatly 
depends on the curvature of the membrane in vitro [116]. 
Further experiments show that the E1-like enzyme Atg3 is 
a membrane curvature sensor and harbors a curvature- 
sensitive membrane-binding motif. Twenty-six amino- 
terminal amino acids in Atg3 ordinarily function as a weak 
amphipathic helix that dictates membrane curvature. 
Therefore, Atg3 is designed to function with highly curved 
membranes, possibly including the limiting edge of growing 
phagophores [126]. Atg3 affects PE-like lipid dynamics and 
rearrangement, thereby promoting Atg8 lipidation [127].

In addition, other important factors have been identified 
to regulate Atg8 lipidation. Cargo receptors, including 
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CALCOCO2/NDP52, TAX1BP1 (Tax1 binding protein 1) 
and OPTN (optineurin), are capable of driving LC3B lipi
dation [128]. The lipid PtdIns3P generated by PtdIns3K 
recruits WIPI2 (WD repeat domain, phosphoinositide 
interacting 2) interacting with ATG16L1, thereby activating 
LC3B lipidation on GUV membranes [77,79]. Human 
ATG12–ATG5 facilitates lipidation of human Atg8 proteins 
owing to its well-known ligase-like activity [78]. Moreover, 
Atg9 vesicles can serve as the seeds of the phagophore, 
recruiting Atg2 to transfer lipids for Atg8 lipidation in 
yeast [80].

In conclusion, using an enzyme-mediated reconstitution 
system, several influential factors involved in Atg8 lipidation 
have been clearly identified, expanding our knowledge of the 
Atg8 lipidation process.

Investigating Atg8–PE deconjugation mediated by Atg4 
using an enzyme-mediated reconstitution system

Atg8–PE deconjugation is an important step required to facil
itate multiple events during autophagy [54]. The inability to 
deconjugate Atg8–PE results in the mislocalization of this 
protein to the vacuolar membrane and the production of 
increasingly smaller autophagosomes in cells. Thus, it is 
quite important to clearly elucidate the mechanism of Atg8– 
PE deconjugation. In addition to converting pro-Atg8 to 
Atg8-I, Atg4 is critical for Atg8–PE deconjugation. Four 
mammalian Atg4 homologs exhibit distinctive functions and 
enzymatic activities with respect to soluble and lipidated 
forms of mammalian Atg8-family proteins. Mammalian 
Atg4 homologs are most active only on membrane- 
associated lipidated proteins, whereas ATG4B is capable of 
processing both soluble and lipidated forms of Atg8-family 
proteins. Numerous early studies on ATG4B soluble protein 
processing indicate that the peptide sequence of Atg8 down
stream of the reactive glycine residue is unimportant. 
Similarly, the ATG4B crystal structure reveals only ATG4B- 
LC3B interactions on LC3B sequences upstream of glycine 
[129–131]. However, ATG4B cleaves soluble mammalian 
LC3 homologs very efficiently, whereas an intrinsically slow 
process is observed in the ATG4B release of lipidated pro
teins, suggesting that the mode of ATG4B-mediated LC3–PE 
deconjugation is different from that of ATG4B-mediated pro- 
LC3 cleavage [52].

Two recently reported models explain that Atg4 mediates 
the cleavage of soluble and lipidated forms of Atg8-family 
proteins in different ways. Yeast Atg4 is recruited to phago
phore membranes by directly binding to Atg8 via two evolu
tionarily conserved Atg8 recognition sites, a classical LC3- 
interacting region (LIR) in the C-terminus of the protein 
and a novel motif in the N-terminus [132,133]. An in vitro 
deconjugation assay shows that a mutant N-terminal LIR 
causes a complete defect in yeast Atg8 release from its lipid 
anchor and exerts no effect on the cleavage of soluble Atg8, 
suggesting that the N-terminal LIR motif plays an important 
role in the Atg4 recognition of Atg8–PE [132]. In another 
report, an “interfacial inhibition” model of mammalian 
ATG4B is proposed to explain the effect of the membrane 
on ATG4B activity [52]. In an enzyme-mediated 

reconstitution assay, GABARAPL1–PE is proteolyzed by 
ATG4B much faster in the presence of detergent. The pro
tease activity of ATG4B is interfacially inhibited on intact 
GABARAPL1–PE-containing bilayers. The degree of physical 
anchoring of Atg8-family proteins in the membrane strongly 
determines the rate of delipidation, suggesting that local cues 
augment or mitigate ATG4B activity. This mechanism sug
gests that a small fraction of a substrate pool is bioactivated 
and engaged in productive downstream events on the mem
brane, while a larger soluble pool is essentially unaffected by 
the same sets of downstream factors [52]. Overall, enzyme- 
mediated reconstitution assays have shown that Atg4 mediates 
cleavage of the soluble and lipidated forms of Atg8-family 
proteins in distinct ways.

Elucidating the molecular mechanism of early autophagic 
membrane generation using a cell-free lipidation system

A cell-free lipidation system allows LC3B to be lipidated in an 
environment more similar to the physiological environment. 
More importantly, this approach has enabled the discovery of 
autophagic membrane origins and the molecular mechanism 
of early autophagic membrane generation. In this approach, 
cellular membranes are fractionated through a sequential 
three-step membrane fractionation procedure involving dif
ferential centrifugation, a sucrose gradient and an OptiPrep 
gradient [32]. The lipidation activity of various membranes is 
monitored using a cell-free lipidation assay. Through this 
process, an ER-Golgi intermediate compartment (ERGIC)- 
enriched fraction is identified as the most active membrane 
source for triggering LC3 lipidation, suggesting that ERGIC is 
the membrane source for autophagosome formation [32,134]. 
Based on this strategy, the upstream pathway in ERGIC- 
regulating membrane sources has been identified. In addition, 
starvation induces the recruitment of coat protein complex II 
(COPII) to the ERGIC via activation of the PtdIns3K complex 
to cause budding of LC3 lipidation-active vesicles, which are 
potential membrane sources for autophagosome formation 
[33,135]. Moreover, RB1CC1/FIP200 (RB1 inducible coiled- 
coil 1) and MIA2/CTAGE5 (MIA SH3 domain ER export 
factor 2) facilitate starvation-induced remodeling of ER exit 
sites (ERESs), a prerequisite for COPII vesicles budding from 
the ERGIC, which contributes to autophagosome formation 
[136]. TMED9 (transmembrane p24 trafficking protein 9) is 
identified as an ERGIC determinant for autophagosome bio
genesis [137]. In summary, the use of the cell-free lipidation 
system has led to unique insight into the molecular mechan
ism of early autophagic membrane generation.

Elucidating the biochemical mechanism of LC3–PE 
deconjugation mediated by the Legionella effector RavZ 
using semisynthetic LC3–PE

Legionella pneumophila is a gram-negative bacterium that 
invades alveolar macrophages and causes pneumonia in 
humans [138,139]. Specifically, Legionella manipulates mem
brane transport pathways to create a specialized vacuole that 
supports bacterial replication in host cells. Legionella can 
evade autophagy by delivering an effector protein, RavZ, 
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into the host cytosol [140]. RavZ is a cysteine protease that 
irreversibly deconjugates all lipidated human Atg8-family 
proteins [140]. The deconjugation of Atg8–PE mediated by 
Legionella RavZ prevents the formation and maturation of 
autophagosomes, which in turn allows Legionella to escape 
host autophagy. In contrast to endogenous Atg4, Legionella 
RavZ cleaves only Atg8–PE, not pro-Atg8.

RavZ targets LC3B–PE to produce LC3B[1-119], which 
cannot remain conjugated with PE due to the lack of 
a glycine residue in the C-terminus of LC3B [140]. To address 
the mechanism of RavZ-LC3B–PE recognition, LC3B proteins 
with different C-terminal modifications are treated with RavZ 
in vitro [28,71,111,141]. RavZ cleaves these PE-modified LC3B 
proteins with a preference for long fatty acid chains, suggest
ing that the PE lipid moiety is essential for RavZ recognition 
and proteolysis. The N-terminal domain of RavZ has a fold 
similar to that of the yeast phospholipid transfer protein 
Sec14, implying that RavZ may have a lipid-binding site that 
accommodates the PE moiety [142]. Supporting this notion, 
microscale thermophoresis (MST) measurements show that 
RavZ binds to lipidated LC3B with a three-fold higher affinity 
than unlipidated LC3B [111,143]. In addition, the C-terminal 
residues of LC3B, Gln116, Phe119 and Gly120 are critical for 
RavZ recognition. The specific interactions of the LC3B 
C-terminal motif with RavZ may determine the specificity of 
the cleavage site of RavZ [144]. Therefore, various semisyn
thetic LC3B–PE proteins have been used as powerful tools 
with which to elucidate the biochemical mechanism of LC3B– 
PE deconjugation by Legionella RavZ.

Conclusions and outlook

Atg8–PE protein-based in vitro biochemical approaches have 
evolved sufficiently to constitute a robust toolkit for autopha
gy studies. As exemplified by the variety of studies covered in 
this review, these biochemical approaches are well poised to 
address numerous queries regarding the complexities of auto
phagy because they enable control of multicomponent com
positions and spatiotemporal arrangements. Within the past 
two decades, these approaches have demonstrated their use
fulness in analyses of the functions and mechanisms of Atg8- 
family proteins in autophagy. On the one hand, these in vitro 
Atg8–PE protein-based approaches have been employed to 
elucidate the molecular mechanisms of Atg8 lipidation and 
deconjugation processes. On the other hand, Atg8–PE and its 
mimics produced using these approaches have led to insights 
into the biochemical mechanisms of Atg8–PE protein- 
mediated membrane dynamics and protein-protein interac
tions. Therefore, these biochemical approaches have been 
extensively used and have contributed important insights 
into the mechanisms underlying Atg8 protein-mediated mem
brane dynamics, Atg8–PE conjugation and deconjugation, 
early autophagic membrane generation and RavZ-mediated 
irreversible Atg8–PE deconjugation. Overall, these biochem
ical approaches have compensated for defects of in vivo fluor
escent protein-tagged Atg8 probes, thereby providing a new 
perspective in autophagy studies.

As described in the previous sections, although various 
in vitro biochemical approaches are available for the study 
of autophagy, the principal advantages and disadvantages of 
these methods should be considered when selecting an appro
priate strategy for a given scientific purpose (Table 1). For 
example, an enzyme-mediated reconstitution system has been 
used as a standard and effective approach for in vitro Atg8 
lipidation; however, this is a time- and laboratory resource- 
consuming process due to the need for expression and pur
ification of recombinant enzymes and substrates. Although 
chemically defined reconstitution systems, including the mal
eimide-thiol coupling strategy and polyHis-NTA strategy, do 
not require the machinery for Atg8–PE conjugation to pro
duce Atg8–PE mimics in vitro in a simple and time-effective 
manner, their products, Atg8–PE-maleimide conjugates and 
the Atg8-DGS complex, are not native proteins and cannot 
mimic the physiological behaviors of native Atg8–PE in some 
cases. Enzyme-mediated and chemically defined reconstitu
tion systems are based on unilamellar liposomes and GUVs, 
which serve as in vitro mimics of phagophore membranes. 
However, the lipid composition of endogenous phagophore 
membranes at the physiological level is quite complicated and 
still unclear, rendering it difficult to reconstitute phagophore 
membranes in vitro. To better reconstitute LC3B lipidation 
in vitro, a cell-free lipidation system can be used. In this 
approach, the cellular membrane is fractionated and used as 
a membrane mimic, which enables LC3B lipidation in 
a physiological lipid environment. More importantly, the cell- 
free lipidation system can reflect and respond to the major 
regulatory pathways of autophagy in living cells. However, in 
the cell-free lipidation system, it should be noted that the 
target fractions are difficult to separate from other contami
nants because of the lack of full control of the molecular 
composition of the cell fractions. The use of a chemical synth
esis strategy enables the production of functional LC3B–PE 
with various mutants and modifications in preparative 
amounts for further analysis of protein–protein interactions. 
However, LC3B–PE synthesis using the EPL strategy remains 
a technical challenge because of SPPS and protein ligation, 
resulting in semisynthetic LC3B–PE protein production diffi
culties in a regular biological laboratory. Therefore, the 
advantages and disadvantages of various Atg8–PE protein- 
based in vitro biochemical approaches outlined in this paper 
provide general guidance for the use of in vitro biochemical 
approaches in the study of autophagy (Table 1).

Overall, these Atg8–PE protein-based in vitro biochemical 
approaches have played and will continue to play vital roles in 
advancing our understanding of Atg8–PE as a bona fide 
marker of autophagosomes. We envisage these in vitro bio
chemical approaches to contribute profoundly to the analysis 
of Atg8-mediated membrane dynamics and protein-protein 
interactions and to open a new door into the autophagy 
research field.
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